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Chapter 1
The Bacterial Cell Wall
and Membrane—A Treasure Chest
for Antibiotic Targets

Andreas Kuhn

Abstract Astonishing progress has been made in recent years to understand the
structural complexity and functions of the biosynthetic pathways of the bacterial and
archaeal envelopes. This progress has prompted me to assemble the present book
that provides a detailed overview and the state-of-art of the respective research field.
Ideally, the book will provide students and advanced scientists an up to date picture
of the different parts of the bacterial and archaeal cell envelope and enable them to
understand their functional roles.

Keywords Antibiotic targets · Biosynthetic pathways · Conformational cycles ·
Multicomponent complex assembly · Regulatory interactions · Substrate
movement in transporters

Outer Membrane

We will start off in Chap. 2 with the outer membrane and its outer exposed layer, the
lipopolysaccharide (LPS). Here, tremendous progress has been made in unraveling
the biosynthetic pathway. In this pathway, Lipid A with core sugars is flipped across
the inner membrane catalyzed by MsbA. The flipped lipid A then binds to LptB2FG
and is transferred to LptA and LptC that together forms a bridge across the periplasm.
At the outer membrane, LptED receives the LPS precursor and can implant it most
likely through a lateral gate allowing it to integrate into the outer leaflet of the outer
membrane. An atomic structure of all the participating proteins is now available.
This sets the basis for the understanding the molecular events that occur along the
pathway and for further investigating the required conformational movements in
these proteins which are driven by ATP hydrolysis within LptB.

The next Chap. 3 is focusing on lipoproteins which are found mostly in the inner
leaflet of the outer membrane but also in the outer leaflets of both membranes to ful-
fill their many functional roles. Lipoproteins are synthesized in the cytoplasm with
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a signal peptide that is cleaved off by a unique signal peptidase (termed SPase II)
after its transport across the inner membrane by the Sec translocase. The cysteine
residue at the N-terminus of the mature protein is modified by three fatty acids that
are recognized by LolCDE complex. Lipoproteins destined to the outer membrane
are released from LolCDE and transferred to LolA, a periplasmic carrier protein.
LolA then moves across the periplasm and delivers the lipoprotein to LolB at the
outer membrane for its insertion into the inner leaflet. Although there is a clear dis-
tinction between the biosynthetic pathways of lipoproteins and lipopolysaccharides,
common principles of their transport are evident. In both pathways, ABC transporter
components are involved in releasing the substrate from the inner membrane and
bind their substrates in the periplasm for transfer onto carrier components.

Porins, the main proteins of the outer membrane, are discussed in Chap. 4. A
major focus is on the unique regulation of the expression of the porins by stress
response circuits involving two component systems and anti-sense RNA molecules.
The biosynthesis and folding of the β-barrel porins by the BAMcomplex is discussed
that is currently a topic of ongoing research. A further, very important aspect of the
porins is their involvement in multidrug resistance. Interestingly, distinct transcrip-
tional regulation systems offer possibilities tomanipulate the sensitivity to antibiotics
that can also lead to resistance.

Periplasm

We then move to the periplasm (Chap. 5), which is filled with a sponge-like struc-
ture of the peptidoglycan. Although the chemical structure and the major enzymes
involved in peptidoglycan synthesis has been known for a long time, a more detailed
picture has emerged in analyzing the peptidoglycan from different species, including
Gram-positive bacteria. There is a variety among the cross-linking peptides and the
modifications that occurs within the glycan strands. In addition, the usual 4-3 cross-
linking can be replaced by 3-3 crosslinks. This diversity has a big impact on whether
antibiotics kill certain bacteria or develop resistance. Moreover, it has been noticed
that pathogenic strains are enriched in such modifications, which may contribute to
the survival of the bacteria in host organisms.

The biosynthetic machineries for peptidoglycan synthesis are the elongasome and
divisome that coordinate transpeptidase and glycosyltransferase activities but consist
of specific components. The details of how septation is regulated and how the two
new daughter sacculi that are formed are controlled by the temporal and spatial
amidase (Ami ABC) activities is currently investigated.

The chaperones Skp and SurA play an essential role for escorting the outer mem-
brane proteins to the outer membrane after they leave the Sec translocon at the
periplasmic side of the inner membrane. In Chap. 6 the mechanistic details of Skp
and how it binds various client proteins are discussed including the important role
of the flexible arms of the Skp trimer that holds onto the client protein. SurA has, as
some other periplasmic proteins do, a prolyl-isomerase activity domain. However,
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the functional relevance of this activity is still unknown. The SurA domain that is
involved in binding to the client proteins does this in a clamp-like fashion.

Preproteins and prolipoproteins, which are processed by signal peptidases, are
discussed in Chap. 7. SPase II removes the signal peptide of prolipoproteins and
was detected after the discovery of globomycin from Actinomyces that inhibits the
peptidase. In contrast, SPase I cleaves the signal peptides of periplasmic and outer
membrane proteins and is important for the release from the inner membrane allow-
ing them to reach their destination. Recent research has led to the finding that ary-
lomycins are potent inhibitors of signal peptidases. These arylomycins are promising
candidates for a new class of antibiotics.

Inner Membrane

The many different proteins of the inner membrane are represented here by trans-
porters, proteins translocases and respiratory complexes.We start in Chap. 8 with the
phosphotransferase PTS systems which are central for sugar uptake in bacteria. The
predominant function the PTS systems have in bacterial metabolism is reflected by
the many regulatory interactions of their components. The phosphorylation cascade
and network is a beautiful example of a simple signal transduction system in cells.
The coupling of the phosphorylation cascade to transport sugar across the mem-
brane is a mechanistically challenging problem but the novel structural information
of the maltose and the diacetylchitobiose transporters from Bacillus cereus has now
shed light on this. Intriguingly, the substrates are moved through the membrane by an
“elevator mechanism” involving topological rearrangements of the transmembrane
helices of the transporter. This mechanism of substrate movement is distinct from
the rocking switch mechanism found in LacY.

The secondary active transporters are found with 3 different protein folds and are
discussed in Chap. 9. LacY and other members of the major facilitator superfamily
(MFS) are organized as two symmetric 6-helical bundles that bind the substrates
in a central cavity between the two bundles. The rocking movement of the bun-
dles switches LacY from an outwards open to inwards open state, which is used to
transport the lactose. Only the protonated LacY can bind the substrate sugar at the
periplasmic face and is released after deprotonation at the cytoplasmic face of the
membrane. In contrast to MFS, the LeuT and NhaA folds are organized pseudo-
symmetrically with interwound 5-helical bundles. In addition, structural flexibility
has been observed forNhaAafter substrate binding,which lead the authors to propose
that transport occurs also here by an elevator transport mechanism.

A wide variety of respiratory complexes present in different bacteria is covered in
Chap. 10. Starting with aerobic systems in E. coli that operate to establish a proton
gradient across the inner membrane and following with respiration of mainly marine
bacteria, that generate a sodium ion gradient are discussed. The most fascinating
feature of the respiratory complexes is the electron transfer among the individual
modules each containing electron binding cofactors. The aerobic and anaerobic res-
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piratory chains act as redox loops and are coupled to proton (or sodium) pumps.
Bacteria show a wide variety of different respiration systems. Nevertheless, some of
these systems could serve as antibiotic targets depending on their essential function
in specific environments.

Newly synthesized membrane proteins are inserted by the multi-subunit Sec
translocase which operates to translocate unfolded protein chains. In Chap. 11 the
details of targeting the ribosome nascent chain or the preprotein chaperone complex
to the Sec translocase are presented as well what is known about the movement
of the protein chain through SecY and how the movement is powered by confor-
mational cycles of the SecA ATPase. The roles of the YidC insertase alone, or of
YidC together with Sec to insert proteins are discussed. Folded proteins, in partic-
ular metallo-proteins are translocated by the TAT system which might operate in a
concerted action of TatA oligomers surrounding and translocating the client protein
in a yet unknown mechanism.

Pili

Since pili are exposed on the bacterial cell wall they are primary antigenic targets
and are also involved in biofilm formation. In addition, pili are important for the
adherence of bacteria to eukaryotic cells and often involved in the invasion into
these cells. Because of their importance in pathogenic infections there is a major
medical interest to control the invasion process by compounds that interact with pili
or even inhibit pilus formation. Chapter 12 gives an overview on the different pili
systems known, starting with the chaperone-usher (CU) system of Gram-negative
bacteria. Their assembly pathway at the periplasmic face of the outer membrane is an
impressive example of protein folding events leading to consecutive subunit inter-
actions. The folding mechanisms of donor-strand-exchange and the donor-strand-
complementation between the subunits lead to subunit pairing and filament forma-
tion, respectively. Different from the pili that are assembled by the CU system are the
type IV pili, which are involved in the twitching motility but also in cell adhesion,
phage and DNA uptake. They are anchored to the inner membrane and to the outer
membrane as multi-component complexes that also control filament extension and
retraction reactions. New cryo-EM and crystal structures of several components of
the type IV pili provide now the first structural details.

The amyloid fibrillar structure of Curli and Fab pili is another fascinating and
ongoing area in protein folding research. The pili subunits are transported from the
periplasm through a β barrel in the outer membrane and presumably assemble into
an amyloid cross- β architecture by a mechanism supported by a chaperone on the
extracellular surface.

Different from the pili involved in adhesion are the conjugative pili of the secretion
system T4SS. These pili support DNA uptake and DNA delivery into recipient cells
in natural competence and bacterial conjugation. The T4SS conjugative pili consist
of a multi-component structure that is anchored in the outer and inner membrane
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forming a continuous structure from the cytoplasm to the extracellular surface. The
conjugative pili are retractile and lead to an intimate donor-recipient cell contact
before the DNA is transported through the membranes of the mating cells.

Actinobacteria and Archaea

The cell walls of theGram-positiveActinobacteria and of archaea are of great interest
because of their differences to the well-studied Gram-negative cell wall. In addition,
research on the pathogenic Mycobacteria and Corynebacteria has made substantial
advances in our knowledge of the actinobacterial cell walls during recent years.
Although most of the Actinobacteria have the monodermic Gram-positive cell wall
architecture, Mycobacteria and Corynebacteria have evolved a diderm cell envelope.
Interestingly, the outer membrane of Mycobacteria, the mycomembrane, is rich in
mycolic acids especially in the inner leaflet of the outer membrane bilayer. Another
component is the mycocerosyl lipid also present in the outer leaflet which is presum-
ably transported by the ß-barrel protein LppX during its biosynthesis. These compo-
nents lead to the dense and waxy character of the mycomembrane. Together with a
complex capsule structure, which is composed of secreted polysaccharides, a thick
electron transparent zone surrounds themycobacterial cells. The unique properties of
the actinobacterial cell wall pose many evolutionary questions such as how they have
been developed but they also provide amultitude of promising new chemotherapeutic
targets.

Archaea have the capacity to develop an astonishing variety of cellular envelopes.
For example,monodermic and didermic cell walls are found in archaea. The didermic
cell walls are similar to those of Gram-negative although there are differences in their
biochemical composition. Most common among most archaea is the existence of a
surface layer (S-layer) consisting of highly glycosylated proteins arranged in 2-
dimensional crystal layers. The S-layers contribute to the extreme heat and osmotic
stability of the archaeal cells.
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Chapter 2
Lipopolysaccharide Biosynthesis
and Transport to the Outer Membrane
of Gram-Negative Bacteria

Paola Sperandeo, Alessandra M. Martorana and Alessandra Polissi

Abstract Gram-negative bacteria have an outer membrane that is positioned at the
frontline of the cell’s interaction with the environment and that serves as a bar-
rier against noxious molecules including many antibiotics. This protective function
mainly relies on lipopolysaccharide, a complex glycolipid located in the outer leaflet
of the outer membrane. In this chapter we will first summarize lipopolysaccharide
structure, functions and biosynthetic pathway and then we will discuss how it is
transported and assembled to the cell surface. This is a remarkably complex process,
as amphipathic lipopolysaccharide molecules must traverse three different cellular
compartments to reach their final destination.

Keywords Lipopolysaccharide · Outer membrane biogenesis · Lpt machinery ·
ABC transporters · β-Jellyroll

Introduction

Gram-negative bacteria have a multi-layered envelope consisting of two distinct
membranes that define an aqueous space, termed periplasm, containing a thin layer
of peptidoglycan (Silhavy et al. 2010). The cytoplasmic or inner membrane (IM) is a
classical phospholipid bilayer whereas the external, outer membrane (OM) is highly
asymmetric and contains phospholipids in the inner leaflet and lipopolysaccharides
(LPS), in the outer leaflet (Kamio and Nikaido 1976). Because of the presence of two
membranes, Gram negatives are also defined as “diderm” bacteria (Sutcliffe 2010)
(Fig. 2.1a). IM and OM also differ with respect to their integral membrane proteins.
Integral IM proteins span the membrane as α-helices, almost entirely composed of
hydrophobic residues,whilemost integral outermembrane proteins (OMPs) are com-
posed of amphipathic β-strands which adopt a β-barrel structure (Fairman et al. 2011;
Schulz 2002). An important class of OMPs is constituted by porins, which form spe-
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Dipartimento di Scienze Farmacologiche e Biomolecolari, Università degli Studi di Milano,
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Fig. 2.1 The Gram-negative envelope and lipopolysaccharide structure. a The architecture of the
Gram-negative envelope. The inner membrane (IM) and outer membrane (OM) are separated by an
aqueous periplasm that contains the peptidoglycan cell wall. The IM is a symmetric phospholipid
bilayer whereas the OM is asymmetric with LPS in the outer leaflet (for simplicity only inner and
outer core are shown as colored light green and light blue hexagons, respectively). Major membrane
proteins are shown and include: innermembrane proteins (IMP) and IM lipoproteins colored in blue;
outer membrane proteins (OMP) colored in brown; OM lipoproteins colored in orange. Soluble
proteins in the periplasm are colored in green. b The tripartite structure of LPS in Gram-negative
bacteria. Lipid A, core oligosaccharide and O-antigen moieties are shown. Residues are indicated
as hexagons: GlcN, glucosamine; Kdo, 3-deoxy-d-manno-oct-2-ulosonic acid; Hep, L-glycero-d-
manno-heptose; Gal, Galactose; Glu, Glucose. Phosphate groups are indicated as circled P. See text
for details

cific or non-specific channels that orchestrate the flux of hydrophilicmolecules across
the OM (Zeth and Thein 2010). IM and OM also contains lipoproteins anchored to
the respective membranes via an N-terminal N-acyl-diacylglycerylcysteine residue
(Sankaran and Wu 1994). Lipoproteins are located exclusively at the periplasmic
side of the IM, whereas at the OM they can be anchored at the inner leaflet and thus
extend into the periplasm (Okuda and Tokuda 2011) or be exposed at the cell surface
(Konovalova and Silhavy 2015).

LPS, the major component of the OM outer leaflet, is a complex glycolipid that
performs several functions. It is a fundamental structural component of the OM,
essential in most Gram-negative bacteria (Moffatt et al. 2010; Peng et al. 2005;
Steeghs et al. 1998). LPS is mainly responsible for the peculiar permeability barrier
properties of the OM, which is effective against many toxic molecules and pro-
vides intrinsic resistance to a plethora of clinically useful antibiotics (Nikaido 2003).
Finally, LPS is a major virulence factor and plays a crucial role in host-pathogen
interaction by modulating the innate immune response (Kagan 2017).

In this chapter we will discuss several aspects of LPS biology.We will first review
LPS structure, its barrier function and its ability to serve as signaling molecule
for the immune system. Since most LPS functions stem from its localization at
the OM outer leaflet, we will next revise the strategies bacteria have evolved to
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maintain OM asymmetry. The LPS is a large glycolipid and its transport poses
several challenges to the cell as this molecule needs to cross several compartments
with different physicochemical characteristics. In the last part of this chapter we will
describe how bacterial cells have solved the problem by using an intermembrane
transport system.

LPS Structure and Function

LPS is a unique glycolipid whose chemical structure has been fully elucidated not
only in Enterobacteria but also in an increasing number of Proteobacteria, the phy-
lum containing the majority of known Gram-negative species. LPS is organized
in three structural domains: lipid A, a core oligosaccharide and a highly vari-
able O-antigen made of repeating oligosaccharide units (Raetz and Whitfield 2002)
(Fig. 2.1b). Lipid A is the hydrophobic moiety that anchors LPS to the OM outer
leaflet; in Escherichia coli and many Enterobacteriaceae it is a glucosamine disac-
charide that is phosphorylated at the 1 and 4′ position and contains six acyl chains
attached via an amide linkage (2 and 2′ positions) and via an ester bond (3 and 3′ posi-
tions) (Raetz and Whitfield 2002) (Fig. 2.1b). Lipid A is the most conserved portion
of the LPS molecule, although variations exist across different species with respect
to the length and number of acyl chains (Raetz et al. 2007). The core oligosaccharide
is covalently linked to the lipid A and is often divided in an inner and outer core.
The chemical structure of the outer core is variable whereas the inner core is more
conserved between different isolates of the same species. The inner core contains at
least one residue of 3-deoxy-d-manno-oct-2-ulosonic acid (Kdo), that links the inner
core to lipid A, and usually also l-glycero-d-manno-heptose (heptose) (Holst 2007;
Raetz and Whitfield 2002) (Fig. 2.1b). The O-antigen, composed of repeating units
of one to six different residues, is the distal surface-exposed LPS moiety responsi-
ble for the immunogenic properties of this macromolecule; it is the most variable
portion of LPS, a characteristic that has been used as tool for strains classification
based on the different serological properties (Raetz and Whitfield 2002). Notably,
the O-antigen is not synthesized in theE. coliK12 derivatives, which are mainly used
as laboratory strains, due to a mutation in the rfb locus where the genes responsible
for the O-antigen biosynthesis are clustered (Liu and Reeves 1994; Stevenson et al.
1994). E. coli strains unable to produce O-antigen are typically referred as “rough”
strains, as opposed to the wild-type “smooth” strains. The O-antigen is also absent in
several Gram-negative species including pathogens such as Neisseria meningitidis
and Bordetella pertussis (Griffiss et al. 1987; Peppler and Schrumpf 1984), whose
molecules composed of only lipid A and core oligosaccharide are typically referred
as lipooligosaccharides (LOS).

The structural complexity of LPS reflects the many functions this molecule per-
forms in the bacterial cell. LPS is themajor component of the OMouter leaflet and its
amphipathic nature contributes to a large extent to the permeability of the OM. The
hydrophobic lipid A moiety provides a barrier to the flux of hydrophilic molecules
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through the OM. The hydrophilic nature of the core oligosaccharide and O-antigen
offers instead a barrier against the passage of hydrophobic compounds. Moreover,
the chemical composition of the LPS aliphatic domain made of fully saturated fatty
acyl chains is thought to create a gel-like lipid interior of very low fluidity further
contributing to the low permeability of hydrophobic solutes across the OM (Carpen-
ter et al. 2016; Nikaido 2003). The OM barrier properties are also the consequence of
the very tightly packed layer of the LPS molecules bridged by the action of divalent
Mg2+ and Ca2+ cations. The positive charges of Mg2+ and Ca2+ counteract repulsion
between negatively charged phosphates in lipid A and in the core oligosaccharide
(Nikaido 2003). Overall, the presence and the peculiar arrangement of LPS in the
outer layer make the OM a formidable permeability barrier, a property that allows
Gram-negative bacteria to colonize many different environments and survive in very
harsh conditions.

LPS molecules cover the majority of the bacterial surface (Kamio and Nikaido
1976) and therefore play an important role in host-microbe interactions. The O-
antigen, the outermost and variable portion of themolecule, protects the bacteria from
phagocytosis and complement-mediated lysis (Lerouge and Vanderleyden 2002).
Lipid A, the most conserved moiety of LPS and also known as endotoxin, is rec-
ognized by the innate immune system through the TLR4/MD2 (Toll-Like Receptor
4/Myeloid Differentiation factor 2) complex which initiates a robust signal cas-
cade leading to cytokine production that is crucial for clearance of infection (Kagan
2017). Lipid A is therefore a pathogen associated molecular pattern (PAMP), namely
a “pathogenic barcode”, interpreted by the mammalian innate immune system as a
sign of infection (Miyake 2004; Park and Lee 2013). The hexa-acylated lipid A from
E. coli acts as a potent agonist of the TLR4/MD2 (Park et al. 2009) whereas vari-
ations in the lipid A acylation patterns alter the strength of TLR4/MD2 signaling
(Needham et al. 2013). Many bacteria have evolved enzymes that alter their lipid
A structure by modifying its number of acyl chains in response to environmental
conditions or host interactions (Maldonado et al. 2016; Needham et al. 2013; Raetz
et al. 2007). As an example, Shigella flexneri and Pseudomonas aeruginosa are able
to modify the degree of acylation in their LPS during intracellular residence or in
chronic lung infections, respectively (Ernst et al. 1999; Paciello et al. 2013). This is
a powerful strategy to lower the sensing activity of the immune system and to escape
from downstream effector mechanisms.

Maintaining the LPS Outer Layer

Maintenance of the LPS outer leaflet is critical to protect Gram-negative cells against
bile salts, detergents, antimicrobial peptides and antibiotics, allowing bacterial cells
to survive in harsh environments (Bishop 2008; Nikaido 2003). While OM asymme-
try is primarily established by direct placement of LPS into the outer leaflet by the Lpt
machinery (see section “Assembly of LPS at the OM Outer Leaflet”), several mech-
anisms are responsible for its disruption. Defects in LPS biosynthesis or transport,
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exposure to chelating agents or antimicrobial peptides all lead to perturbation of the
LPS layer and to a compensatory accumulation of phospholipids in the outer leaflet
(Balibar and Grabowicz 2016; Bishop et al. 2000; Nikaido 2003). Phospholipids in
the outer leaflet disrupt OM asymmetry and create patches in the membrane that are
more susceptible to the influx of toxic molecules (Nikaido 2005).

In E. coli there are several systems that monitor the presence of phospholipids
in the OM outer leaflet and act to restore OM asymmetry: the OM PagP and PldA
enzymes act by degrading phospholipids in the outer leaflet of the OM, whereas the
Maintenance of lipid asymmetry (Mla) system removes phospholipid from the OM
via a retrograde transport system.

The OM palmitoyltransferase PagP catalyzes the transfer of a palmitate chain
from the sn-1 position of a surface exposed phospholipid to the lipid A resulting in
a sn-1-lyso phospholipid and a hepta-acylated lipid A (Bishop et al. 2000). It has
been postulated that hepta-acylated LPS molecules reduce lipid fluidity and increase
lateral interactions between LPS molecules thus stabilizing the OM (Bishop 2005).
Notably, in Salmonella, pagP expression is induced via the PhoPQ two component
system in response of low extracellular Mg2+-ion concentration (Dalebroux et al.
2014), a condition known to induce migration of phospholipids in the OM outer
leaflet.

The OM phospholipase PldA catalyzes the hydrolysis of acyl ester bonds in phos-
pholipids. The PldA enzyme resides in the OM as an inactive monomer and the for-
mation of a catalytically active PldA dimer occurs following phospholipidsmigration
in the outer leaflet (Dekker 2000).

The MlaA-F system is a multiprotein complex whose components are located
in every cellular compartment and functions as a retrograde phospholipid transport
system. The MlaA-F proteins are not essential and deletion of any Mla component
leads to phospholipids accumulations at the OM outer leaflet and, as a consequence,
to OM permeability defects (Malinverni and Silhavy 2009). Retrograde transport
is energized by the IM MlaBDEF ABC transporter in which the hexameric MlaD
protein binds phospholipids, the proposed substrates of theMla system, andmodulate
the ATPase activity of the complex (Thong et al. 2016). MlaC is the periplasmic
component of the system which is thought to interact with MlaD. Direct transfer of
phospholipids between these proteins has been recently shown (Ercan et al. 2018).
At the OM the MlaA lipoprotein has been shown to interact with the OmpC porin
(Chong et al. 2015) and the complex has been proposed to remove phospholipids
directly from the outer leaflet to maintain OM asymmetry.

How the OmpC-Mla pathway mediates retrograde phospholipids transport from
the OM back to the IM is not fully clear yet. The architecture of the OmpC-MlaA
complex has been determined by X-ray crystallography and UV-photocrosslinking
experiments (Abellon-Ruiz et al. 2017; Yeow et al. 2018). Structural data suggest
that a donut-shaped MlaA is embedded in the inner leaflet of the OM, where it forms
an amphipathic channel to deliver the removed phospholipids from the OM outer
leaflet to the periplasmic MlaC component. Although stably associated with MlaA,
the OmpC porin does not appear to play an active role in phospholipid transport and
is thought to serve as a scaffold for correct positioning of MlaA in the lipid bilayer
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(Chong et al. 2015; Abellon-Ruiz et al. 2017; Yeow et al. 2018). A recent mutation
reported in MlaA (designated mlaA*) provided a more robust understanding of the
Mla pathway. In MlaA* mutants phospholipids accumulates in the OM outer leaflet
suggesting that the MlaA* variant may have the reverse activity of the wild-type
protein (Sutterlin et al. 2016). The MlaA structure explains why the MlaA* variant
accumulates phospholipids at the OM outer leaflet. Indeed, the mlaA* mutation
disrupts the donut shape and allows phospholipids from the inner leaflet to enter the
amphipathic channel and flow in the outer leaflet in a process likely driven by mass
action (Abellon-Ruiz et al. 2017).

A functional connection between the Mla pathway and the PldA system was
initially proposed since PldAoverexpression suppresses theOMpermeability defects
of Mla mutants (Malinverni and Silhavy 2009). The overlapping between the two
systems has been further supported by the finding that pldA deletion suppresses
the death phenotype of the gain-of-function mlaA* allele in which accumulation
of phospholipids at the OM outer leaflet is accompanied by a corresponding and
detrimental increase in LPS production (Sutterlin et al. 2016). The pldA suppression
phenotypes havebeennicely explainedby thefinding that PldA, in addition to degrade
mislocalized phospholipids, acts as a sensor signaling to cells thatmoreLPS is needed
to properly feed the OM outer layer (May and Silhavy 2018).

Overall, the MlaA-OmpC complex represents a novel class of lipid transport
proteins and defines a novel mechanism in bacterial lipid homeostasis.

LPS Biosynthesis

The biosynthesis of LPS is a complex process that takes place in different cellular
compartments and requires spatial and temporal coordination of several independent
pathways that converge to produce the full-length LPS molecule. The synthesis of
lipid A substituted with the Kdo residues of the inner core, the so called Kdo2-lipid A
moiety, occurs in the cytoplasm and at the inner leaflet of the IM. This pathway,which
is well conserved across Gram-negative bacteria, has been extensively characterized
in E. coli and Salmonella and it is referred to as the “Raetz pathway”, since most of
research work on it has been performed by Christian Raetz and his team (Raetz et al.
2009; Raetz and Whitfield 2002; Raetz et al. 2007).

The first step of Kdo2-lipid A biosynthesis is the fatty acylation of N-
acetylglucosamine linked to a nucleotide carrier (UDP-GlcNAc) by LpxA (Fig. 2.2).
In this reaction the thioester R-3-hydroxymyristoyl acyl carrier protein (ACP) is the
donor substrate (Anderson et al. 1993; Anderson and Raetz 1987). The product
of the reaction, UDP-3-O-(acyl)-GlcNAc, is next deacetylated to UDP-3-O-(acyl)-
GlcN by LpxC, a Zn2+-dependent metalloenzyme (Young et al. 1995). Since the
equilibrium constant for UDP-GlcNAc acylation by LpxA is unfavorable (Ander-
son et al. 1993), the deacetylation of UDP-3-O-(acyl)-GlcNAc by LpxC is the first
committed step of Kdo2-lipid A biosynthesis (Fig. 2.2). Indeed, LpxC represents
the major control point of LPS synthesis whose turnover is controlled by the FtsH



2 Lipopolysaccharide Biosynthesis and Transport … 15

protease (Fuhrer et al. 2006; Ogura et al. 1999), the YciM/LapB heat-shock pro-
teins (Klein et al. 2014; Mahalakshmi et al. 2014) and a not yet identified function
(Emiola et al. 2016). Following deacetylation, a second R-3-hydroxymyristate chain
is added by LpxD to make UDP-2,3-diacyl-GlcN (Kelly et al. 1993). LpxH is the
pyrophosphatase that cleaves the pyrophosphate linkage of UDP-2,3-diacyl-GlcN
to form 2,3-diacyl-GlcN-1-phosphate (lipid X) (Babinski et al. 2002). Formation of
the β,1′-6-linked lipid A disaccharide is generated by LpxB, which condenses UDP-
2,3-diacyl-GlcN with lipid X and releases UDP (Fig. 2.2) (Radika and Raetz 1988).
LpxK phosphorylates the 4′-position of the disaccharide 1-phosphate produced by
LpxB to generate lipid IVA (Ray and Raetz 1987). The reaction catalyzed by LpxK
precedes the addition of the Kdo residues by the bifunctional enzyme WaaA (for-
merly KdtA) (Fig. 2.2) (Belunis and Raetz 1992). The Kdo residue is synthesized
by a separate pathway that requires four sequentially acting enzymes (Cipolla et al.
2009). The sugar nucleotide CMP-Kdo is the donor substrate forWaaA that catalyzes
the sequential incorporation of two Kdo residues in lipid IVA to generate the Kdo2-
lipid IVA moiety. Notably, the FtsH protease also controls the turnover of WaaA
(Katz and Ron 2008) to effectively control the concentrations of both, the lipid A
and the sugar moiety (Kdo) precursors. The two last steps of Kdo2-lipid A biosyn-
thesis in E. coli involve the addition of the secondary lauroyl and myristoyl residues
to the distal glucosamine unit by LpxL and LpxM (previously designated HtrB and
MsbB, respectively), which require the Kdo disaccharide moiety in their substrates
for activity (Brozek and Raetz 1990; Clementz et al. 1996, 1997). Based on their
activity in the last steps of the LPS biosynthetic pathway, LpxL and LpxM are some-
times referred to as “late” acyltransferases (Fig. 2.2). However, P. aeruginosa LPS
biosynthesis differs since fully acylated lipid A is required before Kdo residue addi-
tion (King et al. 2009). Finally, the additional sugars composing the oligosaccharide
core are added to the Kdo2-lipid A moiety by specific glycosyl-transferases (Raetz
and Whitfield 2002). The complete lipid A-core moiety anchored at the IM inner
leaflet is now ready to be translocated across the IM by the MsbA ABC transporter
(see section “Translocation Across the IM: The ABC Transporter MsbA”).

In O-antigen producing strains, residues composing the repeat units are synthe-
sized in the cytoplasm, flipped to the periplasmic face of the IM attached to the lipid
carrier undecaprenyl diphosphate and extension of the O-polysaccharide chain may
occur in the periplasm via wzy- or synthase-dependent pathways (Greenfield and
Whitfield 2012).

LPS Export to the Cell Surface

After completing its synthesis at the cytoplasmic side of the IM, lipid A-core is
translocated across the IM to gain the periplasmic orientation necessary for theWaaL
ligase-mediated O-antigen decoration (Han et al. 2012; Ruan et al. 2012) and for the
subsequent transport to the cell surface. The trans-bilayer movement (“flipping”) of
amphipathic molecules into phospholipid membranes is energetically unfavorable
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Fig. 2.2 Schematic representation of the Raetz pathway for the synthesis of Kdo2-lipid A. Grey
hexagons indicate: GlcNAc, N-acetylglucosamine; white hexagons indicate: GlcN, glucosamine;
Kdo, 3-deoxy-d-manno-oct-2-ulosonic acid. Phosphate groups are indicated as circled P. See text
for details

and spontaneous translocation is very slow, therefore the cell needs a dedicated
protein to carry out this function. The essential ABC transporter MsbA is the best-
known bacterial lipid flippase among the ABC (ATP binding cassette) transporter
superfamily and couples ATP hydrolysis to trafficking of lipid A-core across the IM
(Doerrler et al. 2004).

Most of the heterogeneity displayed by the LPS molecules, not only among dif-
ferent Gram-negative bacteria but also within a single bacterial strain, is due to
modifications of the conserved lipid A-core module (O-antigen ligation, chemical
modifications on the glucosamines of lipid A, phosphate group decoration, etc.), that
may take place at the periplasmic leaflet of the IM and, therefore, downstream of
the MsbA-mediated lipid A-core flipping. These modifications will not be discussed
in this chapter as they have been the topic of excellent reviews (Raetz et al. 2007;
Whitfield 2006). The mature modified LPS molecules must then be escorted across
the periplasm and assembled at the OM outer leaflet.

Due to the chemical nature of LPS and of the different cellular compartments it
crosses during its journey to the OM, the transport of mature LPS molecules across
the periplasm to the cell surface is a challenging process. LPS transport indeed
implies the extraction of the lipid A acyl chains from the hydrophobic milieu of the
IM, their shielding during transport across the aqueous environment of the periplasm
and their insertion into the pre-constituted phospholipid/LPS layer of the OM. Accu-
mulation of LPS in the IM is detrimental for the cells (Zhang et al. 2013), therefore
such a demanding process must occur unidirectionally from IM and OM, against
concentration gradient and without perturbing the integrity of the OM.

During the past two decades, the joint efforts of several research groups, mainly
using E. coli as model organism, have led to the discovery of a multiprotein complex
made of seven essential proteins located in every cellular compartment that assemble
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to span the entire cell envelope. This trans-envelope complex harnesses the energy of
ATP hydrolysis in the cytoplasm to transport LPS from the IM to the OM (Braun and
Silhavy 2002; Chng et al. 2010a, b; Ruiz et al. 2008; Sperandeo et al. 2007, 2008;Wu
et al. 2006). These proteins namedLptABCDEFGfromLipopolysaccharide transport
(Sperandeo et al. 2007), physically interact with each other employing a common
structural domain and function in a concerted way to coordinate the chemical energy
to the mechanical work through the transmission of conformational changes in their
structures (Fig. 2.3). The Lpt machinery functions as a single device and when any
component is depleted LPS accumulates at the IM outer leaflet (Ruiz et al. 2008;
Sperandeo et al. 2008).

The engine of the system is constituted by LptB2FG, the second ABC transporter
involved in LPS biogenesis after MsbA (Dong et al. 2017; Luo et al. 2017; Ruiz
et al. 2008). The energy obtained by the ATP hydrolysis is then used to push LPS
into the periplasmic bridge formed byLptC, LptA and theN-terminal domain of LptD

Fig. 2.3 The LPS export pathway in E. coli. The lipid A-core moiety synthesized at the inner
leaflet of the IM is flipped across the IM by the MsbA ABC transporter. The flipped lipid A-core
molecule is then extracted from the IM, escorted across the periplasm and assembled at the OM
outer leaflet by the transenvelope Lpt machinery. LPS inner and outer core are shown as colored
light green and light blue hexagons, respectively. See text for details. In O-antigen producing strains,
the O-antigen polymer, linked to undecaprenyl phosphate carrier, is translocated across the IM by
a MsbA-independent pathway and is ligated to the lipid A-core by the WaaL ligase. Here, the
O-antigen domain is omitted
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(Freinkman et al. 2012; Sperandeo et al. 2007, 2008, 2011). At the OM, the complex
formed by the LptD β-barrel protein, and the tightly associated LptE lipoprotein,
facilitates final LPS assembly at the cell surface (Chng et al. 2010a, b; Freinkman
et al. 2011) (Fig. 2.3).

Translocation Across the IM: The ABC Transporter MsbA

The conserved IM protein MsbA is the first transporter working in the LPS export
pathway and plays an essential role in building the LPS OM layer in LPS-producing
bacteria.MsbAbelongs to the ubiquitousABC transporter superfamily (Locher 2016;
Rees et al. 2009) and functions as a homodimer of two 64.3 kDa subunits, each con-
taining one cytoplasmic nucleotide-binding domain (NBD) and one transmembrane
domain (TMD), made by 6 transmembrane helices, which contains the LPS binding
site (Fig. 2.4). The NBDs bind to ATP and catalyze its hydrolysis to provide the
energy to flip the lipid A-core across the IM (Davidson et al. 2008).

MsbA involvement in LPS translocation across the IM was first inferred by the
observation that depletion of MsbA, or its inactivation in a thermosensitive mutant
carrying a single amino acid substitution (A270T) in the TMDs, led to the accumu-
lation of LPS precursors in the IM, accompanied by extensive membrane invagina-
tion in the cytoplasm and, ultimately, cell death (Doerrler et al. 2001; Polissi and
Georgopoulos 1996). The accumulated LPS precursor molecules in the msbAA270T

mutant grown at the non-permissive temperature were later shown to be inacces-
sible by periplasmic lipid A modification enzymes, strongly suggesting that MsbA
was indeed required for flipping of LPS across the IM (Doerrler et al. 2004). Ini-
tial attempts to directly demonstrate lipid flipping by MsbA in vitro failed (Kol et al.
2003) and only several years later the direct measurement of ATP-dependent translo-
cation of phospholipids in proteoliposomeswas reported (Eckford andSharom2010).
However, neither the substrate specificity of MsbA, nor the molecular mechanism
that couples energy production with LPS translocation have emerged clearly from
these initial studies.

Several structural and biochemical data produced on E. coli MsbA and its
homologs have been carried out during the last decade to shed light on these issues.
A milestone in MsbA functional characterization is represented by the X-ray crys-
tal structure determination of three MsbA orthologs from E. coli, Vibrio cholerae
and Salmonella enterica (serovar Typhimurium) trapped in different conformations
(Ward et al. 2007). The analysis of these crystal structures revealed the existence of
two different inward-facing and one outward-facing conformation, suggesting that,
at least under the experimental conditions used for crystal production, the protein
undergoes a large range of motions as consequence of ATP hydrolysis. These con-
formational changes might be required for LPS flipping. Based on these evidences,
the authors suggested an “inward-outward” model for MsbA function. According to
this model, when MsbA is in the apo-form (without nucleotide bound), its TMDs
open creating a cavity that faces the cytoplasmic side of the IM, possibly allowing
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Fig. 2.4 “Trap andflip”model forMsbA-mediated lipidA-core flipping across the IM.MsbAcatal-
yses lipid A-core flipping across the IM alternating between an inward (cytoplasmic)-facing and
an outward (periplasmic)-facing conformation that allow binding and ATP hydrolysis-dependent
release of lipid A-core through a six-step cycle. Upper panel: in the ADP or nucleotide-free state,
MsbA dimer adopts the inward-facing conformation, opening the TMDs to allow LPS entry (step
1). LPS binding induces NBDs alignment for ATP binding (step 2). ATP binding triggers con-
formational changes in the TMDs that weaken lipid A-core interaction (step 3) and promote the
release of the lipid A acyl chains into the periplasmic leaflet of the membrane (step 4). Lipid A-core
translocation and MsbA rearrangement lead to ATP hydrolysis. After lipid A-core release, the TM
helices adopt a compact assess (step 5). Finally, phosphate release induces MsbA to return in the
inward-facing conformation (step 6). MsbA monomers in the resting state (inward-facing confor-
mation) are shown in dark and pale blue. TMD rearrangement after ATP binding is represented
by colour change of the monomers from dark and pale blue to violet and pale green, respectively.
Lower panel: schematic representation of the cross-sections through the MsbA TMDs at the level
of lipid A glucosamines for each step of the translocation process, as shown in the upper panel.
Numbered circles represent the individual TM helices provided by each MsbA monomer, coloured
as dark blue or pale blue according to the MsbA monomer they belong to. Glucosamine moiety
of lipid A and phosphates are represented by orange ovals and red circles, respectively. The core
oligosaccharide is depicted as in Fig. 2.1. Green, red and yellow diamonds represent ADP, ATP and
ADP with phosphate, respectively. Adapted from Mi et al. (2017)

LPS binding from this side of the IM. On the contrary, upon ATP binding (mimicked
by the binding of ADP-vanadate), MsbA TMDs open towards the periplasmic side
of the IM, possibly leading to LPS release into the outer leaflet of the membrane
(Ward et al. 2007). However, the major limitation of this work is that LPS was not
co-crystallized with MsbA, undermining the reliability of the model.

The real turning point in the study of the molecular mechanisms of MsbA-
mediated flipping of LPS across the IM has come very recently from the combined
use of nanodiscs, instead of detergent, for MsbA solubilization, and cryo-electron
microscopy (Cryo-EM) to image the protein in its native conformations (Mi et al.
2017; Voss and Trent 2018). Cryo-EM images of MsbA bound to LPS revealed that,
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under native conditions, MsbA undergoes to a smaller range of motions compared
to what observed in the crystal structures. Strikingly, the higher ATPase activity
displayed by MsbA in nanodiscs confirmed that the protein was in a more native
conformation than in detergent. The structure of MsbA in nanodiscs showed only
one predominant inward-facing conformation with the two TMDs extending parallel
from the membrane and the cytoplasmic NBDs close to each other. Interestingly,
the hydrophobic cavity that was shown to accommodate LPS is localized in corre-
spondence of the periplasmic leaflet of the IM, suggesting that the energy from ATP
hydrolysis is required only for acyl chain flipping. This cavity is surrounded by a
ring of charged residues required to position the glucosamine-linked phosphates into
the TMDs. Upon nucleotide binding, the NBDs were shown to closely associate,
determining a reorganization of the TM helices that block the LPS binding site and,
probably, induce the opening of the hydrophobic pocket to allow the acyl chains to
insert into the periplasmic side of the IM (Mi et al. 2017).

These evidences led the authors to propose the new “trap-and-flip” model for
MsbA-mediated LPS flipping. According to this model, when MsbA is bound to
ADP or is in a nucleotide-free state, LPS enters MsbA internal cavity exploiting the
path formed by the TM4 and TM6 from two different monomers. LPS binding aligns
the NBDs for ATP hydrolysis. This agrees with previous data from fluorescence
resonance energy transfer (FRET) experiments, that showed NBDs dimerization
and the stimulation of ATP hydrolysis upon lipid A binding (Doshi and van Veen
2013). Upon ATP binding and hydrolysis, conformational changes occur that close
the cavity and expose the acyl chains of lipid A to the periplasm. This leads LPS
to slip out the protein from the path formed by TM1 and TM3 from two different
monomers. Upon release of LPS, MsbA resets to the inward-facing conformation
(Mi et al. 2017) (Fig. 2.4).

From structural studies and inspection of the cavity inMsbA that hosts LPS, it can
be speculated that both the strong interactions with lipid A and the dimension of the
cavity itself might have a role in selecting the molecule that has to be accommodated
(Ho et al. 2018). This is in line with the hypothesis that MsbA plays the role of
“quality control” system for LPS export to the OM. Accordingly, although several
lipid A precursor molecules, in addition to LPS, can stimulateMsbAATPase activity
in vitro (Doerrler and Raetz 2002; Eckford and Sharom 2008), E. coli MsbA is
not able to transport lipid A precursor molecules missing Kdo residues and the
lauryl and myristoyl acyl chains in vivo, resulting in death of the corresponding LPS
biosynthesis mutants (see above, Mamat et al. 2008; Meredith et al. 2006). However,
MsbA overexpression or mutations rescue the growth phenotype of these mutants.
It is worth noting that MsbA was originally identified as a multicopy suppressor of
defects resulting from a mutation in lpxL, that encodes for one of the “late” Kdo-
dependent lipid A acyltransferases (Karow and Georgopoulos 1993). This suggests
that an increase in the transport rate of poor substrates, due to protein overexpression
or mutations that alter the substrate selectivity, may enable MsbA to transport under-
acylated LPS precursors, even in vivo. Interestingly, in a screening for suppressor
mutations of lipid A biosynthesis defects, a single amino acid substitution in an IM
protein with unknown function, YhjD, has been shown to allow LPS transport in the
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absence of MsbA (Mamat et al. 2008). The role of YhjD is still unknown and the
reason why the identified mutation allows YhjD to functionally replaceMsbA, albeit
under extreme circumstances, is still an unsolved question.

Another open question is whether MsbA can handle other lipophilic substrates
besides LPS in vivo. In E. coli, the thermosensitive msbAA270T mutant was shown
to be impaired not only in LPS but also in phospholipid translocation at the non-
permissive temperature, suggesting that MsbA could be the transporter of the two
major lipids in the cell envelope of Gram-negative bacteria (Doerrler et al. 2001).
Accordingly, the ATPase activity of MsbA reconstituted in proteoliposomes is stim-
ulated by different lipids (Eckford and Sharom 2008). On the contrary, the deletion
of msbA can be obtained in N. meningitidis and the mutant is viable and produces an
OM mainly made out of phospholipids (Tefsen et al. 2005a, b). Since this organism
can survive without LPS (Steeghs et al. 1998), this suggests that MsbA might not
be strictly required for phospholipid translocation. Nevertheless, this evidence can
simply reflect a difference between the lipid transport systems of the two organisms
and suggest the existence of another pathway for phospholipid flipping across the
IM, at least in N. meningitidis.

Finally, it has been demonstrated that MsbA can bind simultaneously lipid A
and amphipathic drugs, suggesting the presence of different binding sites in the
protein (Siarheyeva and Sharom 2009). The relevance of such MsbA activity in drug
resistance has still to be demonstrated.

Extraction from the IM: The Atypical LptB2FG-C Transporter

AfterMsbA-dependent translocation, LPSmolecules are anchored at the periplasmic
leaflet of the IM. LPS accumulation at this location is toxic for the cell and LPS
molecules must be efficiently removed from the IM to reach their final destination at
the cell surface. The LPS export from the IM outer leaflet to the OM is accomplished
by the Lpt complex, a specialized multiprotein machinery that uses energy to move
millions of LPS molecules at each cell division, in a process that begins with its
extraction from the IM. The energy for the process is provided by the LptB2FG
transporter. LptB2FG is a non-conventional ABC transporter since, unlike MsbA,
it does not translocate its substrate across the membrane, but rather it couples the
energy of the ATP hydrolysis in the cytoplasm with the detachment of LPS from
the outer leaflet of the IM. Moreover, LptB2FG is a tetramer of different subunits,
comprising a dimer of LptB and two polytopic proteins, LptF and LptG (Narita and
Tokuda 2009), thus sharing features with the class of the ABC importers. Another
unconventional trait of LptB2FG is its stable association with LptC (Chng et al.
2010a, b; Villa et al. 2013), a single pass IM protein constituted by a transmembrane
helix and a large periplasmic domain folded as a β-jellyroll (Fig. 2.5) (Tran et al.
2010), whose function within the ABC transporter is still not clear (see below). For
its peculiar proprieties, the LptB2FG has been recently classified as a new type of
ABC transporter, the type VI exporter (Thomas and Tampe 2018).
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Fig. 2.5 Crystal structures of Lpt proteins. a Right: ribbon diagram of two molecules of E. coli
LptA organized in head-to-tail fashion (PDB 2R19). Left: β-jellyroll structure of LptA, rotated by
90° to highlight the channel formed along the length of LptA. b The periplasmic domain of LptC
fromE. coli (gray, PDB3M2Y). c LptDE complex fromK. pneumoniae (PDB5IV9). LptE, depicted
in blue, resides within the LptD lumen (depicted in green). d LptB2FG complex from P. aeruginosa
(PDB 5X5Y). LptB, LptF and LptG are represented in yellow, orange, and blue, respectively. N-
and C-terminal end of LptA, LptC and LptD proteins are indicated
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Clues on the molecular mechanism of LPS extraction from the IM by LptB2FG
have recently come from the crystal structures of LptB2FG from P. aeruginosa and
Klebsiella pneumoniae, obtained in the absence of nucleotides (Dong et al. 2017; Luo
et al. 2017). Inspections of these structures revealed that theLptB2FGcore transporter
adopts a “milk jug” architecture, consisting of a pair of LptB that form the NBDs
and two TM proteins, LptF and LptG, each containing 6 transmembrane helices and
a large periplasmic domain between TM3 and TM4, folded as a β-jellyroll (Dong
et al. 2017; Luo et al. 2017) (Fig. 2.5). LptF and LptG interact each other through
their respective TM1 and TM5 helices and form an outward-facing V-shaped cavity
that spans the IM and extends slightly into the periplasm. The internal surface of
the IM cavity is hydrophobic, whereas the residues lining at the IM–periplasm inter-
face are positively charged, suggesting that the region located deep inside the IM
makes contact with the acyl chains of lipid A, whereas the region at the IM-periplasm
interface interacts with the negatively charged phosphate groups. Interestingly, the
periplasmic domains of LptF andLptG take opposite side-by-side orientations in both
crystal structures and are directly connected to the hydrophobic cavity of LptB2FG.
This is in line with the hypothesis that LPS is accommodated within the cavity of
LptB2FG before being pushed toward the OM through the periplasmic domains of
LptF and/or LptG. Accordingly, in the crystal structure of LptB2FG from K. pneu-
moniae, a non-assigned extra electron density, which is compatible with a molecule
of LPS, was observed within the central cavity (Dong et al. 2017). The structural data
also revealed that the helices connecting TM2 and TM3 of LptF and LptG consti-
tute the region of interaction between LptF/LptG and the LptB dimer (the so-called
coupling helices), in agreement with previous predictions based on genetic and bio-
chemical data. Indeed, residues within the coupling helices have been shown to be
crucial for the assembly and the function of the IM complex by connecting LptF
and LptG with a groove in LptB that experiences a large range of motions during
ATP hydrolysis (Sherman et al. 2014; Simpson et al. 2016). It is likely that these
interactions coordinate the ATPase activity of LptB with LPS extraction.

The interfaces between TM1 and TM5 from opposing LptF and LptG monomers
have a limited number of interactions, suggesting that they may open as a con-
sequence of the conformational changes triggered by ATP binding to LptB, thus
leading to LPS entry into the cavity. Accordingly, a cluster of residues crucial for
LPS interaction has been identified at the membrane-periplasm interface of the TM1
of LptG in E. coli and Burkholderia coenocepacia by a series of genetic and bio-
chemical analyses (Bertani et al. 2018; Hamad et al. 2012). Interestingly, this cluster
contains a residue (K43 in E. coli LptG) that is not conserved among LptG homo-
logues and whose chemical properties correlate with the modifications occurring on
the lipid A moiety in different bacterial species, suggesting that it might interact via
electrostatic interactions with lipid A. The strong decrease in LPS release activity
of mutant LptGK34D has been shown by UV-photocrosslinking assay, confirming the
importance of the residue. The recognition between LptB2FG and lipid A might
occur in an early step of the extraction process, driving the selection of the LPS
variants to be transported to the cell surface under different conditions (Bertani et al.
2018).
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The current model for LptB2FG function suggests that the transporter cycles
between three conformational states: in the nucleotide-free state (represented by the
published structures), LptB dimer adopts an open conformation. Upon ATP bind-
ing, LptB monomers move close together and the conformational changes are then
transmitted from LptB, through the coupling helices, to LptF and LptG inducing the
opening of the lateral gate between one of the TM1-TM5 interfaces of LptFG to
allow the entry of LPS into the internal cavity of LptB2FG. ATP hydrolysis and ADP
release, then, induce the conformational switch back to the nucleotide-free state,
closing the lateral gate and expelling LPS into the periplasmic domains of LptF
and/or LptG (Fig. 2.6a) (Luo et al. 2017). Interestingly, the published structures of
LptB2FG show a different orientation of the periplasmic domains of the transporter,
with opposing opening states of the lateral gates. This suggests that LptB2FG might
extract LPS from both the lateral gates, transferring the molecules alternately to the
periplasmic domains of LptF or LptG.

The proposed model raises the question of whether the transporter might work in
a symmetric way. It is worth noting that once extracted from the membrane by the
LptB2FG complex, LPS is delivered to LptC (Okuda et al. 2012). However, since the
interaction of LptB2FG with LptC has not been characterized yet, it is not possible
to exclude that LptC could receive LPS alternately from LptF and LptG. Moreover,
there are still no evidences of LPS interaction with the periplasmic domain of LptF
and/or LptG. Nevertheless, two major observations argue against the hypothesis of
a symmetric transport and suggest that LptF and LptG may have different functions
within the transporter: (i) mutations in corresponding residues within the coupling
helices of LptF and LptG lead to different degree of OM permeability defects (Simp-
son et al. 2016); (ii) mutations at a unique position in the periplasmic domain of LptF
rescue the growth defect of a mutant lacking LptC, suggesting that LPS flow might
have a preferential direction within the transporter (see below) (Benedet et al. 2016).

LptC stably associates to the LptB2FG complex, although its role in LPS transport
is not completely clear. Several lines of evidence indicate that LptC is strictly required
to funnel LPS within the periplasmic bridge towards the OM. UV-photocrosslinking
experiments showed that LPS association to LptA in spheroplasts overexpressing
the LptB2FG transporter depends on the ATP hydrolysis but cannot proceed in the
absence of LptC (Okuda et al. 2012). Moreover, LptC itself has been demonstrated
to be part of the periplasmic bridge, interacting directly with LptA (Bowyer et al.
2011; Freinkman et al. 2012; Sperandeo et al. 2011), and binding LPS (Okuda et al.
2012; Tran et al. 2010). These findings strengthen the idea that LptC might have
a direct role in LPS transport. However, LptC can tolerate several mutations. A
soluble version of LptC missing its hydrophobic anchor is still functional and can
assemble into the complex via the N-terminal region of its soluble domain (Villa
et al. 2013). Moreover, the C-terminal region of the periplasmic domain can be
deleted upon overexpression of LptB, suggesting that also a truncated LptC variant
can fulfill its role in the Lpt complex, albeit with less efficiency (Martorana et al.
2016). Strikingly, the complete lack of LptC can be overcome by a single amino acid
substitution at residue 212 in the periplasmic domain of LptF (Benedet et al. 2016).
Taken together, these observations implicate the periplasmic domain of LptF into the
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Fig. 2.6 Models for LPS extraction from the IM and assembly at the OM. a The LptB2FG trans-
porter extracts and transports LPS through discrete steps of ATP hydrolysis, cycling from to the
ATP-free state (resting state) to the ATP-binding state and finally ATP hydrolyzed state. Binding
of LptB dimer to ATP triggers the conformational change of LptF-TM5 and LptG-TM1 resulting
in the opening of a lateral gate between these two helices and the subsequent capture of LPS in the
LptB2FG internal hydrophobic cavity. Upon ATP hydrolysis the lipid A is extracted from the IM
and pushed to the periplasmic domain of LptF (or LptG). Finally, release of ADP induces LptB2FG
to return to the ATP-free state. b The LPS molecule is delivered from the LptA to LptDE complex
for insertion into the OM. The Lipid A portion of LPS passes from the N-terminal domain of LptD
into the core of the membrane. The lateral gate formed by β1/β26 strands opens and allows the
hydrophilic portion of LPS to pass through the lumen of LptD

periplasmic bridge and point to a regulative role of LptC within the transporter. The
initial biochemical characterization of LptB2FG-C purified in detergent showed that
the ATPase activity of the transporter was not altered by the presence of LptC (Narita
and Tokuda 2009), as it would be expected by a regulative subunit. However, it has
been recently demonstrated that the association of LptC led to almost 40% decrease
of the ATPase activity when the transporter was reconstituted in proteoliposomes, a
condition that better mimics the membrane environment (Luo et al. 2017; Sherman
et al. 2018).
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Transport Across the Periplasm

Once LPS has been extracted from the IM by the LptB2FG complex it is transferred
to LptC, and then to LptA, at the expense of ATP hydrolysis (Okuda et al. 2012).
LptA is a soluble protein (Sperandeo et al. 2007) and initially proposed to function as
a chaperone shuttling LPS between IM andOM (Ruiz et al. 2009) in analogy with the
Lol pathway for lipoprotein transport (Okuda and Tokuda 2011). However, several
lines of evidence argue against the chaperon model and support instead the view of
LPS transported across the periplasm via a protein bridge connecting IM and OM:
(i) LPS is not released into the medium after addition of periplasmic extract to E.
coli spheroplasts as observed for lipoproteins, and in spheroplasts newly synthesized
LPS is still transported to the OM, strongly suggesting that LPS transport could
take place via contact sites between the membranes (Tefsen et al. 2005a, b); (ii)
LptA fractionates with both IM and OM in sucrose density gradient centrifugation
despite being a soluble periplasmic protein (Chng et al. 2010a, b); (iii) the seven
Lpt proteins can be copurified as a complex by affinity chromatography, supporting
the idea that they form a continuous protein bridge connecting IM and OM (Chng
et al. 2010a, b); (iv) mutations impairing Lpt complex assembly lead to degradation
of the periplasmic LptA component (Sperandeo et al. 2011) further supporting the
biological significance of the transenvelope architecture.

LptA connects IM and OM by binding to LptC and LptD, respectively. The
architecture of the protein bridge has been defined by co-purification and UV-
photocrosslinking experiments. Whereas the N-terminal end of LptA interacts with
the C-terminal end of LptC, the C-terminal end of LptA interacts with the N-terminal
periplasmic region of LptD (Sperandeo et al. 2011; Freinkman et al. 2012). These
intermolecular contacts are crucial for LPS transport as genetic disruption of these
edge regions compromises the assembly and function of the Lpt bridge (Falchi et al.
2018; Freinkman et al. 2012; Sperandeo et al. 2011; Villa et al. 2013). Notably, the
formation of LptC-LptA-LptD protein bridge occurs via the structurally homologous
β-jellyroll domain, also termed “Lpt fold”, shared by the three proteins (Fig. 2.5)
(Botos et al. 2016; Qiao et al. 2014; Suits et al. 2008; Tran et al. 2010). The β-
jellyroll fold represents a unique protein architecture initially identified in LptA, the
first protein of the Lpt system for which a crystal structure was obtained (Suits et al.
2008), and afterwards found in all Lpt proteins with a periplasmic domain (Dong
et al. 2017; Luo et al. 2017; Qiao et al. 2014; Tran et al. 2010). It consists of a vari-
able number of consecutive, antiparallel β-strands arranged to form a semi-opened
and slightly twisted structure whose interior is covered by hydrophobic residues
(Fig. 2.5). The arrangement of the β-jellyroll domains of LptC, LptA and the N-
terminal periplasmic region of LptD therefore forms a hydrophobic groove which
is thought to accommodate the acyl chains of the lipid A moiety during LPS trans-
port along the protein bridge, while the hydrophilic oligosaccharide portion remains
exposed in the periplasm. Indeed, residues of LptA and LptC that crosslink to LPS
are located in the β-jellyroll interior (Okuda et al. 2012).



2 Lipopolysaccharide Biosynthesis and Transport … 27

LptA has a strong tendency to oligomerize in a head-to-tail orientation forming
long fibrils in crystals obtained in the presence of LPS (Suits et al. 2008) and in
solution in a concentration-dependent manner (Merten et al. 2012; Santambrogio
et al. 2013). However, the affinity of LptA for LptC seems stronger than of LptA
for itself in the oligomerization reaction (Bowyer et al. 2011; Schultz et al. 2013).
The stoichiometry of LptA in vivo in the periplasmic protein bridge is still an open
question. It has been recently demonstrated that an oligomeric-deficient form of
LptA, lacking the last C-terminal β-sheet, partially fulfills its role in the transport of
LPS to theOM (Laguri et al. 2017), suggesting that Lptmachinerywith a single LptA
molecule can be functional. However, it is more likely that LptA oligomerization
imparts to the Lpt machinery the required flexibility to respond to variations in the
periplasm width as a consequence of envelope stress or other growth conditions.
This hypothesis is in line with the presence of an additional σE stress response
promoter upstream the lptA gene (Martorana et al. 2011) and the recent finding that
Enterobacteria are able to respond to changes of periplasm width by activating the
Rcs stress response system (Asmar et al. 2017).

Assembly of LPS at the OM Outer Leaflet

The efficient insertion of LPS into the outer leaflet of the OM, avoiding a premature
stop at inner leaflet, is essential to maintain the asymmetry of the OM. The step
of LPS delivery and assembly at the OM surface is mediated by the OM translocon
constituted by the β-barrel protein LptD and the lipoprotein LptE (Braun and Silhavy
2002;Wu et al. 2006). LptD consists of a C-terminal transmembrane β-barrel domain
and a periplasmic N-terminal domain connected by two disulfide bonds between two
non-consecutive cysteine residues (Botos et al. 2016; Dong et al. 2014; Qiao et al.
2014). The OM lipoprotein LptE is buried in the lumen of the barrel domain of LptD
adopting a unique plug-and-barrel architecture (Fig. 2.5) (Freinkman et al. 2011).

The assembly and correct maturation of a functional LptDE complex is crucial to
avoid LPS mistargeting and LptE accomplishes a non-obvious function within the
translocon, assisting LptD in its folding and its assembly into the Lpt complex.

First evidence of LptE involvement in LptD assembly/maturation came from a
screening for mutants able to suppress permeability defects of a two-codon lptE
deletion that alteredLptE interactionwithLptD. In this screening, suppressormutants
were mapped not only in lptD but also in bamA (β-barrel protein essential for OMP
assembly at the OM) (for a review see Konovalova et al. 2017; Noinaj et al. 2017),
revealing that LptE association has a fundamental role in LptD assembly by the
Bam (β-barrel assemblymachinery) complex (Chimalakonda et al. 2011).Moreover,
LptE is crucial for the functionality of LptD, since it helps the formation of the
mature LptD form containing two disulfide bonds between non-consecutive cysteines
(Chimalakonda et al. 2011). The plug function of LptE is critical to control the
accessibility of the otherwise too large LptD lumen, as demonstrated by the isolation
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of a mutation in LptE that affects its interaction with LptD, altering OM permeability
without impairing LptD assembly or LPS export (Freinkman et al. 2011).

In E. coli, LptE does not have solely a structural role in LPS biogenesis, as it is
able to specifically bind LPS (Chng et al. 2010a, b) and, in vitro, to disaggregate LPS
molecules through electrostatic interactions between the lipid A moiety of LPS and
a patch of positively-charged residues in the exposed loop connecting the β-strands
2 and 3 of the protein. Accordingly, disruption of this LPS-binding patch increases
membrane permeability but does not affect LptD assembly (Malojčić et al. 2014).
Based on these observations, it has been proposed that LptE facilitates LPS transfer
into the outer leaflet while preventing its insertion into the inner leaflet of the OM.
Overall these evidences point toward a triple role of LptE in LPS transport: tomanage
the assembly of a functional LptD, to preserve membrane permeability and to assist
LPS insertion into the cell surface.

The crystal structure of the LptDE complexes from several microorganisms have
been recently reported (Botos et al. 2016;Dong et al. 2014;Qiao et al. 2014). Notably,
the basic plug and barrel architecture of the LptDE protein complex is maintained
in all solved structures. LptD consists of a large C-terminal β-barrel domain, made
by 26 antiparallel β-strands embedded in the OM, and a N-terminal periplasmic β-
jellyroll domain made by 11 antiparallel β-strands arranged in two sheets. The LptD
β-strands are connected via periplasmic and extracellular loops; the longer loops face
at the extracellular side closing off most of the β-barrel pore. Extracellular loops 4
and 8 insert inside the barrel, binding to the LptE protein which plugs the pore thus
preserving membrane permeability (Botos et al. 2016; Dong et al. 2014; Qiao et al.
2014). Hydrogen bonding between the first and last β-strands of LptD β-barrel is
disrupted creating a crenellation, or small gap, essential for the lateral migration of
the LPS in the OM. Indeed, mutations that introduce disulfide bonds between the
first and last β-strands results in lethal phenotypes (Dong et al. 2014).

A significant rotationof theN-terminal domainwith respect to theβ–barrel domain
is also observed in the available crystal structures. The configuration of the LptD
N-terminal domain with respect to the C-terminal barrel depends on the correct
formation of disulfide bonds in LptD and has a fundamental role to allow the insertion
of the lipidAmoiety of LPS into themembrane (Dong et al. 2014), and the interaction
with LptA (Okuda et al. 2016).

LptE forms a sandwich of two α-helices packed against a sheet of four β-strands.
Its N-terminal lipid moiety is located outside of the barrel and inserted in the inner
leaflet of the OM. In the LptDE complex, approximately 75% of LptE is located
inside the β-barrel of LptD (Botos et al. 2016; Dong et al. 2014; Malojčić et al. 2014;
Qiao et al. 2014).

Based on genetic and structural data, a two-portal mechanism has been proposed.
According to this model the lipid A moiety of LPS moves from LptA directly into
the β-jellyroll domain of LptD allowing its insertion into the membrane through a
hole formed between the periplasmic and the β-barrel domain of LptD, while the
hydrophilic domain of LPS flows through the lumen of the β-barrel. Then, the lateral
gap of LptD may open enough to allow the passage of the hydrophilic portion of
LPS through the lumen up to the OM (Gu et al. 2015; Li et al. 2015) (Fig. 2.6b). In
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this model, LptE helps LPS movement into the OM by providing more favourable
interactions between itself and LPS rather than between aggregated LPS molecules.
Finally, LptE pumps the LPS out of the LptD lumen towards its final destination
(Malojčić et al. 2014).

LPS molecules must be transported to the OM to ensure cell growth and division
and this process needs to be finely regulated to avoid the mislocalization of an other-
wise toxic molecule. Early investigations on the LptDE complex suggested that only
a correctly folded OM translocon allows the building of a functional Lpt system,
enlightening a first step of regulation in the formation of the protein bridge between
IM and OM, as failure of LptD folding makes impossible to form a transenvelope
bridge (Chng et al. 2012; Freinkman et al. 2012; Okuda et al. 2016). As mentioned
before, LptD has four cysteine residues, two located in the N-terminal periplasmic
domain and the remaining two in theC-terminal domain (Ruiz et al. 2010). Functional
LptD requires the formation of disulfide bonds between non-consecutive cysteines
thus allowing the correct configuration of the N-terminal domain with respect to the
C-terminal β-barrel (Freinkman et al. 2012; Ruiz et al. 2010). Notably, LptD mutant
proteins that lack native disulfide bonds do not interact with LptA preventing the for-
mation of the transenvelope bridge. It is worth to note that for LptD binding to LptA
the formation of at least one of the two non-consecutive disulfide bonds is sufficient.
These findings suggest a mechanism in which the C-terminal β-barrel domain of
LptD hinders the interaction of the N-terminal periplasmic domain with LptA when
LptE-plug is not properly inserted (Freinkman et al. 2012) disrupting the β-jellyroll
oligomerization process.

Altogether, the previous functional data and the available crystal structures of the
Lpt proteins support the so-called PEZ model, in which the energy released from
ATP hydrolysis in the cytoplasm would be used to push a continuous stream of LPS
along the periplasmic bridge to the cell surface (Okuda et al. 2016). Indeed, by using
an in vitro system based on right-side-out vesicles it has been shown that LPS transits
along Lpt components trough discrete steps that require energy of ATP hydrolysis
to transfer LPS from LptB2FG to LptC, then from LptB2FG-C to LptA (Okuda
et al. 2012) and from LptA to OM-proteoliposomes containing LptDE (Sherman
et al. 2018). Notably, the transfer of LPS from IM to OM proteoliposomes only
occurs when LptA is added to the system further supporting the key role of LptA in
connecting IM and OM (Sherman et al. 2018).

The PEZ model postulates that the transport through the channel formed by Lpt-
CAD functions as a “candy dispenser” in which the “candies” LPS molecules are
pushed by ATP hydrolysis in a continuous flow up to the OM LptDE translocon
driven by a constant pressure from the IM LptB2FG complex. However, the recent
finding that the OM translocon is able to communicate with the IM complex to arrest
the LPS transport, opens new questions about the regulation and the functioning of
the Lpt machinery. Using a fluorescent assay that allows to follow the fate of LPS in
the passage from the IM to OM proteoliposomes, Khane and co-workers showed that
when the OM proteoliposomes reach a saturating quantity of LPS, the IM complex
stops to hydrolyze ATP to avoid an otherwise useless consumption of energy (Xie
et al. 2018). This finding unveils a negative feedback inwhich theOMLptDE translo-
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con can control the ATPase activity of the IM LptB2GF transporter. This mechanism
adds a second step of regulation within the Lpt system explaining why LPS stacks
at the IM when transport is impaired at the OM. How the LPS delivery at the OM
and the LPS extraction from the IM could be coupled will be the next fascinating
question to answer about the Lpt system.

Conclusions and Perspectives

The OM is a fundamental organelle of the Gram-negative cell envelope that protects
the cell from the entry ofmanynoxious compounds. TheLPS asymmetric distribution
largely contributes to the peculiar properties of theOM.Muchprogress has beenmade
in the last years in understanding how LPS amphipathic molecules can be efficiently
synthesized, transported and assembled at the cell surface. However, the regulation
mechanisms of LPS transport during cell growth remain virtually unknown.

LPS biogenesis has been successfully exploited as a target with the potential to
develop compounds acting either as new drugs or as potentiator molecules (Zabawa
et al. 2016). Despite there are no molecules that have been approved for clinical
use yet, there are some promising candidates under validation and development.
A novel class of inhibitors of LpxC deacetylase have been recently identified and
proved capable of curing infections in animal models (Lee et al. 2016; Lemaitre et al.
2017). Another promising candidate is the peptidomimetic L27-11 which specifi-
cally targets LptD from P. aeruginosa (Srinivas et al. 2010; Werneburg et al. 2012).
Notably, POL7080, a derivative of L27-11with improved drug properties, is currently
under clinical development. These findings highlight the potential of LPS biogenesis
inhibitors as novel therapeutics to treat Gram-negative infections.
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Malojčić G, Andres D, Grabowicz M, George AH, Ruiz N, Silhavy TJ, Kahne D (2014) LptE binds
to and alters the physical state of LPS to catalyze its assembly at the cell surface. Proc Natl Acad
Sci USA 111(26):9467–9472

MamatU,MeredithTC,Aggarwal P,KuhlA,Kirchhoff P, LindnerB,HanuszkiewiczA, Sun J,Holst
O,WoodardRW(2008) Single amino acid substitutions in eitherYhjDorMsbAconfer viability to
3-deoxy-d-manno-oct-2-ulosonic acid-depleted Escherichia coli. Mol Microbiol 67(3):633–648

Martorana AM, Sperandeo P, Polissi A, Deho G (2011) Complex transcriptional organization reg-
ulates an Escherichia coli locus implicated in lipopolysaccharide biogenesis. Res Microbiol
162(5):470–482

Martorana AM, Benedet M, Maccagni EA, Sperandeo P, Villa R, Deho G, Polissi A (2016) Func-
tional interaction between the cytoplasmic ABC protein LptB and the inner membrane LptC
protein, components of the lipopolysaccharide transport machinery in Escherichia coli. J Bacte-
riol 198(16):2192–2203

May KL, Silhavy TJ (2018) The Escherichia coli phospholipase PldA regulates outer membrane
homeostasis via lipid signaling. MBio 9(2):e00379–18

Meredith TC, Aggarwal P, Mamat U, Lindner B, Woodard RW (2006) Redefining the requisite
lipopolysaccharide structure in Escherichia coli. ACS Chem Biol 1(1):33–42

Merten JA, Schultz KM, Klug CS (2012) Concentration-dependent oligomerization and oligomeric
arrangement of LptA. Protein Sci 21(2):211–218

Mi W, Li Y, Yoon SH, Ernst RK, Walz T, Liao M (2017) Structural basis of MsbA-mediated
lipopolysaccharide transport. Nature 549(7671):233–237

Miyake K (2004) Innate recognition of lipopolysaccharide by Toll-like receptor 4-MD-2. Trends
Microbiol 12(4):186–192

Moffatt JH,HarperM,HarrisonP,Hale JD,VinogradovE, SeemannT,HenryR,CraneB, StMichael
F, Cox AD, Adler B, Nation RL, Li J, Boyce JD (2010) Colistin resistance in Acinetobacter
baumannii is mediated by complete loss of lipopolysaccharide production. Antimicrob Agents
Chemother 54(12):4971–4977

Narita S, Tokuda H (2009) Biochemical characterization of an ABC transporter LptBFGC complex
required for the outer membrane sorting of lipopolysaccharides. FEBS Lett 583(13):2160–2164

Needham BD, Carroll SM, Giles DK, Georgiou G, Whiteley M, Trent MS (2013) Modulating the
innate immune response by combinatorial engineering of endotoxin. Proc Natl Acad Sci USA
110(4):1464–1469

Nikaido H (2003) Molecular basis of bacterial outer membrane permeability revisited. Microbiol
Mol Biol Rev 67(4):593–656

Nikaido H (2005) Restoring permeability barrier function to outer membrane. Chem Biol
12(5):507–509



2 Lipopolysaccharide Biosynthesis and Transport … 35

Noinaj N, Gumbart JC, Buchanan SK (2017) The beta-barrel assembly machinery in motion. Nat
Rev Microbiol 15(4):197–204

Ogura T, Inoue K, Tatsuta T, Suzaki T, Karata K, Young K, Su LH, Fierke CA, Jackman JE, Raetz
CR, Coleman J, Tomoyasu T, Matsuzawa H (1999) Balanced biosynthesis of major membrane
components through regulated degradation of the committed enzyme of lipid A biosynthesis by
the AAA protease FtsH (HflB) in Escherichia coli. Mol Microbiol 31(3):833–844

Okuda S, Freinkman E, Kahne D (2012) Cytoplasmic ATP hydrolysis powers transport of
lipopolysaccharide across the periplasm in E. coli. Science 338(6111):1214–1217

Okuda S, Sherman DJ, Silhavy TJ, Ruiz N, Kahne D (2016) Lipopolysaccharide transport and
assembly at the outer membrane: the PEZ model. Nat Rev Microbiol 14(6):337–345

Okuda S, Tokuda H (2011) Lipoprotein sorting in bacteria. Annu Rev Microbiol 65:239–259
Paciello I, Silipo A, Lembo-Fazio L, Curcuru L, Zumsteg A, Noel G, Ciancarella V, Sturi-
ale L, Molinaro A, Bernardini ML (2013) Intracellular Shigella remodels its LPS to dampen
the innate immune recognition and evade inflammasome activation. Proc Natl Acad Sci USA
110(46):E4345–E4354

Park BS, Lee JO (2013) Recognition of lipopolysaccharide pattern by TLR4 complexes. Exp Mol
Med 45:e66

Park BS, Song DH, Kim HM, Choi BS, Lee H, Lee JO (2009) The structural basis of lipopolysac-
charide recognition by the TLR4-MD-2 complex. Nature 458(7242):1191–1195

Peng D, Hong W, Choudhury BP, Carlson RW, Gu XX (2005) Moraxella catarrhalis bacterium
without endotoxin, a potential vaccine candidate. Infect Immun 73(11):7569–7577

Peppler MS, Schrumpf ME (1984) Phenotypic variation and modulation in Bordetella bronchisep-
tica. Infect Immun 44(3):681–687

Polissi A, Georgopoulos C (1996) Mutational analysis and properties of the msbA gene of
Escherichia coli, coding for an essentialABC family transporter.MolMicrobiol 20(6):1221–1233

Qiao S, LuoQ, ZhaoY, ZhangXC,HuangY (2014) Structural basis for lipopolysaccharide insertion
in the bacterial outer membrane. Nature 511(7507):108–111

Radika K, Raetz CR (1988) Purification and properties of lipid A disaccharide synthase of
Escherichia coli. J Biol Chem 263(29):14859–14867

Raetz CR, Guan Z, Ingram BO, Six DA, Song F, Wang X, Zhao J (2009) Discovery of new biosyn-
thetic pathways: the lipid A story. J Lipid Res 50(Suppl):S103–S108

Raetz CR, Whitfield C (2002) Lipopolysaccharide endotoxins. Annu Rev Biochem 71:635–700
Raetz CRH, Reynolds CM, Trent MS, Bishop RE (2007) Lipid A modification systems in gram-
negative bacteria. Annu Rev Biochem 76(1):295–329

Ray BL, Raetz CR (1987) The biosynthesis of gram-negative endotoxin. A novel kinase in
Escherichia coli membranes that incorporates the 4′-phosphate of lipid A. J Biol Chem
262(3):1122–1128

Rees DC, Johnson E, Lewinson O (2009) ABC transporters: the power to change. Nat Rev Mol
Cell Biol 10(3):218–227

Ruan X, Loyola DE, Marolda CL, Perez-Donoso JM, Valvano MA (2012) The WaaL O-antigen
lipopolysaccharide ligase has features in common with metal ion-independent inverting glyco-
syltransferases. Glycobiology 22(2):288–299

Ruiz N, Chng SS, Hiniker A, Kahne D, Silhavy TJ (2010) Nonconsecutive disulfide bond formation
in an essential integral outer membrane protein. Proc Natl Acad Sci USA 107(27):12245–12250

Ruiz N, Gronenberg LS, Kahne D, Silhavy TJ (2008) Identification of two inner-membrane proteins
required for the transport of lipopolysaccharide to the outer membrane of Escherichia coli. Proc
Natl Acad Sci USA 105(14):5537–5542

Ruiz N, Kahne D, Silhavy TJ (2009) Transport of lipopolysaccharide across the cell envelope: the
long road of discovery. Nat Rev Microbiol 7(9):677–683

Sankaran K, Wu HC (1994) Lipid modification of bacterial prolipoprotein. Transfer of diacylglyc-
eryl moiety from phosphatidylglycerol. J Biol Chem 269(31):19701–19706



36 P. Sperandeo et al.

Santambrogio C, Sperandeo P, Villa R, Sobott F, Polissi A, Grandori R (2013) LptA assem-
bles into rod-like oligomers involving disorder-to-order transitions. J Am Soc Mass Spectrom
24(10):1593–1602

Schultz KM, Feix JB, Klug CS (2013) Disruption of LptA oligomerization and affinity of the
LptA-LptC interaction. Protein Sci 22(11):1639–1645

Schulz GE (2002) The structure of bacterial outer membrane proteins. Biochim Biophys Acta
1565(2):308–317

ShermanDJ,LazarusMB,MurphyL,LiuC,Walker S,RuizN,KahneD (2014)Decoupling catalytic
activity from biological function of the ATPase that powers lipopolysaccharide transport. Proc
Natl Acad Sci USA 111(13):4982–4987

Sherman DJ, Xie R, Taylor RJ, George AH, Okuda S, Foster PJ, Needleman DJ, Kahne D (2018)
Lipopolysaccharide is transported to the cell surface by amembrane-to-membrane protein bridge.
Science 359(6377):798–801

Siarheyeva A, Sharom FJ (2009) The ABC transporterMsbA interacts with lipid A and amphipathic
drugs at different sites. Biochem J 419(2):317–328

Silhavy TJ, Kahne D, Walker S (2010) The bacterial cell envelope. Cold Spring Harb Perspect Biol
2(5):a000414

Simpson BW, Owens TW, Orabella MJ, Davis RM, May JM, Trauger SA, Kahne D, Ruiz N (2016)
Identification of residues in the lipopolysaccharide ABC transporter that coordinate ATPase
activity with extractor function. MBio 7(5):e01729–16

Sperandeo P, Cescutti R, Villa R, Di Benedetto C, Candia D, Deho G, Polissi A (2007) Charac-
terization of lptA and lptB, two essential genes implicated in lipopolysaccharide transport to the
outer membrane of Escherichia coli. J Bacteriol 189(1):244–253

Sperandeo P, Lau FK, Carpentieri A, De Castro C, Molinaro A, Deho G, Silhavy TJ, Polissi A
(2008) Functional analysis of the protein machinery required for transport of lipopolysaccharide
to the outer membrane of Escherichia coli. J Bacteriol 190(13):4460–4469

Sperandeo P, Villa R, Martorana AM, Samalikova M, Grandori R, Deho G, Polissi A (2011) New
insights into the Lpt machinery for lipopolysaccharide transport to the cell surface: LptA-LptC
interaction and LptA stability as sensors of a properly assembled transenvelope complex. J Bac-
teriol 193(5):1042–1053

Srinivas N, Jetter P, Ueberbacher BJ, Werneburg M, Zerbe K, Steinmann J, Van der Meijden B,
Bernardini F, Lederer A, Dias RL, Misson PE, Henze H, Zumbrunn J, Gombert FO, Obrecht D,
Hunziker P, Schauer S, Ziegler U, Käch A, Eberl L, Riedel K, DeMarco SJ, Robinson JA (2010)
Peptidomimetic antibiotics target outer-membrane biogenesis in Pseudomonas aeruginosa. Sci-
ence 327(5968):1010–1013

Steeghs L, denHartogR, denBoerA, ZomerB, Roholl P, van der Ley P (1998)Meningitis bacterium
is viable without endotoxin. Nature 392(6675):449–450

Stevenson G, Neal B, Liu D, Hobbs M, Packer NH, Batley M, Redmond JW, Lindquist L, Reeves
P (1994) Structure of the O antigen of Escherichia coli K-12 and the sequence of its rfb gene
cluster. J Bacteriol 176(13):4144–4156

Suits MDL, Sperandeo P, Dehò G, Polissi A, Jia Z (2008) Novel structure of the conserved
gram-negative lipopolysaccharide transport protein a and mutagenesis analysis. J Mol Biol
380(3):476–488

Sutcliffe IC (2010) A phylum level perspective on bacterial cell envelope architecture. Trends
Microbiol 18(10):464–470

Sutterlin HA, Shi H, May KL, Miguel A, Khare S, Huang KC, Silhavy TJ (2016) Disruption of
lipid homeostasis in the Gram-negative cell envelope activates a novel cell death pathway. Proc
Natl Acad Sci USA 113(11):E1565–E1574

Tefsen B, Bos MP, Beckers F, Tommassen J, de Cock H (2005a) MsbA is not required for phos-
pholipid transport in Neisseria meningitidis. J Biol Chem 280(43):35961–35966

Tefsen B, Geurtsen J, Beckers F, Tommassen J, de Cock H (2005b) Lipopolysaccharide transport
to the bacterial outer membrane in spheroplasts. J Biol Chem 280(6):4504–4509



2 Lipopolysaccharide Biosynthesis and Transport … 37

Thomas C, Tampe R (2018) Multifaceted structures and mechanisms of ABC transport systems in
health and disease. Curr Opin Struct Biol 51:116–128

Thong S, Ercan B, Torta F, Fong ZY, Wong HY, Wenk MR, Chng SS (2016) Defining key roles for
auxiliary proteins in anABC transporter thatmaintains bacterial outermembrane lipid asymmetry.
Elife 5:e19042

Tran AX, Dong C, Whitfield C (2010) Structure and functional analysis of LptC, a conserved
membrane protein involved in the lipopolysaccharide export pathway in Escherichia coli. J Biol
Chem 285(43):33529–33539

Villa R, Martorana AM, Okuda S, Gourlay LJ, Nardini M, Sperandeo P, Dehò G, Bolognesi
M, Kahne D, Polissi A (2013) The Escherichia coli Lpt transenvelope protein complex for
lipopolysaccharide export is assembled via conserved structurally homologous domains. J Bac-
teriol 195(5):1100–1108

Voss BJ, Trent MS (2018) LPS transport: flipping out over MsbA. Curr Biol 28(1):R30–r33
Ward A, Reyes CL, Yu J, Roth CB, Chang G (2007) Flexibility in the ABC transporter MsbA:
alternating access with a twist. Proc Natl Acad Sci USA 104(48):19005–19010

Werneburg M, Zerbe K, Juhas M, Bigler L, Stalder U, Kaech A, Ziegler U, Obrecht D, Eberl
L, Robinson JA (2012) Inhibition of lipopolysaccharide transport to the outer membrane in
Pseudomonas aeruginosa by peptidomimetic antibiotics. ChemBioChem 13(12):1767–1775

Whitfield C (2006) Biosynthesis and assembly of capsular polysaccharides in Escherichia coli.
Annu Rev Biochem 75:39–68

Wu T, McCandlish AC, Gronenberg LS, Chng SS, Silhavy TJ, Kahne D (2006) Identification of a
protein complex that assembles lipopolysaccharide in the outer membrane of Escherichia coli.
Proc Natl Acad Sci USA 103(31):11754–11759

Xie R, Taylor RJ, Kahne D (2018) Outer membrane translocon communicates with inner membrane
ATPase To stop lipopolysaccharide transport. Science 140(40):12691–12694

Yeow J, Tan KW, Holdbrook DA, Chong ZS, Marzinek JK, Bond PJ, Chng SS (2018) The archi-
tecture of the OmpC-MlaA complex sheds light on the maintenance of outer membrane lipid
asymmetry in Escherichia coli. J Biol Chem 293(29):11325–11340

Young K, Silver LL, Bramhill D, Cameron P, Eveland SS, Raetz CR, Hyland SA, Anderson MS
(1995) The envA permeability/cell division gene of Escherichia coli encodes the second enzyme
of lipid A biosynthesis. UDP-3-O-(R-3-hydroxymyristoyl)-N-acetylglucosamine deacetylase. J
Biol Chem 270(51):30384–30391

Zabawa TP, Pucci MJ, Parr TR Jr, Lister T (2016) Treatment of Gram-negative bacterial infections
by potentiation of antibiotics. Curr Opin Microbiol 33:7–12

Zeth K, Thein M (2010) Porins in prokaryotes and eukaryotes: common themes and variations.
Biochem J 431(1):13–22

Zhang G,Meredith TC, Kahne D (2013) On the essentiality of lipopolysaccharide to Gram-negative
bacteria. Curr Opin Microbiol 16(6):779–785



Chapter 3
Lipoproteins: Structure, Function,
Biosynthesis

Volkmar Braun and Klaus Hantke

Abstract The Lpp lipoprotein of Escherichia coli is the first identified protein with
a covalently linked lipid. It is chemically bound by its C-terminus to murein (pepti-
doglycan) and inserts by the lipid at the N-terminus into the outer membrane. As the
most abundant protein in E. coli (106 molecules per cell) it plays an important role
for the integrity of the cell envelope. Lpp represents the type protein of a large variety
of lipoproteins found in Gram-negative and Gram-positive bacteria and in archaea
that have in common the lipid structure for anchoring the proteins to membranes
but otherwise strongly vary in sequence, structure, and function. Predicted lipopro-
teins in known prokaryotic genomes comprise 2.7% of all proteins. Lipoproteins are
modified by a unique phospholipid pathway and transferred from the cytoplasmic
membrane into the outer membrane by a special system. They are involved in pro-
tein incorporation into the outer membrane, protein secretion across the cytoplasmic
membrane, periplasm and outer membrane, signal transduction, conjugation, cell
wall metabolism, antibiotic resistance, biofilm formation, and adhesion to host tis-
sues. They are only found in bacteria and function as signal molecules for the innate
immune system of vertebrates, where they cause inflammation and elicit innate and
adaptive immune response through Toll-like receptors. This review discusses various
aspects of Lpp and other lipoproteins of Gram-negative and Gram-positive bacteria
and archaea.
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Introduction

The first identified and fully characterized protein with a covalently linked lipid was
the murein lipoprotein Lpp of Escherichia coli, also called the major lipoprotein or
Braun’s lipoprotein. It is the type protein of a large variety of proteins in Gram-
negative and Gram-positive bacteria and in archaea. These proteins are abundant
in the cells and all have in common a lipid structure through which they anchor the
proteins to a membrane outside of the cytoplasm. However, their sequence, structure,
and function strongly vary. They are involved in membrane protein incorporation,
protein secretion, signal transduction, conjugation, cell wall metabolism, antibiotic
resistance, biofilm formation, adhesion to host tissues, and signaling for the innate
immune system of vertebrates. This review will discuss various aspects of E. coli
Lpp and highlight features of other lipoproteins from other bacterial and archaeal
species. The early work on Lpp has been summarized in (Braun 1975; Braun and
Hantke 1974; Braun and Wu 1994).

E. coli Lpp

Discovery and Components of Lpp

The Lpp lipoprotein covalently bound to murein (peptidoglycan) of Escherichia coli
was discovered in a search for a bond that upon cleavage with trypsin decreased the
absorbance of the isolated cell envelope much more rapidly than when any other
protease was used (Braun and Rehn 1969). Cell envelopes treated with trypsin sepa-
rated into two membranes, namely the outer membrane and cytoplasmic membrane,
as observed by electron microscopy of ultra-thin sections. Samples not treated with
trypsinwere closely attached to each other. Since trypsin released only small amounts
of protein into the medium, the trypsin cleavage site was sought in the insoluble part.

It had been shown earlier that protein was associated with isolated murein, but the
protein material was not investigated further because the focus was on the chemical
composition of murein (Weidel and Pelzer 1964). Treatment of cell envelopes with
a hot sodium dodecyl sulfate solution left murein as the sole insoluble component. It
became morphologically thinner when treated with proteases, but kept the size and
rod form of the exponentially growing cells from which it was isolated. Acid hydrol-
ysis of murein of exponentially growing cells yielded the constituents of murein and
a mixture of all but six common amino acids (Cys, His, Pro, Gly, Phe, and Trp; by
contrast, in stationary phase cells, the proteins associated with murein consist of all
amino acids). The specific lack of these common amino acids suggested that a defined
protein was associated with murein. After trypsin treatment, only lysine remained
associated withmurein, which indicated that it linked the protein andmurein. Further
analysis showed that the lysine is bound through the ε-amino group to the optical
l-center of diaminopimelic acid of the murein peptide side chain, where it replaces
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d-alanine (Braun and Bosch 1972). The lysine residue is at the C-terminal end of
Lpp (Fig. 3.1a).

The mature Lpp protein consists of 57 residues and an additional N-terminal
modified cysteine. The amino acid sequence reveals 14 repeats composed of seven
residues, of which every third or fourth residue is hydrophobic (Fig. 3.1a). Such a
periodicity is typical for coiled-coils of α-helices in which seven residues (heptad
repeats) form two turns of a helix and that the side chains of parallel helices inter-
lock systematically. Lpp was the first coiled-coil protein to be sequenced (Lupas
et al. 2017). Its high α-helical content was deduced from circular dichroism spectra
(Braun et al. 1976b). Recombinant Lpp devoid of the lipid forms a long parallel α-
helical trimer. TheX-ray crystal structure reveals a three-stranded coiled-coil domain

Cys Ser Ser Asn Ala Lys Ile Asp Gln Leu Ser Ser Asp Val Gln Thr Leu
Asn Ala Lys Val Asp Gln Leu Ser Asn Asp Val Asn Ala Met
Arg Ser Asp Val Gln Ala Ala Lys Asp Asp Ala Ala Arg Ala
Asn Glu Arg Leu Asp Asn Met Ala Thr Lys Tyr Arg Lys

Ala-Glu-Dap

MurNAc-GlcNAc-MurNAc-GlcNAc-MurNAc

CH2-O-CO-Acyl

CH-O-CO-Acyl

CH2

S 

CH2 

Acyl-CO-NH-CH-CO-R 

Cysteine

(a)

(b)

(c)

Fig. 3.1 a Amino acid sequence of the E. coli murein lipoprotein (Lpp) with bound murein (pep-
tidoglycan) subunits. The heptad repeats (3 + 4) are in boldface. The N-terminal lipid attachment
site and the C-terminal murein attachment site (in italics) are outside the heptad register. b High-
resolution crystal structure of the Lpp trimer (residues 2–56) comprising a parallel three-stranded
coiled coil and two helix capping motifs (Shu et al. 2000). c Chemical structure of glycerylcysteine
with three bound fatty acids (mostly palmitic acid)
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from residue 5 to 53, with the heptad repeat in register throughout the entire region
(Fig. 3.1b) (Shu et al. 2000). The exceedingly high trypsin cleavage rate is explained
by the accumulation of three trypsin cleavage sites at the very C-terminus and their
exposure outside the triple helix. The sequences Tyr-Arg-Lys and Tyr-Lys-Lys are
most frequently found in lipoproteins linked to murein.

Lipid Covalently Bound to the Protein

When structural work on Lpp began, lipoproteins were not defined molecules but
rather mixtures of proteins with non-covalently linked mixtures of lipids. But in
Lpp, lipid was associated with a protein that could not be removed with detergents or
organic solvents and was therefore considered to be covalently bound. The chemical
structure of the protein lipid attachment site was determined by chemically degrading
isolated Lpp, incorporation of radioactively labeled suspected precursors, and finally
by chemical synthesis of S-glycerylcysteine thioether (Hantke and Braun 1973). The
structure was shown to be a glyceryl group with a fatty acid composition similar to
that of phospholipids and bound as a thioether to the sulfhydryl group of cysteine,
and was named glycerylcysteine (Fig. 3.1c). The amino group of the N-terminal
cysteine is bound to a fatty acid, mainly palmitic acid. This unique lipid structure
was later shown to be part of all bacterial lipoproteins with a covalently bound lipid.
The first three-dimensional structure of triacylated cysteine in a lipid bilayer was
recently found in the electron cryomicroscopy structure of a cytochrome oxidase
(Sun et al. 2018). In this structure, the lipid anchors at the ActB and ActE proteins
are tilted with respect to the plane of the lipid bilayer, thereby restricting the ability
of other lipids to pack around them. The lipids are localized close to the entry point
of menaquinol in the complex.

Linkage of Lpp to Murein (Peptidoglycan)

In E. coli, one-third of Lpp is covalently bound to murein (Braun and Rehn 1969;
Inouye et al. 1972). The linkage is formed between the carboxyl group of the optical
l-center of meso-diaminopimelate (Dpm) of the murein tetrapeptide and the ε-amino
group of the carboxyl-terminal lysine (Lys) of lipoprotein (Fig. 3.1a) (Braun and
Bosch 1972). The reaction is catalyzed by three very similar l-d-transpeptidases,
namely ErfK, YcfS, and YbiS (Magnet et al. 2007), whereby the d-Ala linked to
Dpm is replaced by Lys and the peptide energy of the Dpm-Ala bond is preserved
to form the Dpm-Lys bond. The genes encoding all three enzymes must be deleted
to obtain murein free of Lpp, but YbiS plays the major transpeptidation because the
deletion of its gene largely prevents binding of Lpp tomurein. The presence of several
transpeptidases is not surprising because redundant enzymes in murein synthesis and
murein modification have been frequently observed (Pazos et al. 2017). Murein is
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essential for the structure of cells that they cannot afford a defective synthesis. In
addition, the structure of murein changes under different growth condition which
requires different enzyme activities (Vollmer et al. 2008).

The C-terminal Lys in the Tyr-Arg-Lys triad plays a critical role in linkage of Lpp
to murein (Zhang andWu 1992; Zhang et al. 1992). By contrast, alterations at the N-
terminus, such as lack of lipid modification, addition of a signal peptide, and fusion
of the outer membrane protein OmpF, reduce but do not abolish covalent attachment
of Lpp to murein (Zhang et al. 1992). The amount of Lpp bound to murein can vary;
for example, in stationary phase cells, Lpp binding increases by 70% (Glauner et al.
1988).

Free Lpp

Free Lpp not attached tomurein was detected when proteins of cell envelopes labeled
with radioactive arginine or histidine were separated by SDS-polyacrylamide gel
electrophoresis (Inouye et al. 1972). A fast migrating band, i.e., a small protein,
contained labeled arginine but not histidine. The only protein known to be devoid
of histidine in E. coli was the small protein Lpp. Its identity was confirmed by
double labelingwith other amino acids present and absent in Lpp. The electrophoretic
mobility of free Lpp was faster than that of Lpp released from murein by lysozyme;
the latter preparation also contains muropeptides. The amount of free Lpp was twice
as high as that of murein-bound Lpp.

Distinct Arrangement of Bound and Free Lpp in the Outer
Membrane

The early proposal (Braun and Rehn 1969) that Lpp extends from murein across the
periplasm into the outer membrane was supported by the immunological determina-
tion of Lpp in separated outer and cytoplasmic membranes (Bosch and Braun 1973).
Lpp is bound by the C-terminal lysine to diaminopimelic acid of murein and is fixed
to the outer membrane by insertion of the lipid part into the inner lipid leaflet of the
outer membrane. It was assumed that free lipoprotein occupies the same location as
the bound form in the cell envelope. This assumption was supported by cross-linking
the free form with the bound form and non-covalent binding of the free form by the
C-terminal lysine to murein (Choi et al. 1987). However, distinct cellular locations
of bound and free Lpp were discovered over two decades later (Cowles et al. 2011).
Free Lpp spans the outer membrane and its C-terminus is surface-exposed, whereas
bound Lpp resides in the periplasm. This conclusion was drawn from differential
labeling with membrane-impermeable biotin reagents and proteolytic removal of
the labels at the cell surface. The biotin label was attached to the C-terminal Lys55
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and Lys58 residues. In addition, the C-terminal FLAG epitope (DYKDDDDK) of a
constructed Lpp derivative could be proteolytically removed by treating cells with
trypsin, which showed that the C-terminus of free Lpp is exposed at the cell surface.

The question arises how the free form inserts into and is partially translocated
across the outer membrane. The parallel three-stranded coiled-coil structure of Lpp
is too hydrophilic to insert spontaneously into a lipid bilayer. Since the free form
is first synthesized and then converted to the bound form (Inouye et al. 1972), the
two forms might transiently associate with each other, which would explain their
cross-linkage. The free form is either translocated by the Bam complex, or by a
specific translocase. Specific translocases were identified for various proteins, e.g.,
NalP or RcsF with the Bam complex, pullulanase with the type II secretion system,
and in Neisseria Slam1 with TbPB, LbpB, fHb1, and Slam2 with HpuA (see section
“Lipoproteins in Other Gram-Negative Bacteria”). The translocation of lipoproteins
to the cell surface has recently been reviewed (Hooda and Moraes 2018).

Biosynthesis of Lpp

E. coli Lpp is synthesized in the cytoplasm, modified with lipids at the outer leaflet of
the cytoplasmicmembrane, and translocated to and inserted into the outermembrane.
All these steps are mediated by dedicated proteins.

Unmodified lipoprotein can be synthesized in vitro with an mRNA of about 250
nucleotides (Hirashima et al. 1974). The mRNA has an unusually long average half-
life of 11.5 min, in contrast to the half-life of 2.1 min of cytoplasmic protein mRNAs
(Hirashima and Inouye 1973). The long half-life is suitable for allowing synthesis
of this most abundant protein in E. coli (about 106 molecules per cell).

Lpp is synthesized in the cytoplasm with a signal sequence that serves to transfer
the protein across the cytoplasmic membrane by the Sec translocon. The cysteine
residue located at the border between the signal sequence and the mature protein
is strictly conserved in all lipoproteins. It is surrounded by a partially conserved
sequence in lipoproteins—Leu(Ala/Val)-Leu-Ala(Ser)-Gly(Ala)-Cys. This so-called
lipobox is recognized by lipid-modifying enzymes. Lipid modification takes place at
the periplasmic side of the cytoplasmic membrane. First, diacylglycerol is added to
the sulfhydryl group of the cysteine by phosphatidylglycerol/prolipoprotein diacyl-
glyceryl transferase (Lgt) (Fig. 3.2). Then, a special lipoprotein signal peptidase (Lsp
or signal peptidase II) cleaves the signal peptide in front of the Cys residue (Innis
et al. 1984). Signal peptidase II preferentially recognizes didecanoyl glycerol as the
optimal lipid length and exclusively the enantio (R) form of the diacylglycerol (Kita-
mura and Wolan 2018). The protein remains attached to the cytoplasmic membrane
via the diacylglycerol. Finally, a fatty acid is transferred from phospholipids to the
amino group of the Cys residue by membrane-bound phospholipid/apolipoprotein
transacylase (Lnt) (Tokunaga et al. 1982; Noland et al. 2017).

Genes encoding the three enzymes Lgt, Lsp, and Lnt are essential for E. coli
and most other Gram-negative bacteria. The crystal structure of the diacylglyceryl
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Fig. 3.2 Biosynthesis of Lpp. Refer to the text for details. The polypeptide chain of LPP is indicated
in green

transferase Lgt shows a central cavity about 20 Å deep, with a major opening to the
periplasmic side and two clefts exposed to the membrane lipid (Mao et al. 2016).
Phosphatidylglycerol is positioned with the two acyl chains in the lower hydrophobic
part of the cleft and the hydrophilic head protruding into the interface between the
outer leaflet of the cytoplasmic membrane and the periplasm. It is predicted that the
two clefts (6 and 10 Å wide) are entrances for phosphatidylglycerol and the lipobox
of the lipoprotein. Substrates and product enter and leave laterally relative to the lipid
bilayer.

The crystal structure of the Lsp signal peptidase II fromPseudomonas aeruginosa
complexed with the inhibitor globomycin has been determined (Vogeley et al. 2016).
The enzyme consists of a periplasmic domain fixed to the cytoplasmic membrane by
a domain of four transmembrane helices. Globomycin acts as a noncleavable peptide
that sterically blocks the active site. It mimics diglyceride Lpp in that it is composed
of a 19-member cyclic depsipeptide that includes an α-methyl-β-hydroxy fatty acid.
It is first partitioned in the cytoplasmic membrane and then diffuses laterally into the
active site of the enzyme. The lipopeptide helix of Lpp fits into the space between
membrane helices 12 and 14, which positions the Cys residue of the lipobox into
the active site while leaving the protein in the periplasm. It is predicted that Lsp
is an aspartyl endopeptidase with two Asp residues suitably positioned to form the
catalytic diad. After release of the signal peptide, lipoprotein moves out of the active
site but remains bound to the cytoplasmic membrane by the diacylglyceride moiety.

The crystal structures of the N-acylase Lnt of E. coli (Noland et al. 2017) and P.
aeruginosa (Wiktor et al. 2017) have been determined. Both structures are composed
of a large periplasmic domain that is fixed to the cytoplasmic membrane by eight
transmembrane helices. The active site with the catalytic Cys387 is positioned at
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the base of a long channel above the outer leaflet of the cytoplasmic membrane. It
contains an opening towards the membrane for substrates and products; this opening
serves as the portal through which phospholipid and glycerylcysteine of lipoprotein
enter the active site. The Lnt enzyme transfers a fatty acid from a phospholipid,
preferentially phosphatidylethanolamine, to form S-acyl cysteine. The acyl chain,
usually palmitate, is transferred to the α-amino group of S-diacyl-glyceryl lipopro-
tein. Triacylated lipoprotein leaves the active site and enters the membrane, and the
active site is ready for the next round of lipoprotein acylation.

Transfer of Lpp from the Cytoplasmic Membrane to the Outer
Membrane

Sorting of the lipoprotein from the cytoplasmic membrane to the outer membrane
was studied mainly with E. coli Lpp and P. aeruginosa Pal (Okuda and Tokuda
2011; Narita and Tokuda 2017). The final destination of Lpp and Pal is the inner
leaflet of the outer membrane; the protein moiety remains in the periplasm, but
the N-terminal lipid anchors the lipoprotein to the outer membrane. Five proteins,
designated LolA, LolB, LolC, LolD, and LolE, mediate lipoprotein sorting from the
cytoplasmic membrane into the outer membrane (Fig. 3.3). LolCDE belong to the
ABC transporter superfamily; LolC and LolE are the transmembrane subunits and
LolD is the ATPase. One LolD subunit is bound to LolC, and one is bound to LolE.
The LolCDE complex releases lipoprotein from the cytoplasmic membrane by ATP
hydrolysis. Lipoprotein attaches to the soluble periplasmic protein LolA, and is then
handed over to lipoprotein LolB, which is attached to the outer membrane by its lipid
moiety. The affinity of LolB for lipoprotein is higher than that of LolA. The triacyl
group of LolB possibly distorts the packing of the lipid bilayer, as has been found
for cytochrome oxidase (Sun et al. 2018), and by this means facilitates entry of the
triacyl group of lipoprotein into the inner leaflet of the outer membrane. LolE of E.
coli binds lipoprotein and interacts with LolA, whereas LolC does neither (Okuda
and Tokuda 2009).

Crystal structures of LolA and LolB have been determined and are similar despite
their different amino acid sequences (Takeda et al. 2003). Both structures contain
hydrophobic cavities that serve as binding sites for the acyl chains of lipoproteins. The
sequence similarity between the periplasmic regions of LolC and LolE and between
LolA and LolB suggest the presence of cavities in LolC and LolE similar to those in
LolA and LolB. It is likely that lipoprotein is transferred from LolCDE to LolA to
LolB through their hydrophobic cavities (Okuda and Tokuda 2009). Only triacylated
lipoprotein is transferred across the periplasm by the Lol proteins. Deletion of any
of the genes encoding the Lol proteins are not tolerated by the cells, presumably
because aberrant mislocated lipoproteins accumulate.
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Fig. 3.3 Model of the transfer of Lpp from the cytoplasmic membrane across the periplasm to the
outer membrane. See text for details

Modified Lipoproteins that Remain in the Cytoplasmic
Membrane

When Ser2 of mature Lpp is replaced with Asp, Lpp is retained in the cytoplasmic
membrane; other amino acids direct sorting into the outer membrane (Yamaguchi
et al. 1988). The Asp-dependent retention of Lpp in the cytoplasmic membrane is
influenced by the residue at position 3, and certain combinations of residues at posi-
tions 2 and 3 act as cytoplasmic membrane signals. Asp2 interferes with recognition
of N-acyl S-diacylglyceryl Cys by LolCDE and therefore prevents Lpp release from
the cytoplasmic membrane. Lpp with Asp at position2 also does not form a complex
with LolA. In P. aeruginosa, residues at positions 3 and 4 but also Asp2 determine
membrane localization (Narita and Tokuda 2007; Lewenza et al. 2008). Structural
requirements around the Cys residue for the release of Lpp by LolA from the cyto-
plasmic membrane have been studied in detail with point mutants (summarized in
Tokuda et al. 2007). The lipoprotein signal peptidase Lsp specifically recognizes the
enantio (R) form of the diacylglycerol (Kitamura and Wolan 2018).

Alternative Lol Pathway

The essentiality of the Lol pathway in transferring lipoproteins from the cytoplasmic
membrane into the outer membranewas recently questioned (Grabowicz and Silhavy
2017b). A chromosomal lolB deletion mutant carrying an arabinose-inducible lolB
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gene on a plasmid does not grow when lolB transcription is not induced. However,
growth of the lolB deletion strain is partially restored by deleting lpp. Growth is
further enhanced by deleting in addition rcsF, which encodes an outer membrane
lipoprotein that controls the Rcs stress response. lolB deletion leads to a toxic acti-
vation of the Rcs stress response caused by accumulation of mislocalized Lpp. The
lpp rcsF double deletion mutant is markedly more viable during LolB depletion
because the Rcs regulon is not activated. Furthermore, suppressor mutations that
allow growth of the lolB mutant are in cpxA. CpxA is part of the Cpx stress regulon.
An lpp rcsB double deletion mutant that carries an activating cpxA mutation is still
viable when lolB is deleted. CpxA alleviates stress caused by Lpp trafficking defects.
In addition, the Bam complex, which contains the lipoproteins BamB, BamC, BamD,
and BamE attached from the periplasm to the BamA outer membrane barrel protein
is fully functional in the lpp cpxA rcsB triple mutant. In this triple mutant, LolB is
not required for the delivery of lipoproteins from the cytoplasmic membrane to the
outer membrane. Under conditions in which LolB is not essential, LolA is also not
required. LolCDE are still essential and cannot be bypassed. These data suggest the
presence of alternative LolAB-independent lipoprotein pathways with LolCDE as
a constituent. Such pathways might exist in α- and ε-proteobacterial classes of the
major Gram-negative phyla in which no LolB homolog is apparent.

Control of Lpp Biosynthesis

Since Lpp is by far the most abundant protein in E. coli (approximately 106 copies
per cell), its synthesis must be controlled to avoid upon overexpression depletion
of substrates and enzymes of RNA and protein synthesis required for other cell
components and overloading of the processing and assembly machineries. Synthesis
of the essential lipoproteins BamD of the Bam outer membrane protein assembly
complex andLptE of LPS assembly directly competeswith the lipidmodification and
Lol-dependent transfer across the periplasm of Lpp. Sigma E is the major regulator
of outer membrane biogenesis. It controls transcription of 100 genes, including all
of the machinery involved in transport and assembly of outer membrane proteins
(Guo et al. 2014). Upon induction of sigma E synthesis, translation of the mRNA
encoding Lpp is repressed specifically through the small sRNAMicL attached to the
Hfq protein (Guo et al. 2014). Transient overproduction of Lpp decreases insertion
of the BamD and LptE lipoproteins into the outer membrane and assembly of their
respective machineries. This disrupts insertion of LPS and proteins into the outer
membrane, and the accumulated LPS and outer membrane proteins trigger sigma E
activation. Down-regulation of lpp mRNA translation increases synthesis of these
and other outermembrane components to restore outermembrane homeostasis. Upon
stress and during transition to stationary growth phase, sigma E upregulates MicL,
which down-regulates lppmRNA translation. Inhibition of lppmRNA translation is
more effective than inhibition of lpp transcription because the amount of lppmRNA
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is high (10% of all cellular mRNA) (Guo et al. 2014) and themRNA has an unusually
long half-life (Hirashima and Inouye 1973; Nilsson et al. 1984).

E. coli controls extracytoplasmic stress using several systems that respond to
aberrant structural and functional alterations in the cell envelope (Grabowicz and
Silhavy 2017a, b). The RcsF lipoprotein functions as a sensor that recognizes outer
membrane defects and transmits the information into the periplasm to activate the
stress response. The N-terminal lipid of RcsF in the outer membrane is exposed to
the cell surface, and the carboxyl group is in the periplasm, where it interacts with the
major outer membrane proteins OmpA, OmpC, and OmpF (Konovalova et al. 2014,
2016). Inhibition of the Lol pathway activates the Rcs phosphorelay system, which
results in enhanced transcription of the lolA gene (Tao et al. 2012). Mislocalized
lipoproteins in the cytoplasmic membrane caused by Lol defects or mutations in
RcsF activate the RcsF stress response.

The Cpx regulon consists of a two-component system that responds to signaling
that originates, among others, from the NlpE outer membrane lipoprotein. When
lipoprotein trafficking is impaired, CpxA induces a protective response throughNlpE
that improves cell viability. CpxA is a histidine kinase that spans the cytoplasmic
membrane and activates CpxR,which up-regulates a number of genes for periplasmic
chaperons and proteases. Cpx is necessary to alleviate stress caused by lipoprotein
trafficking defects.

Function of Lpp in E. coli

An lpp deletionmutant was fortuitously isolated during construction of an F′ plasmid
(Hirota et al. 1977). The mutant grows and divides normally and remains susceptible
to phages. It is hypersensitive to EDTA, cationic dyes, and detergents. Enzymes leak
out of the periplasm, and outer membrane vesicles (blebs) are formed and released
into themedium,which suggests that the integrity of the outermembrane is disturbed.
This phenomenon was originally observed when Lpp was released from murein by
treating cell envelopes with trypsin, whereby the outer membrane detaches from the
cytoplasmic membrane (Braun and Rehn 1969). A phenotype similar to that of the
lpp deletion mutant is observed for mutants lacking the C-terminal lysine or that are
devoid of the three l,d-transpeptidases that link Lpp to murein (Asmar et al. 2017).

Lpp plays an important structural role in that it fixes the outermembrane tomurein,
which also affects interaction of the cytoplasmicmembranewithmurein and the outer
membrane. Recently, it was found that murein-bound Lpp determines the distance
between the outer membrane and the cytoplasmic membrane (Asmar et al. 2017).
Insertion of 14 or 21 amino acids into Lpp increases the distance between the outer
membrane and cytoplasmic membrane by 3 nm and 4 nm, respectively, as revealed
by electron cryomicroscopy. Response to stress elicited by β-lactams depends on
the correct distance between the outer membrane and the cytoplasmic membrane,
which is determined by the correct (wild-type) length of Lpp. The correct distance is
required for the stress-responsive RcsF protein in the outer membrane to contact the
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stress-transferring IgaA protein in the cytoplasmicmembrane and to confer antibiotic
resistance. If signaling is interrupted, the antibiotics A22 and mecillinam cause cell
lysis.

The length of the flagellum rod (25 nm) is determined by the width of the space
between the outer membrane and the cytoplasmic membrane, as shown in studies
of Salmonellla typhimurium. The length of the flagellum rod of non-motile flagellin
flgG mutants is higher (up to 60 nm). Selection for motile suppressor mutants of S.
typhimurium unexpectedly identified deletions in lppA. In five flgG mutants tested,
deletion of lppA resulted in a significant increase in swim diameter on soft agar
plates. An flgG wild-type lppA deletion mutant is impaired in swimming through
liquid (individual cell behavior) and in swarming motility (moving of a swarm of
flagellated bacteria across a hydrated surface). Further investigations revealed that
the length of LppA determines the width of the periplasm; the width decreased in
LppA mutants lacking 21 amino acids and increased in LppA mutants having an
additional 21 amino acids (Cohen et al. 2017). Purified flagellum rods of the LppA
mutant lacking 21 amino acids were shorter than those of the LppA wild-type. All
LppA length mutants (+21, +42, +63, and −21) could not swarm, but three of the
mutants (+21,+42, and+63) could swim. The growing flagellum senses when it hits
the outermembrane and stops growing.Without LppA, the space betweenmurein and
the outer membrane is less constricted and allows FlgG distal rods to be positioned
perpendicular to the outer membrane as they grow longer than 25 nm, which permits
formation of the periplasmic flagellar ring-lipopolysaccharide complex.

An lpp deletion mutant of uropathogenic E. coli CFT073 is impaired in its ability
to produce capsular polysaccharides. In this lpp mutant, the amount of KpsD—the
putative outer membrane translocon for type 2 capsular polysaccharide export—is
reduced. Shortage of KpsD decreases polysaccharide capsule formation and as a
consequence serum resistance in vitro and complement-mediated clearance in vivo
(Diao et al. 2017). Binding of Lpp to murein is important as indicated by the similar
phenotypes of both an lpp mutant lacking the C-terminal lysine and the lpp deletion
mutant. Detailed studies of these specific systems revealed the important function of
Lpp, which was less obvious in earlier studies of lpp deletion mutants that multiplied
normally but exhibited outermembrane defects. The findings also indicate the impor-
tance of a correct cell envelope architecture, specifically a precise distance between
the outer membrane and the cytoplasmic membrane. This distance is determined by
the abundant Lpp which acts as a spacer.

Rojas et al. (2018) recently showed that the outer membrane of Gram-negative
bacteria is an essential load-bearing element. It, along with murein, contributes to the
mechanical properties of the cell envelope. An lpp deletion mutant strongly contracts
upon plasmolysis and lysis; the authors concluded that the coupling between murein
and the outer membrane was diminished.
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Lipoprotein Prediction Algorithms

Most algorithms for predicting Lpp in prokaryotes were published before 2010.
T2003hey were based mainly on the increasing number of data sets obtained with
experimentally proven E. coli lipoproteins (Juncker et al. ; Gonnet et al. 2004; Babu
et al. 2006). An extended list with 90 experimentally proven lipoproteins of E. coli
was published (Tokuda et al. 2007). Unfortunately, the proven negative results were
not recorded. The website DOLOP (Babu et al. 2006) is dedicated to lipoproteins; its
prediction program attempts to integrate the advances of its predecessors. However,
the site has not been modified since 2005. A recent unpublished analysis (Septem-
ber 7, 2018) based on the prediction algorithm of Juncker et al. (2003) examined
126,697,114 gene sequences, of which 3,472,106 genes (2.7%) encode proteins with
a lipobox (Jens Baßler, Max Planck Institute for Developmental Biology).

To date, most predicted lipoproteins have not been experimentally proven and a
certain number of false positives is obtained. Determination of a lipid anchor is not
routine in proteome analyses of cell envelopes, and special analyses are required to
identify the lipid anchor and the fatty acid composition (Haake and Zückert 2017;
Asanuma et al. 2011). An old but still efficient method is to use radioactively labeled
precursors, e.g., glycerol or palmitate. The lipoproteins are often enriched by Tri-
ton X-114 partitioning before protease digestion and mass spectroscopy analysis
(Asanuma et al. 2011). Even if some internal peptides of a predicted lipoprotein are
found in a proteome analysis, this only indicates synthesis of the protein and not its
lipidation, which must still be shown. Therefore, even for the well-studied E. coli,
proof for the lipid modification of every predicted lipoprotein has not been obtained.
In addition, the expression of 96 true and predicted lipoproteins was tested under
three different growth conditions, aerobic and anaerobic ± nitrate. The mRNA of 21
lipoproteins was not expressed under any condition (Brokx et al. 2004). This indi-
cates that many of these unknown predicted lipoproteins may have no discernible
function for the strain.

In Gram-positive bacteria, many substrate-binding proteins are anchored by a
lipid to the outer leaflet of the cytoplasmic membrane. This type of modification
has also been predicted and found for the binding protein MetQ of a methionine
uptake system in E. coli (Tokuda et al. 2007). However, when metQ was recently
cloned and expressed in E. coli, the crystallized protein isolated for X-ray structure
determination did not contain the lipid anchor; the signal peptide was split off after
Gly at position 16 (the Cys at position 23 was not lipidated) (Nguyen et al. 2015b).
Unfortunately, the authors did not discuss this discrepancy to the lipidation observed
by Tokuda et al. (2007). It is possible that only part of the protein is lipidated under
certain conditions. Such a case has been described by Hayashi et al. (1988) for FtsI,
the penicillin-binding protein 3 (PBP3). They found that less than 15% of plasmid-
encoded overproduced FtsI was lipidated. Lipidation of FtsI in wild-typeE. coliK-12
was below the detection limit (Hayashi et al. 1988) and further studies excluded that
the observed lipidation is important in vivo. In addition, no N-terminal processing
was observed.
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PRED-LIPO is a special Lpp prediction program for Gram-positive bacteria
(Bagos et al. 2008) that was trained with a set of lipoproteins from Gram-positive
bacteria. Interestingly, Oenococcus oeni is listed there as a bacterium without a
lipoprotein. A blast search for Lgt and LspA homologues in the family Leuconosto-
caceae (which includes species ofLeuconostoc,Oenococcus, andWeissella) revealed
that these enzymes seem to be missing in this group of bacteria. This supports the
prediction that these bacteria do not have lipoproteins in contrast to other lactic acid
bacteria.How this evolved is an interesting but unsolvedquestion.Another interesting
observance is that mitochondria and plastids have lost this type of protein lipidation
during evolution, which makes this structure a specific bacterial recognition signal.

Functions of E. coli Lipoproteins Other Than Murein
Lipoprotein Lpp

The activity of lipoproteins is as multifaceted as the multitude of tasks the cell
envelope has to fulfill for the cell. In nearly every task of the envelope of E. coli,
a lipoprotein is involved (Table 3.1). Of the 116 lipoproteins listed, 38 have an
unknown function or evidence of their function is inconclusive. In the following, we
will discuss some of the lipoproteins with interesting functions.

In Gram-negative bacteria, lipoproteins are located either in the outer leaflet of
the cytoplasmic membrane or in the inner leaflet of the outer membrane and exposed
to the cell surface. The sorting processes are catalyzed by specific chaperones, e.g.,
LolA and LolB. LolB is an essential protein. Being itself a lipoprotein, it helps to
insert other lipoproteins into the outer membrane (Szewczyk and Collet 2016).

The Bam proteins are another essential protein complex necessary for the assem-
bly of the outer membrane. The β-barrel protein BamA and the associated proteins
BamB, BamC, BamD, and BamE integrate β-barrel proteins into the outer mem-
brane. All Bam proteins except BamA are anchored by a lipid on the periplasmic
site of the outer membrane (Konovalova et al. 2017; Botos et al. 2017).

The 14 lipoproteins AmiC, Lpp, MepS, MltABCDE, NlpCDI,YgeR, YraP, LppA
participate in the handling of murein. Remarkable is NlpD, which is located in the
outer membrane at the divisome and activates the amidase AmiC in the process of
cell division.

LPS is exported to the outer leaflet of the outer membrane, while phospholipids
are mainly found in the inner leaflet of the outer membrane. This asymmetry of
lipid distribution in the outer membrane is critical for resistance to detergents in the
presence of EDTA (Malinverni and Silhavy 2009). LPS is integrated into the outer
membrane by LptD and the lipoprotein LptE. The asymmetry of the phospholipid
distribution is accomplished by the lipoprotein MlaA in collaboration with outer
membrane β-barrel proteins OmpC or OmpF, MlaC in the periplasm, and the ABC
transporter MlaFEDB in the inner membrane. Additional factors, such as the Tol-
Pal system (Pal is an outer membrane lipoprotein) (Shrivastava et al. 2017) and
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Table 3.1 E. coli lipoproteins (compiled by Tokuda et al. 2007) and their functions (extracted from
the EcoCyc database; (Keseler et al. 2017). Additional information was obtained from the NCBI
database gene

Lipoprotein Function, location, or association

AcrA Multidrug resistance; partner of TolC

AcrE 65% identical to AcrA; multidrug resistance

AmiD Outer membrane N-acetylmuramic acid-l-alanine amidase that cleaves the
bond between muramic acid and l-alanine within murein, muropeptides, and
anhydro-muropeptides

ApbE Periplasmic flavin transferase

BamB Part of the BAM complex; assembly and insertion of β-barrel proteins into the
outer membrane

BamC Part of the BAM complex

BamD Part of the BAM complex

Blc Outer membrane lipocalin structure; might play a role in lipid transport

BorD Part of the defective prophage DLP12

BsmA Gene is upregulated during biofilm growth (?)

ChiQ (?)

CsgG Outer membrane; believed to form the secretion channel for curli subunits

CusC Outer membrane; part of the CusCFBA copper/silver efflux system

CyoA Subunit II of the cytochrome bo terminal oxidase complex

DcrB Possibly involved in DNA injection by phage C1 and C6

EcnA Entericidin A; functions as an antidote to the bacteriolytic entericidin B
lipoprotein

FlgH Basic subunit of the L ring in the outer membrane of the flagellar basal body

GfcB Capsule polysaccharide synthesis

GfcE Polysaccharide export

HslJ Novobiocin resistance in a cysB background

LoiP Outer membrane metalloprotease, preferentially cleaves between Phe/Phe
residues

LolB Outer membrane; Lpp required for LolA-dependent localization of Lpps

LpoB Outer membrane; Lpp forms a complex with penicillin binding protein 1B
(PBP1B)

Lpp Murein lipoprotein

LptE Outer membrane; LptDE complex, assembly of LPS at the cell surface

MdtE Membrane fusion protein of the MdtEFTolC multidrug transporter

MepS Outer membrane murein dd-endopeptidase with specificity for d-Ala-m-Dap
cross links; associated with murein incorporation during cell growth

MlaA Outer membrane; implicated in phospholipid asymmetry in the outer
membrane

MltA Outer-membrane-bound lytic murein transglycosylase

MltB Outer-membrane-bound lytic murein transglycosylase

(continued)
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Table 3.1 (continued)

Lipoprotein Function, location, or association

MltC Outer-membrane- bound lytic murein transglycosylase

MltD Outer-membrane- bound lytic murein transglycosylase

MltE Outer-membrane-bound lytic murein transglycosylase

NlpA Inner membrane (?)

NlpC Similarity to LytE of Bacillus subtilis

NlpD Outer membrane; activates peptidoglycan hydrolase AmiC involved in septal
splitting

NlpE Outer membrane; necessary for activation of the CpxAR two-component
signal transduction system in response to interactions such as adhesion

NlpI Outer membrane; interacts with the periplasmic protease Prc and the murein
endopeptidase MepS

OsmB Inducible by both osmotic stress and growth phase signals; assumed to be in
the outer membrane

OsmE Osmotically inducible

Pal Outer membrane component of the Tol-Pal system; integrity of the outer
membrane

PgaB Outer membrane metal-dependent de-N-acetylase and transport of
poly-β-1,6-N-acetyl-d-glucosamine

QseG Activates the QseEF two-component signal transduction system

RcsF Surface exposed; signal transduction from the cell surface to RscC

RlpA (?)

Slp Possibly takes part in acid resistance

SlyB Outer membrane; regulated by PhoPQ

Wza Outer membrane; polysaccharide export

YaeF Presumed peptidase

YafT (?)

YafY Cytoplasmic membrane; encoded by prophage CP4-6

YaiW Outer membrane, surface exposed (?)

YajG (?)

YajI (?)

YbaY (?)

YbfP (?)

YbhC Outer membrane; member of the carbohydrate esterase family 8

YbjP (?)

YcaL Periplasmic metalloprotease

yceB Contains a tubular lipid binding domain (TULIP)

YcjN Predicted periplasmic binding protein of a putative ATP-binding cassette
transporter (YcjNOPV)

YdhY Predicted ferredoxin-like protein. Based on sequence similarity, the
ydhYVWXUT operon might encode an oxidoreductase system

(continued)
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Table 3.1 (continued)

Lipoprotein Function, location, or association

YeaY Similarity to Slp

YecR Regulated by FlhDC

YedR (?)

YegR (?)

YehR (?)

YfeY (?)

YfgH Outer membrane integrity

YfiB Exopolysacharide biosynthesis (?)

YfiL (?)

YfjS Cytoplasmic membrane; encoded on prophage CP4-57

YgdI (?)

YgdR (?)

YgeR Putative peptidase containing a LysM domain

YghG Outer membrane pilotin of a type II secretion system

YhfL (?)

YiaD Member of the OmpA-OmpF porin family

YidQ (?)

YiiG (?)

YjbF Outer membrane; exopolysaccharide export

YjeI (?)

YnbE (?)

YnfC (?)

YoaF (?)

YqhH (?)

YraK Encoded in a putative chaperone-usher fimbrial operon

YraP Outer membrane; localized at the septal ring division site. Might be involved
in the NlpD-mediated activation of AmiC

Additional true or predicted Lpps not mentioned by Tokuda et al. (2007)

BamE Part of the BAM complex

Ccp (YhjA) Predicted; cytochrome C quinol peroxidase

EcnB Entericidin B, bacteriolytic toxin

LpoA Outer membrane, stimulates the peptide crosslinking activity PBP1A

MliC Predicted, lysozyme inhibitor

PqiC (YmbA) OM-LPP facing the periplasm, interacts with PqiB and bridges inner
membrane and outer membrane

QseG(YfhG) Predicted, part of the QseEF two component system

RzoD Predicted, part of the lysis cassette of the lambdoid prophage DLP12

RzoQ Predicted, encoded on the Qin prophage

(continued)
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Table 3.1 (continued)

Lipoprotein Function, location, or association

RzoR Predicted, encoded on the Rac prophage

YceK Predicted, expression in biofilm repressed

YcfL Predicted, (?)

YdbJ Predicted, (?)

YdcL Predicted, (?)

YddW Predicted, (?)

YdeK Predicted, pseudogene in E. coli K-12

YdjY Predicted, 4 iron sulfur cluster ferredoxin

YedD Predicted, (?)

YfbK Predicted, (?)

YfhM Predicted, protease inhibitor alpha2-macroglobulin

YfiM Predicted, (?)

YghJ Predicted, fragment of a TSS2 secretion system

YhdV Predicted, (?)

YidX Predicted, (?)

YifL Predicted, (?)

YjaH Predicted, (?)

YjbH Predicted, part of a polysaccharide secretion system

YpdI Predicted, colonic acid synthesis

YsaB Predicted, (?)

(?) unknown function or inconclusive evidence

the phospholipase PldA (May and Silhavy 2018) also play a role. The molecular
mechanisms are mostly not understood.

RcsF is one of the lipoproteins whose lipid is inserted in the outer leaflet of
the outer membrane; the transmembrane part is threaded through the pore of outer
membrane β-barrel proteinswith theC-terminus in the periplasm. It serves as a sensor
for envelope perturbations and interacts with the periplasmic domain of RcsC, a
histidine kinase, and the Rcs system regulator YrfF in the inner membrane. Capsular
polysaccharide synthesis, biofilm formation, and other cell surface properties depend
on the Rcs regulatory system (Sato et al. 2017).

YcaL is a predicted lipoprotein with protease activity against misfolded outer
membrane proteins. It possibly “cleans” the Bam complex of unsuitable substrates
at a certain stage, thereby helping to avoid clogging of the Bam pathway (Soltes et al.
2017).

The Iss lipoproteins residing in the outer membrane confer serum resistance to E.
coli and are encoded by ColV/B plasmids. Related proteins, called Bor, are encoded
by lambdoid phages, e.g., on the defective DLP12 prophage in E. coliK-12 (Johnson
et al. 2008).
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The TraT lipoproteins encoded on the F plasmid and related plasmids are surface-
exposed proteins responsible for surface exclusion, which prevents futile matings
between bacteria with similar or identical plasmids. In addition, they might also
contribute to serum resistance (Arutyunov and Frost 2013).

The groupA colicins are released by concomitantly synthesized lysis lipoproteins.
Some mature slowly, but all seem to be exported to the outer membrane by the Lol
system. It has been shown that the release from the cell of a group B colicin lacking
a specific lysis protein is stimulated by the concomitantly induced lysis protein of a
lambdoid phage (Nedialkova et al. 2016). Possibly this type of colicin is dependent
on the complementation by a phage lysis protein or by another colicin lysis protein.

Lipoproteins in Other Gram-Negative Bacteria

Of the great variety of lipoproteins (2.7% of all predicted proteins), only some exam-
ples can be presented in this review.

Borrelia Spp.

Lipoproteins of pathogenic bacteria have attracted special interest because they stim-
ulate the immune system of vertebrates. For example, various species ofBorrelia, the
causative agents of Lyme disease, alter their surface proteins when they switch hosts
from ticks to vertebrates. In the mammalian host, the lipoproteins OspA and OspB
are repressed by BosR, a copper-dependent Fur family regulator. In this connection,
it is interesting to note that ticks have copper-chelating antimicrobial peptides to con-
trol their bacterial inhabitants, which might generate surroundings with low copper
availability for Borrelia spp. By contrast, the synthesis of the Borrelia spp. lipopro-
teins OspC and VlsE in the mammalian host are enhanced by pH, temperature, and
short-chain fatty acids. In Borrelia burgdorferi, the lipoprotein VlsE (variable major
protein-like sequence) becomes a dominating surface protein (Bankhead 2016) that
is an important immune evasion factor of the spirochete. Through antigenic variation,
the bacteria escape the immune defense of their host, which may lead to persistence
and chronic infection. Multiple variants of VlsE are constantly produced, and it is
assumed that VlsE shields dominant epitopes of other outer membrane proteins so
that they cannot be recognized by protective antibodies (Batool et al. 2018).

In addition to the lipoproteins that have been studied intensely as vaccine candi-
dates (see later), B. burgdorferi has a lipoproteome of at least 125 proteins; 86 are
surface exposed, and only 8 seem to reside in the inner leaflet of the outer membrane
and 31 in the cytoplasmic membrane (Dowdell et al. 2017).

B. burgdorferi contains several episomal prophages of the cp32 family. These
plasmids contain different replication/segregation loci that allow stable maintenance
of several episomes in one cell. The erp locus on these plasmids encodes surface-
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exposed lipoproteins with a conserved N-terminal peptide and very variable protein
sequences attached (Brisson et al. 2013). The different erp loci also contribute to the
variability in the appearance of B. burgdorferi.

Species of the Phylum Bacteroidetes

Bacteroidetes have many surface-exposed lipoproteins that are mainly engaged in
the utilization of polysaccharides. One of the first systems studied in detail was the
starch utilization system (Sus). Lipoproteins on the cell surface bind the polysaccha-
ride, and a lipoprotein glycosidase sets oligosaccharides free. The oligosaccharides
are transported by a TonB-dependent protein into the periplasm, where glycoside
hydrolases split the oligosaccharides to disaccharides and monosaccharides. These
are taken up by dedicated transport systems in the cytoplasmic membrane (Foley
et al. 2016).

Genome sequences revealed that certain Bacteroides species have about 100 Sus-
like polysaccharide utilization systems. An X-ray structure of a SusD-like substrate-
binding lipoprotein in complex with the corresponding SusC-like TonB-dependent
transporter has been solved. SusC is capped by the lipoprotein SusD, and the substrate
is bound in the interface between the two proteins (Glenwright et al. 2017).

Results of a bioinformatic analysis led Lauber et al. (2016) to postulate a new
lipoprotein export system that determines the cell-surface localization of lipopro-
teins in species of the phylum Bacteroidetes. The N-terminal consensus sequence
CXK(DD or EE) was found in surface-exposed Sus-like lipoproteins of Capnocy-
tophaga canimorsus. These amino acids allowed export of the periplasmic lipopro-
tein sialidase to the cell surface.Although the transporter-associated Sus-like proteins
have a certain resemblance to neisserial outer membrane lipoproteins, such as TbpB
and HupA, the lipoproteins seem to be exported by different means. In species of
Neisseria, Slam proteins support this process (see below). Species of the phylum
Bacteroidetes lack Slam-like proteins, and the system that recognizes the above-
mentioned consensus sequence remains to be identified.

Neisseria Spp.

The first better-known examples of surface-exposed lipoproteins were found inNeis-
seria spp. in complex with TonB-dependent receptors, where they help in binding
host iron-containing molecules (TbpB, transferring binding protein; LbpB, lactofer-
rin binding protein) and facilitate the uptake of iron. In a screening for Neisseria
meningitidis mutants that do not expose the lipoprotein TbpB on the cell surface, a
mutation was identified that also prevented the surface exposure of LbpB and fHbp
(factor H binding protein). The encoded proteinwas named Slam (surface lipoprotein
assembly modulator (Hooda et al. 2016).
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Slam homologues were found in pathogenic species of, e.g.,Moraxella, Acineto-
bacter, Haemophilus, Vibrio, and other proteobacteria but not inE. coli.Heterologous
expression of the gene encoding Slam in E. coli results in exposure of TbpB, LbpB,
and fHbp on the cell surface. Interestingly, Slam proteins have substrate specificity.
For example, another Slam protein in N. meningitidis causes exposure of only HpuA
(hemoglobin-haptoglobin binding protein) on the cell surface, but not ofTbpB,LbpB,
or fHbp (Hooda et al. 2016). The sequence identity between the two Slam proteins
of N. meningitidis (Slam1 and Slam2) is only 26% (Hooda et al. 2017).

The function of Slam was challenged by (Fantappie et al. 2017), who found
fHbp exposed on the surface of the outer membrane of E. coli independent of Slam.
However, with Slam present, the amount of surface-exposed fHbp clearly increased,
which indicates that Slam is at least a facilitator of surface exposure in E. coli.
The authors proposed that certain uncharacterized structure determinants allow the
Slam-independent surface exposure of these proteins.

Gram-Positive Bacteria and Archaea

Low-GC Gram-Positive Bacteria

Homologues of the apolipoproteinN-acyltransferase Lnt have not been found in low-
GC Gram-positive bacteria. Therefore, it was generally assumed that these bacteria
have lipoproteins with only two ester-bound fatty acids on the S-glycerolcysteine.
However, Toll-like-receptor (TLR)-dependent stimulation of macrophages provided
the first hint that Staphylococcus aureus might indeed have triacylated lipoproteins.
Analysis ofMntC (SitC), a binding protein of amanganeseABC transporter, revealed
N-acylation of MntC in S. aureus. This was also shown for other S. aureus lipopro-
teins (Kurokawa et al. 2009).However, lipoproteins of S. aureus cells in the stationary
phase grown under certain stress conditions contain only two ester-bound fatty acids
and no N-acylation (Kurokawa et al. 2012b). Another important difference in lipi-
dation is found between commensal S. aureus and non-commensal Staphylococcus
carnosus. The lipoproteins of S. carnosus are N-acetylated and lead to a tenfold
stronger immune response (Nguyen et al. 2017). It is assumed that the low immune
response of the S. aureus lipoprotein is an evolutionary adaptation to the commensal
lifestyle.

These results stimulated Kurokawa et al. (2012b) to analyze the lipid structure
in other low-GC Gram-positive bacteria. As expected, they found lipoprotein with
only two ester-bound fatty acids in Listeria monocytogenes, but to their surprise,
three other lipoprotein modifications were detected in other bacteria. In Enterococ-
cus faecalis and several other species (e.g.,Bacillus cereus,Lactobacillus bulgaricus,
Streptococcus sanguinis), a lysoform, i.e., an N-acylated lipoprotein with one fatty
acid esterified to the glycerol residue, was detected. However, in several species of
Bacillus (B. subtilis, B. licheniformis, B. halodurans), two fatty acids were bound to
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glycerol and the amino group was acetylated. The structure of some lipoproteins of
Mycoplasma fermentans is unusual in that the signal peptidase cleaves at two residues
before the S-diacyl-glyceryl-cysteine. However, in two other lipoproteins of M. fer-
mentans, the S-diacyl-glycerylcysteine is the N-terminal amino acid (Kurokawa et al.
2012b). The various structures found are critically reviewed in detail in Nakayama
et al. (2012).

The genesis of the unusual lyso-lipoprotein structures was explained 5 years later.
In an attempt to clone the gene responsible for the unknown Lnt activity that leads to
N-acylation in E. faecalis, Armbruster and Meredith (2018) devised an lnt comple-
mentation screening method in E. coli. The enzyme that they identified intramolec-
ularly transacylated an ester-bound fatty acid to the α-amino group of the cysteine.
The identified protein was called lipoprotein intramolecular transacylase (Lit) (Arm-
bruster and Meredith 2017). Interestingly, homologues of this protein are found
in species of Bacillus and Lactobacillus, but not in staphylococci. Therefore, the
enzyme that acylates the amino group in S. aureus still remains to be identified.

High-GC Gram-Positive Bacteria

In contrast to many low-GC Gram-positive bacteria, species of the high-GC Gram-
positive genera Mycobacteria and Streptomyces encode Lnt homologues and have
lipoproteins with three fatty acids (Tschumi et al. 2009; Brulle et al. 2013). Strepto-
myces coelicolor encodes about 200 predicted lipoproteins; the majority are solute-
binding proteins of transport systems, as generally found in Gram-positive bacteria.
About a quarter of the 200 lipoproteins are not exported by the Sec system, but instead
via the twin-arginine translocation (Tat) system. Another peculiarity is that two Lgt
homologues are encoded, both of which are active. In addition, all species of Strepto-
myces studied contain two Lnt homologues. Both homologues in the potato pathogen
Streptomyces scabies can be deleted without yielding a growth, differentiation, or
virulence phenotype (Thompson et al. 2010).

Mycobacteria

Several lipoproteins of Mycobacterium tuberculosis have been studied as potential
virulence factors and vaccine candidates (extensively reviewed and discussed in
(Becker and Sander 2016). As in other pathogens, not all lipoproteins stimulate
the immune response. Some even have immune-suppressing properties and helpM.
tuberculosis survive in the host. These latter lipoproteins are not suitable for a vaccine
because they exacerbate the disease, as shown in challenged, previously vaccinated
mice.

Of the 100 predicted lipoproteins, we will mention only a few well-studied cases.
The LppX protein assists in localization of a group of complex lipids—the phthio-
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cerol dimycocerosates—in the outer lipid-richmembrane ofM. tuberculosis (Sulzen-
bacher et al. 2006). The crystal structure shows structural similarities to that of LolA
and LolB, which also transport a lipidic substrate. Without LppX, phthiocerol dimy-
cocerosates are not released from the cell surface into the Triton-X100-containing
medium, which indicates that the lipid has not been properly inserted into the outer
membrane. The correct positioning of phthiocerol dimycocerosates seems to be
important, because this lipid helps in hiding pathogen-associated molecular patterns
from the innate immune system of the host (Cambier et al. 2014).

The lipoprotein LprG similarly helps in positioning lipoarabinomannan on the
cell surface, which inhibits phagosome-lysosome fusion, an important component in
the survival strategy ofM. tuberculosis (Shukla et al. 2014). LprG also has immune-
suppressing activity.

The lipoprotein RpfB is necessary for resuscitation, which is an important
pathogenicity factor of M. tuberculosis. The enzyme has a lysozyme fold and lytic
transglycosylase activity. In a joint action of RpfB with an endopeptidase anhydro-
muramic acid containing muropeptides were set free from cell walls. The muropep-
tides stimulated resuscitation of dormant mycobacteria (Nikitushkin et al. 2015).

LpqH and LprN are lipoproteins with immune-suppressing functions. They con-
tribute to the immune escape and late immune response of the host, which allows
propagation of the infecting bacteria to high numbers (Becker and Sander 2016).
Mass spectrometry of LpqH revealed that it contains, in addition to the N-terminal
N-acyl-S-diacylglycerolcysteine, up to nine hexoses on the N-terminal peptide (Parra
et al. 2017). Of the 41 proteins enriched from the growth medium with ConA-
lectin, 34 were lipoproteins (Gonzalez-Zamorano et al. 2009). The glycosylation of
lipoproteins influences envelope permeability and consequently antibiotic resistance
in addition to the immunogenic properties (van Els et al. 2014).

Archaea

Thefirst hint that archaea synthesize lipoproteinswas obtained in 1994by the analysis
of halocyanin from Natronobacterium pharaonis of the phylum Euryarchaeota. The
protein had an appropriate molecular mass and contained a lipobox and a blocked
N-terminal end, which are good indicators of a lipidmodification (Mattar et al. 1994).

Of the archaea, onlymembers of the phylumEuryarchaeota seem tomake lipopro-
teins (Storf et al. 2010). Additional experimental evidence comes mainly from the
analysis of lipoproteins of Haloferax volcanii that are exported by the Tat system.
The presence of lipoproteins was unexpected because Lgt, Lsp, and Lnt homologues
have not been detected in archaeal genomes. However, an appropriate lipobox with
cysteine was predicted for about 50% of the predicted Tat substrates and for a few
Sec substrates in members of the class Haloarchaea (Storf et al. 2010). A cysteine-
to-serine mutation in a maltose-binding protein or an iron-binding protein resulted
in Tat-dependent secretion into the medium, which is good evidence for cysteine-
dependent lipidation. In addition, globomycin inhibits both growth of the cells and
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maturation of the maltose-binding protein (Gimenez et al. 2007). However, an in-
depth structural analysis of the lipid part is still lacking.

Immunological Properties of E. coli Lpp

Lpp as an Antigen

E. coli Lpp spontaneously coats erythrocytes, which are then lysed upon addition of
complement (Bosch and Braun 1973). This method was used to determine the dis-
tribution of Lpp between the outer membrane and the cytoplasmic membrane. More
than 10- to 16-fold Lpp was found in the outer membrane than in the cytoplasmic
membrane. When entire cells are used as antigens, anti-Lpp titers are higher when
the cells are of rough mutants lacking O-antigen and parts of the LPS core region,
possibly because Lpp might be better exposed when portions of LPS are lacking.
Antibodies raised against Lpp released from murein by lysozyme recognize the C-
terminus with the attached murein subunits. Lpp released from murein with trypsin
[trypsin-Lpp; trypsin cleaves the Lys(55)-Tyr(56) and Arg(57)-Lys(58) bonds] does
not react with antiserum raised against Lpp released by lysozyme. Anti-Lpp raised
against trypsin-Lpp only reacts with trypsin-Lpp. The antiserum specifically recog-
nizes the C-terminal Lys. Removal of Lys with carboxypeptidase B inactivates the
antigenicity. It is remarkable that antisera raised against lysozyme-Lpp and antis-
era raised against trypsin-Lpp contain no antibodies against the polypeptide chain.
By contrast, antisera raised against cells react with both lysozyme-Lpp and trypsin-
Lpp. In this case, antibody formation is elicited by the polypeptide integrated into
the membrane. Release of the ester-linked fatty acids on glycerylcysteine does not
affect antigenicity of isolated Lpp. LPS as a control does not interfere with the Lpp
immunogenicity and antigenicity determinations (Braun et al. 1976a).

Lpp: A B-Lymphocyte Mitogen

Mitogens serve as tools to understand processes during proliferation and differen-
tiation of B-cells into plasma cells. Mitogenic stimulation can be monitored by an
increase in thymidine uptake, the appearance of plaque-forming cells assayed with
densely coupled trinitrophenylated sheep red blood cells, and increase in synthe-
sis and secretion of radiolabeled IgM compared to synthesis and secretion of other
cellular proteins. These methods show that splenic lymphocytes of mice are acti-
vated by lipoprotein released from murein by lysozyme or trypsin. Removal of the
ester-linked fatty acids by alkaline hydrolysis abolishes the mitogenic activity. Anti-



3 Lipoproteins: Structure, Function, Biosynthesis 63

immunoglobulin antibodies inhibit the mitogenic stimulation of B-cells by lipopro-
tein. Activation is T-cell independent and does not need serum factors or adherent
cells. Small resting B-cells display the highest lipoprotein sensitivity (Melchers et al.
1975).

Lpp and Lpp-Derived Lipopeptides Act as Strong Adjuvants
in the Innate Immune Response

The mitogenic activity of Lpp prompted further studies on the immunogenic
activities of Lpp and the immunogenic domains of Lpp. Various lipopeptides
were synthesized and tested for their B lymphocyte mitogenicity in an in vitro
cell culture system (Bessler et al. 1985). The lipopeptides consisted of S-
[2,3-bis-(palmitoleyloxy)propyl)-N-palmitoleylcysteine (Pam3C) with the follow-
ing C-terminal extensions: cysteine methylester, cysteine-serine, cysteine-serine-
serine, cysteine-serine-serine-asparagine, and cysteine-serine-serine-asparagine-
alanine (see structure in Fig. 3.1a). To be fully active, the compounds had to carry at
least one serine. The lipopeptide-induced stimulation of B lymphocytes is as strong
as stimulation by the complete lipoprotein.

Using synthetic lipid, it has been shown that of the two possible diastereometric
configurations (R and S) at position C2 of the propyl moiety, the R configuration is
themost likely one in the nativemolecule (Wiesmüller et al. 1983). A later systematic
study showed that lipopeptides with the R configuration activate B-cells more than
the S forms. Induction of specific CD8(+) T-cells is significantly higher in mice
injected with the R forms than with the S forms (Khan et al. 2009).

Tests of a range of peptides revealed that for full mitogenic activity and polyclonal
stimulation, the hydrophilic dipeptide structure is necessary. Further investigations
revealed that synthetic lipopeptides constitute potent macrophage activators. Co-
administration of lipopeptides with haptens or low-molecular-weight antigens that
are not immunogenic per se, or covalent coupling, result in highly immunogenic con-
jugates. Such conjugates might serve as synthetic vaccines and provide protection
by enhancing the antibody-mediated immune response in vivo (Bessler et al. 1997).
Many studies have shown that lipopeptides derived from Lpp promote immunolog-
ical defense, inflammation, or sepsis. Without the use of adjuvant (self-adjuvanting
activity) lipopeptides generate potent immune responses (summarized in Asmar and
Collet 2018; Becker and Sander 2016;Moyle and Toth 2008; Nguyen andGötz 2016;
Steinhagen et al. 2011; Zaman and Toth 2013).

Lipopeptides constitute potent immunoadjuvants in various species in parental
immunizations. Lipopeptide adjuvants are comparable or even superior to Freund’s
adjuvant without showing side effects. Lipopeptide Pam3CSK4 also enhances serum
antibody responses to various proteins when administered in combination with anti-
gens via the nasal route in mice (Baier et al. 2000). Thus, they constitute strong
adjuvants for mucosal immunizations.
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Lpp and Lpp-Derived Lipopeptides Act as Ligands of Toll-like
Receptors TLR2-TLR1 and TLR2-TLR6

Lpp and lipopeptides derived from Lpp are recognized by the innate immune sys-
tem, which represents the first line of defense against invasive infectious pathogens.
They bind to Toll-like receptor TLR2 together with TLR1 and TLR6 (Aliprantis
et al. 1999). The degree of acylation at the lipid moiety discriminates the interaction
of TLR2 with TLR1 and TLR-6; tri-acylated lipopeptide binds to the heterodimer
TLR2/TLR1, and di-acylated lipopeptide interacts with TLR2/TLR6 (Kang et al.
2009). Signals are transduced from the lipopeptide-loaded TLR receptors to nuclear
factor NF-kappaB by a cascade of phosphorylations, resulting in transcription and
synthesis of proinflammatory cytokines and chemokines. Lipopeptides of various
structures are important ligands for activation of the TLR receptors, which are essen-
tial for induction of the innate and adaptive immune responses.

TLRs are composed of three domains: an extracellular ligand-binding domain,
a single transmembrane helix, and an intracellular signaling domain. The crystal
structure of the extracellular domain of human TLR1-TLR2 heterodimer with bound
tri-acylated lipopeptide Pam3CSK4 has been determined (Jin et al. 2007). The three
lipid chains mediate formation of an M-shaped heterodimer. The two ester-linked
lipid chains are inserted in a pocket of TLR2, while the amide-bound lipid chain
is inserted in a hydrophobic channel in TLR1. Heterodimer formation of TLR6
with TLR2 is triggered by binding of diacyl-Pam2CSK4. The resulting structure
is similar to that of the extracellular domain of TLR1-TLR2-Pam3CSK4 (Kang
et al. 2009). The binding site of the amide-linked acyl chain is blocked by two
phenylalanines, which explains the preferred binding of diacyl lipids versus triacyl
lipids. The structures of Toll-like receptors with various ligands are discussed in
Kang and Lee (2011).

Although low-GC Gram-positive bacteria usually contain diacylated lipoprotein,
the abundant lipoprotein SidC of the Gram-positive S. aureus carries a triacylated
lipid (Kurokawa et al. 2009, 2012a). Lipoprotein lipid structures of commensal and
non-commensal staphylococci induce different immune responses (Nguyen et al.
2017). TheTLR2 response induced by commensal S. aureus and Staphylococcus epi-
dermidis is almost ten times lower than that induced by non-commensal S. carnosus.
The N-terminus of S. aureus lipoprotein and of S. epidermidis lipoprotein carries
a long acyl chain (C17), whereas S. carnosus lipoprotein contains a short acetyl
group. The long-chainN-acylated lipoprotein recognized by TLR-2/TLR-1 receptors
decreases the innate and adaptive immune responses, which results in immune eva-
sion, whereas the short chain N-acetylated lipoproteins recognized by TLR2/TLR6
receptor boosts IL8 production.

Low-GC Gram-positive bacteria, e.g., Bacillus cereus, Enterococcus faecalis,
Streptococcuc sanguinis, and Lactobacillus bulgaricus, have a modified lipopro-
tein that carries the structure N-acyl-S-monoacyl-glycerylcysteine (lyso-form)
(Kurokawa et al. 2012b). The purified lipoprotein induces proinflammatory cytokine
production from mice peritoneal macrophages in a TLR2-dependent and TLR1-
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independent manner. Lyso-lipoprotein from B. cereus induces TLR2-dependent and
TLR1- and TLR6-independent tumor necrosis factor (TNF-α) and interleukin-6.
By contrast, E. faecalis lyso-lipoprotein induces TLR2/TLR6-dependent and TLR1-
independent cytokine secretion, as doesN-acetyl-S-diacyl-glyceryl-cysteine lipopro-
tein from B. subtilis.

S. aureus lipoproteins activate Toll-like receptors when lipoproteins are released
from the cytoplasmicmembrane byphenol-solublemodulin (PSM)peptides (Hanzel-
mann et al. 2016). The different capacities of S. aureus clinical isolates in activating
TLR2depends onhigh-level productionofPSMpeptides. PSMpeptides have a strong
impact on the severity of sepsis, and TLR2 plays an important role in systemic S.
aureus infections only for strains that produce PSM peptides.

TLR-Independent Lipopeptide Immunogenicity

Although the action of Lpp and other lipopeptides is usually mediated through
interaction with TLR2 associated with either TLR6 or TLR1, lipopeptides can
be immunogenic without TLR1 and TLR6 interaction. For example, diacylated
lipopeptides, e.g., Pam2CSK4, induce TLR6-independent B lymphocyte prolifer-
ation and TNF-α secretion in macrophages, as determined with cells from TLR6-
deficientmice (Buwitt-Beckmannet al. 2005).DiacylatedPam2CSK4and triacylated
Pam3 CGNNEDESNISFKEK stimulate murine spleen cells isolated from TLR1-
and TLR6-deficient mice. Thus, distinct lipopeptides are recognized by TLR2 in a
TLR1- and TLR6-independent manner (Buwitt-Beckmann et al. 2006). Even a TLR-
independent enhancement of infection by lipopeptides has been observed with vari-
ous virus infection models. The respiratory syncytial virus (RSV) elicits respiratory
tract infections and bronchiolitis, which are associated with bacterial co-infections
(Nguyen et al. 2010). Therefore, the authors examined whether bacterial Toll-like
receptor agonists influence RSV infections in human primary cells or cell lines.
Pam3-CSK4 enhanced RSV infection in primary epithelial, myeloid, and lymphoid
cells. The lipopeptide not only enhanced RSV but also HIV-1, measles virus, and
human metapneumovirus infection independent of TLR signaling.

Cytotoxic T lymphocytes (CTLs) play an important role in the immune response
to viral infections. CTLs recognize peptides derived from viral proteins together with
themajor histocompatibility complex class Imolecules at the surface of infected cells.
They usually require in vivo priming with infectious virus. Synthetic viral peptides
covalently linked to tripalmitoyl-S-glycerylcysteinyl-Ser-Ser (Pam3CSS) efficiently
prime influenza-virus-specific cytotoxic T lymphocytes in vivo to a level as high as
infectious virus. Lipopeptide priming is MHC class I-restricted (Deres et al. 1989).
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Suppression of Immune Response by Lipopeptides

Lipopeptides not only enhance the immune response but can also suppress immune
reactions. For example, skin exposed to synthetic diacylated lipopeptides suppresses
the immune response by interleukin-6-dependent induction of granulocytic and
monocytic myeloid-derived suppressor cells. Triacylated lipopeptides are inactive
in this assay (Skabytska et al. 2014). As discussed before, the long-chain N-acylated
lipoprotein recognized by TLR2/TLR1 receptors of S. aureus decreases innate and
adaptive immune responses, resulting in immune evasion. Of the many surface-
exposed lipoproteins of Mycobacterium tuberculosis (Becker and Sander 2016),
LpqH promotes immune evasion by inhibiting MHC class II expression and interfer-
ence with cytokine production in macrophages. LprG is immunosuppressive in that
it inhibits TLR2-mediated MHC II antigen presentation.

Virulence Enhancement by Lpp

Salmonella enterica serovar Typhimurium encodes in tandem two lipoproteins of the
murein lipoprotein type (Lpp). All mice orally infected with an lppA lppB double
mutant survive. The mutant triggers robust innate and adaptive immune responses
(Erova et al. 2016).Mice immunizedwith themutant are completely protected against
a lethal oral challenge dose of wild-type S. typhimurium. Since the mutant is among
the most attenuated and immunogenic strains, it is considered an excellent candidate
for a vaccine against S. typhimurium infection. Also single lppmutants of S. enterica
are highly attenuated in in vitro and in vivo models of pathogenesis (Fadl et al.
2005). The virulence potential of a double lpp knockout mutant was examined in
cell cultures of intestinal epithelial cells, a macrophage cell line, and mice infected
intraperitoneally (Sha et al. 2004). The mutant is defective in invading and inducing
cytotoxic effects. Induction of proinflammatory cytokines tumor necrosis factor-α
and interleukin 8 is significantly reduced. Intracellular survival and replication of
Salmonella sp. is not affected. Similar results have been obtained with Yersinia
pestis. Deletion of lpp reduces the virulence of Y. pestis lacking plasmid pPCP1 in a
mouse model of pneumonic plague. pPCP1 encodes virulence-associated traits, such
as the plasminogen-activating protease. Mice infected with an lpp deletion mutant
survive longer than mice infected with an lpp wild-type strain (Agar et al. 2009). In
addition, the levels of most cytokines and chemokines strongly decrease. Transfer
of sera and splenocytes from mice immunized with the lpp mutant to naive animals
provides protection against a lethal dose of the Y. pestis parent strain (Liu et al. 2010).
Deletion of lpp provides a strong attenuation in a mousemodel of pneumonic plague.

Species of Staphylococcus encode between 55 and 70 lipoproteins arranged in tan-
dem.Deletion of the entire cluster results in a decreasedTLR2-dependent stimulation
of proinflammatory cytokines in humanmonocytes, macrophages, and keratinocytes.
The lipoprotein cluster contributes to invasion of S. aureus into human keratinocytes
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and mouse skin; transfer of the gene cluster into S. carnosus, which is devoid of the
cluster, renders S. carnosus invasive (Nguyen et al. 2015a).

All lipoproteins can be mutated at once by inactivation of the lgt gene, which
attaches the diacylglyceryl group to the invariant cysteine (Stoll et al. 2005). The
mutants show a decreased induction of the proinflammatory cytokines IL6 and IL8
andmonocytic chemoattractant protein in humanmonocytic, epithelial, and endothe-
lium cells compared to that of the wild-type. They are also affected in induction of
early cytokines via TLR2 inmurine peritonealmacrophages and are severely affected
in pathogenicity. However, one has to bear in mind that these deletion mutants are
sick even when the lgt mutants contain the lipid-free proteins still attached to the
cytoplasmic membrane. Additional changes in the composition of the cell envelope
can be predicted, and these might contribute to the immunogenic properties of the
mutants. The same conclusion applies to lspAmutants ofMycobacterium tuberculo-
sis, which do not release the signal peptides from the predicted 99 prolipoproteins.
The mutants show a decreased intracellular multiplication in mouse macrophages
and a decreased growth in lungs and spleens (Sander et al. 2004).

Mycoplasma synthesize a number of lipoproteins. The lipopeptide MALP-2 of
Mycoplasma fermentans displays an extremely high immunologic activity. It stim-
ulates macrophages at concentrations as low as 0.2 ng/ml, whereas lipoproteins
of other bacterial sources require concentrations of 1 μg/ml for a half-maximal
response. It consists of an N-terminal diacylglycerol cysteine linked to the amino
acid sequence GNNDESNISFKEK (Mühlradt et al. 1997). Synthetic lipopeptide
displays the same activity as lipopeptide isolated from M. fermentans. It stimulates
murine macrophages to release TNF, IL-1, IL6, prostaglandins, and nitric oxide
from IFN-primed murine macrophages. In addition, MALP-2 down-regulates class
II MHC expression on macrophages, which results in impaired antigen presentation
to T-cells.

The examples given above demonstrate that natural and synthetic lipopeptides
are potent macrophage and B cell activators. Synthetic conjugates consisting of
lipopeptides with T helper cell and CTL epitopes from viral and bacterial proteins
are efficient low-molecular-weight vaccines with strong adjuvant activity.

Lpp-Derived Peptides as Adjuvants in Vaccines

A vaccine that induces a long-lasting high protection against foot-and-mouse dis-
ease and serotype-specific virus-neutralizing antibodies in guinea pigs after a single
administration contains the lipopeptide Pam3CSS N-terminally bound to VPI and a
synthetic lipopeptide of 20 residues derived from the FMDV protein, which serves
as amphiphilic α-helical T-cell epitope (Wiesmüller et al. 1989). A vaccine contain-
ing Pam3C linked to the outer surface protein A (OspA) of Borrelia burgdorferi,
the causative agent of Lyme disease, has been clinically tested in over 20,000 vol-
unteers (Steinhagen et al. 2011). The induction of protective immunity correlated
with the development of antibodies against an epitope on the C-terminus of OspA.
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Three doses of vaccine induced protective immunity in over 70% of subjects. It was
licensed by the FDA in 1998, but withdrawn three years later by the manufacturer
because the media reported possible autoimmune side effects. However, neither the
FDA nor the CDC found a connection between the vaccine and the development of
autoimmunity (Nigrovic and Thompson 2007).

Pam3C has been used as adjuvant in a vaccine against malaria. The vaccine con-
tains multiple B cell epitopes and a universal T cell epitope derived from the Plas-
modium falciparum circumsporozoite protein CSP. After three immunizations, all
ten volunteers developed peptide specific IgG1, IgG3, and IgG4 antibodies, whereas
a vaccine lacking P3C induced only IgG1 and IgG3 isotypes (Nardin et al. 2001).

Mutants ofMycobacterium tuberculosis deficient in the surface lipoprotein LpqS
are attenuated and are highly protective against aM. tuberculosis challenge in guinea
pigs (Sakthi et al. 2016).

A totally synthetic vaccine activates TLR2 of dendritic cells (Jackson et al. 2004).
It consists of a single helper T-cell epitope, a target epitope that is either recognized
by B cells or CD8+ T cells, and Pam2Cys inserted between the two epitopes to form
a branched configuration. The CD8+ epitopes are from influenza virus and Listeria
monocytogenes. Each of the vaccines induces either CD8+ cell or antibody-mediated
immune responses in mice. The lipidated vaccines but not the non-lipidated vaccines
mediate protection against viral or bacterial infections and confer prophylactic and
therapeutic anticancer activity. Additional studies have shown that a conserved min-
imal peptide from the M protein (J14) of group A streptococci linked to Pam2C and
a universal T cell epitope administered intranasally to mice protects them from lethal
respiratory challenge with group A streptococci and induces J14-specific mucosal
immunoglobulins (Batzloff et al. 2006). These results demonstrate anti-disease and
transmission-inhibiting activities, which could form the basis for development of an
anti-streptococcal vaccine.

Lipopeptides as adjuvants were investigated in vaccines against influenza virus,
group A streptococci, hepatitis C virus, leishmaniasis, Listeria monocytogenes, and
other disease-causingmicroorganisms (summarized inMoyle and Toth 2008; Zaman
and Toth 2013). Although strong lipopeptide-dependent immune reactions were
elicited, no vaccine is in use. The induction of a lasting CD8+ cytotoxic lymphocyte
response was presumably too low to elicit a satisfactory immunity.

Weak Adaptive Immune Response to Lipoproteins

The adaptive immune response to lipoproteins, in contrast to the native immune
response, has been studied in healthy S. aureus human carriers and non-carriers (Vu
et al. 2016). Specific B-cell and T-cell responses were determined. In contrast to
expectations derived from the strong innate immune response described above, the
titers of antibodies (IgG) binding to lipoproteins were low. Proliferation assays and
cytokine profiling data revealed only subtle responses of T-cells. It remains to be
determined why in this study the adaptive immune system reacts only weakly to
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lipoproteins (Kretschmer et al. 2016). Access of the lipoproteins in cells might not
be the cause of low antigenicity, as most isolated recombinant S. aureus lipoproteins
are also weak antigens. Impaired processing of lipoproteins by antigen-presenting
cells might be a reason and opens new avenues of immune research. The results
question the use of lipoprotein and its derived peptides as antigens for production of
vaccines against S. aureus.
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Chapter 4
Outer Membrane Porins

Muriel Masi, Mathias Winterhalter and Jean-Marie Pagès

Abstract The transport of small molecules across membranes is essential for the
import of nutrients and other energy sources into the cell and, for the export of
waste and other potentially harmful byproducts out of the cell. While hydropho-
bic molecules are permeable to membranes, ions and other small polar molecules
require transport via specializedmembrane transport proteins. The twomajor classes
of membrane transport proteins are transporters and channels. With our focus here
on porins—major class of non-specific diffusion channel proteins, we will highlight
some recent structural biology reports and functional assays that have substantially
contributed to our understanding of the mechanism that mediates uptake of small
molecules, including antibiotics, across the outer membrane of Enterobacteriaceae.
We will also review advances in the regulation of porin expression and porin biogen-
esis and discuss these pathways as new therapeutic targets.

Keywords Enterobacteriaceae · Porins · Outer membrane proteins · Outer
membrane protein biogenesis · Porin regulation · Envelope permeability · Protein
channels · Antibiotic resistance

Introduction

Antibacterial drug resistance is broadly recognized as a growing threat to human
health (O’Neill 2016; WHO 2014; NIAID 2014). As such, increasing antibiotic
treatment failures due to multidrug-resistant (MDR) Gram-negative bacteria have
stirred an urgent need to better understand the molecular mechanisms underlying
antibiotic uptake and intracellular accumulation; and promote innovation with the
development of new antibiotics and alternative therapies (Fraimow and Tsigrelis
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2011; Bush et al. 2011; Boucher et al. 2013; Stavenger and Winterhalter 2014; Page
and Bush 2014; Pierluigi et al. 2015; Silver 2016; Zgurskaya et al. 2015). Logically,
the efficacy of antibacterial drugs depends on their capacity to reach critical intra-
cellular concentrations for the inhibition of their respective target(s). However, this
is particularly challenging for drugs directed against Gram-negative bacteria due to
their complex and sophisticated two-membrane cell envelope (Stavenger and Win-
terhalter 2014; Silver 2016; Zgurskaya et al. 2015). The outer membrane (OM) is
composed of phospholipids (PL) in the inner leaflet and lipopolysaccharides (LPS) in
the outer leaflet (Nikaido 2003). The asymmetric structure of theOMbilayer together
with the features of the LPS structure, such as the presence of lipid A, core and O-
antigen chains, creates a formidable barrier for the translocation of most amphiphilic
compounds, including antibacterial drugs (Nikaido 2003; Delcour 2009; Henderson
et al. 2016). Nevertheless some access is provided by the presence of water filled
β-barrel channel proteins called porins (Nikaido 2003; Delcour 2009; Pagès et al.
2008). The model Gram-negative bacterium Escherichia coli is known to produce
three classical trimeric porins—namely OmpF, OmpC and PhoE (Fig. 4.1). Since
the studies of these porins formed the basis of our current knowledge of many other
porins, they (as well as their orthologues in closely related enterobacteria) are called
“classical porins”. Classical porins show general preferences for charge and size of
the solute, with OmpF and OmpC preferring cations slightly over anions and PhoE
preferring anions; and with OmpF allowing the permeation of slightly larger solutes
than OmpC. Others than classical porins, which will not be described in this chapter,
the OM also contains specialized protein channels and receptors used for the uptake
of specific substrates (for example LamB and BtuB for maltodextrins and vitamin
B12 transport, respectively), proteins involved in OM and surface appendages bio-
genesis (for example, Omp85/BamA for membrane protein insertion, and a large
array of translocators used in the assembly of adhesins, pili and flagella), OM com-
ponents of toxin secretion systems and efflux pumps (for example, secretins of Type
II secretion systems and TolC as a central component of Type I secretion systems and
tripartite drug efflux pumps), various enzymes (such as the E. coli OmpT protease)
and proteins involved in LPS assembly and modifications (for example LptD for
LPS transport and assembly and PagP for LPS modifications) (Fig. 4.1). The reader
is referred to recent reviews for more information on these proteins (Gerlach and
Hensel 2007; Koronakis et al. 2004, 2005; Botos et al. 2017; Noinaj et al. 2017).
In contrast, the inner membrane (IM) is exclusively composed of PL, thus relatively
permeable for most amphiphilic compounds. Despite this leakiness, the IM provides
a major contribution to bacterial defenses against drugs by housing a variety of mul-
tidrug transporters (Nikaido and Pagès 2012; Li et al. 2015) (Fig. 4.1). Together,
the slow influx of antibiotics across the OM, the specificity and efficiency of efflux
pumps define the intracellular steady-state concentrations of antibiotics as well as the
observed differences in antibiotic susceptibilities between different Gram-negative
bacteria (Zgurskaya et al. 2015; Masi et al. 2017; Krishnamoorthy et al. 2016, 2017;
Westfall et al. 2017; Nichols 2017; Zgurskaya et al. 2018) (Fig. 4.1). Importantly,
multidrug resistant (MDR) clinical isolates of Enterobacteriaceae generally exhibit
porin loss and/or increased efflux (Charrel et al. 1996; Mallea et al. 1998; Chevalier
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Fig. 4.1 Schematic of the Gram-negative cell envelope highlighting some of the many barriers to
small molecule penetration. Adapted with permission from Manchester JI, Buurman ET, Bisacchi
GS, McLaughlin RE. Molecular determinants of AcrB-mediated bacterial efflux implications for
drug discovery, J. Med. Chem., 55:2532–2537. Copyright (2012) American Chemical Society.
The lipopolysaccharide (LPS) chains emanating from the outer membrane (OM) present an initial
and effective barrier to all but generally polar compounds small enough to pass through porin
proteins. In the periplasm (Nikaido 2003), compounds too polar to diffuse rapidly through the
cytoplasmic inner membrane (IM) are expelled primarily by tripartite root nodulation division
(RND)-type pumps (AcrAB/TolC family) (Yu et al. 2003) and compounds in the cytoplasm are
susceptible to efflux by a multitude of other pumps (e.g., drug efflux pumps). Uptake of nutrients
is facilitated by specific channels in the inner and outer membranes, respectively. In addition to the
more generalized mechanisms represented here, there are multiple species-specific and compound-
specific mechanisms of acquired and innate resistance

et al. 1999, 2000; Dé et al. 2001; Thiolas et al. 2004, 2005; Lavigne et al. 2013;
Philippe et al. 2015); see (Delcour 2009; Pagès et al. 2008; Nikaido and Pagès 2012;
Li et al. 2015; Masi et al. 2017; Davin-Régli et al. 2008 for reviews).

In this chapter, we will review works by our group and others that have addressed
the structural and functional characterization of classical porins. These works have
led to a better understanding of the mechanism(s) of penetration of antibacterial
drugs (defining routes of entry) and contributed to establishing rules for arrival
in the periplasm. Some works also involve methods for measuring accumulation
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of compounds in cellular compartments. Focusing on the porin-mediated influx of
antibiotics, we will also give a perspective on the factors, including major regulatory
pathways and stress responses that control porin expression in E. coli and Enterobac-
teriaceae. This will be discussed with respect to clinical data, which illustrate the
bacterial strategies caused by loss or structural alterations of porins to limit antibi-
otic entry. Finally, we will give a brief overview of recent breakthrough studies of
the β-barrel assembly machinery (BAM) and periplasmic chaperones, which medi-
ates the biogenesis of outer membrane proteins (OMPs), including that of classical
porins. Notably, both regulatory and biogenesis pathways are well-conserved among
γ-proteobacteria and could be considered as new therapeutic targets.

Classical Porins

Structure

X-ray crystallographic analysis showed that porins exist as trimers of transmembrane
β-barrels. Until recently, crystal structures were available for only a few porins and
comparison of primary sequences gave limited information. Indeed, the external
loops between the β-strands are highly variable due to rapid mutational alterations
as they interact with antibodies, polyamines, bacteriocins and phages present in
the external medium. This creates alignment bias with gaps at improper positions.
Interestingly, Ferenci proposed to first identify then compare the transmembrane β-
strands, which are less variant regions (Ferenci 1994). This and other approaches
revealed that porins of γ-proteobacteria share strong similarity and that porins of
enterobacteria all contain a characteristic PEFGGD signature sequence in loop 3 (see
below) (Ferenci 1994; Jeanteur et al. 1991). Undoubtedly, one of the most important
progresses in the study of porins was the elucidation of their 3D structures by electron
diffraction and X-ray crystallography. The latter approach had its first success with
a Rhodobacter capsulatus trimeric porin (Weiss et al. 1989, 1990, 1991a, b; Weiss
and Schulz 1992), which was followed by the elucidation of the structure of the E.
coliOmpF, PhoE and OmpC porins (Cowan et al. 1992; Baslé et al. 2006). Important
conclusions from these studies include the following:

(i) As predicted from earlier studies, porin monomers cross the OM bilayer as a
β-barrel in a series of 16 β-strands. The strands are tilted rather strongly (by
30–60°) in relation to the barrel axis and this tilting increases the diameter of
the barrel (for the concept of sheer number, which is related to the degree of tilt,
(see reference Schulz 2002). The length of each transmembrane strand spans
the range from only 7 (in strand 5) to 16 (in strand 1) residues in OmpF. Contact
among the monomers is stabilized by hydrophobic and polar interactions, and
loop 2 tends to bend over the wall of the barrel of the neighboring subunit,
playing a significant role in stabilization.
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(ii) The external surface of the barrel is occupied by lipophilic side chains. One
striking observation about the R. capsulatus porin was the presence of many
aromatic amino acid residues at both the outer and inner interfaces between
the bilayer and the aqueous medium (Weiss et al. 1991). The presence of these
“aromatic girdles” may assist in OM insertion has since been observed in the
structure of porins of E. coli and other Enterobacteriaceae (Cowan et al. 1992;
Baslé et al. 2006; Schulz 2002; Dutzler et al. 1999; Arunmanee et al. 2016;
Acosta-Gutierrez et al. 2018) as well as in many other OM proteins. In partic-
ular, porin sequences almost invariably end with a C-terminal phenylalanine,
which is located at the OM/periplasm interface (Struyve et al. 1991). Several
studies subsequently demonstrated that this C-terminal residue is essential for
porin biogenesis (see section “Biogenesis of β-Barrel Outer Membrane Pro-
teins”).

(iii) Transmembrane strands are connected by short “turns” on the periplasmic side,
but the “loops” that connect the strands on the external sides are often long.Loop
2 folds back outward and contributes to the connection with the neighboring
monomer. Loop 3 (L3), connecting strand 5 with strand 6, is especially long
(33 residues in OmpF) and folds into the barrel to produce the narrowing of
the channel (often called the “eyelet” or constriction region, CR) (in orange
in Fig. 4.2). The size of the CR of OmpF is 7 × 11 Å (Cowan et al. 1992),
very close to the estimated diameter of 12 Å from sugar diffusion studies (see
section “FunctionalAssays”).A conserved set of charged residues decorates the
CR: negatively charged residues (in red in Fig. 4.2) are typically found on the
L3 itself, and positive charges (in blue in Fig. 4.2) form a cluster on the opposite
barrel wall. This arrangement creates a local transversal electrostatic field that
plays an important role in selectivity for the size and charge of permeating
molecules (see below and section “Antibiotic Permeation Assays with New
Approaches”).

(iv) The nature of the residues lining the channel wall provides the explanation
of the diffusion characteristics through porins. OmpF and PhoE prefer cations
and anions, respectively, despite having a 72%similarity in theirmature-protein
sequence; this difference in charge preference was shown to be due mainly to
the replacement of Gly131 in the CR of OmpF with the positively charged
Lys125 in PhoE (Cowan et al. 1992). The electrostatic properties of the OmpF
and PhoE channels were calculated and compared (Karshikoff et al. 1994).
The OmpC channel appears to be slightly smaller than the OmpF channel on
the basis of diffusion rates studies (Nikaido and Rosenberg 1981; Nikaido and
Rosenberg 1983; Nikaido et al. 1983). The crystal structure of E. coli OmpC
as well as that of the OmpC orthologues from Klebsiella pneumoniae has
been determined more recently (Baslé et al. 2006; Schulz 2002; Dutzler et al.
1999). However, the size of the CR is almost exactly the same as in OmpF,
and therefore does not account for the difference in diffusion rates. Instead, the
authors pointed out that more negatively charged residues are pointing toward
the pore lumen inOmpC,mainly above theCR (Baslé et al. 2006; Schulz 2002),
which may decrease the functional radius of the solute diffusion pathway or
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Fig. 4.2 Architecture of the major outer membrane porins OmpF and OmpC. Adapted with per-
mission from Acosta-Guiterrez S, Ferrara L, Pathania M, Masi M, Wang J, Bodrenko I, Zahn M,
Winterhalter M, Stavenger RA, Pagès JM, Naismith JH, van den Berg B, Page MGP, Ceccarelli
M. 2018 Getting drugs intro Gram-negative bacteria: rational rules for permeation through general
porins. ACS Infect Dis. https://doi.org/10.1021/acsinfecdis.8b00108. [Epub ahead of print]. Copy-
right (2018) American Chemical Society. The main features of the OmpF and OmpC orthologues
are depicted for OmpF from E. coli: a trimeric arrangement depicted as ribbon; b top view of the
trimer with the loop L3 highlighted in orange balls and sticks; c for one of the monomers the empty
lumen (calculated from all-atom simulations) is highlighted as a purple surface and the constriction
region (CR) is indicated; d the main charged residues are depicted as balls and sticks and colored
according to their charge; e top-view of (d)

affect the transversal electric field. Molecular dynamics simulations and other
permeation assays combined to porin mutagenesis have been valuable tools
in solving this question (see section “Antibiotic Permeation Assays with New
Approaches”).

The crystal structures of OmpF and OmpC orthologues from Enterobacter aero-
genes (Omp35 and Omp36), Enterobacter cloacae (OmpE35 and OmpE36) and K.
pneumoniae (OmpK35 and OmpK36) have been solved very recently (Dutzler et al.
1999; Arunmanee et al. 2016; Acosta-Gutierrez et al. 2018). These porins share
on average ~70% sequence identity. As expected, the structures are very similar
and consist of trimers of 16-stranded β-barrels, each with a CR halfway down the
central axis formed by L3. The acidic residues at the CR of OmpF (D113, E117,
D121 in L3) are conserved in all the structures, while some differences were found
for the residues forming the basic ladder on the opposing face. Overall, OmpC and
orthologues Omp36, OmpE36, OmpK36 possess a smaller pore radius, a lower con-

https://doi.org/10.1021/acsinfecdis.8b00108
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Table 4.1 (Adapted from Acosta-Gutierrez et al. 2018): Physicochemical properties of classical
porins of Enterobacteriaceae

Porina G (nS)b Pc R (Å)d E (mV/Å)e V (kcal/mol)f

OmpF 4.0 ± 0.2 1.33 3.1 ± 1.1 25.2 ± 0.56 −1.3 ± 0.06

OmpC 2.9 ± 0.1 2.20 2.8 ± 1.1 15.6 ± 0.39 −0.5 ± 0.03

Omp35 3.9 ± 0.5 1.72 3.6 ± 1.7 22.8 ± 0.78 −0.5 ± 0.11

Omp36 3.0 ± 0.2 2.22 3.0 ± 1.3 14.9 ± 0.01 −0.7 ± 0.03

OmpE35 4.4 ± 0.2 1.42 3.1 ± 1.3 25.8 ± 1.00 −1.0 ± 0.08

OmpE36 3.0 ± 0.2 2.13 3.1 ± 1.6 22.3 ± 0.64 −1.5 ± 0.04

OmpK35 4.4 ± 0.4 1.36 3.6 ± 1.4 14.9 ± 0.4 −0.6 ± 0.06

OmpK36 2.5 ± 0.2 1.68 2.8 ± 1.4 19.1 ± 0.36 −1.2 ± 0.09

aOmpF and OmpC of E. coli; Omp35 and Omp36 of E. aerogenes; OmpE35 and OmpE36 of E.
cloacae; OmpK35 and OmpK36 from K. pneumoniae
bConductance of a single trimeric porin in 1 M KCl
cIon selectivity P+K/P

−
Cl 0.1 M versus 1 M KCl

dMinimum radius
eTransversal electric field
fElectrostatic potential

ductance, and a lower intensity of the transversal electric field compared toOmpF and
orthologuesOmp35,OmpE35,OmpK35 (Table 4.1). Consequently,OmpC- aremore
cation-selective than OmpF-type porins (Table 4.1) and less permeable to anionic
compounds. As detailed in the following sections, exploring the porin diversity using
structural determinants has permitted the analysis of experimental transport data as
regards of the interactions between the pore and the permeating compounds, and
validated molecular mechanisms for small molecule penetration through porins (see
section “Antibiotic Permeation Assays with New Approaches”).

Functional Assays

The functional properties of porins have been the subject of investigation for over
40 years. For example, earlier work using radioactive tracer molecules revealed
selective uptake across the so-called “outer cell wall” in Gram-negative bacteria and
pointed towards the potential role of porins (Nakae and Nikaido 1975; Nakae 1976).
Porins were then isolated and reconstituted into artificial planar lipid membranes
(Benz et al. 1978; Schindler and Rosenbusch 1978). Conductance measurements
suggested single channel pore sizes of about 1 nm, a value very close to that what
high resolution X-ray structure revealed a few years later (Cowan et al. 1992). About
the same time, OMPs were reconstituted into multilamellar liposomes the induced
swelling by successful penetration was used to get kinetic information (Luckey and
Nikaido 1980). Liposome swelling assays became an important tool to understand
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uptake of nutrient or antibiotics. It allows reducing the number of parameter through
inserting only one porin type and single pore sizes are averaged over a larger num-
ber of liposomes. However, swelling occurs in response to the movement of all the
solutes, including components of the buffer, and extreme care is needed when this
method is used to study the diffusion of charged solutes (Nikaido and Rosenberg
1983). Initial works with this approach established the size exclusion cutoffs of
porins by measuring the transport of various size sugars using liposome swelling
assays (Nikaido and Rosenberg 1983). A value of about 550 Daltons was deter-
mined for OmpF (Nakae 1976), which implies that ions, amino acids, and small
sugars use general diffusion porins for gaining access to the periplasm. Disaccha-
rides, larger sugars and other molecules need to use dedicated pathways for outer
membrane transport (Nikaido 2003). These early studies established the molecu-
lar sieving properties of porins, and provided an explanation for the high diffusion
rates of these compounds through the OM (Nikaido and Rosenberg 1981, 1983;
Nakae 1976). Comparison of diffusion rates of solutes of various sizes gave remark-
ably reliable values of the channel size with respect to the crystallographic structure
(Table 4.1 and section “Antibiotic PermeationAssayswithNewApproaches”). How-
ever, because swelling occurs in response to the movement of any solute, including
components of the buffer, extreme care is needed when this method is used to study
the diffusion of charged solutes.

The gold standard approach to characterize functional properties of isolated porin
channels in vitro is reconstitution in planar lipid bilayers (also known as “black lipid
membranes” or “BLM”) (Fig. 4.3a).A lipid bilayer is formed over an aperture pierced
through a Teflon film separating two chambers. Each chamber contains a buffered
ionic solution and an electrode used to measure electric current due to the flow of
ions across the bilayer and to clamp the transmembrane potential required to promote
ion movement. Purified detergent-solubilized channel proteins or proteoliposomes
are added to one chamber (the so-called cis side) and spontaneously insert in the
bilayer over time. The sequential insertions of open channels in the membrane lead
to discrete current jumps due to ionmovement through the open channels (Fig. 4.3b).
The conductance (i.e., the amount of current per unit voltage) of a channel can be
obtained from measuring the size of these current jumps. In the case of classical
porins (i.e., OmpF and OmpC), this would represent the trimeric conductance, since
they typically purify and insert in the bilayer as trimers. Single channel insertion is
achieved empirically and depends on the protein concentration, the flow profile from
protein addition to the lipid membrane, the area of the lipid membrane, the lipid
composition and the detergent used. Of note, 108–1015 channels in detergent are
typically diluted into detergent free buffer. Diluted OMPs subsequently “lose” their
detergent micelles into the solution, the most hydrophobic OMPs may aggregate,
precipitate, and only few will find the correct path to insert to the lipid bilayer. After
insertion, the channel activity can be studied in various conditions (e.g. in the absence
or in the presence of putative permeating molecules as detailed in section “Antibi-
otic Permeation Assays with New Approaches”) and membrane potentials. Overall,
BLM reconstitution allows the calculation of the single-channel conductance (G,
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nS), which is a reasonable indicator of pore size. The single-channel conductance
value for OmpF, 1 nS, is used as the reference in the discussion of many such porins
(Nikaido 1992).

The patch-clamp technique has also been applied to the study of purified porins
reconstituted in artificial liposomes. Here, a small patch of liposome membrane is
drawn at the tip of a 1μM-diameter glass pipette, and the current flowing through this
patch is recorded at a fixed membrane potential (Baslé et al. 2004). A commercial
tool (Port-a-Patch) facilitates the handling as the liposome containing preparation is
simply pipette on top of a hole in a glass and aspirated to form a giga-seal (Mahendran
et al. 2010; Wang et al. 2018). This technique permitted the discovery that porins
flicker between multiple states, whose kinetics and conductance can be affected in
mutants and in the presence of small permeating molecules. Electrophysical studies
performed by the Benz and the Rosenbusch groups in the 70s and 80s established
some of the hallmark properties of the general diffusion porins, such as high ionic
current due to the relatively large pore size, low ionic selectivity (although some
porins show preference for cations (OmpC) or anions (PhoE)), and high opening
probability, in standard bilayer electrophysiology conditions of low voltage, neutral
pH and high ionic strength (Benz et al. 1978, 1979, 1985; Schindler and Rosen-
busch 1978). The main advantage of BLM measurements is their easy access and
low consumption of protein. Although a single molecule technique the insight view
of molecular details has to come from all atom molecular dynamics (MD). Indeed
with the upcoming numerous high resolution structure MD simulations are a per-
fect complementary technique. Computational modeling studies have suggested that
the paths taken by anions and cations are divergent at the CR, as cations are drawn
close to the negative charges of the L3 loop, and anions flow near the positively
charged cluster of the opposite barrel wall (Im and Roux 2002). This type of work
emphasizes the notion that the permeating ions interact with the wall of the chan-
nel and that ion movement does not follow simple diffusion. In fact, measuring the
temperature dependent OmpF channel conductance and normalizing over the tem-
perature dependent bulk ion conductances revealed a clear deviation from the bulk.
An Arrhenius plot allows quantifying these ion interactions. MD modeling revealed
two distinct ion pathways when ion concentration is below 150 mM KCl; whereas
above this concentration, ions fill more the entire pore volume (Chimerel et al. 2008;
Pezeshki et al. 2009). Interestingly the dissociation of KCl is rather temperature
independent but the association-dissociation increase in a similar manner. This was
also demonstrated experimentally by measuring the conductance and selectivity of
various general diffusion porins in solutions of varying ionic strength or pH, and in
variants with mutations at specific pore exposed residues (Saint et al. 1996; Phale
et al. 2001; Bredin et al. 2002; Danelon et al. 2003; Alcaraz et al. 2004). Bezrukov’s
group showed that the selectivity of OmpF for cations relative to anions increases
sharply in solutions of low ionic strength (Alcaraz et al. 2004). The channel reaches
nearly ideal cation selectivity in solutions of <100 mM KCl. Furthermore, at pH’s
<4, the channel reverses its selectivity from preferring cations to preferring anions.
The authors combined these experimental observations with calculations of the dis-
tribution of charged residues in the pore lumen and concluded that electrostatic
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Fig. 4.3 Methods for measuring intracellular accumulation and porin-mediated uptake of antibi-
otics using electrophysiology. a–c Adapted with permission from Masi M, Réfrégiers M, Pos KM,
Pagès JM (2017) Mechanisms of envelope permeability and antibiotic influx and efflux in Gram-
negative bacteria. Nat Microbiol 2:17001 Copyright Nature Publishing 2017. d Adapted with per-
mission from J. Phys. Chem B 116 (2012) 4433–38. Copyright 2012 ACS. f Reprinted (Adapted
or Reprinted in part) with permission from J. Phys. Chem Lett. 8 (2017) 1295–1301. Copyright
2017 ACS. a A transmembrane voltage is applied across a free-standing bilayer containing a sin-
gle (trimeric) porin inducing an ion current. Antibiotic molecules (ATB) will diffuse across the
membrane. b Schematic view of a conductance recording. After addition of porins into one or both
chambers within a few minutes a jump in the conductance is observed. From a statistical distribu-
tion of at least 100 of such jumps we may conclude on an average pore conductance. c Addition
of molecules able to penetrate the porin will possibly cause blockages during the time inside the
channel. To discriminate translocation from blockage only a variation of an applied external force
is necessary. Increasing the transmembrane voltage increase the pulling force on charged molecules
leading to shorter residence times in case of translocation whereas if the molecule get trapped
stronger forces will lead longer residence times. Uncharged molecules may follow the electro-
osmotic flow in a similar manner. d Permeation of molecules depends on the buffer: for example
100 mM enrofloxacin in presence of 5 mMMg2+ (upper trace) compared to the trace in absence of
Mg2+ (lower trace) revealed a clear difference. eA difference in electrophoretic mobility of charged
molecules causes a diffusion potential and allows to identify translocation and to distinguish the
events from sole binding. Combined with a single channel recording allows to estimate turn over
numbers. f All atom modelling performed in the group of M. Ceccarelli indicates an energy barrier
for translocation. OmpF as cation selective channel has a low and broad barrier for K+ and a higher
one for Cl−. In contrast ß-lactam inhibitors like avibactam, sulbactam or tazobactam do have sharp
energy barriers
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interactions exist between the permeating ions and the charges of ionizable residues
over the entire channel length (Pezeshki et al. 2009; Alcaraz et al. 2004). However,
shifts in selectivity are detected uponmutations of single residues. Substitution at the
pore-exposed D113 residue in OmpF (Saint et al. 1996) decreases cation-selectivity.
Opposite effects are seen upon charge removal at arginines of the constriction zone
(Saint et al. 1996). However, selectivity depends on the concentration and can even
invert in presence of di(or tri)valent salts (Alcaraz et al. 2009; Singh et al. 2012).

Finally, diffusion rates through porin channels can be quantified in intact cells by
coupling the influx of hydrophilic solutes with a measurable hydrolysis process. A
convenient assay is to examine the influx of cephalosporins by coupling it to their
hydrolysis by periplasmic β-lactamase (Nikaido et al. 1983; Kojima and Nikaido
2013, 2014); cephalosporins are especially useful because a diverse collection of
cephalosporins has been synthesized and because the hydrolysis can be monitored
easily by recording changes in the optical density at 260 nm (Zimmermann and
Rosselet 1977). This approach and others as well as their application for studying
porin-mediated translocation of antibiotics will be detailed in section “Antibiotic
Permeation Assays with New Approaches”.

Regulation of Porin Expression

Envelope Stress Responses

All living organisms have stress responses that allow them to sense and respond
to environmental damaging conditions by remodeling gene expression. As such,
Gram-negative bacteria possess stress responses that are uniquely targeted to the cell
envelope, including membranes and cell wall. In Enterobacteriaceae, these envelope
stress responses (ESRs) are the EnvZ/OmpR, CpxAR (Cpx), BaeRS, and Rcs phos-
phorelays, the stress responsive alternative sigma factor σE, and the phage shock
response (Majdalani and Gottesman 2005; Ruiz and Silhavy 2005; Rowley et al.
2006; Raivio 2014). Each of these ESRs is activated following the perturbation
of particular components of the envelope or exposure to particular environmental
stresses. Although ESRs are important for reacting to damaging conditions, stress
proteins also play important roles in the maintenance of basic cellular physiology
(Hayden and Ades 2008; Delhaye et al. 2016). This is particularly true for the σE-
dependent stress response in E. coli, as the rpoE gene, which encodes σE, is essential
for viability (De Las et al. 1997). Here, we will essentially focus on ESRs that impact
on antimicrobial resistance by regulating porin expression together with many other
targets (regulons)—namely EnvZ/OmpR,Cpx and σE (see below). Additionally, with
the recent highlights and advances in RNA-based techniques (Wassarman and Kiley
2010), the repertoire of small regulatory RNAs (sRNAs) has vastly increased so
as their impact on the bacterial physiology (Gottesman 2004), particularly on the
OM homeostasis, is continuously emerging (Guillier et al. 2006; Vogel and Papen-
fort 2006; Valentin-Hansen et al. 2007). sRNAs alter gene expression, allowing fast
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adjustment to different growth conditions (Gottesman 2004). Noteworthy, ESRs are
often interconnected, regulate and are regulated by sRNAs in order to provide tied
regulation of target genes both at the transcriptional and post-transcriptional lev-
els (Guillier et al. 2006; Vogel and Papenfort 2006; Valentin-Hansen et al. 2007;
Thompson et al. 2007; Vogt et al. 2014).

The expression of the two major porins, OmpF and OmpC, is exquisitely regu-
lated. The apparent purpose of this regulation became clear when it was discovered
that OmpF produces a slightly larger channel than OmpC (Nikaido and Rosenberg
1983; Nikaido et al. 1983). Thus, noxious agents such as antibiotics and bile acids
diffuse far better through the larger OmpF channel, as seen clearly from the obser-
vation that low concentrations of antibiotics select for ompF mutants but never for
ompC mutants (Harder et al. 1981). In its natural habitat, the intestinal tract, E.
coli encounters 4–16 mM bile salts (Borgstrom 1974), and it is most important to
minimize their influx. The conditions prevailing in the intestinal tract, high osmotic
strength and high temperature, both favor the production of OmpC (with its nar-
rower channel) and repress the production of OmpF. On the other hand, the increased
production of OmpF under low-temperature, low-osmolarity conditions (for exam-
ple, in lake water) will benefit E. coli by facilitating the influx of scarce nutrients.
Although it is now admitted that the electronegativity of the pore interior rather than
the pore size determines the permeability of OmpF and OmpC channels (Cowan
et al. 1992; Baslé et al. 2006; Schulz 2002; Dutzler et al. 1999; Arunmanee et al.
2016; Acosta-Gutierrez et al. 2018; Kojima and Nikaido 2014), this model is still
valid. The molecular mechanisms of this regulation have been studied extensively.
Environmental osmolarity was one of the earliest stresses described to influence
OmpF and OmpC expression via the EnvZ/OmpR two-component system (TCS)
(Mizuno and Mizushima 1990; Pratt et al. 1996; Cai and Inouye 2002). EnvZ is a
membrane-bound sensor kinase, and OmpR is a cytosolic response regulator, which
binds to the promoter region of the porin genes. Upon activation, EnvZ autophospho-
rylates and the high energy phosphoryl group from EnvZ is subsequently transferred
to a conserved Asp residue on OmpR. Phosphorylated OmpR (OmpR~P) serves as
a transcription factor that differentially modulates the expression of the ompF and
ompC porin genes. The ompF gene, with its high affinity OmpR-binding sites, is
transcribed at low osmolarity when the phosphorylated OmpR (OmpR~P) is scarce.
However, when the concentration of OmpR~P increases, additional binding of these
molecules results in increased transcription of ompC and repression of ompF. High
temperature and high osmolarity (through high levels of OmpR~P) have been shown
to increase the transcription of the antisense RNAMicF (Andersen et al. 1987, 1989;
Aiba et al. 1987; Coyer et al. 1990; Ramani et al. 1994; Delihas and Forst 2001). This
RNA binds to the 5′ untranslated (UTR) region of the ompF mRNA and inhibits its
translation (Andersen and Delihas 1990; Schmidt et al. 1995) (see section “Remod-
eling Porin Expression by Small Regulatory RNAs”). As described below, oxidative
stress and the presence of salicylate also increase micF transcription and prevent the
production of OmpF post-transcriptionally. The intestinal tract, the normal environ-
ment of E. coli, is thought to be mostly anaerobic. Interestingly, anaerobiosis was
found to modify the osmoregulation of OmpF and OmpC (Matsubara et al. 2000).
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Thus, under anaerobiosis, OmpC is expressed at a rather high level even in fairly
low-osmolarity media, and the repression of OmpF by osmotic activity occurs more
strongly than under aerobic conditions. This modification of the regulatory response,
which is expected to favor the survival of E. coli in the intestinal tract, occurs through
the cross-talk activation of OmpR by the ArcB sensor (Matsubara et al. 2000), which
senses the anaerobic condition.

Accumulation of misfolded OMPs in the periplasm, presumably reflecting prob-
lems in protein assembly or transport across the IM, can be detected by regulatory
sensors either comprised of the Cpx TCS, or the alternative sigma factor σE, the
anti-sigma factor RseA, and a number of periplasmic proteases. σE and Cpx are the
two major regulation pathways that control the envelop integrity with overlapping
regulon members (Price and Raivio 2009; Raivio et al. 2013; Batchelor et al. 2005;
Gerken et al. 2009; Dartigalongue et al. 2000) but responding to different inducing
cues (Ruiz and Silhavy 2005). Although inducing signals may all act by causing pro-
teinmisfolding, misfolded proteins are not the inducing signal per se, as some signals
induce σE but not Cpx and vice versa. Recent studies suggest that Cpx responds to
IM perturbations, while σE is activated by signals at the OM.

The Cpx system comprises the CpxA sensor kinase and response regulator CpxR.
Envelope stresses including alkaline pH, periplasmic protein misfolding, IM abnor-
malities such as misfolded transporters or accumulation of the lipid II precursor,
induce the dissociation of the accessory protein CpxP from CpxA, trigger CpxA-
mediated phosphorylation of CpxR, which in turn alters expression of protein
foldases and proteases, respiratory complexes, IM transporters, and cell wall bio-
genesis enzymes (Raivio 2014; Price and Raivio 2009; Raivio et al. 2013). The
Cpx-mediated regulation of porins occurs at several levels. At the transcriptional
level, CpxR~P has been shown to bind directly the ompF and ompC promoters
(Batchelor et al. 2005). More recently, it has been found that the small IM pro-
tein MzrA connects Cpx and EnvZ/OmpR (Gerken et al. 2009). In this pathway
and upon the activation of Cpx, MzrA interacts directly with EnvZ, which in turn,
stabilizes OmpR~P (Gerken et al. 2009). In sensing different signals, the intercon-
nection between Cpx and EnvZ-OmpR allows cells to adapt to diverse environmental
stresses. By regulating a number of genes, Cpx has been shown to affect resistance
to some but not all antibiotics (Raivio 2014; Raivio et al. 2013; Guest and Raivio
2016; Mahoney and Silhavy 2013; Moreau 2014). However, its precise role and that
of other two-component systems in the development of MDR in clinical isolates are
still poorly documented.

The σE pathway of E. coli was the first ESR to be identified. In the absence of
inducing signals, σE is held at cytoplasmic side of the inner membrane by the anti-
sigma factor RseA, a single-pass membrane protein (De Las et al. 1997; Missiakas
et al. 1997). A periplasmic protein, RseB, binds to the periplasmic domain of RseA
and enhances the inhibition of σE. Upon cell envelope stress, σE is released from
RseA by a proteolytic cascade whose end result is the complete degradation of
RseA and the release of σE to direct transcription (Ades et al. 1999). The so-called
regulated intramembrane proteolysis (RIP) proteases of the cascade, DegS and RseP
(formerly known as YaeL) act sequentially cleaving RseA first in the periplasmic
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and then in the transmembrane region (Rudner et al. 1999; Alba et al. 2002). The
cytoplasmic domain of RseA (RseAcyto) bound to σE is then released and degraded
by cytoplasmic proteases, primarily ClpXP (Chaba et al. 2007; Flynn et al. 2003,
2004). The proteolytic cascade is induced by a conserved YxF peptide (where x is
any amino acid) found at the C-terminus of OMPs (Walsh et al. 2003). This peptide
is normally buried and inaccessible in folded porin trimers. When porin folding is
disrupted, the peptide is exposed and binds to DegS, activating DegS to cleave RseA
and initiate the response (Walsh et al. 2003). Proper porin folding and transit to the
outer membrane involves a series of steps, and disruption of this pathway at any point
may lead to improperly folded porins with exposed C-termini. Therefore, it has been
proposed that porins provide a sensitive measure of cell envelope homeostasis (Alba
and Gross 2004). This regulatory pathway is not only designed to have a sensitive
trigger specifically tuned to the inducing signal, but also includes a homeostatic
mechanism providing a quick and efficient method to reset the switch and deactivate
the response. Once σE is activated it transcribes the genes in its regulon (Rhodius
et al. 2006). Although the σE regulon includes genes that affect many aspects of
the cell, a significant fraction of its known regulon members encodes chaperones
required for the delivery and assembly of LPS in the OM, proteases to degrade
terminally misfolded porins, and at least two small RNAs, RybB and MicA, that
target mRNAs encoding porins for degradation (Thompson et al. 2007; Johansen
et al. 2006; Udekwu and Wagner 2007; Rasmussen et al. 2005; Papenfort et al.
2006) and one, MicL, that target mRNA of the major OM lipoprotein Lpp (Guo et al.
2014). Therefore, the activation of the σE pathway increases the capacity of the cell to
deliver proteins to the outer membrane, facilitates the removal of misfolded porins,
and reduces new porin synthesis reducing the load on the system. Each of these
systems helps to lower the level of unfolded porins, thereby reducing the inducing
signal and returning DegS to the inactivated state.

Here, one has to note that the σE-dependent repression of porin synthesis only
occurs at the post-transcriptional level, wherein base-paring sRNAs inhibits trans-
lation of omp mRNAs (see below section “Remodeling Porin Expression by Small
Regulatory RNAs”) in order to maintain the envelope homeostasis under stress con-
ditions, as porins are abundant proteins under normal growth conditions.

Remodeling Porin Expression by Small Regulatory RNAs

The last decade has been marked by the identification and characterization of several
small regulatory RNAs (sRNAs). Enterobacteria such as E. coli and Salmonella
are now known to encode at least twelve OMP-regulating sRNAs—namely InvR
(Pfeiffer et al. 2007), SdsR (Fröhlich et al. 2012), MicA (Udekwu andWagner 2007;
Rasmussen et al. 2005), MicL (Guo et al. 2014), MicC (Chen et al. 2004; Dam
et al. 2017), MicF (Andersen et al. 1987), IpeX (Castillo-Keller et al. 2006), OmrAB
(Guillier and Gottesman 2006), RseX (Douchin et al. 2006), RybB (Wassarman
and Kiley 2010; Thompson et al. 2007; Papenfort et al. 2006; Bossi and Figueroa-
Bossi 2007) and CyaR (Johansen et al. 2008) (see (Guillier et al. 2006; Vogel and
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Papenfort 2006; Valentin-Hansen et al. 2007) for reviews). These sRNAs exert their
functions under a variety of stress conditions and contribute to several stress responses
including the σE-mediated ESR.An sRNA–OMPnetwork is emerging inwhich some
sRNAs act specifically on a single ompmRNA (i.e.,E. coliMicC andMicF), whereas
others control multiple omp and non-omp mRNA targets (i.e., E. coli MicA and
RybB). Likewise, the same omp mRNA could be targeted by more than one sRNAs
(i.e., ompCmRNA is regulated byMicC,RseX andRybB). Importantly, these sRNAs
serve to provide a rapid response and can either amplify the signal or act by a negative
feedback. Here, it is worth to note that all these sRNAs are trans-acting—functioning
by imperfect base pairing with mRNA targets at their 5′ UTR that encompasses the
ribosome binding site (RBS), thus inhibiting the formation of a functional translation
initiation complex—and require the help of the RNA chaperone Hfq (Guillier et al.
2006; Vogel and Papenfort 2006; Valentin-Hansen et al. 2007).

(i) MicF sRNA: The 93-nucleotide MicF sRNA is located upstream the ompC
promoter and was first shown to inhibit OmpF production through the decrease
of the ompF mRNA (Andersen et al. 1987). The discovery of the post-
transcriptional repression of OmpF by MicF revealed a direct base-pairing
between MicF and a fragment of the ompF mRNA encompassing both the
RBS and the start codon (Andersen et al. 1987; Andersen and Delihas 1990;
Schmidt et al. 1995). The expression of MicF itself is subjected to multiple
signals and regulatory pathways (Delihas and Forst 2001). Positive regulation
occurs via the EnvZ/OmpR two-component system under high osmolarity con-
ditions (Aiba et al. 1987; Coyer et al. 1990; Ramani et al. 1994), via SoxS in
response to oxidative stress and viaMarA in response to antibiotic stress (Chou
et al. 1993; Cohen et al. 1988; Chubiz and Rao 2011).

(ii) MicCsRNA:The109-nucleotideMicCsRNAhasbeen identifiedmore recently
in a computational screen as a sRNA encoded in the ompN-ydbK intergenic
region (Chen et al. 2004), divergent to the ompN gene, which encodes a quies-
cent porin (Prilipov et al. 1998). This study first showed that MicC represses
OmpC at the post-transcriptional level by direct base-pairing to a 5′ UTR of
the ompC mRNA, thus preventing the formation of a functional translation ini-
tiation complex (Chen et al. 2004). In addition, Northern blot analysis of MicC
and MicF expression profiles from a variety of growth conditions showed the
two sRNAs to accumulate in almost a mutually exclusive fashion and that they
could act in conjunction with the EnvZ/OmpR two-component system to con-
trol the OmpF/C porin ratio in response to a variety of stresses, including not
only the osmolarity but also the growth temperature and medium starvation.
Work from our lab has further shown that ompN and micC are subjected to
dual regulation upon exposure to certain antimicrobials such as β-lactams in
a σE-dependent manner (Dam et al. 2017). This is consistent with the fact
that ompN-micC and ompC-micF share similar genetic organization and pre-
vious research have shown that ompC and micF are co-induced under specific
conditions too (i.e., high osmolarity via EnvZ/OmpR) . ThemicC gene is well-
conserved among enterobacteria and its expression is highly regulated. The
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physiological role of MicC is still unclear, although down-regulating OmpC at
the post-transcriptional level during an antibiotic stress could be required for
bacterial adaptation. Therefore, the identification of additional MicC targets
as well as information of MicC expression in MDR clinical strains could help
addressing this question.

(iii) σE-regulated sRNAs: MicA and RybB are the two major σE-regulated sRNAs
(Johansen et al. 2006; Gogol et al. 2011). MicA was first identified in a global
E. coli sRNA screen and observed to accumulate as a 70-nucleotide transcript
when cells ceased growth (Argaman et al. 2001). Two groups have now demon-
strated that MicA accounts for much of the stationary phase specific instability
of ompA mRNA (Udekwu and Wagner 2007; Rasmussen et al. 2005). In wild
type cells, MicA levels inversely correlate with ompA mRNA levels during
growth and the stationary phase specific decrease of ompA mRNA levels is
abrogated upon micA deletion. Furthermore, overexpression of MicA results
in reduction of OmpA protein levels. Overall, the underlying molecular mech-
anism of MicA is similar to that of MicC and MicF (i.e. by masking the ompA
RBS), MicA inhibits the formation of the translation initiation complex and
accelerates the RNase E-dependent decay of this mRNA (Udekwu and Wag-
ner 2007; Rasmussen et al. 2005). In E. coli, RybB is a 80-nucleotide sRNA
(Wassarman and Kiley 2010; Thompson et al. 2007; Johansen et al. 2006).
Transient induction of RybB was first shown to decrease the levels of the
mRNAs encoding OmpC and OmpW. Like most trans-acting sRNAs, RybB
binds to Hfq and act by imperfect base-pairing with targets mRNAs (Johansen
et al. 2006; Bouvier et al. 2008; Balbontín et al. 2010). Several groups work-
ing with E. coli and Salmonella reported that both RybB and MicA require
σE for their transcription and down-regulate σE activity, thereby creating an
autoregulatory loop (Thompson et al. 2007; Johansen et al. 2006; Udekwu and
Wagner 2007; Papenfort et al. 2006). Interestingly, these studies questioned the
primary simplistic model in which the specialized function of σE-dependent
sRNAs is to stop de novo synthesis of abundant OMPs upon σE induction. In
fact, RybB and MicA together target >30 mRNAs of E. coli: MicA represses
the synthesis of major OMPs by targeting mRNAs of ompA, ompX and lamB
and non-OMP targets like phoP, lpxT and htrG (Gogol et al. 2011; Coornaert
et al. 2010); RybB has even more omp mRNA targets and non-omp targets
that include waaR, htrG, fadL and rbsK/B (Papenfort et al. 2006; Gogol et al.
2011; Klein and Raina 2015). Overall, the main function of MicA and RybB
sRNAs seems to protect the cell from the loss of viability when σE activity is
inadequate (Gogol et al. 2011). The connection between the σE regulon and
sRNA down-regulation of OMPs has been further reinforced by the identifica-
tion of RseX (RNA suppressor of the extracytoplasmic stress protease RseP)
as another sRNA regulator of OmpA and OmpC expression. RseX was uncov-
ered in a screen for multicopy suppressors of the growth defect associated with
the depletion of one of the periplasmic proteases that degrade the RseA anti-σ
factor (Douchin et al. 2006). Since RseA keeps σE activity low, the levels of
the σE-regulated periplasmic chaperones required for proper outer membrane
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protein transport are constitutively low in this background. Several multicopy
clones isolated in this screen encoded a 91-nucleotide RNA denoted RseX.
The rseX gene is on the same strand and upstream of yedS, which encodes a
putative homolog of OmpS1, anOMP in Salmonella typhi. Hfq binds the sRNA
in vitro and is required for the suppression phenotype. The ompA and ompC
transcripts were identified as targets of RseX because they were captured when
RNA extracted from E. coli was incubated with synthetic RseX (Douchin et al.
2006). RseX is predicted to be capable of fairly extensive base-pairing across
the ribosome-binding sites of both ompA and ompC mRNAs, and RseX was
shown to interact with ompA in mobility shift assays. The downregulation of
OmpA and OmpC expression is sufficient to explain the suppressor pheno-
type of the RseX clone, since the periplasmic protease deficient strain is also
viable when the ompA and ompC genes are deleted (Douchin et al. 2006). Thus
far, the RseX sRNA has only been detected in cells with the multicopy clone;
conditions that lead to RseX expression from the chromosome have not been
reported.

Chemical Stress Responses and Multidrug Resistance

Regulation of porin expression also occurs in response to the presence of chemicals,
including antibiotics, by activating regulatory proteins of the XylS-AraC family. All
possess helix-turn-helix (HTH)motives asDNAbinding domains for remodeling tar-
get gene expression (regulons). Importantly, these pathways are considered as global
transcriptional regulators of MDR in Enterobacteriaceae by altering the cell enve-
lope permeability directly or indirectly (at the transcriptional and post-transcriptional
levels) by simultaneously decreasing the expression of porins and increasing that of
multidrug efflux pumps (Chou et al. 1993; Cohen et al. 1988; Chubiz and Rao 2011;
Rosner et al. 1991; Gambino et al. 1993; Ariza et al. 1995; Tanaka et al. 1997;
Rosenberg et al. 2003), and are often interconnected.

In E. coli and other Enterobacteriaceae, the mar (multiple antibiotic resistance)
locus comprises two divergent transcriptional units: marC and marRAB separated
by the operator marO (George and Levy 1983; Cohen et al. 1993a, b; Sulavik et al.
1997; Chollet et al. 2002). The marRAB operon responds to a variety of compounds
(Hächler et al. 1991;Ariza et al. 1994;Cohen et al. 1993c;Miller et al. 1994) including
antibiotics such as tetracycline, chloramphenicol and imipenem (Hächler et al. 1991;
Bornet et al. 2000).Deletion or inactivation of themarRAB operon results in increased
susceptibility to multiple antibiotics, a variety of oxidative stress agents, and organic
solvents (George and Levy 1983; Cohen et al. 1993a, b; White et al. 1997; Sharma
et al. 2017). Here, one has to note that marR encodes a transcriptional repressor that
prevents the activation of the Mar regulatory cascade in the absence of chemical
stress, and marA encodes the XylS-AraC transcriptional activator that controls the
expression of target genes (George and Levy 1983; Cohen et al. 1993a, b; Martin
et al. 1995; Seoane and Levy 1995; Alekshun and Levy 1997). Previous analysis of
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marO indicated the presence of twoMarR binding sites (site I and site II) that consist
of repeated inverted sequences (Martin et al. 1995). Site I is located close to the -35
and -10 boxes of themarRAB promoter and site II encompasses the MarR RBS; thus
MarRnegatively regulates the expression of themarRAB operon aswell as it represses
its own synthesis. Activation (or de-repression) of the Mar response can occur upon
mutations inmarO ormarR, which both affect the binding ofMarR tomarO, or in the
presence of inducing chemicals such as salicylate, which also acts by direct binding
to MarR and inactivate MarR function. Several mutations in marO and marR have
been identified among MDR clinical isolates of Enterobacteriaceae, leading to the
constitutive activation of MarA. Remarkably, marR mutations, including deletions
and point mutations, are found all through its sequence (Cohen et al. 1993; Martin
et al. 1995; Maneewannakul and Levy 1996), and thus do not allow the identification
of a minimal region necessary for its function. MarA is an important regulator in
E. coli implicated in adaptation to the environment and protection against external
aggressions, by controlling the expression more than 60 genes, directly—by binding
to conserved “marbox” sequences present in the promoter region of target genes—or
indirectly (Barbosa and Levy 2000). In particular, MDR in mar mutants occurs
through a combined decrease in drug influx, via a decrease in OmpF expression
(Cohen et al. 1988; Gambino et al. 1993), and increase in active drug efflux, via an
overexpression of the AcrAB efflux pump (Okusu et al. 1996). With our purpose
here on porin regulation, MarA negatively regulates the production of OmpF at the
post-transcriptional level, by activating the expression of the sRNAMicF (Gambino
et al. 1993).

SoxS is the effector of the soxRS global superoxide response regulon. SoxS
exhibits about 50% homology with MarA and also belongs to the XylS-AraC family
of transcriptional activators (Demple 1996). In the presence of oxidizing agents such
as H2O2, NO or paraquat, SoxR shifts from a reduced (inactive) to oxidized (active)
state and activates the transcription of soxS (Demple 1996; Martin et al. 1999). SoxS
is involved inMDR in E. coli and Salmonella enterica Serovar Typhimurium and can
induce the transcription of micF and acrAB. Marboxes are also target sequences for
the binding of SoxS and the phenotype induced by SoxS is similar to that induced
by MarA (Miller and Sulavik 1996). Interestingly, SoxS is also able to activate
the expression of MarA and promote the activation of the mar regulon even in the
absence of typical Mar-inducing chemicals (Martin and Rosner 1997). Mutations in
soxR have been identified in clinical strains of E. coli and S. enterica isolated from
patients undergoing quinolone treatment as well as in laboratory strains selected on
high concentrations of fluoroquinolones, and shown to contribute to MDR (O’Regan
et al. 2009; Bialek-Davenet et al. 2011; Kehrenberg et al. 2009).

Rob also regulates genes involved in resistance to antibiotics, organic solvents
and heavy metals (Ariza et al. 1995; Nakajima et al. 1995). Over-expression of Rob
in E. coli produces both increased organic solvent tolerance and low-level resis-
tance to multiple antimicrobial agents, due to increased expression of AcrAB and
a decreased expression of OmpF (Jair et al. 1996). In contrast to MarA and SoxS,
Rob is constitutively expressed, and its precise role in the regulation of MDR is still
unknown.
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RamA was first described in a K. pneumoniaeMDRmutant (George et al. 1995).
It shares 45% identity with MarA with high conservation of the two DNA binding
motifs essential to the regulatory function. Thus, it can be expected that RamA and
MarA might share overlapping regulons. Expression of ramA in E. coli generates a
high-level resistance to multiple antibiotics including chloramphenicol, tetracycline,
tigecycline, fluoroquinolones, trimethoprim, and act by a decreased expression of
OmpF and an active efflux (O’Regan et al. 2009; George et al. 1995; Schneiders
et al. 2003). RamAhas been identified in Salmonella enterica serovar ParatyphiB and
Typhimurium, and in E. aerogenes and E. cloacae (Yassien et al. 2002; Chollet et al.
2004; van der Straaten et al. 2004; Keeney et al. 2007). InE. aerogenes, this regulator
is involved in the modification of OM permeability and in the active extrusion of
intracellular antibiotics (Chollet et al. 2004). RamA has also been demonstrated
to bind to the mar operator in E. coli and enhance its transcription, suggesting an
interaction between these two systems (Yassien et al. 2002; Chollet et al. 2004).
The putative marbox sequence within the ram promoter is well conserved according
to the consensus (Martin et al. 1999). This suggests that MarA could regulate the
transcription of ramA, although constitutive expression of RamA results in a MDR
phenotype even in the absence of the mar locus. RamA is a transcriptional activator
of the Mar regulon and is also a self-governing activator of the MDR cascade. RamA
plays a role in the oxidative stress response in partnership with soxRS, but seems
more important than marA and soxS in the development of MDR in Salmonella spp.
(van der Straaten et al. 2004; Ricci et al. 2006).

Negative regulation by repressors of porins and efflux pump also impacts MDR
phenotype. OmpX is a small OMP, of which overexpression is associated with a
decreased expression ofOmp36 (theOmpCortholog inE. aerogenes) and a decreased
susceptibility to β-lactams. Studies have indicated that expression of OmpX itself
is controlled by a number of environmental factors, including salicylate via MarA
and paraquat via SoxS (Dupont et al. 2004). A very rapid MarA-dependent response
pathway for upregulation of ompX has been shown to occur within 60–120 min upon
cell exposure to salicylate. This work by Dupont et al. identified a dramatic decrease
in OmpF levels, as a first line of defense together with the development of resistance
to β-lactams and fluoroquinolones by altering OM permeability (Dupont et al. 2007).

Biogenesis of β-Barrel Outer Membrane Proteins

In Gram-negative bacteria, the IM contains integral membrane proteins that have an
α-helical fold consisting of one or more α-helices which anchor the protein into the
membrane. The OM, however, contains almost exclusively integral membrane pro-
teins that have a β-barrel fold (the porins) consisting of 8–26 antiparallel β-strands
that anchor the protein in the OM. In the last decade, studies have identified BAM
(β-barrel assemblymachinery) as a general pathway and conserved machinery that is
responsible for the biogenesis of OMPs (Voulhoux et al. 2003; Knowles et al. 2009;
Hagan et al. 2011; Ricci and Silhavy 2012; Kim et al. 2012; Noinaj et al. 2015).
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OMPs are synthesized in the cytoplasm in the form of precursors with an N-terminal
leader peptide, which directs them to the Sec translocon for transport across the
inner membrane (Driessen and Nouwen 2008). In the periplasm, molecular chap-
erones such as SurA and Skp escort mature OMPs during their transit to the outer
membrane (Behrens et al. 2001; Bitto and McKay 2003; Chen and Henning 1996;
Walton et al. 2009; Sklar et al. 2007), where they are recognized by the multicompo-
nent BAM complex for folding, assembly and insertion into the OM. Interestingly,
genetic analyses have shown that mutants lacking SurA or Skp are viable, but cells
cannot tolerate loss of both, suggesting they function in different biogenesis path-
ways (Sklar et al. 2007; Rizzitello et al. 2001). Indeed, while major OMPs, such as
porins, show preference for the SurA pathway (Sklar et al. 2007), only LptD—an
essential OMP involved by the biogenesis of lipopolysaccharide—has been shown
to require the Skp pathway (Schwalm et al. 2013). Additionally, it has been pro-
posed that the primary role of the Skp pathway, acting together with the periplasmic
protease DegP (Krojer et al. 2008; Shen et al. 2009; Ge et al. 2014), may be to
rescue OMPs that have fallen off the normal assembly pathway, particularly when
cells encounter stressful conditions (Sklar et al. 2007). In E. coli, the BAM complex
consists of five components called BamA (YaeT/Omp85), BamB (YfgL), BamC
(NlpB), BamD (YfiO), and BamE (SmpA) (Wu et al. 2005; Malinverni et al. 2006;
Sklar et al. 2007). BamA, a β-barrel OMP itself, is the central and essential compo-
nent of the complex; BamB, BamC, BamD, and BamE are all lipoproteins, which are
anchored to the OM via lipidation of their N-terminal cysteine residue. BamA and
BamD are essential for viability; however, all components are required for efficient
OMP biogenesis (Malinverni et al. 2006; Hagan et al. 2010). Studies have shown
that both BamB and BamD interact directly with BamA via non-overlapping binding
sites, while BamC and BamE interact directly with BamD to stabilize the complex
(Malinverni et al. 2006; Sklar et al. 2007). Structures of all the BAM components
have now been reported including partial complexes of BamAB and BamCD (Kim
et al. 2007, 2011; Albrecht and Zeth 2011; Noinaj et al. 2011, 2013; Heuck et al.
2011; Knowles et al. 2011; Dong et al. 2012; Ni et al. 2014; Albrecht et al. 2014;
Jansen et al. 2015). The full-length structure of BamA from Neisseria gonorrhoeae
revealed a large periplasmic domain consisting of five polypeptide transport associ-
ated (POTRA) domains and a C-terminal 16-stranded β-barrel domain. Subsequent
studies showed that lateral opening of the barrel domain was required for function
in BamA, strengthening an existing hypothesis that the barrel domain must open
laterally in the membrane to allow insertion of the substrate OMPs into the outer
membrane (Noinaj et al. 2013, 2014; Albrecht et al. 2014). It has been proposed that
BamB might serve as a scaffold, assisting in the handoff of OMPs by SurA or Skp
to BamA, while BamC, BamD, and BamE may serve support roles in regulating the
function of BamA (Noinaj et al. 2011; Jansen et al. 2012, 2015). These structures
have offered clues to how each component may function within the complex; how-
ever, the lack of structural information regarding the fully assembled complex has
hindered progress towards exploring the mechanism further. To address this, Back-
elar et al. have solved the structure of the BAM complex from E. coli and showed
that the periplasmic domain of BamA in a closed state prevents access to the barrel
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lumen from the periplasm (Bakelar et al. 2016). Furthermore, binding of BamCDE
to BamA causes an unprecedented conformational change, leading to opening of
the top of the barrel domain along the exit pore and structural rearrangement of the
lateral opening site. These structural changes suggest that the role of BamCDE may
be to modulate the conformational states of BamA, thereby serving as a regulatory
step in the function of the BAM complex (Bakelar et al. 2016).

In being essential for OMP biogenesis, the BAM components and periplasmic
chaperones may serve as attractive targets for the development of novel antibacterial
drugs in the near future. This has been recently exemplified by the discovery of a
peptidomimetic antibiotic that targets BamA and disrupts the OM of E. coli (Urfer
et al. 2016).

Porins and Antibiotic Resistance

Route for Antibiotic Uptake

Several Gram-negative bacterial species of the ESKAPE group (Boucher et al. 2009,
2013), such as Pseudomonas aeruginosa and Acinetobacter baumannii, possess an
innate resistance to β-lactam antibiotics, due to their extremely lowOMpermeability
(Vila et al. 2007; Chevalier et al. 2017). As previously mentioned, with our focus
here onEnterobacteriaceae species (such asCitrobacter,Enterobacter,Escherichia,
Klebsiella, etc.), β-lactam uptake is closely associated to the presence of general
porins in the OM—E. coli OmpC and OmpF porins being the archetype of the
general non-specific enterobacterial porins (Zgurskaya et al. 2015; Nikaido 2003;
Delcour 2009; Pagès et al. 2008). By using a skillful approach, Allam et al. (2017)
have recently dissected the role of porins and OM permeability in the translocation
of ceftazidime, a clinically relevant cephalosporin, across the OM inE. coli. The data
obtained provide a clear illustration of the dual contribution of OM and enzymatic
barriers on translocation, as previously mentioned in the pioneer model proposed by
H. Nikaido (Yoshimura and Nikaido 1985).

Several publications have described modifications of the porin expression pattern
in antibiotic-resistant Enterobacteriaceae: some show alterations of the OmpF/C
expression ratio in favor of OmpC, with lower antibiotic permeability, while others
show a drastic reduction in the porin production level as a whole, or produce of
a mutated porin that negatively impacts the pore properties (for reviews see Pagès
et al. 2008; Masi et al. 2017). As a consequence, strains either isolated from human
specimens during the course of an antibiotherapy or selected for growth in the pres-
ence of increasing antibiotic concentrations show a decrease in cephalosporin and
carbapenem susceptibility (Davin-Régli et al. 2008). This altered porin phenotype
is also commonly associated to the synthesis of β-lactamases, cephalosporinases,
or carbapenemases, which efficiently contribute to a high level of β-lactam resis-
tance (Davin-Régli et al. 2008; Martínez-Martínez 2008; Blair et al. 2015; Nicolas-
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Chanoine et al. 2018). Here, it is also important to consider one of the clinical
impacts of reducing drug influx across the OM: some β-lactams (e.g. imipenem,
cefoxitine), reaching the periplasmic space at low concentrations, are potent induc-
ers of β-lactamase production (Fisher and Mobashery 2014; Bush 2018). As such,
reduced OM permeability through porin modifications is the starting point for bigger
adaptive changes, leading to high resistance levels to allβ-lactams (Nicolas-Chanoine
et al. 2018).

By exploring each mechanism we illustrate a bacterial adaptive response to
antibiotherapy that leads to MDR and preserve a relative fitness cost (Ferenci 2005;
Phan and Ferenci 2017).

Antibiotic Resistance Caused by Loss or Modification of Porin

• Porin exchange and decreased porin production

Today a large number of publications have reported the loss of porins in clinical
isolates collected during antibiotic treatments of infected patients. Here, we will
review a few well-documented cases illustrating porin loss and antibiotic resistance
in E. coli, E. aerogenes and K. pneumoniae.

Expression of OmpC-over OmpF-type porins is usually described in Enterobac-
teriaceae including E. coli, E. aerogenes, E. cloacae andK. pneumoniae (Pagès et al.
2008; Dam et al. 2018). Indeed, in their host habitat, Enterobacteriaceae encounter
environmental conditions (i.e., elevated osmolarity, temperature, presence of bile of
salts and accessible nutrients) that favor the expression of OmpC instead of OmpF
orthologues (see section “Envelope Stress Responses”). In E. aerogenes, sequential
alterations in porin expression have been reported during antibiotic treatments of
infected patients: during imipenem (IMI) therapy, diverse phenotypes successively
appeared IMI intermediate-ertapenem (ERT) resistant exhibiting Omp36 produc-
tion, and finally, IMI-resistant and ERT-resistant with lack of porins (Lavigne et al.
2013; Philippe et al. 2015). Similar recent observations have been reported with K.
pneumoniae clinical strains (Nikaido 1985; Bialek et al. 2010; Pantel et al. 2016;
Humphries and Hemarajata 2017; Pulzova et al. 2017; Wise et al. 2018; Ma et al.
2018), which thereby confirm previous reports (for a review see Pagès et al. 2008).
Interestingly, these porin minus strains were significantly less virulent compared to
others isolates indicating that this porin failure can induce some adverse fitness prob-
lems in colonization and infection models (Ferenci 2005; Phan and Ferenci 2017;
Bialek et al. 2010; Pantel et al. 2016; Lavigne et al. 2012).

Several observations indicate alteration of the porin balance (OmpF/OmpC) dur-
ing antibiotherapy is due to regulation or mutation events in porin gene or in a reg-
ulatory cascade that control bacterial envelope permeability (for reviews see Pagès
et al. 2008; Davin-Régli et al. 2008; Dam et al. 2018). Regarding E. aerogenes and
K. pneumoniae, clinical isolates that exhibit a loss of porin or a reduced level of porin
expression in association with LamB overexpression have been described (Ardanuy
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et al. 1998; Gayet et al. 2003). Interestingly, an OmpX overexpression has been
reported in these resistant isolates and this protein has been previously reported to
downregulate the expression of general porins such as OmpF and OmpC (Dupont
et al. 2007; Gayet et al. 2003).

Recently, three consecutive K. pneumoniae isolates were collected from a sin-
gle patient during treatment. They were resistant to several antibiotic classes, such
as extended-spectrum cephalosporins, aminoglycosides, tetracycline, chlorampheni-
col, and fluoroquinolones, but expressed different carbapenem-susceptibility pheno-
types. The first isolate displayed non-carbapenemase-related carbapenem resistance,
the second was susceptible to all carbapenems and the third exhibited heterogeneous
susceptibility to carbapenems (Bialek-Davenet et al. 2017). These three isolates were
isogenic strains as they all carried mutations responsible for carbapenem resistance
found in the first isolate and, the second and third isolates exhibited additional muta-
tions in the regulators of Pho regulon. These mutations induced the expression of
the PhoE porin and restored susceptibility to carbapenems (Bialek-Davenet et al.
2017). The involvement of phoE expression in carbapenem susceptibility has first
been suggested by Kaczmarek et al. following the concomitant isolation of two K.
pneumoniae strains producing a plasmid-encoded AmpC and lacking general porins
with respect to their respective phenotype towards carbapenems (Kaczmarek et al.
2006). This specific porin exchange reflects the bacterial strategy based on the reg-
ulation of porin expression that provides appropriate function for nutrient uptake as
well as reduced permeability for antibiotics (Pagès et al. 2008; Knopp andAndersson
2015).

The continuous exposure to antibiotics selects for successive modifications of
porin expression, resulting in further reduced influx at each step. A complete imper-
meability to β-lactams is achieved via total absence of porin in resistant isolates and
may represent an “extreme step” in the porin adaptive response (Pagès et al. 2008;
Masi et al. 2017). Porin loss can induce severe reduction of bacterial fitness due to
restricted entry of nutrients and essential metabolites, but allow bacterial growth in
the presence of antibiotics (Davin-Régli et al. 2008; Ferenci 2005; Phan and Ferenci
2017). Moreover, a rapid change in porin expression confers an important advantage
to the pathogen compared to the susceptible commensal microflora during antibiotic
treatment. Interestingly, the impact of porin expression has been also demonstrated
on bacterial susceptibility towards the combination of ceftazidime-avibactam—the
latter is a β-lactamase inhibitor—in E. coli, E. aerogenes andK. pneumoniae isolates
(Pagès et al. 2015).

Another option for Enterobacteriaceae to maintain fitness following the loss of
OmpF and OmpC orthologues involves an original porin exchange to express the
quiescent porin OmpN (Doménech-Sánchez et al. 1999). Primarily identified in a
resistant clinical strain of K. pneumoniae, the expression of OmpK37 provides low
levels of antibiotic susceptibility. In E. coli, dual expression of OmpN and MicC
sRNA occurs under specific conditions that activate the σE envelope stress response
(Dam et al. 2017) and alter antibiotic susceptibility (Dam et al., personal results).
Although OmpN orthologues are structurally similar to OmpF and OmpC ortho-
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logues, this difference in antibiotic permeability could be due to differences in the
physicochemical properties of amino acid residues near the constriction region (Pagès
et al. 2008; Doménech-Sánchez et al. 1999).

• Porin mutations

Clinical examples of altered antibiotic translocation across the porin channel also
involve amino acid substitution at or near the constriction region of the porin channel.
To date, two series of OmpC-type porin mutants have been isolated from patients
under chemotherapy and characterized (Dé et al. 2001; Thiolas et al. 2004, 2005;
Lou et al. 2011; Bajaj et al. 2016). Interestingly, all these mutations yield significant
conformational changes in the OmpC pore lumen strongly reduced translocation of
β-lactams thus bacterial susceptibilities.

In parallel, the role of specific amino acid residues has been investigated by site
directedmutagenesis formany years and pointed to the importance of the constriction
region of the porin channel (see section “Functional Assays”).

Antibiotic Permeation Assays with New Approaches

Our limited understanding of the molecular basis for compound entry into and efflux
out of Gram-negative bacteria is a key bottleneck for the rational discovery of novel
antibacterial drugs. This section describes recent approaches that address this knowl-
edge gap.

• Defining molecular rules of translocation

The antibiotic class for which we understand the most with respect to OM translo-
cation is the β-lactams. Indeed, the role of porins in β-lactam translocation and
the structural features of compounds required for uptake have been studied for
nearly three decades by Nikaido and co-workers. The main approaches use lipo-
some swelling assays with purified porins (Nikaido and Rosenberg 1981, 1983;
Nakae 1976; Yoshimura and Nikaido 1985) and determination of permeation rates
into intact cells, which could be calculated from the degradation rates by an endoge-
nous AmpC β-lactamase (Nikaido and Rosenberg 1981; Nikaido et al. 1983; Kojima
and Nikaido 2013, 2014; Zimmermann and Rosselet 1977; Nikaido and Normark
1987; Sugawara et al. 2016). Early studies with these two approaches showed that
permeation across porins is a passive diffusion mechanism with a mean of roughly
1 μm/s for zwitterionic compounds through OmpF and that: (i) there is an inverse
relationship between the hydrophobicity and permeation rate through porins among
monoanionic cephalosporins; (ii) zwitterionic compounds penetrate rapidly while
additional negative charges retard transport; and (iii) OmpF is more permeable than
OmpC. This latter observation was first attributed to the OmpC pore being slightly
more constricted in this porin compared to OmpF (Cowan et al. 1992; Baslé et al.
2006; Schulz 2002; Dutzler et al. 1999; Acosta-Gutierrez et al. 2018). Although
the two porins share high sequence similarity, the pore interior is more negative in
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OmpC than in OmpF. This is in line with the previous observation that OmpC is
more cation-selective than OmpF (Benz et al. 1985) and can also account for the
low permeability of OmpC for anionic β-lactams. Moreover, the replacement of all
ten titratable residues that differ between OmpC and OmpF in the pore-lining region
leads to the exchange of antibiotic permeation properties (Kojima andNikaido 2014).
Together, these structural and functional data clearly demonstrate that the charge dis-
tribution at pore linings, but not pore size, is a critical parameter that physiologically
distinguishes OmpC from OmpF.

The recent structural elucidation of many porins has prompted several groups to
study their structural and physical properties in order to predict the translocation
of small molecules. There has been great progress in this area despite the intense
computational efforts that are required for these studies. Computational study of
translocation is distinct from traditional structure-based drug design, as it is not sim-
ply seeking to measure binding. Instead, molecular dynamics (MD) simulations are
used to explore the potential trajectories that small molecules may take to traverse
porins, which could lead to a better understanding of the structural and physico-
chemical features that contribute to recognition and permeation. Some important
observations have already emerged. Ceccarelli and co-workers have demonstrated
that changes in the electric field in the constriction zone of mutated OmpC in E. coli
impacts the translocation of imipenem and meropenem (Lou et al. 2011; Hajjar et al.
2010). Even more recently, starting from the structure of several porin orthologues
and small permeating molecules (i.e., β-lactam antibiotics), we proposed a physi-
cal mechanism underlying transport and condense it in a computationally efficient
scoring function (Acosta-Gutierrez et al. 2018). This scoring function is based on
the structural and physicochemical properties of both the porins at the CR (i.e., the
electric field, the electrostatic potential and the size) and the compounds described
by their partial atomic charges (charges and dipole) and size (minimal projection
area). The scoring function shows good agreement with experimental translocation
data obtained by using liposome swelling assays. Thus, this should enable structure-
activity relationship (SAR) studies with respect to the screening of virtual databases
to identifymolecules with optimal permeability through porins and the rational drug-
design for the optimization of antibiotics with poor permeation (Acosta-Gutierrez
et al. 2018).

Electrophysiology has also been used in combination with MD simulations
approaches (Nestorovich et al. 2002; Danelon et al. 2006; Winterhalter and Cec-
carelli 2015) or susceptibility assays (James et al. 2009) to elucidate drug uptake
through various porins as changes in ion flux (i.e., noise analysis) can be readily
measured in these systems (Fig. 4.3c, d). For example, Bezrukov and co-workers
have demonstrated that ampicillin transiently reduces the ion current through the
OmpF channel in a pH-dependent manner, with a maximum decrease in the pH
range where ampicillin is zwitterionic (Nestorovich et al. 2002). In addition, MD
simulations suggested that zwitterionic ampicillin occludes the OmpF pore by inter-
acting simultaneously with negatively charged residues of L3 (E117) and positively
charged residues of the opposite barrel wall (R132, R82 and R42) (Nestorovich et al.
2002). Such complementation between the charge distribution of the drug and the
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CR of OmpF has also been found for amoxicillin, another zwitterionic β-lactam
(Danelon et al. 2006). In contrast, no interaction was detected for the di-anionic
carbenicillin or the mono-anionic azlocillin and piperacillin (Danelon et al. 2006).
Thus, it appears that, although weak and transient, interactions at the CR correlate
with enhanced diffusion of compounds through OmpF. This is consistent with previ-
ous findings that site-directed mutagenesis of key residues in the porin CR affects β-
lactam uptake and susceptibility. For example, the diffusion of radiolabeled cefepime
is dramatically reduced in the G119D and G119E OmpF mutants while the R132A
and R132D mutants show an increased influx rate (Simonet et al. 2000). However,
it is worthwhile to note that these electrophysiological data are obtained under con-
ditions that are not physiologically relevant, with high salt concentrations and high
concentrations of drugs (in the mM range). Also, changes in ion flux by the addition
of small molecules may only reflect the reversible blocking at the CR without actual
permeation. Recently, a number of tricks have been developed to circumvent this
problem. For example, molecular binding can be distinguished from transport by
applying an external force on charged molecules. As such, an electric field can drag
or repel charged permeating molecules, which is then translated into modification
of the residence time. Thus, measuring the average translocation time for different
external electric fields should provide a clear picture (Singh et al. 2012). In the case
of uncharged molecules, the molecular movement could be modulated by electro-
osmotic flow. Most of the porin channels have an excess of one charge species, thus
an externally applied electric field would cause a net unidirectional incoming flow;
and molecules diffusing with the flowwould have shorter residence times. In a series
of investigations the specific permeation of α-cyclodextrin across CymA of K. oxy-
tocawas quantified and the individual steps have been simulated (Bhamidimarri et al.
2016). A more recent suggestion to enhance the signal to translocation is to engi-
neer a barrier for exit (Wang et al. 2018). To identify true permeation the residence
time revealed from ion current fluctuations in absence and presence of an additional
barrier at the periplasmic side of the porin to identify inasmuch the molecules reach-
ing the exit. Starting from the well-studied porin OmpF a single point mutation
at position 181 OmpFE181C was introduced and crosslinked with either sodium (2-
sulfonatoethyl) methanethiosulfonate (MTSES) or glutathion. The modification of
OmpFE181C byMTSES builds a barrier sufficient to block the pathway of norfloxacin.
The modulation of the interaction dwell time allows us to conclude on successful
permeation of norfloxacin across wild-type OmpF. This approach might allow dis-
criminating blockage from translocation events for a wide range of substrates. A
potential application could be screening for scaffolds to improve the permeability
of antibiotics. This approach allows working in the μM range and allows paral-
lelization. However the data analysis is time consuming, depending on the quality of
information one to a few substrates can be characterized per day (Wang et al. 2018)
A different approach is to use from an unbalanced charge accumulation (Ghai et al.
2017, 2018) (Fig. 4.3e). Adding the charged compound of interest on one side of
the channel induce a concentration driven flux. In most cases one of the ion diffuses
slower compared to the counter ion, the difference in flux create the so called diffu-
sion potential. Measuring the diffusion potential as a function of the concentration
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gradient provides relative fluxes. In combination with a single channel conductance
measurement a more quantitative analysis is possible. However, to avoid electrode
effects salt bridges are needed and thus the experimental volume cannot be readily
miniaturized (mM solubility of the compound, large volume). Note that the cations
permeation strongly depends on that of the anions and vice-versa. The permeation of
charged compounds depends on the actual solvent salt available. In case of charged
antibiotic molecules their channel permeability can be estimated by application of a
concentration gradient andmeasuring the potential built up by an unequal permeation
of the cation versus the anion. This technique is similar to a selectivity measurement
and a numerical solution based on the Goldman-Hodgkin-Katz ion current equation
can be used. Permeation of three β-lactamase inhibitors (avibactam, sulbactam and
tazobactam) throughOmpF andOmpCorthologues from four enterobacterial species
was recently characterized by using this approach (Ghai et al. 2017). Here again MD
simulations can provide an effective energy barrier (Fig. 4.3f). In case of OmpF, the
energy barrier is low and broad whereas for the β-lactam inhibitors the barrier is
substantially higher and narrower. Surprisingly there is also a shallow affinity site
just before the entry.

These approaches need to be further validated in vivo by using susceptibility
and accumulation assays in intact bacterial cells. To date, only one study has com-
bined whole-cell susceptibility and cell-free assays to analyze the translocation of
β-lactams across Omp36 ofE. aerogenes (James et al. 2009). In this study, high affin-
ity constant (kon) values for ertapenem and cefepime binding to Omp36 correlated
well with their rapid killing. Conversely, ampicillin and ceftazidime were shown to
have low kon values. Although the rates of killing were not reported, other stud-
ies have demonstrated that these two antibiotics show a preference for OmpF-type
channels (Acosta-Gutierrez et al. 2018; Kojima and Nikaido 2014; Pagès et al. 2015;
Ziervogel and Roux 2013).

Mathematical modeling approaches represent an alternative to the computation-
ally intensive MD study of porin permeation and/or antibiotic efflux. This approach
could provide quantitative methods to compare compounds where ultimately the
effects of influx and efflux could be calculated across a series of compounds. Ini-
tial approaches toward this modeling were built upon the premise that compound
uptake into cells was driven by passive diffusion and thus should obey Fick’s Law
(Nichols 2017; Kojima andNikaido 2013).More recently, Zgurskaya, Rybenkov and
co-workers proposed a more general model, which depends on two parameters to
account for the rate of uptake and efflux, and allows analysis of the nonlinearity of
accumulation (Westfall et al. 2017). This is nicely exemplified by the fitting for the
uptake of the bis-benzimide Hoechst 33342, a fluorescent topoisomerase inhibitor, in
wild type cells as well as cells expressing a mutant hyperporinated variant of FhuA,
which lacks its central plug domain (Krishnamoorthy et al. 2016).

Taken together, these learnings should dissuade us from seeking an overarch-
ing single principle based solely on physicochemical and structural properties of
compounds to discover novel antibacterial drugs. Thus, we are more likely to define
emerging guidelines for optimal permeation into Gram-negative bacteria, whichmay
differ between species.
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• Measuring antibiotic accumulation in bacteria

Traditionally, comparative MIC assays (i.e., comparing MICs of a compound of
interest against wild type versus isogenic mutant strains) have been the workhorse
of assays used in the field of antibacterial research to define the molecular drivers
of antibiotic uptake and efflux. Indeed, demonstration of measurable MICs against
efflux-compromised or membrane-permeabilized strains is logically still among the
first objectives for most of the earliest stage projects in the field. However, the possi-
bility that a particular phenotype related to drug uptakemight bemasked due to either
redundant or complementary functions for inactivated genes is a potential caveat to
this approach. Comparative MICs is also a blunt tool when trying to evaluate kinetic
effects such as rates of entry and/or efflux. An alternate approach, known as “time
kill” assay, is traditionally employed to define the pharmacodynamic properties of
antibiotics, can be used to performmore refined, kinetic assessments of themolecular
drivers of antibiotic activity. However, the standard readout of this method, namely,
determining relative bacterial CFUs at various time points after antibiotic exposure
by manually counting serially diluted samples plated on agar, is very time-, labor-,
and resource-intensive. We have recently addressed these limitations by adapting
a previously described resazurin-based reporter system as a surrogate for bacterial
viability (Fig. 4.4). The change in resorufin fluorescence in real-time qualitatively
mirrors the relative changes in bacterial load and tracks drug-mediated cell killing
over time. Specifically, we adapted a tightly regulated, arabinose-inducible system
to a similar expression of any porin of interest in a porin-less E. coli mutant strain
(in both efflux-plus and efflux-minus backgrounds). We found this system to be suf-
ficiently sensitive to establish relationships between porin-mediated translocation
and antibacterial activity for the passage of β-lactams through OmpF and OmpC
orthologues of several Enterobacteriaceae (Masi et al. 2017).

Zgurskaya and co-workers have developed a different take on porin overexpres-
sion to study antibiotic permeation (Westfall et al. 2017). This cleverly engineered
“hyperporination” system is based on the controlled expression of a large, nonse-
lective variant of the FhuA transporter (without compromising the integrity of the
membrane bilayer) in either wild type or efflux-deficient E. coli strains. The authors
used this approach to determine the contributions ofmembrane permeability vs efflux
inE. coli for several antibiotic classes that differed significantly in their physicochem-
ical properties and mechanisms of action. They have since deployed the system in
more problematic pathogens with distinct permeability barriers, namely, A. bauman-
nii, P. aeruginosa, and Burkholderia spp (Krishnamoorthy et al. 2017; Zgurskaya
et al. 2018). Doing so, they found that no universal rule of antibiotic permeation into
Gram-negative bacteria exists. However, they were able to classify antibiotics into
four groups according to specific biological determinants such as the presence of spe-
cific porins in the OM, targeting of the OM, or specific recognition by efflux pumps.
Finally, the range of physicochemical properties for each cluster of antibiotics was
found to be quite broad.



4 Outer Membrane Porins 107

(a)                                                    

(b)

(c)

NADH+ NAD+ 

Resazurin Resorufin
emits at 590 nm

Viable cell

K12ΔFC pBAD

0

10

20

30

40

50

60

70

ERTA FEP CAZ

M
et

ab
ol

ic
 in

hi
bi
Ɵo

n 
(%

)

ΔompC

ΔompF

ΔompCΔompF

∗ % = 100 −  100
K12ΔFC pBAD-porin 1

K12ΔFC pBAD-porin 2

K12ΔFC pBAD

ATB 1        ATB 2        ATB 3

0

1000

2000

3000

4000

5000

6000

0 100 200 300

RF
U

Time (min)

K12ΔFC pBAD-porin

0

1000

2000

3000

4000

5000

6000

0 100 200 300

RF
U

Time (min)

RFUMAX

RFUATB3



K12ΔFC pBAD no ATB

K12ΔFC pBAD + ATB 1

K12ΔFC pBAD + ATB 2

K12ΔFC pBAD + ATB 3

K12ΔFC pBAD-porin no ATB

K12ΔFC pBAD-porin + ATB 1

K12ΔFC pBAD-porin + ATB 2

K12ΔFC pBAD-porin + ATB 3

Fig. 4.4 Methods for measuring intracellular accumulation and porin-mediated uptake of antibi-
otics: whole cell based and real-time susceptibility assays. Actively metabolizing bacterial cells are
able to reduce resazurin to resofurin, which emits fluorescence at 590 nm (a). Individual porins were
cloned into a pBAD vector and expressed to similar levels upon the addition of arabinose in a porin-
lessE. coli strain (K12ΔFC) (b). Kinetic assays in the absence or in the presence of antibiotics (ATB
1, 2, 3, …) provide a population-based direct readout for drug antibacterial activity, which can be
translated as the porin contribution to drug translocation. This assay is also useful to investigate the
impact of drugs structural and physicochemical properties on their capacity of translocate through
one or several types of porins. In (a) and (b), RFU stands for relative fluorescence units (RFUMAX is
obtained in the absence of antibiotics). c For clarity, percentage of metabolic inhibition is shown for
each strain after exposure to a single antibiotic. As expected, the porin-less strain transformed with
the empty vector showed is not affected by the presence of antibiotics. These results also indicate
porin 1 allows translocation of ATB 1, 2 and 3 to a similar level as cells expressing porin 1 show
similar metabolic inhibition (45–55%) in the presence of any of these three compounds. In contrast,
porin 2 is permissive for translocation of ATB 1 and 2 but not ATB 3, as cells expressing porin 2
only exhibited a metabolic inhibition of 5%
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Numerous biophysical methods to quantify antibiotic passage and accumulation
have been described in the literature, including electrophysiological measurements
on reconstituted membranes or whole cells (Tran et al. 2014) and synchrotron deep-
UV (micro)spectrofluorimetry (Kaščáková et al. 2012; Cinquin et al. 2015; Vergalli
et al. 2017, 2018) (Fig. 4.5) and nanofluidics (Hong et al. 2017). These approaches,
while informative, are not readily amenable to development into a screening platform.
In contrast, mass spectroscopy-based methods may have more potential to quantify
intracellular antibiotic concentrations, as recently exemplified by the study from the
Hergenrother group (Richter et al. 2017).

Concluding Remarks

It is clear that OM porins play a key role in bacterial life and adaptation by ensuring
the uptake of nutrients necessary for the bacterial metabolism but also by controlling
the diffusion of environmental molecules via their unique structural and functional
properties. A number of well-documented reviews has previously described the role
of porin channels, the constriction region and associated amino acid residues, in the
diffusion rate of solutes across the bacterial envelope (Nikaido 2003; Delcour 2009;
Pagès et al. 2008).

OM general porins have been investigated for many years, but structural and
mechanistic insights into the process of antibiotic translocation have emerged only
recently. Indeed, themolecular flux inside the porin channel ultimately determines the
intracellular concentration of permeating compounds, thereby impacting on bacterial
susceptibility (Masi et al. 2017). With the development of original and innovative
methodologies, we can nowmeasure in real-time themolecular flux through bacterial
membranes and across individual purified porins (Masi et al. 2017).

These newstudieswill pave theway to identify and characterize the physicochemi-
cal properties of permeating compound aswell as the channel domains that determine
the OM permeability and ensure the addressing of compounds inside the bacterial
cell. Moreover, the various methodological approaches usingmass spectrometry, flu-
orimetry, microfluidic assays offer new opportunities to better understand the rela-
tionships between genetic control of the porin expression and bacterial adaptation
to diverse environmental stresses. The measurement of intrabacterial accumulation
of specific molecules, inducers, inhibitors, antimicrobial drugs, etc., performed in
real-time represent an important breakthrough to study the early stages of envelope
changes during bacterial life.

These advances will aid in efforts to understand a fundamental process in living
cell: how the transport of hydrophilic molecules is organized across lipid bilayers
and what are the molecular events that manage the efficiency of the diffusion rate in
order to fit in with the metabolism need of a living cell.
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Fig. 4.5 Methods for measuring intracellular accumulation and porin-mediated uptake of antibi-
otics: Intracellular accumulation assays using intact cells and fluorescent drugs. Adapted with per-
mission from Vergalli J, Dumont E, Pajović J, Cinquin B, Maigre L, Masi M, Réfrégiers M, Pagès
JM (2018) Spectrofluorimetric quantification of antibiotic drug concentration in bacterial cells for
the characterization of translocation across bacterial membranes. Nat Protoc 13:1348–1361 Copy-
right Nature Publishing 2018. In 1989, Chapman and Georgopapadakou first reported measurement
of the intracellular accumulation of fleroxacin in E. coli based on the natural fluorescence of the
fluoroquinolone (Chapman and Georgopapadakou 1989). Since then, the original protocol has been
improved and adapted to other bacterial species in order to follow the intracellular accumulation of
fluoroquinolones (McCaffrey et al. 1992; Mortimer and Piddock 1993; Asuquo and Piddock 1993;
Piddock et al. 1999). However, a major limitation of this assay was the absence of internal standard,
which limited the ability to quantify antibiotic content in single bacterial cells. Amajor breakthrough
came in 2012, when Kašcáková et al. proposed the use of the intrinsic bacterial fluorescence (i.e.,
the relative fluorescence of tryptophan) as a reference to standardize the relative fluorescence of the
accumulated fluoroquinolones in order to compare their respective accumulation levels in various
bacterial strains and in different conditions (Kaščáková et al. 2012). Option A uses spectrofluorime-
try measurements in whole cell lysates (WCLs) (Allam et al. 2017; Kaščáková et al. 2012; Cinquin
et al. 2015; Vergalli et al. 2017, 2018). Typically, intact cells are incubated with the antibiotic in a
series of defined conditions and centrifuged for bacteria collection. Then a cell-soft lysis procedure
using glycine–HCl releases the intracellular content including the accumulated antibiotic, and the
fluorescence spectra of theWCLs are read. For the creation of calibration curves,WCLs of untreated
cells are mixed with increasing concentrations of antibiotics. Normalization of the antibiotic signal
and calibration allow precise determination of the antibiotic concentration inside bacterial cells.
Here, it is worth noting that spectrofluorimetry can be scaled up to a 96- or 384-well microplate for-
mat for high-throughput compound screening. Option B is based on microspectrofluorimetry, and
the corresponding protocol follows that of spectrofluorimetry, except that the accumulated antibi-
otics are directly measured in individual intact cells. Here, illumination of the samples by deep
ultraviolet (DUV) photons also allows standardization of the antibiotic fluorescence with respect to
the intrinsic bacterial fluorescence (Allam et al. 2017; Kaščáková et al. 2012; Cinquin et al. 2015;
Vergalli et al. 2018). Option C (KMSF) monitors the time-course accumulation of an antibiotic dur-
ing a short period of time (2–30 min) (Vergalli et al. 2018). In this case, bacterial cells are incubated
in the presence of the selected antibiotic and directly visualized under the DUV microscope, and
serial measurements are made under DUV flashes. In options A, B and C data in blue, purple and
orange correspond to E. coli AG100 (wild-type), AG100A (AG100 acrB::Kan, efflux minus), and
AG102 (a gain-of-function mar mutant derivative of AG100 that overexpresses AcrAB) respec-
tively. Although these assays have been primarily developed for studying the impact of drug efflux
on antibiotic accumulation, these can now be adapted to porin-minus mutants to investigate the
impact of porin-mediated influx of drugs
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Chapter 5
Peptidoglycan

Manuel Pazos and Katharina Peters

Abstract The peptidoglycan sacculus is a net-like polymer that surrounds the cyto-
plasmic membrane in most bacteria. It is essential to maintain the bacterial cell shape
and protect from turgor. The peptidoglycan has a basic composition, common to all
bacteria, with species-specific variations that can modify its biophysical properties
or the pathogenicity of the bacteria. The synthesis of peptidoglycan starts in the cyto-
plasm and the precursor lipid II is flipped across the cytoplasmic membrane. The
new peptidoglycan strands are synthesised and incorporated into the pre-existing
sacculus by the coordinated activities of peptidoglycan synthases and hydrolases.
In the model organism Escherichia coli there are two complexes required for the
elongation and division. Each of them is regulated by different proteins from both
the cytoplasmic and periplasmic sides that ensure the well-coordinated synthesis of
new peptidoglycan.

Keywords Peptidoglycan · Sacculus · Lipid II · PBPs · LDTs · TPase · GTase ·
Glycan strands · Cross-linking · Elongation · Septation

Introduction

The peptidoglycan (PG) sacculus is an elastic and net-like polymer that surrounds the
cytoplasmic membrane in most bacteria. It is rigid enough to maintain the species-
specific bacterial cell shape, serving as a scaffold to attach proteins and other poly-
mers, but also porous enough to allow the diffusion of chemical signals, nutrients
and virulence factors. The PG protects the cell from bursting due to its turgor, which
pushes the cytoplasmic membrane towards the cell wall. In Gram-negative bacteria,
a thin and single PG layer is located in the periplasm surrounding the cytoplasmic
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membrane. In contrast, the PG in Gram-positive bacteria is thicker and multi-layered
with covalently attached cell wall compounds like capsular polysaccharides, cell sur-
face proteins and wall teichoic acids (Fig. 5.1). Bacteria belonging to Rickettsiaceae,
Anaplasmataceae and Mycoplasmataceae families do not have PG. The presence of
PG in Chlamydiaceae has been proven (Pilhofer et al. 2013; Packiam et al. 2015;
Liechti et al. 2016). In order to preserve the structural integrity of the cell envelope
during cell growth and division, the synthetic and hydrolytic PG enzymes must be
coordinated to enlarge and divide the sacculi. According to the current model this
coordination is achieved bymulti-enzyme complexes that extend from the cytoplasm
to the outer membrane.

This chapter is mainly focused on the model organism Escherichia coli, but the
reader will find references to other organisms along the different sections. After
describing the PG composition, modifications and its biophysical properties, the
different enzymatic activities and their regulation are presented in the cellular con-
text. The importance of the fluorescent d-amino acids for the field is highlighted,
and a detailed description of the current understanding of the PG substrate flippase
candidates and the unusual ld-transpeptidases (LDTs) is included.

PG

CM

C

Gram-positive

WTA
LTA

LPS
OM

Periplasm

Gram-negative

Lpp

Fig. 5.1 Schematic structure of the cell wall in Gram-positive and Gram-negative bacteria. C, cyto-
plasm; CM, cytoplasmic membrane; PG, peptidoglycan; OM, outer membrane; LPS, lipopolysac-
charide; LTA, lipoteichoic acid; WTA, wall teichoic acid; Lpp, Braun’s lipoprotein
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The Peptidoglycan Composition, Its Modifications and Their
Function

The PG sacculus is an essential macromolecule exclusively found in bacteria. Its
basic structure comprises linear glycan strands that are cross-linked by short pep-
tides (Schleifer and Kandler 1972). The glycan strands, whose length varies between
species, are made out of alternating β-1,4-connected N-acetylglucosamine (GlcNAc)
and N-acetylmuramic acid (MurNAc) residues. MurNAc is a lactic acid ether deriva-
tive of GlcNAc, and the stem pentapeptides are attached to its d-lactyl moiety at
position C3. The stem pentapeptides contain l- and d-amino acids, whereby the lat-
ter is characteristic of bacterial PG. The PG structure shows high diversity between
different species, but it is well conserved in bacteria belonging to the same species.
Modifications in the PG can enhance the bacterial fitness and virulence, providing
resistance against environmental stresses, hydrolytic host enzymes and antimicrobial
agents.

Variations in the Stem Peptide

The amino acid composition of the pentapeptide shows species-specific variations.
Some examples are shown in Fig. 5.2 and described in the following lines. In Gram-
negative bacteria likeE. coli the pentapeptide in nascent PGconsists of l-Ala-d-iGlu-
mDAP-d-Ala-d-Ala (mDAP:meso-diaminopimelic acid). Two adjacent peptides are
more frequently cross-linked via an amide bond between the carboxyl group of the
d-Ala at position four of one peptide and the ε-amino group of mDAP at position
three of another one. The d-Ala-d-Ala motif of the pentapeptide is the universal
substrate of the PG cross-linking enzymes. The terminal d-Ala is released during the
cross-linking reaction.

InMycobacterium leprae the first amino acid of the stem peptide is Gly instead of
l-Ala. Thismodification is suggested to be due to the growth environment (Mahapatra
et al. 2000). In the Gram-positive pathogens Streptococcus pneumoniae and Staphy-
lococcus aureus, and in Mycobacterium tuberculosis the α-carboxyl group of the
d-iso-glutamate on position two of the stem peptide is amidated into d-iso-glutamine
by the essential amidotransferase complex MurT/GatD (Zapun et al. 2013; Morlot
et al. 2018; Münch et al. 2012; Figueiredo et al. 2012). In S. pneumoniae unamidated
glutamate is predominantly found in uncross-linked PGmonomers (Bui et al. 2012).
In vitro assays using recombinant pneumococcal PBPs revealed that the amidation
of the stem peptides is needed for an efficient cross-linking reaction (Zapun et al.
2013). In S. aureus the lack of amidation correlates with a decrease in cross-linking
and with a higher susceptibility to antibiotics (Stranden et al. 1997; Boyle-Vavra
et al. 2001; Figueiredo et al. 2012). Thus, understanding the molecular mechanism
of the amidation reaction may help in the development of new therapeutics to tar-
get these important pathogens. Recent studies provide biochemical and structural
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Fig. 5.2 Examples of peptides and cross-link types in the peptidoglycan of different species. Ami-
dation of residues is depicted in orange. Interpeptide bridges are framed with a square

insights about the MurT/GatD complex of S. pneumoniae (Morlot et al. 2018) and
S. aureus (Noldeke et al. 2018). The amino acid at position three of the stem peptide
shows the greatest variation. Most Gram-negative bacteria, Mycobacteria and Bacilli
contain an mDAP residue at this position. Bacillus subtilis has an amidated mDAP
(Atrih et al. 1999), due to the action of the amidotransferase AsnB (Dajkovic et al.
2017). In M. tuberculosis AsnB also amidates the mDAP residue, and this modi-
fication is essential for cell growth (Ngadjeua et al. 2018). The amidotransferase
LtsA performs the amidation of the mDAP residue in the PG of Corynebacterium
glutamicum (Levefaudes et al. 2015). Spirochetes, such as Borrelia or Treponema,
have an ornithine residue instead of mDAP (Schleifer and Kandler 1972; Yanagi-
hara et al. 1984). Other species contain at position three different diamino acids like
meso-lanthionine (Fusobacterium nucleatum) and d-Lys (Thermatoga maritima),
or monoamino acids like l-Ala, l-Glu or l-homoserine (reviewed in Vollmer et al.
2008a). However, most Gram-positive bacteria have an l-Lys at position three, which
often carries a linear peptide branch linked to its ε-amino group. These interpeptide
bridges show a great diversity, with sizes varying from two to seven residues and a
wide range of amino acids. In case of S. aureus the FemXAB peptidyltransferases
catalyse the addition of a characteristic Gly5-interpeptide bridge (Schleifer and Kan-
dler 1972). S. pneumoniae contains branched stem peptides with an l-Ser-l-Ala or
l-Ala-l-Ala dipeptide linked to the ε-amino group of l-Lys. This modification is
added by MurM and MurN (Filipe and Tomasz 2000). The degree of branching and
cross-linking of PG varies between strains. While most pneumococcal strains con-
tain a small percentage of branched peptides, the PG of resistant strains is highly
branched and cross-linked (Garcia-Bustos and Tomasz 1990; Severin et al. 1996).
Most bacteria contain d-Ala-d-Ala at positions four and five of the stem peptide.
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This motif is recognized by vancomycin and other glycopeptide antibiotics that form
a complex with the PG precursors, preventing their incorporation into the sacculus
of Gram-positive bacteria. The replacement of the d-Ala at position five by d-Lac or
d-Ser prevents the binding of the antibiotic to the precursor and mediates resistance
of enterococci (Arthur et al. 1993, 1996).

Variations in the Peptide Cross-Links

The type and extent of the peptide cross-links is different between species. The
most abundant cross-links connect the d-Ala at position four of one stem peptide
with the mDAP (or l-Lys) at position three of another one (4-3 cross-links). They
are synthesized by DD-transpeptidases (dd-TPases). Less frequent are the 4-2 cross-
links, found in Corynebacteria, that connect the d-Ala at position four and the d-iGlu
at position two of adjacent stem peptides. Corynebacterium pointsettiae contains
an l-homoserine at position three of the stem peptide, which is non-reactive to
form cross-links. Therefore, the cross-link starts at d-iGlu and is created via a d-
ornithine bridge (Fig. 5.2) (Schleifer and Kandler 1972). Some bacteria contain a
small amount of 3-3 cross-links, while pathogens like Clostridium difficile and M.
tuberculosis contain predominantly 3-3 cross-links in the PG. These cross-links are
made by ld-transpeptidases (LDTs) that connect two mDAP residues of adjacent
stem peptides (see section “Peptidoglycan Synthesis” for further details on the cross-
linking reactions).

Recently, novel PG structures have been described in Acetobacteria, which prolif-
erate at low pH and produce acetic acid. These modifications include the amidation
of the α-(l)-carboxyl group of mDAP and a novel ld (1-3) cross-link, which con-
nects the l-Ala residue of one stem peptide with the mDAP of another one (Fig. 5.2)
(Espaillat et al. 2016). The enzymes catalyzing both modifications are unknown.

Modifications of the Glycan Strands

The glycan strands can be modified by N-deacetylation and O-acetylation on either
one or both GlcNAc and MurNAc subunits, and by N-glycolylation on MurNAc
(Fig. 5.3) (reviewed in Vollmer 2008; Yadav et al. 2018). The N-glycolylation reac-
tion occurs in the cytoplasm during the synthesis of the PG precursors. The N-
deacetylation and O-acetylation reactions take place outside the cytoplasm, once
the glycan strands have been synthesized. In pathogenic species these modifications
contribute to the survival in the host organism by increasing the resistance to PG
degrading enzymes, preventing cell lysis and the release of bacterial products that
could be detected by the host immune system.

In many Gram-positive and Gram-negative bacteria the PG chains contain an
extra acetyl group linked to the C6–OH group of someMurNAc (O-acetylation). The
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Fig. 5.3 Summary of modifications in the PG glycan strands. The structure of the unmodified
GlcNAc-MurNAc disaccharide (middle) and of selected modifications in the GlcNAc (red) and
MurNAc (blue) are shown. Modifications are highlighted in orange. The O-acetylation of GlcNAc
or MurNAc is reversible. Pep, peptide linked to MurNAc. Modified from Vollmer (2008) and Yadav
et al. (2018)

degree of O-acetylation varies between <20 and 70% depending on the species and
growth conditions. The bulky acetyl group represents a steric hindrance and prevents
the binding of the muramidase lysozyme (Pushkaran et al. 2015), which is secreted
by the host immune system cells to hydrolyse the glycan strands between MurNAc
and GlcNAc. Therefore, PG O-acetylation is a major virulence factor in pathogenic
bacteria. For the O-acetylation of MurNAc, the acetyl moiety is translocated from a
cytoplasmic donor molecule to the periplasm or extracellular space and transferred
to the MurNAc subunit. In Gram-positive bacteria the O-acetyltransferases of the
OatA-type perform both processes (Bera et al. 2005; Bernard et al. 2012), while
Gram-negative bacteria require the coordinated action of multiple enzymes of the
Pat or Pac family (Weadge et al. 2005; Moynihan and Clarke 2010; Dillard and
Hackett 2005). In S. aureusOatA provides resistance to lysozyme (Bera et al. 2005),
protects against killing by macrophages (Shimada et al. 2010), reduces the induction
of pro-inflammatory cytokines and permits reinfection (Sanchez et al. 2017). OatA
homologs have been identified in different Gram-positive species. In S. pneumoniae
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the OatA homolog Adr catalyses theO-acetylation of MurNAc and protects dividing
cells from cleavage by the pneumococcal autolysin LytA. Adr localizes at the septa
and showsmislocalization in some cell divisionmutants, suggesting an important role
in pneumococcal cell division (Bonnet et al. 2017). In vancomycin-resistant Ente-
rococcus faecalis the vancomycin treatment increases the levels of O-acetylation,
which leads to lysozyme resistance and to an increase in virulence (Chang et al.
2017). O-acetylation of MurNAc blocks the function of the lytic transglycosylases
(LTs), which have the same substrate specificity as lysozyme but catalyse a transg-
lycosylation reaction resulting in the formation of 1,6-anhydro-MurNAc (see section
“Peptidoglycan Hydrolysis and Remodelling” for further information).

In Gram-negative bacteria the level of O-acetylation regulates the activities of
the LTs (Weadge et al. 2005; Weadge and Clarke 2006). Glycan strands can be O-
deacetylated at the MurNAc O-acetyl subunit. The O-acetylesterase Ape reverts the
O-acetylation of MurNAc, and Ape homologs have been found in Gram-positive and
Gram-negative bacteria (Weadge et al. 2005). In Campylobacter jejuni the deletion
of ape1 results in the accumulation of O-acetylated PG, which impairs the cellular
fitness and leads to defects in morphology, motility, biofilm formation and viru-
lence (Ha et al. 2016). This highlights the importance of regulating the degree of
O-acetylation via the activity of O-acetyltransferases and O-acetylesterases for the
bacterial cell. In contrast, the O-acetylation of GlcNAc has been only described in
Lactobacillus plantarum, where it inhibits the major autolysin Acm2 (Bernard et al.
2011).

N-deacetylation of GlcNAc occurs mostly in Gram-positive bacteria (Vollmer and
Tomasz 2000; Boneca et al. 2007; Peltier et al. 2011; Benachour et al. 2012) but
also in some Gram-negative like Shigella flexneri (Kaoukab-Raji et al. 2012). The
PG deacetylase A enzyme (PgdA), identified for the first time in S. pneumonia,
removes the acetyl group at position C2 of the GlcNAc. PgdA mutants are more
susceptible to lysozyme and less virulent (Vollmer and Tomasz 2000). In Listeria
monocytogenes 50% of the GlcNAc residues are deacetylated (Boneca et al. 2007)
and ~23% of the MurNAc residues are O-acetylated at position C6 (Aubry et al.
2011), whereby both modifications enhance synergistically the resistance against
lysozyme. In this organism, PgdA activity is regulated by the cell division protein
GpsB and the PG synthase PBP A1 (Rismondo et al. 2018). The absence of GpsB
increases the lysozyme resistance due to a rise in N-deacetylated muropeptides, and
the absence of PBP A1 reverses this phenotype. This regulation is supported by
in vitro studies suggesting that all three proteins form a complex. In Lactococcus
lactis YvhB catalyses the O-acetylation of MurNAc, and XynD performs the N-
deacetylation of GlcNAc. Both modifications increase the cross-linkage and the cell
wall integrity, leading to acid resistance and to the production of the polycyclic
antibacterial peptide nisin (Cao et al. 2018). In the predatory bacteria Bdellovibrio
bacteriovorus, the PgdA homologs Bd0468 and Bd3279 deacetylate the GlcNAc
residues of the prey PG during predation, making it more susceptible for destruction
at the end of predation (Lambert et al. 2016).
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TheN-glycolylation of MurNAc subunits exists inMycobacteria and related Acti-
nomycetales. This modification is added by the cytoplasmic UDP-MurNAc hydrox-
ylase NamH during the synthesis of the UDP-linked precursors, where the N-acetyl
group at the C2 of the muramyl dipeptides is hydroxylated to an N-glycolyl group.
The degree of N-glycolylation varies depending on the bacterial species, and it
changes in response to antibiotics. The deletion of namH increases the suscepti-
bility to lysozyme and β-lactams (Raymond et al. 2005). N-glycolylated MurNAc
activates the innate immunity more than N-acetylated MurNAc, underlining its con-
tribution to the unusual immunogenicity of Mycobacteria (Coulombe et al. 2009)
but not to the pathogenicity of M. tuberculosis infection (Hansen et al. 2014).

Biophysical Properties of Peptidoglycan

The PG sacculus has essential stress-bearing functions in the cell, which include
maintaining the cellular shape during cell growth and division within changing envi-
ronmental conditions, and constraining the cell volume under turgor. In order to fulfil
these functions, the PG is elastic and stiff at the same time, but also porous to allow
diffusion of small proteins.

Thickness of Peptidoglycan

The osmotic pressure in Gram-negative bacteria like E. coli is up to 3 atm (Cay-
ley et al. 2000) and in Gram-positive bacteria such as B. subtilis and S. aureus is
significantly higher (up to 20 atm) (Whatmore and Reed 1990). The PG provides
mechanical strength to counteract the osmotic pressure in the cell (Höltje 1998;
Koch 1988). The thickness of the PG, which can vary depending on the species,
contributes to cell stiffness. Consistent with that, Gram-positive bacteria contain a
multi-layered and thick PG. The PG of Gram-negative bacteria is a thin and single
layer located between the inner and the outer membranes (Fig. 5.1). A recent study
suggests that mechanical loads are balanced between the outer membrane and the
PG, and postulates a stress-bearing function for the outer membrane during osmotic
changes (Rojas et al. 2018).

Isolated PG sacculi maintain the shape and the size of intact cells. Using atomic
force microscopy (AFM) dried sacculi from E. coli are 3 nm thick, while rehydrated
sacculi are 6 nm thick (Yao et al. 1999). In the same study rehydrated sacculi of
Pseudomonas aeruginosa are only 3 nm thick. These data are in agreement with
measurements performed by cryo-transmission electron microscopy (cryo-TEM) of
frozen-hydrated sections, which preserves native structures (E. coli: 6.35± 0.53 nm;
P. aeruginosa: 2.41 ± 0.54 nm) (Matias et al. 2003).
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Cryo-TEM analysis of frozen-hydrated sections of B. subtilis cells revealed two
distinct zones: a 22 nm thick low-density zone surrounding the cytoplasmic mem-
brane and a 33 nm thick high-density zone surrounding the previous one. The high
density zone contains PG, teichoic acids and associated proteins (Matias and Bev-
eridge 2005). A thinner B. subtilis �ponA mutant (lacking the bifunctional PG syn-
thase PBP1) shows a 30 nm thick PG (Beeby et al. 2013).

Strength, Stiffness and Elasticity of Peptidoglycan

The mechanical properties of PG have been analysed using different techniques.
The cellular stiffness can be described by the Young’s modulus, also known as the
modulus of elasticity. To determine it, a physical force is applied to a sample (either
cells or isolated sacculi) and the degree by which it can be stretched is measured. If
the sample can withstand the force, it will return to the preloaded size after removing
the force. If the load is too high for the elastic limits of the sample, it will irreversibly
deform and rupture. The elasticity of isolated E. coli sacculi, measured by stretching
themwith the tip of theAFM, varies on the hydration state as air dried sacculi aremore
rigid than rehydrated ones. Differences in the elastic anisotropy between the long
and the short axis of the sacculus suggests that the more flexible peptide cross-links
are longitudinally orientated and the more rigid glycan strands are circumferentially
orientated (Yao et al. 1999). The proposed architecture is supported by the fact
that changes in the volume of osmotically shocked E. coli cells are mainly due
to changes in cell length but not in cell diameter (van den Bogaart et al. 2007).
Recent analysis of individual E. coli glycan chains by AFM have shown long and
circumferentially orientated glycan chains (200 nm) under normal conditions and
shorter and disordered glycan chains when a spheroid cell shape is induced (Turner
et al. 2018).

Another technique to measure the mechanical properties of bacterial cells is the
Cell Length Analysis of Mechanical Properties (CLAMP), which enables a high
throughput screening. Using this technique the Young’s moduli of Gram-negative
and Gram-positive rod-shaped bacteria are estimated on the basis of initial growth
rates of hydrogel-encapsulated living cells with varying stiffness (Tuson et al. 2012).
Adecrease in relative cell elongation over time is observedwith increasing stiffness of
the hydrogels. The estimated Young’s modulus for E. coli is fourfold higher than the
result obtained with AFM for hydrated E. coli sacculi (Yao et al. 1999). This differ-
ence can be explained by the fact that the outer membrane also contributes to the cell
wall stiffness. Using the CLAMP technique the Young’s moduli of the cell envelopes
of P. aeruginosa and B. subtilis are similar to E. coli. Several genes affecting cell
stiffness have been identified by measuring the cell growth of hydrogel-encapsulated
mutant cells from the entire KEIO-collection (E. coli single-gene deletion mutants).
These genes have roles in diverse processes, suggesting that cell stiffness is affected
by different cellular functions beside the cell wall-related ones (Auer et al. 2016).
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In addition to the thickness, other structural parameters as the amount of cross-
links and the glycan strands length influence the mechanical properties of the PG.
Compared to exponentially growing cells, stationary cells of E. coli contain slightly
more cross-links, higher level of ld cross-links (see section “ld-Transpeptidases”)
and more cross-links between the outer membrane-anchored protein Lpp and the
PG, which might strengthen the cell envelope and presumably enhance the cellular
stiffness (Vollmer and Bertsche 2008). The cell division process of S. aureus changes
the mechanical properties of the cell wall, as the newly formed septum is stiffer
than the surrounding mature cell wall, most likely due to a higher level of cross-
links (Bailey et al. 2014b). A decrease in the cross-linkage of S. aureus PG, by the
absence of PBP4, results in a small reduction of cellwall stiffness (Loskill et al. 2014).
The absence of glucosaminidases, which hydrolyse the bonds between GlcNAc and
MurNAc, increases the cellular stiffness in S. aureus, increasing the glycan chains
length (Wheeler et al. 2015).

Bacteria from diverse phyla produce non-canonical d-amino acids that are incor-
porated into the PG and modify its strength and flexibility. In Vibrio cholerae the
racemase BsrV produces these amino acids (mainly d-Met and d-Leu) during sta-
tionary growth and LDTs catalyse their incorporation into the PG. The bsrV mutant
cells have shorter glycan strands and both, bsrV and ldtA ldtB (encoding for LDTs)
mutants are significantly more sensitive to osmotic shock and accumulate an excess
of PG during stationary phase (Lam et al. 2009; Cava et al. 2011).

Porosity of Peptidoglycan

In early work the pore sizes in B. subtilis and Bacillus licheniformis PG were esti-
mated (radius of 2.5 nm) by measuring the diffusion of different sized proteins out
of the cells, after n-butanol treatment to permeabilize the lipid bilayers (Hughes
et al. 1975). A more recent study using isolated E. coli and B. subtilis sacculi and
fluorescein-labelled dextrans of knownmolecular weights, determined a similar pore
radius for both sacculi (2.06 nm in E. coli, 2.12 nm in B. subtilis) (Demchick and
Koch 1996). On the basis of these values it was estimated that a globular, hydrophilic
proteinwith amolecularweight of 25 kDa can freely pass through the relaxed sacculi,
while globular proteins of about 50 kDa should be able to diffuse through stretched
sacculi (Demchick and Koch 1996). A homeostatic mechanism has been postulated
for γ-proteobacteria like E. coli, in which the PG synthesis rate is coupled to the
growth rate of the cell via the PG pores size (Typas et al. 2010).

Peptidoglycan Precursor Synthesis

The synthesis of the PG precursor starts with the formation of both nucleotide sugar-
linked precursor UDP-GlcNAc and UDP-MurNAc in the cytoplasm (Fig. 5.4) (Bar-
reteau et al. 2008). UDP-GlcNAc is synthesised from fructose 6-phosphate by the
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Fig. 5.4 Synthetic and hydrolytic reactions occurring during the synthesis and incorporation of
new peptidoglycan in E. coli. Modified from Typas et al. (2011)

enzymes GlmS, GlmM and GlmU (the last reaction requires acetyl-coenzyme A and
uridine triphosphate). UDP-MurNAc is synthesised by the addition of enolpyruvate to
UDP-GlcNAc (by MurA) and the following reduction (by MurB). The pentapeptide
moiety is added to the UDP-MurNAc by MurC, MurD, MurE and MurF enzymes in
a sequence of ATP-dependent reactions that add l-Ala, d-iGlu, mDAP and d-Ala-
d-Ala, respectively. The racemases generate the d-Ala (Alr or DadX) and d-iGlu
(MurI) enantiomers, and the ligases DdlA and DdlB) synthesize the d-Ala-d-Ala
dipeptide required. The first three amino acids (l-Ala-d-iGlu-mDAP) can also be
added as a tripeptide by the ligase Mpl through the “recycling pathway”. Phospho-
MurNAc-pentapeptide is then transferred onto the lipid carrier undecaprenyl phos-
phate by MraY, which crystal structure has been recently solved (Hakulinen et al.
2017), resulting in the formation of undecaprenyl pyrophosphate MurNAc pentapep-
tide (lipid I) and releasing uridine monophosphate (UMP). The subsequent transfer
of GlcNAc to the lipid I by MurG results in the formation of undecaprenyl pyrophos-
phateMurNAc(GlcNAc) pentapeptide (lipid II) and the release of uridine diphosphate
(UDP). In a final step lipid II is translocated (or flipped) from the inner to the outer
leaflet of the cytoplasmic membrane where it is used as substrate for the synthesis of
new PG, releasing the lipid carrier undecaprenol pyrophosphate. Due to the essen-
tiality of the process, these reaction steps are potential targets for antibiotics (Hrast
et al. 2014; Kouidmi et al. 2014; Liu and Breukink 2016).
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Lipid II Flippase(s)

The identity of the lipid II flippase(s) is a controversial topic in the field, and two
main candidates to catalyse this reaction has been proposed: FtsW and MurJ.

FtsW is a widely conserved integral membrane protein, member of the SEDS
(shape, elongation, division and sporulation) family, and originally identified from
a filamentous temperature sensitive mutant, showing its essential role for cell divi-
sion (Ishino et al. 1989; Khattar et al. 1994). Different studies have dissected its
10 transmembrane segments, identifying several essential residues required for the
functionality of the protein (Lara and Ayala 2002; Pastoret et al. 2004; Mohammadi
et al. 2014) and its direct interaction with other cell division proteins as FtsN, FtsQ,
PBP3 or PBP1B (Di Lallo et al. 2003; Karimova et al. 2005; Alexeeva et al. 2010;
Fraipont et al. 2011; Leclercq et al. 2017). In vitro experiments have shown that
FtsW binds lipid II (Mohammadi et al. 2011; Leclercq et al. 2017) although with
low affinity (Bolla et al. 2018), and is able to flip fluorescently labelled lipid II in
liposomes and E. coli vesicles (Mohammadi et al. 2011, 2014). However in vivo
experiments do not support its lipid II flippase activity, showing no accumulation of
lipid II at the inner leaflet of the cytoplasmic membrane in FtsW-depleted cells (Lara
et al. 2005; Sham et al. 2014).

MurJ is an integral membrane protein that belongs to the MOP
(multidrug/oligosaccharidyl-lipid/polysaccharide) exporter superfamily of pro-
teins. It was identified by bioinformatic analysis and isolated from a temperature
sensitive mutant (Ruiz 2008; Inoue et al. 2008). It contains 14 transmembrane
segments that adopt a V-shaped structure with a central solvent-exposed cavity
(Kuk et al. 2017; Zheng et al. 2018). Several residues are necessary for the correct
functionality of the protein, including some of the charged residues located in the
central cavity (Butler et al. 2013, 2014; Zheng et al. 2018). The inactivation of MurJ
causes cell shape defects and lysis (Ruiz 2008; Inoue et al. 2008) and, supporting
its flippase activity, an accumulation of lipid II intermediates in the cell (Sham et al.
2014; Qiao et al. 2017; Chamakura et al. 2017; Rubino et al. 2018). Its essential role
can be substituted by other transporters from different species as B. subtilis (MurJ
and Amj) (Meeske et al. 2015) or Streptococcus pyogenes (YtgP) (Ruiz 2009), or
by transporters with a more relaxed substrate specificity (Elhenawy et al. 2016;
Sham et al. 2018). In vitro evidences do not support its lipid II flippase activity in
proteoliposomes and E. coli vesicles (Mohammadi et al. 2011) and show contrary
results on lipid II binding (Leclercq et al. 2017; Bolla et al. 2018).

Lipid Carrier

Undecaprenyl phosphate is the essential and unique lipid carrier used for the syn-
thesis of the bacterial extracellular cell wall polymers as PG, teichoic acids and
O-antigen. It is produced by dephosphorylation of the undecaprenyl pyrophosphate,



5 Peptidoglycan 139

either from de novo synthesis or from the recycling pathway, by membrane embed-
ded phosphatases (BacA or PAP2-type phosphatases) (Manat et al. 2014). In the de
novo synthesis pathway, UppS uses farnesyl pyrophosphate and eight isopentenyl
pyrophosphate molecules to produce undecaprenyl pyrophosphate. In the recycling
pathway, the undecaprenyl pyrophosphate is released after the glycosyltransferase
reaction performed by the PG synthases to incorporate the disaccharide pentapeptide
moiety of the lipid II substrate into the PG glycan chains. In both cases undecaprenyl
phosphate is generated in the outer leaflet of the cytoplasmic membrane, as the active
sites of BacA and the PAP2-type phosphatases PgpB, YbjG and LpxT are oriented
towards the periplasm (Touze et al. 2008; Fan et al. 2014; Tatar et al. 2007; Manat
et al. 2015; El Ghachi et al. 2018; Workman et al. 2018). The lipid carrier has to be
flipped across the membrane, as the synthesis of the PG precursor takes place in the
inner leaflet, but the required protein has not yet been identified.

Peptidoglycan Synthesis

The synthesis of new PG into the sacculus comprises the polymerization of gly-
can chains by glycosyltransferases (GTases) and their incorporation to new or
pre-existing chains through cross-linkage of the stem peptides by transpeptidases
(TPases). There are different TPase reactions depending on the donor muropeptide
(Fig. 5.4). The most abundant reaction occurs when a pentapeptide donor cross-links
the d-Ala at position four with the mDAP at position three of the acceptor muropep-
tide (dd-TPase reaction, 4-3 cross-link). Thedd-TPases are named penicillin binding
proteins (PBPs), asβ-lactams covalently bind to the catalytic site serine residue, block
the access to the donor muropeptide and therefore inhibit the enzymatic reaction (see
Sauvage et al. 2008 for a detailed description of PBPs). In a less frequent reaction two
muropeptides are cross-linked by their mDAP residues at position three (ld-TPase
reaction, 3-3 cross-link).

The best characterised PG GTases belong to the GT51 family. They contain a
conserved sequence with five motifs, a structure mainly composed of α-helices and
a catalytic glutamate residue. The phosphoglycolipid antibiotic moenomycin binds
to the active site, competing with the newly synthesised glycan chain for the donor
site. E. coli contains four GT51 GTases: a monofunctional GTase (MtgA) and three
bifunctional class A PBPs (encoding also dd-TPase domain) known as PBP1A,
PBP1B and PBP1C (Sauvage et al. 2008). PBP1A and PBP1B are themost important
class A PBPs and both contain a non-catalytic domain (ODD in PBP1A and UB2H
in PBP1B) involved in the regulation of the GTase and TPase activities (Typas et al.
2010). Either PBP1A or PBP1B is required for cell viability (Yousif et al. 1985;
Kato et al. 1985). PBP1A is preferentially involved in the synthesis of PG during
cell elongation and PBP1B during septation. Both proteins are functionally semi-
redundant, meaning that the cell can compensate the absence of each other although
not under all tested conditions (Garcia del Portillo and de Pedro 1990, 1991; Denome
et al. 1999; Pepper et al. 2006; Ranjit and Young 2013). Several in vitro studies have
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characterised the activities of both proteins either alone (Barrett et al. 2004; Bertsche
et al. 2005; Born et al. 2006) or in presence of different interacting partners, as in
case of PBP1A and PBP2 (Banzhaf et al. 2012) or LpoA (Typas et al. 2010; Lupoli
et al. 2014), and PBP1B and FtsN (Müller et al. 2007) or LpoB (Typas et al. 2010;
Egan et al. 2014, 2018; Lupoli et al. 2014). The crystal structure of E. coli PBP1B
has been described in complex with different antibiotics (Sung et al. 2009; King et al.
2017). Crystal structures of other bifunctional PBPs from different bacteria are also
available (Jeong et al. 2013; Lovering et al. 2007; Yuan et al. 2007).

E. coli has two essential monofunctional dd-TPases or class B PBPs, PBP2 and
PBP3. Whereas PBP2 is required for cell elongation and its inactivation produces
a spherical phenotype, PBP3 is needed for septation and its inactivation generates
long filamented cells. In both cases cells eventually lyse. Crystal structures of E. coli
PBP3 and H. pylori PBP2 are solved (Sauvage et al. 2014; Contreras-Martel et al.
2017) (see section “Regulation of Peptidoglycan Growth” for further details on the
elongation and septation complexes).

Recently the SEDS family proteinRodAhas been described as aGTase. It does not
belong to the known GT51 family and is not inhibited by the antibiotic moenomycin.
The crystal structure of RodA from Thermus thermophilus has been solved (Meeske
et al. 2016; Cho et al. 2016; Emami et al. 2017; Sjodt et al. 2018). Future work will
show if the SEDS protein FtsW, essential for cell division, is also a GTase (Taguchi
et al. 2018).

LD-Transpeptidases

In E. coli only 5–15% of the PG cross-links are 3-3 (Glauner et al. 1988).
This transpeptidase reaction (ld-TPase) is catalysed by the non-essential ld-
transpeptidases (LDTs) (Magnet et al. 2008) that use a disaccharide-tetrapeptide
as acyl donor and form cross-links between two mDAP residues of adjacent stem
peptides. LDTs contain a catalytic cysteine residue (Mainardi et al. 2005) and are
insensitive to β-lactams, with the exception of carbapenems that also target PBPs
(Mainardi et al. 2007). Even though the 3-3 are the minor cross-links in the PG of
most bacteria, the LDTs are promising targets for new antimicrobial drugs against
important pathogens, and therefore they will be discussed in more detail.

Ldtfm, from an ampicillin-resistant Enterococcus faecium strain, was the first dis-
covered LDT with documented ld-TPase activity. In the presence of the antibiotic
E. faecium cells produce exclusively 3-3 cross-links (Mainardi et al. 2000, 2002,
2005). This alternative cross-linkage enables the bypass of PBPs and confers resis-
tance to β-lactam antibiotics, although a dd-CPase reaction is needed to produce
the tetrapeptides that can be used by the LDTs. Since then, Ldt homologues with a
catalytic YkuD like domain (PFAM 03744) have been found and described among
pathogen and non-pathogen Gram-positive and Gram-negative bacteria.

E. coli has six periplasmic LDTs (LdtA-F) with different functions. LdtC and
LdtE contain an N-terminal PG-binding lysin motif (LysM) domain, which is found
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in many cell wall hydrolases (Buist et al. 2008), suggesting that these enzymes may
be active when bound to PG. LdtA, LdtB and LdtC (ErfK, YbiS and YcfS) catalyse
the covalent attachment of the outer membrane lipoprotein Lpp (Braun’s lipoprotein)
to PG, stabilizing the cell envelope (Magnet et al. 2007). These enzymes link the
ε-amino group of the C-terminal lysine of Lpp to the α-carboxyl group of the mDAP
residue in the stem peptide of the PG (Fig. 5.4). Lpp is a small α-helical protein
that with 1 million molecules per cell is the most abundant protein in E. coli (Li
et al. 2014). Lpp is anchored to the outer membrane by a lipid moiety composed of
acyl chains attached to the cysteine residue at its N-terminus. Under normal growth
conditions, about one third of the Lpp molecules are linked to PG (Inouye et al.
1972). LdtD and LdtE (YcbB and YnhG) form 3-3 cross-links (Fig. 5.4) (Magnet
et al. 2008). The expression of ldtD is regulated by the Cpx pathway, which mediates
adaption to cell envelope stress (Bernal-Cabas et al. 2015). In response to Cpx-
activated conditions the production of LdtD is upregulated resulting in increased 3-3
cross-linkage, suggesting a role for LdtD under cellular stress conditions (Bernal-
Cabas et al. 2015; Delhaye et al. 2016). Furthermore, LdtD is twice the size of the
other E. coli LDTs and shares lower sequence similarity with them (Sanders and
Pavelka 2013). LdtF (YafK) is an Ldt homolog protein with yet unknown enzymic
function, although a role in biofilm formation has been suggested in pathogenic E.
coli (Sheikh et al. 2001). The deletion of all six ldt genes leads to a lack of 3-3 cross-
links and a reduction in Lpp-PG attachment, indicating the non-essentiality of these
enzymes (Peters et al. 2018). Remarkably, the ampicillin resistant E. coli strain M1
shows elevated levels of the alarmone (p)ppGpp and is able to replace the dd-TPase
activity of the PBPs by production of the β-lactam-insensitive LdtD (Hugonnet et al.
2016). This finding shows a new mode of PG polymerization in E. coli requiring the
GTase activity of PBP1B, the dd-CPase activity of PBP5 and the ld-TPase activity
of LdtD (Hugonnet et al. 2016).

LDTs play important roles in different pathogenic bacteria. The formation of 3-3
cross-links is essential for the virulence of the pathogen Salmonella enterica serovar
Typhi. In this organism the secretion of the typhoid toxin depends on the activity of the
N-acetyl-β-d-muramidase TtsA, which hydrolyses the 3-3 cross-links synthesised by
the LDTYcbB (Geiger et al. 2018). LDTs fromE. coli andE. faecium are inhibited by
copper ions at sub-millimolar concentrations, likely through the binding to the thiol
group of the catalytic cysteine residue and its activity inhibition. The resulting lack
of 3-3 cross-links and the decrease in the Lpp-PG attachment impair the robustness
of the cell envelope (Peters et al. 2018). Additionally this inhibition counteracts the
LDT-mediated β-lactam resistance of E. coli and E. faecium strains (Peters et al.
2018). The PG of C. difficile andM. tuberculosis is predominantly 3-3 cross-linked,
with several LDTs encoded in each organism, suggesting an important role for these
enzymes (Peltier et al. 2011; Lavollay et al. 2008, 2011; Sutterlin et al. 2018). The
deletion of two of the three LDTs in C. difficile leads to a significant decrease in
3-3 cross-links, partially compensated by an increase in 4-3 cross-links by PBPs,
and a less cross-linked PG (Peltier et al. 2011). Attempts to inactivate the third
LDT have been unsuccessful. Out of the five LDT homologues in M. tuberculosis
(LdtMt1–LdtMt5), LdtMt2 is the dominant one, as its inactivation causes altered colony
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morphology, loss of virulence and increased susceptibility to amoxicillin (Gupta
et al. 2010). The ld-TPase activity of LdtMt2 requires an amidated mDAP in the stem
peptide, catalysed by the amidotransferase AsnB (Ngadjeua et al. 2018). LdtMt1,
LdtMt3, LdtMt4 and LdtMt5 are all of similar size and share an amino acid sequence
identity of 28–36% with LdtMt2. The crystal structure of LdtMt5 shows structural
and functional differences to the other LDTs, since it contains a different catalytic
site and a proline rich C-terminal domain. Cells lacking a functional LdtMt5 displays
aberrant growth and increased sensitivity to osmotic shock and certain carbapenems,
indicating its critical role inmaintaining the cell wall integrity (Brammer et al. 2015).

Peptidoglycan Hydrolysis and Remodelling

E. coli cells coordinate the synthesis of PG with the cleavage of the pre-existing
PG material by dedicated hydrolases to incorporate new PG into the sacculi. PG
hydrolases are also involved in autolysis, maturation, turnover and recycling of PG,
showing substrate and PG-linkage specificity. According to the cleavage site they
can be classified asN-acetylmuramoyl-l-Alanine amidases (amidases), carboxypep-
tidases, endopeptidases and lytic transglycosylases (van Heijenoort 2011; Vollmer
et al. 2008b) (Fig. 5.4). Further information about the PG-recycling and β-lactamase
induction pathways can be found in different reviews (Park and Uehara 2008; Juan
et al. 2017; Dik et al. 2018).

N-Acetylmuramoyl-L-Alanine Amidases

Amidases specifically cleave the amide bond linking the l-Ala residue of the stem
peptide to theMurNAc subunit of themuropeptide.E. coli contains five different ami-
dases, which are grouped in two superfamilies based on the amino acid sequence sim-
ilarity: AmiA,AmiB andAmiC (pfam: amidase 3) andAmpD andAmiD (pfam: ami-
dase 2). AmiA, AmiB and AmiC exhibit specificity for MurNAc substrates, AmpD
for 1,6-anhydro-MurNAc, and AmiD cleave both MurNAc and 1,6-anhydro-MurNAc
substrates.

AmiA, AmiB and AmiC are exported to the periplasm via the Tat system (AmiA
and AmiC) and through the Sec translocon (AmiB) (Ize et al. 2003; Bernhardt and
de Boer 2003). Although AmiB and AmiC are recruited to the septal position during
cell division, and AmiA remains dispersed throughout the cell periplasm (Bernhardt
and de Boer 2003; Peters et al. 2011), all of them perform redundant reactions that
compensate the absence of the others. The inactivation of all three amidases results
in cell chains, in which daughter cells are not separated from each other. Single
and double mutants have milder phenotypes, showing shorter cell chains (Heidrich
et al. 2001). Genetic evidences indicate a partially redundant role of the Rcs and
Cpx stress responses in supporting the growth and viability of the triple mutant
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(Yakhnina et al. 2015). The activity of the amidases is dependent on the presence
of two LytM-domain containing proteins, EnvC and NlpD, as the inactivation of
both genes shows the same cell chain phenotype than the triple amiABC mutant.
Their LytM-domains do not contain the residues required for the coordination of
the catalytic Zn2+ ion and lack the ion itself (Uehara et al. 2009, 2010; Peters et al.
2013), typical from themetallo-peptidase familyM23 (Pfam: Peptidase_M23). EnvC
activates AmiA and AmiB in the outer-leaflet of the cytoplasmic membrane, and the
outermembrane-anchored lipoproteinNlpDactivatesAmiC (Uehara et al. 2010). The
structure of AmiC (Rocaboy et al. 2013) and studies on AmiB show the presence
of a conserved α-helix blocking the access to the catalytic site (Yang et al. 2012).
Conformational changes induced by the interactionwith the activator enable the open
access to the active site (Yang et al. 2012) (see section “Regulation of Peptidoglycan
Growth” for further details on EnvC and NlpD functioning).

AmpD is a cytoplasmic Zn2+-dependent amidase required for the PG-recycling
process during bacterial cell growth. The specificity for 1,6-anhydro-MurNAc con-
taining substrates (Jacobs et al. 1995) preventsAmpDof interferingwith the synthesis
of cell wall precursors. The inactivation of AmpD leads to the accumulation of its
substrate 1,6-anhydro-MurNAc-l-Ala-d-iGlu-mDAP (Jacobs et al. 1994).

AmiD is an outer membrane-anchored lipoprotein with Zn2+-dependent amidase
activity. It cleaves the amide bond of intact PG or soluble fragments containing
tri-, tetra- or pentapeptides, regardless of the presence or absence of 1,6-anhydro-
MurNAc (Uehara and Park 2007; Pennartz et al. 2009). AmpD and AmiD are the
only proteins with specificity for 1,6-anhydro-MurNAc substrates (Uehara and Park
2007). A reaction mechanism has been proposed based on the crystal structures of
AmiD, alone and in complex with either the 1,6-anhydro-MurNAc-tripeptide or the
tripeptide (Kerff et al. 2010). AmiD is not required for cell separation (Uehara and
Park 2007).

Lytic Transglycosylases

Lytic transglycosylases (LTs) are periplasmicN-acetylmuramidases that catalyse the
cleavage of theβ-1,4 glycosidic bondbetweenMurNAcandGlcNAc, generating a 1,6-
anhydro bond in the MurNAc. The resultant muropeptides containing 1,6-anhydro-
MurNAc are transported from periplasm to cytoplasm, via the transmembrane protein
AmpG.The cleavage reactionperformedbyLTs can takeplace at the endof the glycan
chains (exolytic activity) or within them (endolytic activity). E. coli contains eight
LTs (MltA-MltG and Slt). LTs are functionally redundant and the absence of six of
them (MltA-E and Slt) does not affect cell viability although generates cell chain
phenotype (Heidrich et al. 2002). RlpA, recently described as an interacting partner
of the cell division protein FtsK in E. coli (Berezuk et al. 2018), is considered a LT
based on its activity in P. aeruginosa (Jorgenson et al. 2014). Slt is a periplasmic
LT, MltA-F are outer membrane-anchored lipoproteins, and MltG is anchored to
the outer-leaflet of the cytoplasmic membrane. LTs are classified based on their
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domain architecture, belonging to family 1 (Slt, family 1A; MltC, family 1B; MltE,
family 1C; MltD, family 1D; MltF, family 1E), family 2 (MltA), family 3 (MltB)
and YceG-family (MltG). Slt is described in more detail in the following lines, and
further information about LTs can be found in different reviews (van Heijenoort
2011; Dik et al. 2017; Alcorlo et al. 2017).

Slt has a main exolytic activity performed on non cross-linked muropeptides
containing stem peptides, although a low endolytic activity has been described (Lee
et al. 2013, 2018). It has a “doughnut-shaped” structure, as shown in complexwith the
specific inhibitor bulgecin or the 1,6-anhydro-muropeptide (Thunnissen et al. 1994,
1995; van Asselt et al. 1999). Recent works with P. aeruginosa Slt and Neisseria
meningitidis LtgA suggest that conformational rearrangements on the active site take
place during the hydrolytic reactions (Lee et al. 2018;Williams et al. 2018). InE. coli
Slt interacts with the PG synthases PBP1B, PBP1C, PBP2 and PBP3, and with the
PG endopeptidase PBP7 (Romeis and Höltje 1994b; von Rechenberg et al. 1996).
In the absence of slt, or protein inactivation by addition of bulgecin, cells do not
show different phenotype or alter the PG composition but modified sensitivity to
certain β-lactams. Inactivation of PBP3 in slt mutant cells produces bulges and rapid
lysis (Templin et al. 1992), instead of cell filamentation and lysis as in WT cells
(Spratt 1975). The sensitivity to the PBP2-specific inhibitor mecillinam in slt cells
depends on the FtsZ protein levels, being more sensitive at WT levels (Templin et al.
1992) and more resistant at high levels (Vinella et al. 1993). The hypersensitivity
to mecillinam has been described as a consequence of the accumulation of newly
synthesised PG glycan chains and its misincorporation into the sacculus by LDTs. In
WT cells the non cross-linked new PG glycan chains are removed by Slt, contributing
to the increased PG turnover by the β-lactam mecillinam stress response (Cho et al.
2014).

Endopeptidases

Endopeptidases (EPases) catalyse the cleavage of the amide bonds between amino
acids from different stem peptides. According to the substrate specificity, they are
classified as dd-endopeptidases (dd-EPases) and ld-endopeptidases (ld-EPases).
dd-EPases cleave the bond formed by the 4-3 cross-links, in E. coli between d-Ala
at position four from one stem peptide and mDAP at position three from a different
stem peptide. ld-EPases show specificity for the bond formed by the 3-3 cross-links,
in E. coli between the mDAP residues at position three of different stem peptides.
E. coli contain seven proteins encoding for dd-EPase activity, three of them are
sensitive to β-lactams (the class C PBPs PBP4, PBP7 and AmpH) and four are
insensitive to β-lactams (MepA, MepH, MepM and MepS). The absence of each
single protein does not change the cell phenotype, indicating functional redundancy
between them. Recently it has been shown that the overproduction of MepA, MepM,
PBP7 or MepS confers resistance to mecillinam through the stimulation of the PG
synthesis by PBP1B (Lai et al. 2017).
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PBP4 is a periplasmic protein that shows partial association with the cytoplas-
mic membrane (Korat et al. 1991; Jacoby and Young 1988; Leidenix et al. 1989). In
addition to thedd-EPase activity, PBP4 also showsdd-carboxypeptidase (dd-CPase)
activity (see section “Carboxypeptidases”), using either solublemuropeptides or iso-
lated PG as substrate (Korat et al. 1991; Li et al. 2004; Clarke et al. 2009). The crystal
structure of the protein alone and bound to different antibiotics shows three different
domains and the formation of a soluble dimer (Kishida et al. 2006). Residues close
to the catalytic serine encoded in the domain I are required for the accommodation
of the mDAP residue of the stem peptide substrate (Clarke et al. 2009). In vivo stud-
ies based on the combination of gene deletions suggest a role for PBP4 in different
cell processes including cell morphology, separation of daughter cells and biofilm
formation (Meberg et al. 2004; Priyadarshini et al. 2006; Gallant et al. 2005).

The periplasmic protein PBP7 shows a loose association with the cytoplasmic
membrane,which can be abolished by high salt treatment (Romeis andHöltje 1994a).
A C-terminal truncated variant, identified as PBP8, led to confusion in the past
(Henderson et al. 1994). PBP7 shows dd-EPase activity when isolated PG is used
as substrate, but not in case of purified dimeric muropeptides (Romeis and Höltje
1994a). It interacts with Slt, which enhances its LTase activity (Romeis and Höltje
1994b). The inactivation or overproduction of PBP7 does not generate any cellular
defect (Henderson et al. 1995). Combined inactivation of PBP7, PBP4 and PBP5
enhances the morphological defects caused by the absence of PBP5 (main dd-CPase
in E. coli) (Meberg et al. 2004), and the additional inactivation of AmpH activates
the Rcs phosphorelay and Cpx stress responses (Evans et al. 2013).

AmpH is a periplasmic protein associated to the cytoplasmic membrane, despite
the lack of any membrane anchoring domain. In contrast to PBP4 and PBP7, high
salt treatment does not dissociate the protein from the membrane fraction, requiring
detergent for that purpose. AmpH displays dd-EPase and dd-CPase activities using
both intact sacculi and isolated dimeric muropeptides as substrates, and weak β-
lactamase activity (Gonzalez-Leiza et al. 2011). Inactivation of AmpH does not
cause any defect in the cell, unless it is combined with other mutations producing
morphological changes (Henderson et al. 1997) or stress response activation (Evans
et al. 2013). A role in PG recycling and remodelling has been suggested based on
the wide range of substrates used by AmpH.

MepA is a periplasmic protein belonging to the LAS metallopeptidase family
(lysostaphin-type enzymes, d-alanyl-d-alanine CPase, and sonic hedgehog protein),
which is characterised for the presence of a Zn2+-binding site in the catalytic domain.
It shows dd-EPase activity on intact sacculi and isolated muropeptides (Keck and
Schwarz 1979; Firczuk and Bochtler 2007) and ld-EPase activity on intact sac-
culi (Engel et al. 1992). The conserved metal ligands are required for the correct
folding and catalytic activity of the protein (Firczuk and Bochtler 2007), which
can be inhibited by DNA, lipoteichoic acid and metal-chelating agents (Tomioka
and Matsuhashi 1978; Keck and Schwarz 1979). Inactivation or overproduction
of MepA does not cause any change in the PG composition or cell phenotype
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(Iida et al. 1983; Keck et al. 1990). The combined inactivation of PBP4, PBP7 and
MepA does not cause any defect in the cell, but enhances the cell chain phenotype
due to the absence of amidases and LTs (Heidrich et al. 2002).

MepH, MepM and MepS, in contrast to the previously described EPases, are
redundantly essential as their absence cause cell lysis (Singh et al. 2012). MepH
is a periplasmic protein of the NlpC/P60 peptidase superfamily with the conserved
Cys-His-His catalytic triad (Aramini et al. 2008). MepM is a bitopic cytoplasmic
membrane protein of the metallopeptidase family M23, containing the characteris-
tic LytM domain and the catalytic Zn2+-binding site. Both proteins show dd-EPase
activity against isolatedmuropeptides and, partially, intact sacculi (Singh et al. 2012).
MepS is an outer membrane-anchored lipoprotein belonging to the NlpC/P60 pep-
tidase superfamily, which shows dd-EPase and weak ld-CPase activity against iso-
lated muropeptides but not against intact sacculi (Singh et al. 2012). MepS protein
levels are higher during exponential phase, being modulated by the proteolytic sys-
tem NlpI-Prc (Singh et al. 2015). NlpI is an outer membrane-anchored lipoprotein
containing tetratricopeptide-repeats that facilitates the interaction between MepS
and the periplasmic protease Prc (Singh et al. 2015; Su et al. 2017). A reaction
mechanism for the degradation of MepS has been proposed based on the crystal
structure and biophysical and mutational analyses of the NlpI-Prc complex (Su et al.
2017). The impairment of this proteolytic system alters the morphology of the cells
at high-salinity growth conditions (Kerr et al. 2014), changes the PG dynamics in
stationary phase, decreases the Lpp-PG attachment and increases the formation of
outer membrane vesicles (Schwechheimer et al. 2015).

Carboxypeptidases

Carboxypeptidases (CPases) remove the terminal residues from stempeptides.E. coli
encodes for six non-essential dd-CPases (PBP4, PBP4b, PBP5, PBP6, PBP6b and
AmpH) that remove the d-Ala residue from pentapeptides, and one cytoplasmic ld-
CPase (LdcA) that removes the d-Ala residue from tetrapeptides. PBP4 and AmpH
also show dd-EPase activity and were described in the section “Endopeptidases”.

PBP4b is a non-essential protein, showing sequence homology to AmpH and
weak dd-CPase activity on artificial substrate (Vega and Ayala 2006) but not on
natural isolated muropeptides (J. Ayala, unpublished results mentioned in Sauvage
et al. 2008).

PBP5 is one of the best characterised and most abundant PBP in the cell. It is a
membrane protein anchored to the outer leaflet of the cytoplasmic membrane by its
C-terminal amphipathic helix. It shows sequence similarities with PBP4, PBP6 and
certain β-lactamases, and has been recently described to dimerise (Meiresonne et al.
2017). The crystal structure of a soluble form of PBP5 shows the presence of an
N-terminal domain (domain I) including the catalytic site and a C-terminal domain
(domain II) containing a hydrophobic surface and the mentioned membrane-binding
helix. The domain I contains a�-loop-like region, similar to the one found in certain
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β-lactamases, which is essential for keeping the β-lactam resistance and the cell
shape (Dutta et al. 2015; Kar et al. 2018). The function of the domain II is not well
known, although it seems to be required for the stabilization and full function of the
protein. It shows dd-CPase activity against soluble muropeptides and cross-linked
and uncross-linked PG. Although non-essential, the loss of PBP5 activity causes cell
shape defects and an increase in the pentapeptide content in the PG. These shape
defects are enhanced and lead to the formation of branches when combined with
the absence of other PBPs. Variations in the level of the cell division protein FtsZ
and in the formation of the FtsZ-ring structure also enhance the cell shape defects
(Varma and Young 2004; Varma et al. 2007; Potluri et al. 2012a). PBP5 localizes to
areas of ongoing PG synthesis, meaning along the lateral cell wall and at division
sites before septation starts (preseptal sites) (Potluri et al. 2010). The absence of the
membrane binding helix does not affect the catalytic activity of the protein, although
the resultant soluble PBP5 does not localize at preseptal sites or restore the phenotype
in mutant cells, as also observed for inactive PBP5 variants (Nelson and Young 2000;
Nelson et al. 2002; Potluri et al. 2010). Overproduction of PBP5 causes non-viable
spherical cells (Markiewicz et al. 1982), suggesting a role for PBP5 in regulation
of the pentapeptide subunits required for the formation of cross-links by dd-TPase.
The combination of the dd-CPase activity of PBP5, the ld-TPase activity of LdtD
and the GTase activity of PBP1B has been described to bypass the dd-TPase activity
of the PBPs (Hugonnet et al. 2016).

PBP6 and PBP6b have strong sequence and structural similarities with PBP5,
including the C-terminal membrane anchor that can substitute the one from PBP5
(Nelson et al. 2002). PBP6 showsweaker activity thanPBP5against similar substrates
(Amanuma and Strominger 1980). In the absence of PBP5, the main dd-CPase
activity is performed by PBP4 at neutral pH, and by PBP6b at low pH. The role of
PBP6b at low pH is also supported by its ability to maintain the WT cell shape in
the absence of PBP5 (Peters et al. 2016).

Regulation of Peptidoglycan Growth

During the E. coli cell cycle the PG sacculus is enlarged and split through the enzy-
matic activities encoded in the protein complexes named elongasome and divisome,
which facilitate cell elongation and cell division, respectively. Both, synthetic and
hydrolytic activities are required for the incorporation of the new PGmaterial, as pro-
posed in the 3-for-1 growthmodel (Höltje 1998). The control of these activities, from
the cytoplasm by the cytoskeletal proteins and from the periplasmic side by outer
membrane and periplasmic proteins, ensures the precise and coordinated synthesis
of new PG. The composition and functioning of both elongasome and divisome are
largely unknown. However, the protein interactions described in the literature sup-
port the formation of these multienzymatic complexes, although it is unlikely that all
the interactions take place at the same time (Fig. 5.5) (Typas et al. 2011; Egan and
Vollmer 2013). The presence of large sets of seemingly redundant enzymes, under
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Fig. 5.5 Components of themultienzymatic complexes suggested for new PG incorporation during
cell growth and division in E. coli. The hydrolytic enzymes (amidases, LTs and EPases) are not
specified, as their coordination with the synthetic activities remains largely unknown in each case.
LTs, lytic transglycosylases; EPases, endopeptidases

laboratory standard conditions, may be required to ensure a robust peptidoglycan
growth under the different environmental conditions (Pazos et al. 2017).

Regulation of Peptidoglycan Synthesis by the Cytoskeletal
Proteins

The elongasome is required for the elongation and shape maintenance of rod-shape
cells. It contains the synthetic activities of RodA (GTase), PBP2 (TPase) and PBP1A
(GTase and TPase). The activity of the elongasome is regulated by the cytoskeletal
protein MreB and the membrane-associated MreC, MreD and RodZ proteins. MreB
is an actin homolog that polymerizes in an ATP-dependent manner into dynamic
double antiparallel filaments (van den Ent et al. 2014), which localize on the inner-
leaflet of the cytoplasmic membrane in a curvature-dependent way and rotate along
the short cell axis as patches (Garner et al. 2011). MreB binds directly to the mem-
brane through its N-terminal amphiphatic helix (Salje et al. 2011). The disruption
of these filaments has an impact on the cell shape, including the eventual spheri-
cal phenotype obtained after inactivation of MreB (Kruse et al. 2005). The MreB
inhibitor A22 competes for the ATP binding pocket of MreB, which is not able to
polymerize and remains homogeneously localized in the cytoplasm. The presence of
A22-blocked MreB monomers reduces the characteristic growth heterogeneity and
generates cell wall growth at the poles (Ursell et al. 2014), which were previously
suggested to be inert (de Pedro et al. 1997). Cell poles are enriched in cardiolipin
and phosphatidylglycerol, which prevent the localization of MreB filaments but not
of MreB monomers (Kawazura et al. 2017). The fact that MreB motion requires an
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active elongasome, and the elongasomecan function in the absence of an activeMreB,
suggests a passive role ofMreB in guiding the elongasome (van Teeffelen et al. 2011;
Ursell et al. 2014). Single particle tracking data showed that these protein complexes
are very dynamic, as observed by the different motion of PBP2 and MreB (Lee et al.
2014), the presence of MreB-like slower subpopulations of RodA and PBP2 (Cho
et al. 2016) or the fast and diffusive behaviour of the class A PBPs (Cho et al. 2016;
Lee et al. 2016), which can be modified either by specific inhibitors or activators
(Lee et al. 2016). MreB localization requires a functional Sec-translocon system for
the correct insertion of RodZ into the membrane (Govindarajan and Amster-Choder
2017; Rawat et al. 2015). RodZ is required for the attachment of MreB filaments to
the cytoplasmic membrane, modulating their localization in the cell (Colavin et al.
2018; Bratton et al. 2018). Further information about MreB and associated proteins
can be found in reviews (Errington 2015; Shi et al. 2018).

Despite the essentiality of MreB and the elongasome, the overproduction of the
tubulin homolog FtsZ is able to restore cell viability, but not rod-shape, upon deletion
of any of them (Bendezu and de Boer 2008). Although the mechanism of this FtsZ-
mediated rescue is not clear, it is known that both MreB and FtsZ interact directly at
the cell division site and that this interaction is essential for cell division but not for
rod-shape maintenance. An impaired interaction is lethal for the cell, which shows
neither preseptal nor septal PG synthesis (Fenton and Gerdes 2013). Preseptal PG is
synthesised at the future division site before any constriction is visible, in a PBP3-
independent manner. It is considered as a transition stage between cell elongation and
cell division, or an early cell division stage (Nanninga 1991; de Pedro et al. 1997).
So far, in E. coli only the cell division proteins FtsZ and ZipA, and either PBP1A or
PBP1Bare described as essential proteins for preseptal PG synthesis. Several proteins
from the elongasome or divisome are not required, e.g. RodA, FtsA, FtsEX, FtsK
or FtsQ (Potluri et al. 2012b). ZipA links the cytosolic Z-ring and the PG synthases
PBP1A or PBP1B, an essential role that can be compensated by the mutant FtsA*
presumably bound to FtsN (Fig. 5.5) (Pazos et al. 2018). In the absence of both ZipA
and FtsN, the cells are not viable and do not synthesise preseptal PG. Further work
is required to study the essentiality of the preseptal PG synthesis for the correct cell
septation.

The divisome is involved in the septation and separation of the two daughter
cells. Several proteins are required for the correct assembly and functioning of the
divisome and many described interactions support the hypothesis of a multiprotein
complex (Fig. 5.5) (reviewed in Egan and Vollmer 2013). The synthesis of the septal
PG is carried out by PBP1B (GTase and TPase) and PBP3 (TPase). Controversial
results about the SEDS family protein FtsW propose that either it is a lipid II flippase
or a GTase. Future work will clarify its role. The cell division protein FtsZ is the
scaffold inwhich the divisome is build up. FtsZ polymerizes into a ring-like structure,
termed the Z-ring. FtsZ polymerization and depolymerization requires the binding
and hydrolysis of GTP, respectively. These filaments are bound to the inner-leaflet of
the cytoplasmic membrane by the membrane-attached proteins FtsA and ZipA. The
GTP hydrolysis generates conformational changes in the FtsZ filaments that adopt
a curved shape (Lu et al. 2000), which has been proposed to supply the constriction



150 M. Pazos and K. Peters

force in liposomes (Osawa et al. 2008; Osawa and Erickson 2013). The cellular
localization of the Z-ring is regulated by the Min system, the nucleoid occlusion,
and the Ter region of the chromosome (reviewed in Schumacher 2017; Wettmann
and Kruse 2018; Bailey et al. 2014a). The placement of the Z-ring at mid-cell is
essential to generate two identical daughter cells after septum synthesis and cleavage.
Septal PG synthesis is guided and driven by the dynamic FtsZ polymers, whichmove
around the ring structure by treadmilling (Yang et al. 2017; Bisson-Filho et al. 2017).
Remarkably, in the round-shaped bacteria S. aureus the recruitment of the proposed
lipid II flippaseMurJ to the divisome speeds up the synthesis of septal PGandmakes it
independent of FtsZ-treadmilling (Monteiro et al. 2018). InE. coli, FtsZ is not present
at the division site during the whole process of septation, as it moves to the future cell
division sites before constriction is finished (Soderstrom et al. 2014, 2016). Instead of
that, the cell division proteins FtsN and PBP3, both spatially separated from the FtsZ
ring, remain at division site until septum synthesis is completed (Soderstrom et al.
2016, 2018). PBP3 activity, but not FtsZ, has been shown to be the main regulator of
septum closure (Coltharp et al. 2016), leading to different models about the source of
constrictive force (Xiao and Goley 2016; Schoenemann and Margolin 2017; Holden
2018).

Regulation of Peptidoglycan Synthesis from the Periplasmic
Side

E. coli contains periplasmic proteins that regulate the activities of the PG multienzy-
matic complexes. LpoA and LpoB are two outer membrane-anchored lipoproteins
that activates the synthetic activities of PBP1A and PBP1B, respectively. The pres-
ence of one of these proteins is essential for cell viability, in a similar way to PBP1A
and PBP1B, suggesting that the Lpo’s are required for the proper functioning of the
PBPs (Typas et al. 2010; Paradis-Bleau et al. 2010). The regions involved in the
interaction with their cognate PBPs are identified (Jean et al. 2014; Egan et al. 2014;
King et al. 2014; Sathiyamoorthy et al. 2017). In vitro studies have shown that LpoA
stimulates the TPase activity of PBP1A, and LpoB stimulates both GTase and TPase
activities of PBP1B (Lupoli et al. 2014; Egan et al. 2014, 2018). The identification
of PBP1B mutants able to bypass the in vivo requirement of LpoB support the role
of LpoB in PBP1B activation (Markovski et al. 2016). It has been hypothesised that
the activation by Lpo’s could regulate the PG enlargement depending on the sacculus
pores size, which might be different depending on the cellular growth rate (Typas
et al. 2010).

During cell division several proteins have been shown to regulate and coordinate
the activity of the PG synthases and hydrolases. In the next lines some recent results
are briefly mentioned, including the Tol-Pal complex, FtsN and PG amidases. The
Tol-Pal complex is a well conserved system in Gram negative bacteria and includes
cytoplasmic membrane, periplasmic and outer membrane proteins. These proteins
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interact with each other and, in the presence of proton motive force, maintain the
stability of the outer membrane (Cascales et al. 2000, 2001, 2002). TolA and CpoB
interact directly with PBP1B and regulate its synthetic activities. TolA enhances the
GTase activity of PBP1B, either in presence or absence of LpoB, and CpoB decreases
the TPase activity of PBP1B in presence of LpoB without interfering with the GTase
activation (Gray et al. 2015; Egan et al. 2018). The CpoB effect can be reverted by
TolA (Gray et al. 2015).

FtsN is considered the septation trigger, as it is mainly recruited at late stages of
cell division just before constriction starts. This recruitment is due to the binding
of its periplasmic SPOR (sporulation-related repeat) domain to PG glycan chains
(Ursinus et al. 2004) lacking the stem peptides, suggesting that it follows the action
of amidases (Yahashiri et al. 2015). The cytoplasmic region of FtsN is required
for an earlier recruitment of FtsN to midcell by the interaction with FtsA (Busiek
et al. 2012; Busiek and Margolin 2014; Pichoff et al. 2015). Whereas favouring the
FtsA-FtsN interaction the cell bypasses different impairments in other cell division
proteins (Pichoff et al. 2018), point mutations in FtsA abolish the essentiality of FtsN
(Bernard et al. 2007). The essentiality of FtsN seems to be encoded in a small peptide
from the periplasmic domain (Gerding et al. 2009; Liu et al. 2015), which would
be involved in the eventual activation of septation. FtsN interacts with different cell
division proteins including the PG synthases PBP3 and PBP1B, and the potential PG
synthase FtsW (Di Lallo et al. 2003; Müller et al. 2007; Alexeeva et al. 2010), and
in vitro experiments have shown that FtsN enhances both GTase and TPase activities
of PBP1B (Müller et al. 2007). Due to the non-essentiality of PBP1B, the activation
of PBP3 and/or FtsW is likely to be the final target of FtsN. Genetic evidences have
shown that the conserved cell division proteins FtsQLB are involved in this activation
pathway (Liu et al. 2015; Tsang and Bernhardt 2015).

E. coli contains three PG amidases (AmiA,AmiB andAmiC) required for splitting
the PG sacculi of two daughter cells during septation, although only AmiB andAmiC
are recruited to the division site. Their catalytic activities are regulated by protein
activators: AmiA and AmiB by EnvC, and AmiC by NlpD. The correct localization
of both activators is essential for the temporal and spatial regulation of the amidase
activities. EnvC is localized at preseptal positions (Peters et al. 2011) by the cell
division ATP-binding cassette complex FtsEX, in which FtsE is the cytoplasmic
nucleotide-binding protein and FtsX is the integral membrane component that binds
to EnvC (de Leeuw et al. 1999; Yang et al. 2011). Conformational changes in FtsX,
driven by theATPase activity of FtsE, are essential for the amidase activation byEnvC
(Yang et al. 2011). NlpD, as EnvC, it is located at the division site before septal PG
is synthesised (Peters et al. 2011). Additional proteins, as the Tol-Pal complex and
YraP, are required for the activation of AmiC by NlpD (Tsang et al. 2017).
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Fluorescent D-Amino Acids as Tools

The recent development of new fluorescent d-amino acids (FDAAs), combined with
the continuous improvement of microscopic techniques, enables the visualization of
PG synthesis, remodelling and dynamics in high resolution. These powerful tools are
used to study PG synthesis processes during cell elongation and division in diverse
Gram-positive and Gram-negative bacteria. The FDAAs designed by VanNieuwen-
hze’s andBrun’s labsmimic the acyl acceptor during thePGsynthesis reaction and are
thought to be incorporated into the stem peptides through a d-amino-exchange reac-
tion performed by either dd-TPase (Lupoli et al. 2011) or dd-CPase and ld-TPase
activities (Cava et al. 2011; Hsu et al. 2017) (Fig. 5.4). Based on their specificity,
FDAAs efficiently label the active PG synthesis sites with minimal cell toxicities
(Kuru et al. 2012). FDAAs have been successfully used in many PG studies of
diverse species, providing new insights about PG synthesis, recycling and turnover
(for a detailed review about FDAAs, including an updated list of studies using them
(see Radkov et al. 2018)).

Concluding Remarks

In the last years we have gained insight into many different aspects of the bacterial
cell wall, but we are still far from understand this complex cellular structure. The
introduction of new tools and technologies (as FDAAs, high resolution microscopy
or high-throughput genetic screenings), combined with the multidisciplinary con-
tribution to the field, is currently boosting the knowledge of the field. Besides the
new biophysical and structural approaches, the better understanding of the essential
proteins roles might lead to the identification of new antimicrobial drug targets, for
example the LDTs. New antimicrobial drugs are required to reduce the dramatic
spread of multidrug resistant bacteria. In terms of basic knowledge, the formation
and coordination of the elongasome and divisome complexes remain elusive. The
further characterisation of the transition between both elongation and division, and
the following septum formation and cell constriction will aid the comprehension of
this complex but exciting macromolecule, the peptidoglycan.
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Chapter 6
The Periplasmic Chaperones Skp
and SurA

Guillaume Mas, Johannes Thoma and Sebastian Hiller

Abstract The periplasm of Gram-negative bacteria contains a specialized chaper-
one network that facilitates the transport of unfolded membrane proteins to the outer
membrane as its primary functional role. The network, involving the chaperones Skp
and SurA as key players and potentially additional chaperones, is indispensable for
the survival of the cell. Structural descriptions of the apo forms of these molecular
chaperones were initially provided by X-ray crystallography. Subsequently, a com-
bination of experimental biophysical methods including solution NMR spectroscopy
provided a detailed understanding of full-length chaperone–client complexes. The
data showed that conformational changes and dynamic re-organization of the chap-
erones upon client binding, as well as client dynamics on the chaperone surface are
crucial for function. This chapter gives an overview of the structure-function rela-
tionship of the dynamic conformational rearrangements that regulate the functional
cycles of the periplasmic molecular chaperones Skp and SurA.

Keywords Molecular chaperones · Protein folding · Periplasm · Gram-negative
bacteria · Protein structure · Protein dynamics
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OMP Outer membrane protein
PPIase Parvulin-like peptidyl-prolyl isomerase
PRE Paramagnetic relaxation enhancement
SAXS Small angle X-ray scattering
Skp Seventeen Kilodalton Protein
SurA Survival factor A

Introduction

For Gram-negative bacteria, such as E. coli, around 35% of the proteome is directed
to the bacterial cell envelope (Krogh et al. 2001; Orfanoudaki and Economou 2014;
De Geyter et al. 2016; Tsirigotaki et al. 2017). The cell envelope is composed of two
membranes: the inner membrane and the outer membrane, which are separated by
the aqueous periplasm (VanWielink andDuine 1990). The periplasm is a viscous and
oxidizing compartment that contains a thin layer of peptidoglycan playing a structural
role as a bacterial cell wall. Periplasmic proteins are synthesized as pre-proteins in the
cytoplasm and are subsequently translocated across the inner membrane by either
of two secretory pathways, depending on the signal sequence they carry, the Sec
machinery and the twin arginine translocation (TAT) system (Wickner et al. 1991;
Driessen et al. 2001; Natale et al. 2008; Lycklama et al. 2012; Tsirigotaki et al. 2017).

Thereby, the majority of proteins are processed by the Sec machinery, which
translocates its clients in an unfolded conformation. As proteins exit the Sec machin-
ery and enter the periplasm, a complex chaperone network in charge of protein quality
control ensures their folding and integrity. The network comprises two main path-
ways for clients, the protection of protein folding under stress conditions and the
transport of client proteins towards the outer membrane. The first pathway includes
the chaperones HdeA/HdeB, which are activated by a pH-controlled mechanism that
helps to prevent protein aggregation in acidic environment (Hong et al. 2005; Kern
et al. 2007; Ding et al. 2015; Zhang et al. 2016; Yu et al. 2017; Salmon et al. 2018; Yu
et al. 2018), and the chaperone Spy (Quan et al. 2011; Stull et al. 2016;He et al. 2016).
The second pathway, the transport of outer membrane proteins (OMPs) through the
periplasm is controlled by the network of two chaperones SurA and Skp (Bitto and
McKay 2002; Walton and Sousa 2004; Korndörfer et al. 2004). Additionally, the
protease DegP is responsible for the degradation of off-pathway OMPs (Jiang et al.
2008; Clausen et al. 2011; Ge et al. 2014a, b) and has also been shown to display
chaperone activity under low temperature conditions (Spiess et al. 1999). Under heat
shock conditions, in turn, the chaperone FkpA has been demonstrated to play a key
role in OMP biogenesis (Ge et al. 2014a, b). In addition, the biogenesis of OM
lipoproteins requires the dedicated chaperone LolA (Tajima et al. 1998; Miyamoto
et al. 2001; Taniguchi et al. 2005; Okuda and Tokuda 2009).

Besides these two pathways, the periplasm contains several folding catalysts that
are speeding up two slow reaction steps, the cis–trans isomerization of peptidyl-prolyl
bonds and the formation of disulfide bonds. Cis–trans isomerization is generally
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a slow process that can often be rate-limiting for protein folding and that can be
accelerated by enzymes with peptidyl-prolyl cis-trans isomerases (PPIase) activity
(Liu and Walsh 1990; Bardwell et al. 1991; Hayano et al. 1991; Scholz et al. 1998).
Four proteins with PPIase activity have been identified in theE. coli periplasm, FkpA
(Arie et al. 2001; Saul et al. 2004; Helbig et al. 2011), PpiA (Liu and Walsh 1990;
Hayano et al. 1991), PpiD (Antonoaea et al. 2008; Matern et al. 2010) and SurA
(Bitto and McKay 2002), among which SurA and FkpA are the main players. A
second slow process in protein folding is the formation of disulfide bonds. In the
periplasm, the formation of disulfide bond is catalyzed by the Dsb redox system that
comprises the oxidation system DsbA and DsbB and the isomerization system DsbC
and DsbD (Joly and Swartz 1997; Messens and Collet 2006; Vertommen et al. 2008;
Ito and Inaba 2008; Heras et al. 2009; Denoncin and Collet 2013). In this chapter, we
focus on the recent advances of the structural characterization of the chaperones Skp
and SurA that transport the OMPs through the periplasm and promote their insertion
into the outer membrane by the BAM complex.

The biogenesis of OMPs is a challenging task for the cell, since the proteins have
to cross two biophysical barriers to reach the outer membrane: The inner membrane
and the aqueous periplasm. On this pathway, the translocation of the OMPs across
the inner membrane, from the cytoplasm into the periplasm, is facilitated by the
SEC translocase (Driessen et al. 2001; van den Berg et al. 2004; Chatzi et al. 2014;
Tsirigotaki et al. 2017). The second biophysical barrier for the insoluble OMPs, the
aqueous periplasm, is then overcome by a unique network of molecular chaperones.
This network is organized around the chaperones Skp (SeventeenKilodalton Protein)
and SurA (survival factor A), which work on two parallel pathways to target the
OMP clients to the β-barrel assembly machinery (BAM) complex, which eventually
facilitates their folding and insertion (Fig. 6.1) (Rizzitello et al. 2001; De Geyter
et al. 2016).

Understanding the structural biology of these two chaperones is of key scientific
interest due to their fundamental role in polypeptide transport and OMP biogenesis.
A first milestone has been the determination of the crystal structures of the client-
free (apo) forms of SurA and Skp (Bitto and McKay 2002; Walton and Sousa 2004;
Korndörfer et al. 2004). These structures provided valuable information about the
functional mechanisms of the individual components of the chaperone system in
single, individually stabilized states. Subsequently, new developments of biophysi-
cal techniques including nuclear magnetic resonance (NMR) spectroscopy allowed
the observation of these chaperone systems in aqueous solution and in complex with
client proteins, thus providing complete descriptions of the chaperones dynamic func-
tional cycles. These findings have established how structural plasticity allows these
chaperones to undergo conformational rearrangements and populate conformational
ensemble states that overall regulate their functional cycles. Such conformational
flexibility enables the chaperones to adapt to their highly dynamic client proteins as
well as to fulfil their roles in a complex interaction network in the periplasm.
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The Periplasmic Chaperone Skp

The crystal structure of Skp shows a homo-trimeric assembly where the three sub-
units are connected by a β-barrel trimerization domain that extends into three α-
helical “tentacles” or “arms” that give rise to Skp’s characteristic jelly fish-like
shape (Fig. 6.2a, b) (Walton and Sousa 2004; Korndörfer et al. 2004). Each monomer
contributes three β-strands to the trimerization interface. Importantly, these strands
are however not connected within one protomer subunit but form a small β-barrel
across the trimer by connecting β-strands intermolecularly from two adjacent sub-
units (Fig. 6.2a). Each arm is constituted by two long α-helixes in coiled-coil arrange-
ment, extending from the oligomerization domain and forming a central cavity. The
presence of a central cavity bears some resemblance to the well-characterized Hsp60
(GroEL, CTT) chaperone, where a central cavity serves as a protective environment
for the client protein (Braig et al. 1995; Xu et al. 1997; Ditzel et al. 1998; Horwich
et al. 2007). The overall organization and shape of Skp bears further similarity to the
ATP-independent holdase chaperone prefoldin, with the difference that the N and
C-termini of Skp are located at the β-barrel trimerization domain, while for prefoldin

Fig. 6.1 The periplasmic chaperone network in outer membrane biogenesis. After their synthesis
in the cytoplasm, unfolded native OMPs are translocated by the SecYEG machinery in a linear
fashion across the inner membrane. Subsequently, they are transported by the chaperones Skp or
SurA on parallel pathways to the BAM complex for subsequent insertion into the outer membrane
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Fig. 6.2 Dynamic adaptation of the periplasmic chaperone Skp and its client protein. a Structure
of Skp trimer [PDB code 1SG2 (Korndörfer et al. 2004)] with the individual protomers coloured in
green, pink and yellow. The position of phenylalanine 30 is highlighted by red arrows. b Skp amino
acid sequence and secondary structure. The β-sheets and α-helixes are represented by grey arrows
and rectangular shapes, respectively. Phenylalanine 30 is highlighted as in (a). c Close-up on Skp
arms highlighting the pivot element in helices α2 and α3. The flexible helix α2.A (red) is linked
by the hinge at phenylalanine 30 to the more rigid helix α2.B (yellow). The helicity of segment
Ser89–Arg93 (purple) of helix α3.A (orange) is stabilized upon client binding [adapted from (Bur-
mann et al. 2013)].dStructuralmodel of a single conformation from the dynamic Skp(blue)–tOmpA
(purple) ensemble. The residues highlighted in green correspond to the alanine identified as inter-
acting with the unfolded tOmpA [adapted from (Callon et al. 2014)]. e Model of the multivalent
binding of OMPs that are too large to fit in the cavity of one trimeric Skp. The arms are in an open
conformation to expand the size of the cavity [adapted from (Holdbrook et al. 2017)]

they are located at the extremity of the arms (Siegert et al. 2000; Martín-Benito et al.
2002; Ohtaki et al. 2008). Just like prefoldin, Skp is classified as an ATP-independent
holdase chaperone.

The protein Skp was functionally identified as a binder of OMPs in a pull-down
experiment with unfolded OmpF covalently linked to Sepharose beads (Chen and
Henning 1996). OmpF is however not the only client protein of Skp, as shown in
a subsequent study where the Skp clientome was mapped by a combined strep-tag
affinity and proteomic approach (Jarchow et al. 2008). Overall, more than 30 proteins
were identified in the Skp clientome, including the OMPs OmpA and LamB, but also
several soluble periplasmic proteins, such as MalE and OppA, demonstrating Skp’s
functional importance for a broad spectrum of clients (Table 6.1). The functional
relevance of the interaction of Skp with soluble proteins was additionally highlighted
by studies showing that Skp chaperone activity can improve the expression yields of
recombinant proteins not only in the periplasm, but also in the cytosol when a Skp
variant devoid of its signal-sequence is used (Bothmann and Plückthun 1998; Levy
et al. 2001).
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Table 6.1 List of unambiguously identified wild-type Skp client proteins with outer membrane
localization. Data from Jarchow et al. (2008)

Number Uniprot
entry

Protein
name

Function

1 P06129 BtuB Vitamin B12 transport

2 P17315 CirA Putative iron transport, colicin IA and IB receptor

3 P13036 FecA Fe(III) dicitrate transport

4 P05825 FepA Ferrienterobactin receptor

5 P02943 LamB Maltose and maltodextrin transport

6 P0A910 OmpA Outer membrane porin

7 P06996 OmpC Outer membrane porin

8 P02931 OmpF Outer membrane porin

9 P0A917 OmpX Putative defense

10 P75780 Fiu Catecholate siderophore transport

11 P10384 FadL Long-chain fatty acid transport

12 P0A921 PldA Phospholipase

13 P0A927 Tsx Nucleoside porin

14 P76045 OmpG Outer membrane porin

15 P02930 TolC Multidrug exporter

16 P76115 YncD Putative iron/siderophore receptor

The complex of an OMP client protein and Skp was initially characterized by
NMR spectroscopy and fluorescence spectroscopy (Walton et al. 2009; Qu et al.
2009). A full understanding of the dynamic nature of the complexes at atomic res-
olution was however only obtained subsequently with a complete description of
structure and dynamics of Skp–OmpX and Skp–tOmpA (transmembrane domain
of OmpA) complexes determined by solution NMR spectroscopy (Burmann et al.
2013; Callon et al. 2014). The OMP polypeptide was found to adopt a disordered
conformation that interacts within Skp’s central cavity by both hydrophobic contacts
and interactions between the charged loops of the OMP and charged parts of the
cavity. Notably, these works exploited state-of-the-art NMR experiments to deter-
mine for the first time the dynamic properties and structure of a chaperone–client
complex with a full-length native client protein with atomic resolution. Moreover,
these studies demonstrated the conformational flexibility of Skp in its apo and in its
client-bound holo state in solution. In the apo form, a hinge element located at the
conserved residue phenylalanine 30 allows the Skp arms to explore a large degree
of conformational flexibility (Fig. 6.2a–c). Upon OMP binding, the flexibility of the
arms is decreased, leading to a stabilization of the cavity around the bound client
protein. While bound, the OMP client protein explores a dynamic landscape of dis-
ordered states within the cavity of Skp with no polypeptide segment of OMP stably
bound to the chaperone. Thereby, the OMP encapsulated in the cavity has a reduced
compactness by approximately a factor of two in comparison to the disordered OMP
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in denaturant solution. The local lifetime of the individual conformations of at most
1 ms is in stark contrast to the long global lifetime of the complex in the range of
hours. This discrepancy arises by avidity from a combination of multiple weak local
interactions with a short lifetime. A detailed analysis of a combination of distance-
based NMR experiments (NOE and PRE) confirmed the contact interface between
Skp and the bound OMP in the cavity (Fig. 6.2d).

The observed position of the OMP client protein in the Skp cavity also raised
the question by which mechanism Skp adapts to a wide range of different clients
ranging in size from 150 residues (OmpX) to more than 700 residues (FhuA). A
study combining molecular modelling, small angle X-ray scattering (SAXS) and
NMR spectroscopy confirmed that the hinges on the arms permit to dramatically
extend the size of the cavity in an ATP-independent manner to adapt to the size of
client proteins (Fig. 6.2e) (Holdbrook et al. 2017). A complementary model was
established by systematically analysing the binding capacity of a large variety of
OMPs with a size range from 8 to 16 strands to Skp (Schiffrin et al. 2017). These
data demonstrated that a higher Skp:OMP ratio is required to bind larger OMPs (16-
stranded), while for smaller OMPs the Skp cavity can be expanded to adapt to the
size of the client proteins. One common characteristic of Skp is that it exists only as
a multiple of the trimeric state, indicating that this stoichiometry corresponds to the
active form of the chaperone. Thereby, a recent study established that at physiological
concentration Skp exists in an equilibrium between a trimeric and a monomeric state
(Sandlin et al. 2015). However, the conformation of the monomeric state is still
controversial as Sandlin et al. hypothesized a folded conformation by the mean of a
van’tHoff analysis, whileBurmann et al. (2013) observed a disordered conformation.
To date no study has been able to shed light on characteristics and functionality of
the Skp monomeric state.

While structure and dynamics of Skp in apo and holo states have been extensively
characterized, the mechanism allowing the release of OMPs from Skp into the outer
membrane is less clear. Burmann et al. (2013) have proposed a mechanism hypoth-
esizing that in a ternary Skp–OMP–BAM transition complex the weak local affinity
and the rapid structural interconversion of the OMP within the Skp cavity would
allow client release by dynamic rearrangements of the polypeptide while it remains
bound to Skp. According to this model, the OMP bound to Skp might be inserted
sequentially one β-hairpin at a time into the lipid membrane. Furthermore, the BAM
complex could guide the unfolded OMP, by transient contacts with BamA POTRA
domains to the membrane entry point.

Taken together, the key element regulating Skp’s functional cycle is its dynamic
nature, which allows both to operate large motion of its arms and to adapt to highly
dynamic client proteins. The fast dynamics of the encapsulated OMP client permit its
release in an ATP-independent manner. The recent demonstration of the biological
relevance of a second non-characterized monomeric state could lead to additional
critical insights into the functional cycle of Skp.



176 G. Mas et al.

The Periplasmic Chaperone SurA

The periplasmic chaperone SurA is generally considered the main pathway for the
transport of OMPs to the BAM complex (Sklar et al. 2007; Lazar and Kolter 1996;
Rouvière and Gross 1996). Deletion of surA results in a lower OMP density and
accumulation in the periplasm of the major OMPs OmpA, OmpF, and LamB in an
unfolded form (Rouvière and Gross 1996). The expression of these proteins is down-
regulated upon induction of the σE-dependent cytoplasmic stress response, which is
activated when mis- or unfolded proteins are accumulating in the periplasm (Lazar
and Kolter 1996; Missiakas et al. 1996; Rouvière and Gross 1996). The drastically
decreased levels of outer membrane-inserted OMPs in SurA mutant strains result
in phenotypes characterized by a defective cell envelope resulting in an increased
sensitivity to hydrophobic agents such as SDS-EDTA and to antibiotics such as
novobiocin (Lazar and Kolter 1996).

SurA is composed of four distinct domains: a large N-terminal domain, two
parvulin-like peptidyl-prolyl isomerase (PPIase) domains and a short C-terminal
helix followed by a short β-strand (Fig. 6.3a, b) (Bitto and McKay 2002). The com-
bination of the PPIase 1 domain (P1) with the N and C-terminal domains form the
core of the protein and the PPIase 2 domain (P2) is flexibly connected to this core by
two linkers. The C-terminal 10 last residues form a short β-strand that forms an anti-
parallel β-sheet with an N-terminal β-hairpin. While the exact amino acid sequence
of the C-terminus is not essential, its shortening drastically affects chaperone activity
(Chai et al. 2014). Aminimal construct of SurA, composed of the N-terminal domain
directly linked to the C-terminal domain, displays activity in vitro and can comple-
ment the SurA deletion phenotype in vivo (Behrens et al. 2001; Webb et al. 2001).
This suggests that the N/C-domain pair is responsible for the chaperone activity and
corroborates the initial observation of a large cavity on the N-terminal domain that
could be a binding site for unfolded clients (Fig. 6.3a, b) (Bitto and McKay 2002).

How the PPIase domains are relevant for the function of SurA is still unclear,
especially as several SurA homologues have only one or no PPIase domain (Alcock
et al. 2008). In general, parvulin-like domains feature enzymatic activity to catalyze
the cis–trans conversion of peptide bonds preceding prolyl residues (Rahfeld et al.
1994; Rudd et al. 1995). For SurA only the P2 domain exhibits significant PPIase
activity and both PPIase domains can simultaneously be deleted without significant
loss of function (Rouvière and Gross 1996; Behrens et al. 2001). Isolated PPIase
domains 1 and 2 do not exhibit chaperone activity and do not complement activity
in a surA depletion mutant (Behrens et al. 2001). However, it cannot be excluded
that their PPIase activity is important for specific client proteins and/or under certain
conditions. In this context, it has recently been demonstrated thatwhile the deletion of
the P2 domain does not completely abolish the chaperoning activity it is significantly
decreasing it (Soltes et al. 2016). This discovery could potentially be explained by a
large dynamic conformational rearrangement of the P2 domain that allows closure of
the N-terminal domain by a clamp-like mechanism. Soltes et al. also showed that the
binding of the P1 domain to the core stabilizes the protein but inhibits the access to the
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Fig. 6.3 Conformational rearrangements of the periplasmic chaperone SurA regulate its function.
a Crystal structure of apo SurA (PDB 1M5Y). The core of the protein is formed by the N-terminal
domain (green) together with the PPIase domain I (P1) (blue) and the C-terminal helix (magenta).
The PPIase domain II (P2) (red) is connected by two flexible linkers and is thus located 30 Å away
from the core. The hypothesized client binding site on the N-terminal domain is highlighted in
yellow. b SurA domain composition coloured as in (a). c Schematic illustration of the regulation
of SurA functional cycle by conformational dynamics of the two PPIase domains relatively to the
core, coloured are as in (a) [adapted from (Soltes et al. 2016)]. d Structure of the dimeric complex
of SurA�P2 (SurA lacking the domain P2) bound to a peptide mimicking a client protein (PDB
2PV3), coloured as in (a). The peptide is coloured in orange. e Different conformations of the
P1 domain in the apo state (left) and in the monomer extracted from the dimeric complex with a
peptide (right). The formation of the complex triggers a major conformational change that leads to
the dissociation of the P1 domain from the core domain

binding site, while the flexible unbound state increases the chaperone activity at the
cost of a decreased stability (Fig. 6.3c). The combination of the studies above suggests
that theN/C-domain could represent a platformproviding the basal chaperone activity
that then has been evolutionarily diversified by addition of accessory domains.

The involvement of SurA in the assembly and transport of β-barrel OMPs to the
outer membrane is clearly demonstrated by multiple studies (Rizzitello et al. 2001;
Sklar et al. 2007). A specific set of OMPs that require SurA for their proper matura-
tion has been revealed by a differential proteomics experiment including the formerly
knownSurA client proteinsOmpF,OmpA, FhuA, andLamBaswell as newly discov-
ered client proteins such as LptD (Vertommen et al. 2009). Some motifs determining
client specificity of SurA were identified using phage display experiments (Bitto
and McKay 2003; Xu et al. 2007). These studies have shown that SurA recognizes
peptide sequences rich in aromatic amino acids and arranged in the specific pattern
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Ar–X–Ar, where Ar is an aromatic residue and X can be any residue. The Ar–X–Ar
sequence is found with increased abundance at the C-terminus of transmembrane
β-barrel OMPs, indicating a possible role as recognition signal for SurA. This study
lead to the development of a high affinity peptidemimicking the C-terminus of OMPs
and the crystal structure of SurA with this peptide bound could be solved (Xu et al.
2007) (Fig. 6.3d). The structure shows a hydrophobic binding site on the P1 domain,
however, not only one but two P1 domains are binding to one peptide, thus triggering
a 2:1 SurA:peptide stoichiometry. Thereby, the P1 domain undergoes large confor-
mational changes, which result in its separation from the core domain, while the
structures of the N- and C-terminal domains remain unaffected compared to the apo
form (Fig. 6.3e). Overall, the biological relevance of this structure remains unclear,
since the binding of a short peptide is not necessarily representative for a full-length
client protein. Furthermore, the position of the binding site contradicts in vivo data
showing that the chaperoning activity is not affected by P1 deletion. This discrepancy
could perhaps be explained by a decoupling of the sites of substrate recognition and
chaperone activity. In the structure by Xu et al. the peptide bound to the P1 domain
is oriented with its N-terminus towards the SurA N/C—domain. A full-length client
protein could then bind the N/C-domain via a non-specific interaction.

Overall, the structural properties of SurA–OMP complexes are by far not as well
characterized as the Skp–OMP complex, as no atomic resolution information is
available. To obtain a complete picture it will be necessary to determine, among
others, which functional role the conformational rearrangements of the domains
have. A complete characterization of the structure and dynamics of SurA in its apo
and holo states, is highly desired in order to draw a complete the picture of the
molecular mechanism underlying the function of SurA.

Skp- and SurA-Mediated Stabilization and Folding of Client
Proteins

The increasingly detailed structural knowledge of the periplasmic molecular chaper-
one network is accompanied by several studies characterizing how these chaperones
interact with and influence the folding behaviour of client OMPs in vitro. Trimeric
Skp has been found to form stable 1:1 (Skp3:OMP) complexes with small OMP
clients such as unfolded OmpA, but also complexes in 2:1 (Skp3:OMP) ratio with
larger OMPs such as unfolded BamA and FhuA (Schiffrin et al. 2016; Thoma et al.
2015). Thereby, Skp can bind unfolded client OMPs with high affinities, correspond-
ing to dissociation constants in the lownMrange, as determined formultiple unfolded
OMP clients, such as OmpA,OmpG andBamA aswell as OmpLA,OmpWand PagP
(Qu et al. 2007;Moon et al. 2013).While the stoichiometry of SurA:OMP complexes
has not been studied in detail, it has been proposed to bind OmpC as well as FhuA in
a 2:1 ratio (Thoma et al. 2015; Li et al. 2018). The affinity of SurA to OMP clients
is generally much weaker than of Skp. While SurA’s affinity to full-length nascent
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client proteins has been determined to a lesser extent, it has been found to bind
unfolded OmpG and OmpF with affinities in the low μM range (Bitto and McKay
2004). Similar values were found for its affinity to heptapeptide WEYIPNV, which
contains the Ar–X–Ar motif frequently found in OMPs (Bitto and McKay 2003).

A higher client affinity of Skp compared to SurA is also consistent with experi-
ments showing Skp binding to unfolded OmpC at faster rates than SurA as well as
6-fold longer lifetimes of chaperone-client complexes formed by Skp with unfolded
FhuA compared to SurA-FhuA complexes (Wu et al. 2011; Thoma et al. 2015).
Moreover, Skp has been shown to outcompete SurA in equimolar mixtures of both
chaperones when binding unfolded FhuA or OmpA (Thoma et al. 2015; Schiffrin
et al. 2017). The client OMP either remains bound to Skp when preassembled Skp—
client complexes are added to apo SurA, or transfers to Skp when preassembled
SurA–client complexes are added to apo Skp. Differences in client binding were
further elucidated by a recent study reporting a mild disaggregase function for Skp,
which could break down scant aggregates containing up to 5 OmpC monomers,
whereas such behavior could not be observed for SurA (Li et al. 2018). These data
are also in full agreement with the notion that Skp binds its clients in a tighter and
more compact conformation than SurA.

While chaperones can maintain client OMPs dynamically unfolded in solution
over prolonged time periods, proper folding of the client requires the presence of a
lipid membrane which provides the thermodynamic stabilization of the native form
(Moon et al. 2013; Burmann et al. 2013; Thoma et al. 2015). Thereby, the transition
from a chaperone-stabilized state to a folded, membrane-embedded state depends on
the biophysical properties of the lipid bilayer. For example, OmpA and PagP fold
into negatively charged lipid bilayers from solutions containing Skp, but not into
neutral bilayers (Bulieris et al. 2003; Patel et al. 2009; Patel and Kleinschmidt 2013;
McMorran et al. 2013). Moreover, the presence of additional factors such as LPS,
transmembrane proteins in general and in particular the presence of BamA appears
to influence the transition from a chaperone-stabilized state into the lipid bilayer
(Bulieris et al. 2003; Patel et al. 2009; Patel and Kleinschmidt 2013; Schiffrin et al.
2017). Especially client OMPs folding from complexes with SurA appear to profit
greatly from the presence of membrane-embedded BAM, but show relatively little
folding into empty lipid bilayers (Schiffrin et al. 2017). Despite the influence of
different membrane composition, it evolves as a common theme from these studies
that elevated concentrations of Skp prevent folding and membrane insertion of client
OMPs (Bulieris et al. 2003; Schiffrin et al. 2016). The inhibitory effect of Skp
was also observed when looking at chaperone assisted OMP folding on the single
molecule level. The large OMP FhuA has a strong tendency to misfold in the absence
of periplasmic chaperones, whereas in the presence of either of the chaperones Skp
or SurA, misfolding is prevented. In agreement with the bulk measurements, folding
of FhuA is largely abolished in the presence of Skp, however, FhuA can reinsert
into the lipid bilayer in a series of folding steps shaped by individual beta-hairpins
in the presence of SurA (Fig. 6.4a) (Thoma et al. 2012, 2015). The sequence in
which individual β-hairpins insert into the membrane can be random, while a certain
tendency is observed to progress from theC-terminal toward theN-terminal end of the
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Fig. 6.4 Folding and membrane insertion model of client OMP FhuA from a SurA-FhuA complex.
a In the absence of chaperones, the folding pathway of unfolded FhuA (cyan) is directed towards a
misfolded state. The presence of SurA (orange) stabilizes the unfolded state of FhuA and promotes
stepwise insertion and folding of β-hairpins into the lipidmembrane until folding is completed, upon
which SurA is released.bThe hypothetical folding free-energy landscape of FhuA in the presence of
SurA is characterized by a series of free-energy wells corresponding to β-hairpins stably inserted in
the lipidmembrane. SurA (orange) prevents misfolding of FhuA in solution but is spatially excluded
from the lipid membrane (blue) and thus cannot interact with folded intermediates [adapted from
(Thoma et al. 2015)]

protein. Thereby, the yet unfolded segments of the nascent FhuA polypeptide remain
protected from misfolding over the entire time of the folding process. In agreement
with the higher binding affinity of Skp, in an equimolar mixture of both chaperones,
the inhibitory effect Skp exerted on the folding behaviour dominates over the folding
promoting effect of SurA (Thoma et al. 2015). Consequentially, these experiments
indicate that both chaperones could interact effectively with partially inserted client
OMPs, strengthening the concept of the lipid membrane acting not only as a free-
energy sink but also as a physical barrier separating partially folded segments from
the chaperones (Fig. 6.4b).

In summary, these in vitro findings indicate that Skp binds clientswith high affinity
and a strong tendency to prevent their folding whereas SurA binds unfolded OMPs
with lower affinity while promoting their folding. Together with in vivo findings,
which indicate severely reduced OMP levels in SurA-depleted strains, but only mild
phenotypes upon Skp depletion, the available data indicate a role of SurA acting
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as the main periplasmic pathway for OMP folding, while Skp forms a secondary
backup pathway (Silhavy et al. 2010; Sklar et al. 2007; Wu et al. 2011). The concept
of SurA acting as the primary pathway is further substantiated by the observation
that the delivery of major OMPs, as well as certain large OMPs such as LptD and
FhuA seem to rely particularly on the presence of SurA (Vertommen et al. 2009).
However, it remains to be elucidated precisely how the differential effects of both
chaperones observed in vitro are modulated in vivo to promote efficient delivery of
client OMPs to the OM.

Concluding Remarks

During the last decade, ground-breaking works have drastically improved our under-
standing of the molecular mechanism regulating the periplasmic chaperones Skp
and SurA and highlighted the major importance of conformational flexibility in
their mechanisms of action. These latest advancements have been made possible by
the technical development of SAXS, molecular dynamics and NMR spectroscopy
methods, in addition to the ground-laying crystal structures, highlighting the critical
importance of the integration of the different methods. The structure and dynamics
of the periplasmic chaperone Skp in its apo and holo states have shown that large
conformational rearrangements of its cavity are the key factors of its functional cycle,
giving Skp the capacity to adapt in response to the properties of its client proteins.
Similarly, preliminary results on the chaperone SurA highlight the role played by the
dynamic rearrangements of its domains to regulate its functional cycle.
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Chapter 7
Bacterial Signal Peptidases

Mark Paetzel

Abstract Signal peptidases are the membrane bound enzymes that cleave off the
amino-terminal signal peptide from secretory preproteins. There are two types of
bacterial signal peptidases. Type I signal peptidase utilizes a serine/lysine catalytic
dyad mechanism and is the major signal peptidase in most bacteria. Type II signal
peptidase is an aspartic protease specific for prolipoproteins. This chapter will review
what is known about the structure, function andmechanism of these unique enzymes.

Keywords Protein secretion · Signal peptide · Signal peptidase · Bacterial
lipoprotein · Periplasmic protease

Introduction

The basic elements of the general protein secretion system are conserved in all
cells; archaeal (Pohlschroder et al. 2018), bacterial (Chatzi et al. 2013; Driessen and
Nouwen 2008; Tsirigotaki et al. 2017) and eukaryotic (Nyathi et al. 2013; Voorhees
and Hegde 2016). A key feature of this system is the signal peptide. The signal
peptide or signal sequence is approximately 20–30 residues in length and located at
the amino-terminus of secretory proteins (preproteins) . The signal peptide is essential
for targeting to the cytoplasmic membrane or endoplasmic reticulum membrane and
also translocation across the membrane. Upon translocation of secretory proteins,
the signal peptide is cleaved off.

The protein machinery of the general secretion system helps catalyze the target-
ing and translocation events. Bacterial protein secretion occurs predominantly as a
post-translational translocation event. In other words, preproteins are fully synthe-
sized and released from the ribosome within the cytoplasm, and then targeted to
and translocated across the cytoplasmic membrane. Typically, the preprotein first
encounters the protein SecB that functions as a holdase, keeping the preprotein sol-
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uble and in a translocationally competent form that can fit through the translocation
channel SecYEG. The ATPase SecA feeds the preprotein through SecYEG step-
wise. The energy for translocation across the membrane comes from ATP hydrolysis
and the proton motive force. Once the carboxy-terminal region of the preprotein has
been pushed through the translocase, the signal peptide is thought to partition into
the lipid bilayer via a lateral gate in the SecYEG channel. The preprotein is then
tethered to the membrane via the signal peptide. This membrane-tethered preprotein
is the natural substrate of signal peptidase (SPase). It has been shown that removal of
the signal peptide is essential in order for secretory proteins to be released from the
cytoplasmic membrane (Dalbey and Wickner 1985). Limited proteolysis (Randall
1983) and deletion studies (Kaderbhai et al. 2008) are consistent with the carboxy-
terminal region of preproteins being nearly or completely translocated across the
cytoplasmic membrane before the signal peptide is cleaved off.

There are two types of bacterial SPase referred to as type I and type II. SPase I
cleaves off the signal peptide from the majority of secreted proteins. It is an endopep-
tidase that utilizes a serine nucleophile and has the enzyme commission number EC
3.4.21.89. In the MEROPS protease database it is in clan SF and the family S26.
Archaea also have an SPase I, but their sequences reveal that they maybe more
related to a component of the eukaryotic signal peptidase complex. SPase II cleaves
off the signal peptide from bacterial lipoproteins, proteins that associate with the
membrane via an amino-terminal lipid modification. SPase II is an endopeptidase
that utilizes aspartate catalytic residues and has the enzyme commission number EC
3.4.23.36. In the MEROPS protease database, it is in clan AC and the family A8.
No homolog of SPase II has been found in an archaeal genome. Before discussing
the research related to the structure, function and mechanism of the bacterial and
archaeal SPase, the preprotein signal peptide will be briefly described.

The signal hypothesis states that secretory proteins contain an amino-terminal
sequence (signal sequence) which helps the target secretory protein to themembrane
and that after translocation across the membrane, the signal sequence is cleaved off
by a specific peptidase (signal peptidase, SPase) (Blobel and Dobberstein 1975a, b;
Milstein et al. 1972; Sabatini et al. 1971). Since this groundbreaking discovery, a
great deal has been learned about the structure and function of signal peptides.

The general features of signal peptides are conserved across evolution. They have
an amino-terminal region of sequence (1–5 residues in length) called the n-region that
has a net-positive charge. The n-region is followed by a stretch of 7–15 hydrophobic
residues (often leucines) labeled the h-region. Just beyond the h-region are 3–7
residues termed the c-region. This c-region contains the specificity residues for SPase
recognition and cleavage. The consensus sequence for the cleavage site consists of
small aliphatic residues at the −3 and −1 positions relative to the cleavage site (or
P1 and P3 positions in Schechter and Berger nomenclature (Berger and Schechter
1970). This is often called the Ala-X-Ala rule because of the preference for alanine
at the −3 and −1 position (Perlman and Halvorson 1983; von Heijne 1983, 1985),
while there is a lack of preference for specific residues at the −2 position, thus the
X designation (Fig. 7.1a). Signal peptide length is conserved as well. The average
eukaryotic signal peptide is approximately 23 residues in length, while the average



7 Bacterial Signal Peptidases 189



190 M. Paetzel

�Fig. 7.1 Bacterial secretory preproteins. a Secretory proteins have three regions within their sig-
nal peptide: the n-region has a net-positive charge, the h-region contains predominantly aliphatic
residues such as leucine, and the c-region contains the specificity cleavage site for signal peptidase.
Small aliphatic residues such as alanine are preferred at the P1 and P3 positions (also referred to
as the −1 and −3 positions). The molecular structure of the last three residues of the c-region are
drawn in an extended conformation in order to show the alternating up and down topology that
leads to the “Ala-X-Ala” SPase preference. The h-region is shown as a rectangle to symbolize an
α-helical conformation. b Bacterial prolipoproteins are synthesized with a signal peptide that has
similarities to secretory proteins sequences with the exception that the c-region contains the so-
called “lipobox” with the consensus sequence leucine(P3)-alanine(P2)-glycine(P1)-cysteine(P1ˆ′).
The P1ˆ′ cysteine is covalently modified by diacylglycerol. This is the substrate of SPase II

Gram-negative bacterial signal peptide is approximately 25 residues in length and the
averageGram-positive bacterial signal peptide is approximately 32 residues in length
(Nielsen et al. 1997a, b). It has been hypothesized that the differences observed in
signal peptide length may reflect the differences in the thickness of the lipid bilayer
in the different membranes.

Researchers continue to develop increasinglymore accurate signal peptide predic-
tion servers (Choo et al. 2009; Leversen et al. 2009; Petersen et al. 2011; Savojardo
et al. 2018; Wang et al. 2018). The availability of genome sequences (UniProt 2013)
and improved proteomic methods have vastly increased the number of predicted
and experimentally verified signal peptide sequences. Biophysical and modeling
studies are consistent with the h-region of the signal peptide being helical within
the hydrophobic environments of detergent micelles or membrane (Bechinger et al.
1996; McKnight et al. 1991a, b; Rizo et al. 1993; Sankaram et al. 1994; Wang et al.
1993). Modeling and structural analysis is consistent with the c-region of the signal
peptide being in the extended β-strand conformation (Paetzel et al. 1998, 2002; Ting
et al. 2016). The substrate cleavage-site being in a β-conformation is the classical
conformation within protease binding sites (Tyndall et al. 2005). The structural and
biophysical information now available regarding the conformation of signal peptides
is in agreement with the prediction that was made in 1983 (von Heijne 1983).

Occasionally, unusual signal peptide variants are recognized. For example, it has
been observed that in Porphyromonas gingivalis and other Bacteroidetes species
>50% of the preproteins have a glutamine at the P1′ position (Bochtler et al. 2018).
This generates an amino-terminal glutamine after SPase I processing. The newly
formed amino-terminal glutamines are cyclized to pyroglutamate by glutaminyl
cyclase. These pyroglutamate containing proteins do not appear to be specific to inner
membrane proteins, periplasmic proteins, outer membrane proteins or extracellular
proteins. It is not yet clear what role the amino-terminal pyroglutamate plays in the
Bacteroidetes physiology but it has been shown that glutaminyl cyclase is essential
in these species.

There has been significant effort put into the optimization of signal peptides for
the secretion of industrially important recombinant proteins (Freudl 2018; Ghahre-
manifard et al. 2018; Low et al. 2013; Molino et al. 2018; Selas Castineiras et al.
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2018; Ujiie et al. 2016; Zhang et al. 2018). A recent comprehensive review on signal
peptides has been published (Owji et al. 2018).

Bacterial secretory proteins that utilize bound cofactors often need to fold within
the cytoplasm in order to assemble properly and bind their cofactor. These folded
proteins use the twin arginine translocation (Tat) secretion system rather that the
general secretion system. The name comes from the sequence within the signal
peptide. These signal peptides have a so-called twin-arginine motif (SRRxFLK)
located between the n- and h-regions. There are 27 known Tat substrates in E. coli
(Tullman-Ercek et al. 2007) and it has been shown that SPase I cleaves off Tat signal
peptides (Luke et al. 2009).

Archaea have an evolutionarily similar general secretion system to that seen in
bacteria and eukaryotes which includes similar signal peptide characteristics (Bardy
et al. 2003). The similarity allows for bacterial SPase I to recognize and cleave
archaeal preproteins. E. coli SPase I is capable of cleaving pre-α-amylase from
Thermococcus kodakarensis (Muhammad et al. 2017). Genomic analysis suggests
that protein secretion in archaea may be more similar to that of eukaryotes than to
prokaryotes. For example, archaea lack a SecA (ATPase) homolog, therefore archaeal
translocation maybe more energetically similar to the eukaryotic system where co-
translational translocation is the main mechanism of transport across the membrane.
Consistent with this idea, archaea also appear to lack a post-translational holdase
type of targeting chaperone like SecB (Pohlschroder et al. 2018). Subtle differences
in archaeal signal peptides have led researchers to develop a signal peptide prediction
server trained on a set of characterized archaeal signal peptides (Bagos et al. 2009).

Bacterial lipoproteins are soluble hydrophilic proteins located in the bacterial
cell wall. These proteins are tethered or anchored to the inner or outer membrane
by permanent covalent lipid modifications. They have a diacylglycerol linked to an
amino-terminal cysteine via a thioether linkage. Many of the bacterial lipoproteins
perform functions that are essential to cellular viability. They have roles in: mem-
brane and cell shape maintenance, outer membrane protein assembly, outer mem-
brane stabilization, transport of molecules, energy production, signal transduction,
virulence mechanisms, adhesion, digestion, sensing, growth, cell motility and many
more cellular functions.

Bacterial lipoproteins are initially synthesized as preprolipoproteins that have
a signal sequence for targeting and translocation via the general secretion system
pathway (Driessen andNouwen 2008) (Fig. 7.1b). The signal peptides of lipoproteins
are very similar to those for secretory proteins in that they are approximately 20
residues in length and have a net positively charged region (n-region) followed by a
stretch of hydrophobic residues (h-region) and then a recognition sequence region (c-
region).Within the c-region is the SPase II recognition sequence called the “lipobox”.
The consensus sequence for the lipobox is leucine most often at the−3 (P3) position
relative to the cleavage site, alanine most often at the −2 (P2) position, glycine
most often at the −1 (P1) position and cysteine always at the +1 (P1′) position. The
sequence variations that are observed in the lipobox are [LVI] [ASTVI][GAS]C
(Chimalapati et al. 2013; Kovacs-Simon et al. 2011; LoVullo et al. 2015; Nakayama
et al. 2012;Narita andTokuda 2017; Zuckert 2014). The+1 (P1′) cysteine ismodified
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with diacylglycerol (DAG) via a thioether linkage. This reaction is catalyzed by
lipoprotein diacylglyceryl transferase (Lgt) and occurs in the inner membrane using
the phospholipid within the inner membrane as substrate (Mao et al. 2016; Sankaran
et al. 1997). The DAG-modified protein is then referred to as a prolipoprotein and
is the substrate for type II signal peptide (SPase II) which cleaves off the signal
peptide (Chimalapati et al. 2013). The scissile bond is the peptide bond preceding the
invariant cysteinewithin the lipobox.Most SPase IIwill not cleave preprolipoproteins
(protein without DAG-modification) (Inouye et al. 1983). For many Gram-positive
bacterial species this is the end of lipoprotein synthesis; these mature lipoproteins
are tethered to the outer leaflet of the cytoplasmic membrane, preventing them from
diffusing away from the surface of the bacteria (Nguyen and Gotz 2016). For Gram-
negative species another modification can occur. A fatty acid is attached, via an
amide linkage, to the α-amino group of amino-terminal cysteine. This reaction is
catalyzed by the enzyme lipoprotein N-acyl transferase (Lnt) (Buddelmeijer and
Young 2010; Hillmann et al. 2011; Noland et al. 2017). The mature lipoprotein with
three acyl-chains can then be shuttled to the outer membrane via the lipoprotein outer
membrane localization (LOL)machinery (Konovalova andSilhavy2015;Tokuda and
Matsuyama 2004), or stay within the inner membrane if there is a retention signal
which often consists of an aspartic acid at the +2 (P2′) position (Seydel et al. 1999;
Terada et al. 2001).

The database DOLOP lists and categorizes both predicted and experimentally
verified bacterial lipoproteins (Babu et al. 2006; Madan Babu and Sankaran 2002),
but this database has not been updated since 2005. A video procedure for the purifi-
cation of lipoproteins via Triton X-114 detergent extraction and electrophoresis,
followed by chemical characterization by proteolysis, solvent extraction and mass-
spectrometry is available (Armbruster and Meredith 2018). There are many recent
reviews on bacterial lipoproteins (Hutchings et al. 2009; Konovalova and Silhavy
2015; Kovacs-Simon et al. 2011; LoVullo et al. 2015; Narita and Tokuda 2017;
Zuckert 2014). For a review on the chemical characterization of both Gram-negative
and Gram-positive bacterial lipoproteins by mass-spectrometry see the review by
Nakayama et al. (2012). A lipoprotein signal peptide prediction server called LipoP
is available (Juncker et al. 2003; Rahman et al. 2008). Great progress has been made
in understanding the enzymes in the bacterial lipoprotein synthetic pathway and
crystal structures have been solved for each of the enzymes involved: Lgt (Mao et al.
2016), Lnt (Noland et al. 2017) and SPase II (Vogeley et al. 2016). Only SPase II
will be discussed in this chapter.

Gram-Negative Type 1 Signal Peptidase

Escherichia coli SPase I was the first bacterial SPase I to be studied and is the most
thoroughly characterized SPase to date. The first observation of bacteria SPase I
activity was in E. coli membranes using a nascent bacteriophage f1 pre-coat protein
as the substrate (Chang et al. 1978). E. coli SPase I was also the first bacterial SPase I
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to be purified. BacteriophageM13 procoat protein was used as the substrate to assess
the 6,000 fold purification (Zwizinski and Wickner 1980). A proteoliposome assay
showed that only purifiedE. coli SPase I and phospholipidwere needed for preprotein
processing (Watts et al. 1981). The pH optimum of E. coli SPase I is 8.5–9.0 and it is
inhibited by NaCl concentrations above 160 mM and MgCl2 concentrations above
1 mM. The enzyme has been shown to be essential for cell growth (Date 1983). E.
coli SPase I is the product of the lepB gene, is 324 residues in length, and has a
calculated molecular mass of 35,960 Da and a theoretical isoelectric point of 6.9.
Quantitative western blot analysis is consistent with approximately 1000 SPase I
molecules per cell (van Klompenburg et al. 1995). The current residue numbering
system forE. coli SPase I is different by one residue from the numbering system used
in earlier work. This is due to an error in the originally reported sequence of the E.
coli enzyme (Wolfe et al. 1983); Arg42 in the originally reported sequence is actually
Ala42. In addition there is glycine residue (Gly43) just after the Ala42 that was not in
the originally reported sequence. The insertion moves the sequence up one number
after that point. Therefore, in the current system, residues 1–41 are consistent with
the old numbering and residues 44–324 are correct in sequence but the numbering is
one residue different from the old numbering. The sequencing error corresponds to
residues within the cytoplasmic region, between the two transmembrane segments.
The numbering system used in this chapter matches that in the UniProt sequence
database (accession number: P00803).

Protease accessibility assays show that E. coli SPase I is an integral membrane
protein and the majority of the protein chain is on the outside of the cytoplasmic
membrane (Moore and Miura 1987; Wolfe et al. 1983). Enzyme-fusion assays are
consistentwith both the amino- and carboxy-termini facing the periplasm (SanMillan
et al. 1989). The interface between the two transmembrane segments inE. coli SPase I
has beenmodeled based on disulfide mapping (Whitley et al. 1993). It was found that
residue pairs 3–76, 4–76, 4–77, –4–80, and 7–76 are likely in close proximity. Mod-
eling is consistent with the two transmembrane helices packing against each other
in a left-handed supercoil with an i, i + 3/i, i + 4 grooves-into-ridges arrangement.
Site-directed mutagenesis and deletion studies show that the first transmembrane
segment (residues 4–28) and cytoplasmic region (residues 29–57) are not essential
for catalytic activity. The second transmembrane segment (residues 58–76) is essen-
tial for activity and for initiating the translocation of the periplasmic region (residues
77–324) where the protease active site resides (Bilgin et al. 1990) (Fig. 7.2). It has
been shown that highly purified and concentrated E. coli SPase I will cleave itself in
a intermolecular fashion within its cytoplasmic region (Talarico et al. 1991). Since
this cleavage site region is on the opposite side of the cytoplasmic membrane from
the SPase I active site, it is not likely this is a common occurrence in vivo, although
disruption of the membrane or mistakes in SPase I assembly could allow for this type
of cleavage.

Early studies tried to classify the mechanism of E. coli SPase I based on sen-
sitivity to standard protease inhibitors (Zwizinski et al. 1981). These experiments
were inconclusive and suggested that this enzyme may utilize a unique mechanism.
Site-directed mutagenesis of conserved ionizable residues was consistent with Ser91
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Fig. 7.2 Themembrane topology and protein fold ofE. coli SPase I. The transmembrane segments,
not part of the crystal structure, are represented by rectangles. The nucleophilic Ser91 and general
base Lys146 are labeled. The β-ribbon and domain 2 region not normally observed in the Gram-
positive SPase I enzymes are labeled (PDB: 1B12)

and Lys146 being essential for catalytic activity (Black 1993; Black et al. 1992; Paet-
zel et al. 1997; Sung and Dalbey 1992; Tschantz et al. 1993). Therefore, a Ser/Lys
catalytic dyad mechanism was proposed.

Thefirst three-dimensional structure of aSPase Iwas that ofE. coliSPase I (Paetzel
et al. 1998). A soluble catalytically active enzyme was produced, lacking the two
amino-terminal transmembrane segments (�2-76) (Tschantz et al. 1995). This active
periplasmic region of E. coli SPase I produced ordered diffraction quality crystals
(Paetzel et al. 1995). Crystal structures of this enzyme are available in complex with
a β-lactam type of inhibitor (Paetzel et al. 1998), in complex with a lipopeptide base
inhibitor called arylomycin (Paetzel et al. 2004), in complex with arylomycin and
β-sultam inhibitor (Luo et al. 2009), and in complex with a lipoglycopeptide version
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of arylomycin (Liu et al. 2011a). In addition, a structure of E. coli SPase I with a
free active site is available (Paetzel et al. 2002).

The crystal structures reveal that SPase I is primarily constructed of β-sheets.
There are two antiparallel β-sheet domains (domain I and domain II) and an extended
β-hairpin that extends from domain I (Fig. 7.2). Domain I contains the catalytic
residues and has a similar protein fold to that of the proteinase domain in the UmuD
protein of the SOS mutagenesis system (Paetzel and Strynadka 1999). Sequence
alignments reveal that domain II is much smaller or missing in Gram-positive SPase
I. A disulfide bond (Cys171–Cys177) resides within domain II of E. coli SPase I but
mutagenesis has shown it to be nonessential (Sung and Dalbey 1992). Almost all of
the conserved SPase I residues are located near the active site in domain I.

The catalytic center of SPase I resides at the end of a substrate binding groove that
is provided by a missing β-stand of a would-be β-barrel within domain I. The strand
and the loop region that makes up the edges of the binding groove run parallel to
one another. Modeling studies based on the inhibitor complexes and the constraints
related to the lipid bilayer of the inner membrane suggest that the c-region of the
signal peptide within the preprotein substrate binds in a parallel β-strand conforma-
tion (Paetzel et al. 1998, 2002). This binding mode is in agreement with previous
predictions (von Heijne 1983). The nucleophile Ser91 resides on a loop following
the first β-stand. The general-base Lys146 resides on a β-strand with its Nζ atom
within hydrogen bonding distance to the Ser91Oγ (Fig. 7.3). Lys146 Nζ is also
within hydrogen bonding distance to Ser279Oγ. This is a conserved residue and
site-directed mutagenesis experiments show that it is important for optimal activity
(Klenotic et al. 2000). The oxyanion hole is constructed from the mainchain NH
group of Ser91 and the side chain hydroxyl group of the Ser89. In vivo and in vitro
analysis of site-directed mutants at this position are consistent with Ser89 playing a
role in transition state stabilization (Carlos et al. 2000).

The substrate specificity binding pockets that lead to the active site explain the
preference for alanine at the −1 (P1) and −3 (P3) position in preproteins (Fig. 7.3).
The shallow and hydrophobic S1 substrate specificity binding pocket is made of
atoms from the residues:Met92, Ile145, Leu96 and Ile87. The shallow and hydropho-
bic S3 substrate specificity binding pocket is constructed with atoms from residues:
Phe85, Ile87, Ile102, Val133, Ile145 and Asp143. Site-directed mutagenesis, mass-
spectrometry and molecular modeling were used to probe the importance of residues
in the SPase I binding pockets. It was observed that Ile87 and Ile145, residues that
divide the S1 and S3 binding pockets (Fig. 7.3), are important for specificity as well
as cleavage site fidelity (Ekici et al. 2007; Karla et al. 2005). NMR analysis has
recently been employed to look at the details of the interactions between SPase I and
the signal peptide (De Bona et al. 2012; Musial-Siwek et al. 2008a, b).

E. coli SPase I has an extensive hydrophobic surface that runs along domain I
and leads to the active site. This hydrophobic surface and the orientation of active
site residues provide clues as to how the catalytic domain lays on the membrane
surface. Chemical modification and site-directed mutagenesis experiments are con-
sistent with Trp301 and Trp311 being important for activity and these residues reside
along the hydrophobic surface (Kim et al. 1995a, b). Biophysical analysis has shown
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Fig. 7.3 The active site
region of E. coli SPase I. The
regions corresponding to the
S1 and S3 substrate
specificity pockets are
labeled. Dashed lines
correspond to important
hydrogen bonds within the
active site. The coordinates
used are from a structure
with a free active site. An
ordered, and potentially
catalytic, water at the correct
distance and angle to the
general base and modeled
scissile carbonyl is labeled
(PDB: 1KN9)

that the catalytic domain of E. coli SPase I penetrates into the membrane and that
phosphatidylethanolamine, themost abundant phospholipid in theE. coli innermem-
brane,mediates the association (vanKlompenburg et al. 1997, 1998).Kinetic analysis
shows that detergent or lipid is required for optimal activity of the soluble catalytic
domain of E. coli SPase I even though it lacks the transmembrane domains (Tschantz
et al. 1995).

Significant effort has been invested into SPase I inhibitor development. The first
reported inhibitor of SPase I was a β-lactam compound (Kuo et al. 1994), and a
number of penem type inhibitors have been developed (Allsop et al. 1995, 1996;
Barbrook et al. 1996; Black and Bruton 1998; Perry et al. 1995). The first crystal
structure of E. coli SPase I was solved with the compound allyl (5S,6S)-6-[(R)-
acetoxyethyl]-penem-3-carboxylate (Fig. 7.4a) covalently bound to the Oγ of Ser91,
thus proving directly for the first time its role as the nucleophile (Paetzel et al. 1998).
The acyl-enzyme inhibitor complex also revealed that the nucleophile of E. coli
SPase I attacks from the si-face of the scissile bond rather than the more commonly
observed re-face attack.Work has continued on the development of the penemSPase I
inhibitors (Harris et al. 2009; Yeh et al. 2018). Lipohexapeptides called arylomycins,
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which have antibiotic properties, have been discovered to inhibit SPase I (Fig. 7.4b).
These compounds were first isolated from extracts of Streptomyces sp. Tu 6075 and
have the sequence: D-MeSer, D-Ala, Gly, L-MeHpG, L-Ala, and L-Tyr. The amino
acidL-MeHpG isN-methyl-4-hydroxy-phenylglycine (Holtzel et al. 2002; Schimana
et al. 2002). The aromatic ring of L-MeHpG is covalently bonded to the aromatic
ring of L-Tyr to form a three-residue macrocycle via a 3,3-biaryl bridge. A fatty acid
is attached to the amino-terminus. Crystallographic and biophysical analysis reveals
that arylomycin binds to E. coli SPase I in a non-covalent fashion (Fig. 7.4b) (Paetzel
et al. 2004). Analogs of arylomycin inhibitors have also been developed (Dufour et al.
2010; Liu et al. 2011b; Roberts et al. 2007, 2011a, b; Smith et al. 2010, 2011, 2018;
Smith and Romesberg 2012). Other reported inhibitors of SPase I include boronic
ester-linked macrocyclic lipopeptides (Szalaj et al. 2018) and aldehyde containing
lipopeptides (Buzder-Lantos et al. 2009; De Rosa et al. 2017).

The crystal structures, site-directed mutagenesis and kinetic analysis are all con-
sistent with the following proposed catalytic mechanism for E. coli SPase I. The
c-region of the signal peptide binds within the SPase I substrate binding groove
(Michaelis complex) which buries the catalytic residues and likely lowers the pKa

of the lysine general base, Lys146. Ser91 serves as the nucleophile and is activated
by the abstraction of its hydroxyl hydrogen by the deprotonated Nζ of the general
base Lys146. The Ser279Oγ is within hydrogen bonding distance and helps orient
the Nζ of Lys146 towards Ser91 (Fig. 7.3). The nucleophilic attack from the si-face
of the scissile carbonyl by the activated Ser91 Oγ results in the tetrahedral oxyanion
transition state 1. The oxyanion is stabilized via hydrogen bonds to the oxyanion
hole (Ser91NH and Ser89OH). The protonated Lys146 Nζ donates a proton to the
main chain nitrogen of the leaving group (P′ side of the scissile bond, the mature
region of the secretory protein, product 1). The main chain carbonyl carbon of the
P1 residue of the signal peptide is then covalently attached via an ester bond to the
Ser91 Oγ (acyl-enzyme intermediate). A nucleophilic water (a.k.a. deacylating or
catalytic water) is activated via the general base Lys146. The structure of E. coli
SPase I with a free active site revealed a likely candidate for this water (Paetzel et al.
2002) (Fig. 7.3). The hydroxyl is in position to attack the carbonyl carbon of the ester
bond. This forms the tetrahedral oxyanion transition state 2, stabilized via hydrogen
bonds to the oxyanion hole. This state then leads to the regeneration of the enzyme
and release of product 2.

Although E. coli SPase I is the most characterized signal peptidase there has been
a significant amount of research on other Gram-negative type 1 signal peptidases.
Most Gram-negative species have a single SPase I gene that codes for a membrane
bound enzyme with two transmembrane segments but there are some exceptions.
Photosynthetic bacteria have two types of membranes; the cytoplasmic membrane
and the thylakoid membrane. Genomic analysis of the photosynthetic bacteria Syne-
chocystis sp. strain PCC 6803 has revealed two SPase I like genes (sll0716 or lepB1
and slr1377 or lepB2) (Zhbanko et al. 2005). Gene knockout analysis was used to
show that lepB2 is essential for cell viability and LepB1 is essential for photoau-
totrophic growth. It will be interesting to look at the relative distribution of these
enzymes in the two different membrane systems of this cyanobacterium given that
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proteomic analysis observes some potential crossover in activity and leaves open
the possibility that there maybe other SPase I enzymes. SPase I activity has also
been observed from solubilized membranes of the phototrophic α-purple bacterium
Rhodobacter capsulatus (Wieseler et al. 1992).

The Pseudomonas aeruginosa genome contains the SPase I genes PA0768 and
PA1303 (Waite et al. 2012). In vitro assays using FRET-peptide substrates showed
that both enzymes are active. PA1303 is smaller than a typical Gram-negative SPase
I and is non-essential. PA0768 has more of a typical length for a Gram-negative
SPase I and is essential for cell growth. Site-directed mutagenesis suggests that
PA1303 plays a role in the quorum-sensing cascade and that PA0768 is the main
SPase I in P. aeruginosa. Bradyrhizobium japonicum is a soil bacterium that fixes
nitrogen and is yet another Gram-negative bacterium with two SPase I genes (SipS
and SipF) (Bairl and Muller 1998). These enzymes are also different in that they
are predicted to have a single amino-terminal transmembrane segment, similar to
the Gram-positive SPase I enzymes. The thermophilic cyanobacterium Phormidium
laminosum also has a SPase I with a predicted single amino-terminal transmembrane
segment (Packer et al. 1995). Legionella pneumophila, the facultative intracellular
Gram-negative bacterium that causes Legionnaires’ disease, has a SPase I with a
unique sequence feature (Lammertyn et al. 2004). The conserved methionine that
immediately follows the nucleophilic serine is a leucine. The structure of E. coli
SPase showed that this residue is located right behind the Ser/Lys catalytic dyad
(Paetzel et al. 1998) (Fig. 7.3).

Other Gram-negative species whose type 1 signal peptidase activity has been
confirmed by in vivo complementation assays includes:Azotobacter vinelandii (Jock
et al. 1997),Bordetella pertussis (Smith et al. 2000),Pseudomonas fluorescens (Black
et al. 1992), Salmonella typhimurium (van Dijl et al. 1990), Rickettsia rickettsii and
Rickettsia typhi (Rahman et al. 2003).

Gram-Positive Type 1 Signal Peptidase

Unlike most Gram-negative species that possess a single gene for SPase I, Gram-
positive bacteria tend to have multiple genes for SPase I. Sequence alignments reveal
that Gram-positive SPase I are shorter in length than theGram-negative SPase I. They
are typically missing part of domain II in their extracytoplasmic region and they
tend to have a single transmembrane segment at their amino-terminus rather than
the two transmembrane segments normally observed in the Gram-negative SPase I.
The best characterized Gram-positive SPase I are those from Bacillus subtilis and
Staphylococcus aureus.

Bacillus subtilis SipS was the first Gram-positive SPase I to be characterized in
detail (van Dijl et al. 1992). All together, Bacillus subtilis has five chromosomally
expressed SPase I enzymes (SipS, SipT, SipU, SipV, and SipW) (Bolhuis et al. 1996;
Tjalsma et al. 1997) and two plasmid expressed SPase I enzymes (SipP) (Meijer
et al. 1995; Tjalsma et al. 1999b). Site-directed mutagenesis experiments are con-
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sistent with the SipS utilizing a Ser/Lys catalytic dyad mechanism where Ser43 is
the nucleophile and Lys83 serves as the general base. Interestingly it was also found
that the mutant M44A showed increased activity (van Dijl et al. 1995). It has been
shown that all of the sip gene products function as type 1 signal peptidases but only
cells lacking both SipS and SipT are not viable (Tjalsma et al. 1998). SipW is very
unique in this group of SPase I enzymes in that it has a histidine in place of the
general base lysine (Tjalsma et al. 2000). This suggests it is more like the Sec11-like
component of the eukaryotic ER signal peptidase complex or the archaeal SPase I
(discussed below). SipW is required for processing of the spore-associated protein
TasA (Tjalsma et al. 2000). SPase I genes from other Bacillus species have been
characterized including: Bacillus amyloliquefaciens (Chu et al. 2002; Hoang and
Hofemeister 1995; van Roosmalen et al. 2001), Bacillus licheniformis (Cai et al.
2016) and Bacillus megaterium (Malten et al. 2005; Nahrstedt et al. 2004).

Staphylococcus aureus has two SPase I-like genes (Cregg et al. 1996). The main
SPase I is coded for by the spsB gene and is essential. Immediately preceding the
spsB gene is another SPase I-like gene spsA but it lacks the catalytic residues. The
nucleophilic serine is replaced by an aspartic acid and the lysine general-base is
replaced by a serine. SpsB is involved in quorum sensing. It is responsible for the
amino-terminal processing of the autoinducing peptide (AIP) molecule precursor
AgrD (Kavanaugh et al. 2007). Kinetic analysis using both preprotein and peptide
cleavage assays shows SpsB has a pH optimum around 8 and apparent pKa values
of 6.6 and 8.7. Curiously, it has been shown that SpsB is not absolutely essential.
S. aureus is able to survive without SpsB by over-expressing a native gene cassette
that encodes a putative ABC transporter. Apparently it compensates for the lack of
a SPase I by cleaving a subset of secretory proteins at a site distinct from the SpsB-
cleavage site (Craney and Romesberg 2017; Hazenbos et al. 2017; Morisaki et al.
2016).

SpsB is the only SPase I besides E. coli SPase I to be crystallographically char-
acterized (Ting et al. 2016). Protein engineering was used to make a crystalliz-
able construct with a peptide substrate tethered for presentation to its binding site
(Fig. 7.5a). The catalytic domain of SpsB was fused with E. coli maltose binding
protein (MBP) to promote solubility, stability, purification and crystallization. The
construct included a poly-histidine-affinity tag followed by MBP (residues 33–393),
followed by a three-residue linker (Ala-Gly-Ala) and then residues 26–191 of SpsB.
The carboxy-terminal residues of SpsB (176–191) that are disordered in the free
active site structure were replaced with a Strep-tag II (WSHPQFEK). Four different
structures of SpsBwere determined; a free active site structure (PDB: 4wvg) with the
nucleophilic serine mutated to an alanine (S36A) and three structures with peptides
bound and with the wild type residue at position 36. The peptides were tethered
covalently to the MBP at an engineered cysteine residue (Q78C) via a thioether link-
age. The covalent tether increased the local effective concentration of the peptide
and led to high occupancy of the peptide within the binding site and clear electron
density for the bound peptide. The peptides (peptide 1: GGGGADHDAHA↓SET,
peptide 2: GGGGAVPTAKA↓ASK, and peptide 3: GGGGGAPTAKAPSK) were
synthesized with an amino-terminal N-bromo-acetyl moiety that reacted with the Sγ
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of the engineered cysteine. The structures of peptide 1 and peptide 2 bound to SpsB
(PDB: 4wvh and 4wvi respectively) reveal that the substrate-like peptides have been
cleaved at the scissile bond between the P1 and P1′ residues resulting in product
complexes. The third peptide bound structure (PDB: 4wvj) has a noncleavable P1′
proline peptide (peptide 3) showing possible contacts that could be made by the
P1′–P3′ residues of the substrate in a Michaelis complex. All of these complex struc-
tures reveal the methyl group of the P1 alanine pointing into the S1 binding pocket
and the methyl group of the P3 alanine pointing into the S3 binding pocket. These
structures are consistent with the binding mode previously hypothesized based on E.
coli SPase I inhibitor complex structures (Liu et al. 2011a; Luo et al. 2009; Paetzel
et al. 2002; Paetzel et al. 1998, 2004). SpsB is very similar to domain I of E. coli
SPase I and the residues that makeup the active site and specificity binding pockets
superimpose well. If the engineering of this construct does not interfere with the
natural substrate cleavage site presentation, the SPase I-peptide complexes reveal
the path that preprotein residues P6 to P3′ take along the enzyme surface (Fig. 7.5b).

There have been a number of other characterized Gram-positive type 1 signal
peptidase including some from species that are associated with biofilm formation.
Staphylococcus epidermidis has three SPase I genes (Sip1, Sip2, Sip3). The catalytic
activity of Sip2 and Sip3 has been measured using both preprotein and synthetic
peptide substrates. Sequence analysis shows that Sip1 does not have a lysine gen-
eral base (Bockstael et al. 2009). The presence of SPase I paralogs without the full
catalytic dyad has been observed in a number of species, such as S. aureus SpsA
that was mentioned above, but it is not yet clear what role(s) these genes perform.
Streptococcus sanguinis, contains two SPase I genes; SSA_0351 and SSA_0849.
SSA_0351 has been shown to be essential for biofilm formation (Aynapudi et al.
2017). Actinomyces oris expresses two SPase I enzymes (LepB1 and LepB2). Muta-
tional analysis is consistent with LepB2 being responsible for processing fimbrial
proteins (Siegel et al. 2016).

Streptococcus pneumoniae SPase I (the spi gene product) has been expressed inE.
coli, purified, and its activity characterized (Zhang et al. 1997). Site-directedmutage-
nesis and preprotein processing assays reveal the Ser38 and Lys76 of S. pneumoniae
SPase I are essential for catalytic activity (Peng et al. 2001). Interestingly, biochemi-
cal studies provide evidence that this enzyme undergoes intermolecular self-cleavage
that results in loss of activity and that this may play a role in regulation (Zheng et al.
2002).

Listeria monocytogenes contains three contiguous SPase I genes in its genome
(SipX, SipY and SipZ). Gene knockout analysis has shown that SipZ is the major
SPase I involved in the processing of most secretory proteins and that SipX and SipZ
are specific for processing proteins related to pathogenicity (Bonnemain et al. 2004;
Raynaud and Charbit 2005).

Streptomyces lividans contains four different chromosomally encoded SPase I
genes (sipW, sipX, sipY and sipZ) (Parro et al. 1999). Sequence alignments and
functional analysis are consistent with all four of the enzymes having a full set
of catalytic residues and all four being able to process preproteins (Geukens et al.
2001b). The first of these genes to be cloned was that of sipZ (Parro and Mellado
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�Fig. 7.5 The crystal structure of the catalytic domain of S. aureus SPase I (SpsB). a Protein
engineering was used to make a crystallizable construct of SpsB. Maltose Binding Protein (MBP)
was engineered at the amino terminus of SpsB. A strep-affinity-tag replaced the C-terminal residues
of SpsB. A series of peptides corresponding to substrate and inhibitor sequences were covalently
linked to the MBP via an engineered cysteine, such that they presented the specificity residues to
the SpsB substrate-binding groove. b A close up view of the SpsB binding groove with the P1′
proline peptide (PDB: 4wvj)

1998). Membrane topology analysis shows that SipY has one amino-terminal trans-
membrane segment and one carboxy-terminal transmembrane segment. Sequence
analysis suggests that SipX and SipZ have a similar topology (Geukens et al. 2001a).
Kinetic analysis shows that SipW and SipY have a pH optimum of 8–9 whereas SipX
and SipZ have a pH optimum of 10–11. All four enzymes show improved activity
in the presence of phospholipids (Geukens et al. 2002). Mutagenesis and proteomic
analysis is consistent with SipY being the main SPase I for general protein secretion
in S. lividans (Escutia et al. 2006; Palacin et al. 2002).

Archaeal Type 1 Signal Peptidase

Genome analysis has shown that archaea possess a gene with sequence similarity to
bacterial SPase I, but the lysine general-base that is observed in bacterial SPase I is
replaced by a histidine in archaeal SPase I (Eichler 2002). In addition, most archaeal
SPase I lack a large region of domain II (Eichler 2002). This suggests that archaeal
SPase Imaybe similar to the Sec11 component of the signal peptidase complex (SPC)
that is present in eukaryotic species (Ng et al. 2007). It is interesting that the bacterial
genus Bacillus contain SPase I genes that are similar to the eukaryotic or archaeal
SPase I homologs. Asmentioned above, the B. subtilis SipW is a characterized SPase
I whose sequence suggests that it utilizes a histidine rather that lysine as its general
base (Tjalsma et al. 1998, 2000).

The first characterization of an archaeal type I signal peptidase was that of the
methanogenic archaeonMethanococcus voltae (Ng and Jarrell 2003). The gene was
cloned and expressed in E. coli and its activity analyzed using an in vitro assay with a
truncated form ofM. voltae S-layer protein as the substrate. This assay demonstrates
that the archaeal SPase I gene product can function without the help of other com-
ponents. Membrane topology prediction analysis suggests that this enzyme contains
an amino-terminal and a carboxy-terminal transmembrane segment. Site directed
mutagenesis studies on M. voltae SPase I show that Ser52 and His122 are essential
residues and that Asp148 may also be essential (Bardy et al. 2005).

The halophilic archaeon Haloferax volcanii contains two SPase I genes in its
genome (sec11a and sec11b). Gene deletion studies show that both of these genes
are expressed but that only Sec11b is essential. Both enzymes were able to cleave
preproteins but with different levels of efficiency (Fine et al. 2006). It is not yet clear
why some arachaea have multiple SPase I paralogs. Of note, genomic analysis sug-
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gests that haloarchaea use the Tat pathway rather than the general secretion system
for nearly half of their secreted proteins. Since the Tat pathway specializes in the
translocation of fully folded proteins, this maybe an adaption to the extreme salt con-
centrations outside the cell that could prevent proper protein folding. Interestingly,
both SPase I enzymes (Sec11a and Sec11b) in H. volcanii have an acidic isoelec-
tric point (4.5) consistent with the negative charge seen on most of the H. volcanii
cell surface proteins. The calculated isoelectric point for most archaeal SPase I are
significantly more basic. For example, the isoelectric point of M. voltae SPase I is
9.0. Site-directed mutagenesis and in vitro preprotein cleavage assays reveal that the
residues Ser72, His137 and Asp187 in H. volcanii Sec11b are essential (Fink-Lavi
and Eichler 2008).

Type II Signal Peptidases

SPase II (also called type 2 signal peptidase, prolipoprotein signal peptidase, and
LspA) catalyzes the removal of the amino-terminal signal peptide from bacterial
proteins that are tethered to the inner membrane by the signal peptide and a dia-
cylglycerol moiety. Many of the insights into the discovery and characterization
of SPase II were facilitated by the cyclic pentapeptide (19-membered cyclic dep-
sipeptide) globomycin (Fig. 7.6c). This natural product has four natural amino acid
(glycine, L-serine, L-allo-isoleucine (2S,3R), L-allo-threonine (2S,3S)), N-methyl-
L-leucine, and β-hydroxy-α-methyl carboxylic acid (α-methyl-β-hydroxynonanoyl).
It is a product of non-ribosomal peptide synthesis in the Gram-positive mycelial bac-
teria Actinomycetes, first isolated in 1978, and shown to have antibacterial activity
(Inukai et al. 1978a, b; Nakajima et al. 1978). It was revealed that globomycin’s
antimicrobial activity is the result of the inhibition of a prolipoprotein processing
enzyme which converts prolipoprotein to lipoprotein (Inukai et al. 1978c). This was
the first observation of SPase II activity. Globomycin was instrumental in the discov-
ery that the cleavage of the signal peptide by SPase II is essential for the transport of
lipoprotein to the outer membrane of Gram-negative bacteria (Hussain et al. 1980).
Inhibition of SPase II results in the accumulation of prolipoprotein in the inner mem-
brane which then leads to bacterial cell death (Hussain et al. 1980). This also helped
confirm that modification with diacylglycerol occurs before cleavage of the signal
peptide. Globomycin is a reversible noncompetitive inhibitor with a Ki of 36 nM
(Dev et al. 1985). Total synthesis and crystallographic analysis led to the relative and
absolute configurations of globomycin (Kogen et al. 2000). NMR analysis suggests
that globomycin exists as a mixture of two rotational isomers in solution. Synthetic
globomycin has the same antimicrobial activity as the naturally purified globomycin
and changes to the serine position decreases antimicrobial activity. Solid-phasemeth-
ods of globomycin synthesis has allowed for further optimization of this inhibitor
(Sarabia et al. 2011). Intriguingly, another cyclic secondary metabolite from the
Myxobacteria called TA (myxovirescin) also inhibits SPase II (Xiao et al. 2012).
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�Fig. 7.6 The crystal structure of Pseudomonas aeruginosa (strain PAO1) SPase II (PDB: 5DIR).
a The protein fold of SPase II showing the transmembrane segments 1–4 (TM1-4). The β-cradle
domain and the PH (periplasmic helix) region are labeled. The proposed catalytic residues Asp124
and Asp143 are labeled. b The surface of SPase II reveals three pathways that meet at the proposed
position of the P1′ cysteine of the prolipoprotein. The proposed pathway for the lipoprotein (mature
region of the prolipoprotein) is shaded and labeled, as are the proposed pathways for the signal
peptide and the diacylglycerol. The bound lipid used in the crystallization is labeled. The position of
the c-region of the signal peptide is proposed based on the position of bound inhibitor globomycin.
c The molecular structure of SPase II inhibitor globomycin. d The active site of SPase II. The
proposed catalytic residues Asp124 and Asp143 are within hydrogen bonding distance (dashed
lines) to coordinating asparagine residues. The atoms involved in the hydrogen bonding interactions
are labeled. The serine residue of globomycin,whichmimics the P1 residue of the substrate, is shown
in ball-and-stick

SPase II activity has beenmeasured using both in vivo and in vitro assays (Dev and
Ray 1984; Kitamura and Wolan 2018; Yamagata 1983). Recently a high-throughput
in vitro SPase II activity assay has been designed, allowing for screening of chemical
libraries. This has led to the development of inhibitors with nanomolar half-maximal
inhibitory concentration values (Kitamura et al. 2018).

The first SPase II to be investigated was the SPase II from E. coli. Evidence
clearly showed that there existed in E. coli a distinct signal peptidase for the process-
ing of lipoproteins (Tokunaga et al. 1982, 1984). Its gene was mapped and sequenced
(Regue et al. 1984; Tokunaga et al. 1984) and the enzyme-fusion technique was used
to determine its membrane topology. This analysis suggested that E. coli SPase II
has four transmembrane segments with both the amino-terminus and the carboxy-
terminus residing in the cytoplasm (Munoa et al. 1991). SPase II genes from other
Gram-negative bacterial have been characterized including: Enterobacter aerogenes
(Isaki et al. 1990), Legionella pneumophila (Geukens et al. 2006),Myxococcus xan-
thus (Paitan et al. 1999), andRickettsia typhi (Rahman et al. 2007), andPseudomonas
aeruginosa (Vogeley et al. 2016).

Gram-positive SPase II enzymes that have been characterized include: Bacillus
subtilis (Pragai et al. 1997; Tjalsma et al. 1999a, c), Staphylococcus carnosus (Witke
and Gotz 1995), Streptococcus pneumonia (Khandavilli et al. 2008), Streptococcus
suis (De Greeff et al. 2003), Streptomyces coelicolor (Munnoch et al. 2016), and
Streptomyces lividans (Gullon et al. 2013). Sequence alignments and site-directed
mutagenesis in B. subtilis SPase II suggest that SPase II is a unique aspartic protease
(Tjalsma et al. 1999c).

One structure of a SPase II enzyme is available (Vogeley et al. 2016). LspA
from Pseudomonas aeruginosa (strain PAO1) was crystallized using the in meso
(lipid cubic phase) method (Caffrey 2015). The structure is refined to 2.8 Å reso-
lution. The crystallization conditions were at pH5.6–6.0 and included MES buffer,
PEG400, ammonium phosphate, and monoolein (monoacylglycerol, 9.9 MAG, 1-
(9Z-octadecenoyl)-rac-glycerol). The enzyme is 169 residues in length (UniProt:
Q9HVM5, molecular mass 18,997 Da, isoelectric point 8.0). The crystal structure
has clear electron density for residues 2–158 (for chain A, the most ordered of the
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four molecules in the asymmetry unit). Structural analysis suggests SPase II is a
monomer.

The crystal structure of SPase II from Pseudomonas aeruginosa showed there
are four transmembrane segments with a topology that places both the amino- and
carboxy-termini in the cytoplasm (TM1: residues 9–34, TM2: residues 68–90, TM3:
residues 95–119, andTM4: residues 140–158) (Fig. 7.6a). This topology is consistent
with the gene-fusion topology analysis performed on the E. coli SPase II homolog
(Munoa et al. 1991). The first three residues of TM1 are in the 310-helical confor-
mation. There is also a small periplasmic domain that is made up of a four-stranded
antiparallel β-sheet (β1: residues 40–43, β2: residues 46–54, β3: residues 122–130,
β4: residues 134–136). Because of its shape, this domain is referred to as the β-cradle.
There is also a loop region with a single 310-helical turn (residues 60–62), which is
referred to as the periplasmic helix (PH). The β-cradle and PH are amphipathic in
nature and reside on the periplasmic region of the protein, along the surface of the
periplasmic side of the inner membrane lipid bilayer, approximately perpendicular
to the orientation of the TM helices. The first two strands of the β-sheet and the PH
are an insertion between TM1 and 2. The last 2 β-stands within the β-sheet are an
insertion between TM3 and 4. The secondary structure assignments discussed here
were assigned using the program PROMOTIF(Hutchinson and Thornton 1996).

The SPase II structure was cocrystallized with globomycin. This allowed for the
clear interpretation of the substrate binding groove and the catalytic active site. The
substrate-binding groove is located at the periplasmic end of TM2, 3 and 4. The
residues that have direct interactions with the inhibitor, and therefore likely with
the prolipoprotein substrate as well, include residues that reside on TM3 such as
Arg116 and Asn112. Interactions also come from Asn140 and Asp143, residing on
TM4. Contacts are made fromAsp124 found on the third β-strand within the β-sheet.
The residues Leu-Ile-Ser of globomycin likely fit into the substrate-binding groove
of SPase II in a similar fashion to the lipobox residues in the prolipoprotein. The
residues surrounding the bound inhibitor correspond to the residues that are most
conserved in SPase II.

Modeling and molecular dynamics simulations suggests that the Cα atom of the
P1′ cysteine within the prolipoprotein substrate sits at a three-way crossroad of three
substrate binding surfaces on the surface of LspA (Fig. 7.6b). The periplasmic β-
cradle and the PH-loop region form a groove where the mature region of the lipopro-
tein would be directed. A second groove is formed by the periplasmic β-cradle and
TM4. The side chain of the P1′ cysteine could fit in this groove and the thioether
linkage to diacylglycerol would direct the fatty acids to lay across the surface of
TM4. A binding surface is formed from TM helices 2, 3 and 4. This creates a long
surface for the signal peptide to bind. The surface complementarity between this
enzyme and its unique substrate allows for LspA to recognize and cleave a broad
range of prolipoproteins.



208 M. Paetzel

The clues provided by the inhibitor complex allowed for a hypothetical Michaelis
complex to be modeled. This model in turn suggested the identity of the residues
involved in the catalyticmechanism.Themost likely residues areAsp124 andAsp143
(Fig. 7.6a, d). Asp124 resides on the amino-terminal end of β-strand 3 (β3) and
Asp143 resides on the amino-terminal end of TM4. In the globomycin-SPase II
complex the globomycin serine hydroxyl group hydrogen bonds to both of the pro-
posed catalytic residues. Sequence alignments show 14 strictly conserved residues:
Asp23, Lys27, Asn54, Gly56, Gly108, Ala109, Asn112, Arg116, Val122, Asp124,
Phe139, Asn140, Ala142, and Asp143. Most of these residues are located near the
active site. Site-directed mutagenesis was consistent with Asp124 and Asp143 being
essential residues. This suggests that these residues likely play a direct role in catal-
ysis similar to the classic aspartic protease mechanism (Rawlings and Barrett 2013;
Wlodawer et al. 2013). A constellation of asparagine residues helps to coordinate and
orient the proposed catalytic residues (Fig. 7.6d). Asp143 Oδ1 is hydrogen bonded
to Asn112 Nδ2 (3.0 Å). Asp124 Oδ2 is hydrogen bonded to Asn54 Nδ2 (3.4 Å) and
Asp124 Oδ1 is hydrogen bonded to Asn140 Nδ2 (3.2 Å). In the future, it will be
helpful to see a structure of this enzyme with a free active site; this may reveal the
coordination geometry for the catalytic water. It is likely that the bound globomycin
has displaced the catalytic water. If the c-region of the prolipoprotein substrate lays
within the binding site of SPase II in a similar orientation to that of the cyclic peptide
globomycin, then the structure suggests that the nucleophilic water attacks from the
si-face of the substrate’s scissile carbonyl. The hydroxyl oxygen of the serine within
the bound globomycin sits adjacent to the two proposed catalytic carboxylate groups
of Asp124 and Asp143. The hydroxyl oxygen is closer to Asp143 Oδ2 (2.4 Å) than
it is to Asp 124 Oδ1 (2.9 Å). If the globomycin serine hydroxyl is mimicking one of
the hydroxyls of the gem-diol transition state, then it is possible that the Asp143 is
stabilizing the transition state via a low barrier hydrogen bond as has been proposed
in some aspartic proteases (Wlodawer et al. 2013). A full stereo-electronic under-
standing of the SPase II mechanism awaits structural analysis at higher resolution.

Other Signal Peptide Cleaving Enzymes

Although they have not been covered in this chapter, there are a number of other bac-
terial peptidases associated with protein secretion such as those involved in prepilin
processing (Dupuy et al. 2013) and hydrolysis of signal peptides (Dalbey and Wang
2013).
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Chapter 8
Carbohydrate Transport by Group
Translocation: The Bacterial
Phosphoenolpyruvate: Sugar
Phosphotransferase System

Jean-Marc Jeckelmann and Bernhard Erni

Abstract The Bacterial Phosphoenolpyruvate (PEP): Sugar Phosphotransferase
System (PTS) mediates the uptake and phosphorylation of carbohydrates, and con-
trols the carbon- and nitrogen metabolism in response to the availability of sugars.
PTS occur in eubacteria and in a few archaebacteria but not in animals and plants.
All PTS comprise two cytoplasmic phosphotransferase proteins (EI and HPr) and
a species-dependent, variable number of sugar-specific enzyme II complexes (IIA,
IIB, IIC, IID). EI and HPr transfer phosphorylgroups from PEP to the IIA units.
Cytoplasmic IIA and IIB units sequentially transfer phosphates to the sugar, which
is transported by the IIC and IICIID integral membrane protein complexes. Phospho-
rylation by IIB and translocation by IIC(IID) are tightly coupled. The IIC(IID) sugar
transporters of the PTS are in the focus of this review. There are four structurally dif-
ferent PTS transporter superfamilies (glucose, glucitol, ascorbate, mannose). Crystal
structures are available for transporters of two superfamilies: bcIICmal (MalT, 5IWS,
6BVG) and bcIICchb (ChbC, 3QNQ) ofB. subtilis from the glucose family, and IICasc

(UlaA, 4RP9, 5ZOV) of E. coli from the ascorbate superfamily. They are homod-
imers and each protomer has an independent transport pathway which functions
by an elevator-type alternating-access mechanism. bcIICmal and bcIICchb have the
same fold, IICasc has a completely different fold. Biochemical and biophysical data
accumulated in the past with the transporters for mannitol (IICBAmtl) and glucose
(IICBglc) are reviewed and discussed in the context of the bcIICmal crystal structures.
The transporters of the mannose superfamily are dimers of protomers consisting of a
IIC and a IID protein chain. The crystal structure is not known and the topology diffi-
cult to predict. Biochemical data indicate that the IICIID complex employs a different
transport mechanism. Species specific IICIID serve as a gateway for the penetration
of bacteriophage lambda DNA across, and insertion of class IIa bacteriocins into
the inner membrane. PTS transporters are inserted into the membrane by SecYEG
translocon and have specific lipid requirements. Immunoelectron- and fluorescence
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microscopy indicate a non-random distribution and supramolecular complexes of
PTS proteins.

Keywords Bacteriocin · Bacteriophage lambda · EIIC component · EIID
component · Elevator mechanism · Energy coupling · Glucose · Mannitol ·
Mannose · PTS · Subcellular localization · Sugar transport

Introduction

Bacteria are single cell organisms that can form communities of cells expressing
different and complementary metabolic pathways. Communities display metabolic
diversity exceeding the metabolic potential encoded by the genome of a single bac-
terium. Changes of nutrient composition and community structure require a continu-
ous adaptation of nutrient uptake andmetabolism by intracellular signal transduction
pathways and by intercellular communication between different community mem-
bers. The phosphoenolpyruvate (PEP)-dependent sugar phosphotransferase system
(PTS) couples carbohydrate uptake with the control of carbohydrate metabolism,
chemotaxis, virulence and other functions. Carbohydrates are important nutrients for
the majority of heterotrophic bacteria. Glucose is the primary product of photosyn-
thesis and the building block of cellulose, the globally most abundant biopolymer.
N-acetyl glucosamine is the building block of chitin, the second most abundant
biopolymer (organic matrix of fungal cell walls and arthropodal exoskeletons).

Uptake of polar nutrients requires specific membrane transport proteins, which
utilize different energy couplingmechanisms: (i) primary active transporters useATP
as energy source to pump solutes against a concentration gradient; (ii) secondary
active transporters couple the uphill transport of a solute with the downhill transport
of an ion along the electric and/or concentration potential; (iii) group translocation
transporters couple solute transport with the chemical modification of the solute.

The sugar transporters of the phosphoenolpyruvate (PEP)-dependent sugar phos-
photransferase system (PTS) mediate substrate uptake coupledwith phosphorylation
of the substrate (Fig. 8.1). Substrates are mono- and disaccharides, sugar alcohols
(mannitol) and sugar acids (ascorbic acids). The phosphoryldonor is PEP. Phospho-
rylgroups are sequentially transferred from PEP to the incoming substrate by two
“general” phosphotransferase proteins, EI and HPr, and the IIA and IIB domains
of the sugar-specific enzyme II complexes (IIA, IIB, IIC, IID). IIC and IICIID are
integral membrane transporters of different and sometimes overlapping sugar speci-
ficity, which are not phosphorylated (for reviews see Postma and Roseman 1976;
Meadow et al. 1990; Postma et al. 1993; Saier et al. 1995; Robillard and Broos 1999;
Erni 2013; Gabor et al. 2011; Roseman 1969). The IIC domain contains the substrate
binding site.

Vectorial solute transport with chemical modification of the transported solute is
termed group translocation (Mitchell and Moyle 1958). It exists mainly in prokary-
otes unlike ion-gradient dependent primary, andATP-dependent secondary transport,
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which occur in all kingdoms of life. Two examples of putative group translocation
different from the PTS are uptake of pyrroline-5-carboxylate (P5C) coupled with
reduction to proline, and uptake of fatty acids coupled with acylation by coenzyme
A (Zou et al. 2003; Lepore et al. 2011;Mixson and Phang 1988). Group translocation
allows the nutrient uptake under conditions where the membrane is deenergized and
ion-coupled sugar transport is failing. It allows reinitiation of growth and survival
in a hostile, the membrane integrity compromising, environment (Wells and Russell
1996).

As indicated above, the PTS plays a central role in the regulation of carbon and
nitrogen metabolism in response to the availability of PTS-sugars (comprehensively
reviewed by Josef Deutscher and colleagues; Saier et al. 1995; Deutscher et al. 2006;
Deutscher et al. 2014; Galinier and Deutscher 2017). Input for this control is the
phosphorylation state of the phosphotransferase proteins, which varies with sugar
availability, uptake activity, and the production of PEP. In the limiting case of the
complete absence of PTS sugars, all PTS proteins will be in the phosphorylated
state. In the limiting case of the complete absence of PEP (or the interruption of
the phosphoryltransfer chain by a mutation), all PTS proteins (downstream of the
mutated protein) will be in the dephosphorylated state. Within these extremes the
phosphorylation state of the PTS proteins varies with the supply of PEP and the
demand by sugars, which are transported by the PTS. The ratio of the dephosphory-
lated to the phosphorylated forms of IIA or IIB components increases when sugars
are translocated by IICs faster than IIA and IIB are rephosphorylated PEP via EI and
HPr (Hogema et al. 1998). Phosphorylated and non-phosphorylated forms of certain
(species-dependent) HPr, IIA and IIB control uptake of non PTS sugars, such as lac-
tose or maltose (catabolite repression), intermediate metabolism (carbon, nitrogen
balance, glycogen synthesis), gene expression and chemotaxis (Somavanshi et al.
2016).

The structure and the function of the different transmembrane IICs of the PTS
are the main topic of this chapter. Secondary topics are: Biogenesis of IICs and IIC
supramolecular complexes in the bacterial inner membrane.

The Discovery of the Phosphotransferase System (PTS)

The bacterial PEP: sugar phosphotransferase system (PTS) was discovered by
Kundig, Gosh and Roseman during their investigation of the sialic acid metabolism
(Roseman 1989; Basu 2003; Gracy 2003). N-acetyl-mannosamine (ManNAc), an
intermediate of this pathway, was phosphorylated by an ATP dependent kinase iso-
lated from liver. Bacteria were expected to contain a similar kinase because they
were known to utilize ManNAc as the sole carbon source for growth. But no such
activity was found in extracts from bacteria. On the consideration that ATP in a
crude extract might be hydrolysed faster than utilized by the searched-for kinase,
the extract was supplemented with an ATP-regenerating system consisting of ADP,
PEP and nucleoside diphosphokinase. And this worked—but unexpectedly with PEP



226 J.-M. Jeckelmann and B. Erni

alone! Subsequently, the PEP dependent “kinase” was purified and shown to com-
prise three protein fractions. TheEnzyme I (EI), HPr (heat stable, histidine containing
protein) fractions were cytoplasmic soluble. The third fraction Enzyme II was mem-
brane bound (Kundig et al. 1964; Kundig and Roseman 1971a). The activity of the
Enzyme II fraction towards different sugars varied depending on which sugar was
present in the growth medium, pointing to the existence of different sugar-specific
and inducible enzymes II. The subsequent biochemical and genetic dissection of
the PTS in E. coli and S. typhimurium revealed that enzymes II consisted of two
genetic and biochemical units termed Enzyme IIA and Enzyme IIB (today’s IIAsugar

and IICBsugar) and an ever increasing number of PTS gene products, in particular of
several enzymes II (abbreviated IIsugar) of different specificity for hexoses, hexitols,
disaccharides and ascorbic acid (Danchin 1989; Saier 2015).

Phylogeny and Evolution of the PTS

Milton Saier and collaborators analysed the phylogenetic relationships between the
PTS in hundreds of bacterial genomes (Saier et al. 2005; Nguyen et al. 2006; Chen
et al. 2011).According to these analyses the IICs of thePTSoriginate fromat least five
independent ancestors, giving rise to five superfamilies: (1) Glucose (Glc)/Fructose
(Fru)/Lactose (Lac) (GFL) superfamily, (2) Glucitol, (3) Ascorbate (Asc)/Galactitol
(Gat) (AG) superfamily, (4) Mannose (Man)/Sorbose (Sor)/Fructose (MSF) super-
family, and (5)Dihydroxyacetone (Dha) superfamily (Fig. 8.1). TheDha superfamily
does not comprise integral membrane proteins and therefore will not be described
in more detail than this: DhaL and DhaK are a pair of soluble subunits with the
same fold as the ATP- and Dha-binding domains of the ATP-dependent Dha kinase.
DhaM, the third subunit, has the same fold as the IIA of the Man superfamily. DhaK
contains the Dha binding site. DhaL a quasi-irreversibly bound ADP as cofactor,
which is rephosphorylated in situ by DhaM (for reviews see Erni 2013; Erni et al.
2006.

High resolution X-ray structures of six IICs belonging to the GFL and AG super-
families are known (McCoy et al. 2016; Luo et al. 2015; Cao et al. 2011) (see
section “Structure and Function of Glucose (GFL) and Ascorbate (AG) Superfamily
Transporters”), and the structures of the other members can be predicted/modelled
with high confidence by the known structures as template (The Phyre2 web por-
tal for protein modeling, prediction and analysis; Kelley et al. 2015). The glucitol
transporters consist of two membrane spanning subunits (IIC′gut and IIBC′′gut). The
IICIID complex of the MSF superfamily also consists of two subunits. The struc-
tures of IICIIDman and IIC′IIBC′′gut are not known. Residues 176–268 of the IIBC′′
subunit, corresponding to the 110 N-terminal residues (out of a 140) of the integral
membrane domain IIC′′ are predicted with limited confidence (Kelley et al. 2015) to
assume a fold similar to the N-terminus of a dicarboxylate/sodium symporter (Man-
cusso et al. 2012). The IICIIDman defied attempts to predict the membrane topology
(Möller et al. 2001).
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Fig. 8.1 The bacterial phosphotransferase system. Representative sugar transporters from each
superfamily occurring in Escherichia coli are shown in different colors. The different structural
folds are indicated by different shapes. Representative PDB entries (www.rcsb.org) are indicated
below each shape as follows: Structures of E. coli proteins normal, of orthologs from other bacteria
italic. PDB entries of intersubunit complexes are given, rather than the entries of the single subunits.
X-ray structures (upper case) and NMR structures (lower case). Solid outlined shapes indicate that a
structure is known or can be predictedwith high confidence by known structures as template. Shapes
without outlines indicate proteins of unknown tertiary structure. Interdomain linkers are indicated
by straight lines (not to scale). EI(EIC) and all transporters (IIC(-IID)) are dimers (explicitly shown
in red/grey only for IICBglc). IIAman and DhaM (IIAdha) are homodimers, IIAchb is a homotrimer.
All other IIA and IIB are monomeric. Broken arrows indicate the phosphoryltransfer from HPr to
the different IIA domains or subunits. EI, HPr, all IIA are phosphorylated at a histidine, IIB of the
GFL, glucitol, and ascorbate/galactitol superfamily at a cysteine. IIB of the mannose superfamily
are phosphorylated at a histidine. DhaL of the dihydroxyacetone kinase is phosphorylated by DhaM
at a quasi irreversibly bound ADP cofactor. Additional arrows depicting the phosphoryl flow from
IIA to IIB and hence to the sugar transported by IIC are not shown. One example of crosstalk
occurring between structurally related enzyme II complexes of the glucose and β-glucoside family
is indicated at the top. The nitrogen-related PTS (grey, PtsP, PtsO, PtsN) does not crosstalk with EI
and HPr of the sugar PTS (white) (Rabus et al. 1999). The numbers of paralogues transport systems
in Escherichia coli are indicated in parenthesis (Tchieu et al. 2001)

http://www.rcsb.org
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The structural heterogeneity of the five PTS superfamilies strongly indicates that
they have different ancestors, which later in evolution were integrated in a primordial
PTS. The ancestor of the GFL family appears to be a protein of the IICfru type. The
ancestor of the AG family could be a protein related to the major facilitator super-
family (MFS), viz. membrane proteins that transport solutes driven by chemiosmotic
ion gradients. An example of obvious ancestorship is the Dha kinases of the PTS,
which share structure and mechanism with the contemporary ATP dependent dihy-
droxyacetone kinases of bacteria and eukaryotes (Saier et al. 2005; Barabote and
Saier 2005).

TheGFL superfamily (1) is by far the largest. 212 of itsmembers from 34 bacterial
species could be further divided into five equally divergent families, and each fam-
ily again into several subfamilies (SF, clusters) as follows: (1) Glc family (6 SF, 41
members); (2) β-glucoside family (6 SF, 56members); (3) Fru family (6 SF, 40mem-
bers); (4) Mannitol (Mtl) family (5 SF, 33 members); (5) Lactose-diacetylchitobiose
family (6 SF, 42 members) (Chen et al. 2011). Whereas the IIC domains of the
GFL superfamily share the same fold this does not hold for their cognate IIA and
IIB domains/subunits. IIA and IIB of the Glc and β-glucoside families (1, 2) share
one common fold. The mannitol/fructose, lactose-diacetylchitobiose families (3–5)
share another common fold (Fig. 8.1) (Erni 2013; Clore and Venditti 2013). The only
shared feature is that all IIA are phosphorylated at histidine and all IIB at cysteine.

Whether the glucitol transporter constitutes a superfamily of its own or belongs
to the GFL superfamily is not clear. It consists of two subunits (IIC′ and IIBC′′gut),
and the IIA fold (1F9H) is different from the GFL family IIA folds.

The mannose superfamily (MSF) of transporters was phylogenetically grouped
in seven families (groups 1–7) of which the putative metabolic function and sub-
strate specificity was inferred from their respective genome-context (Zuniga et al.
2005). Alternatively, the IICIID complexes were phylogenetically grouped into three
families (groups I–III) (Kjos et al. 2009). The correspondence between these two
groupings is not entirely clear. Of interest is group I which contains the IICIID
complexes conferring sensitivity to class IIA bacteriocins (section “IICIIDMannose
Transporters as Targets of Bacteriocins”). Three peptide sequences distinguish the
group I IIC and IID proteins with bacteriocin receptor function from those with poor
or none (Kjos et al. 2009).

Do the phylogenetic trees obtained for the PTS of different species correspond
with the 16S ribosomal RNA trees (Woese and Fox 1977), which represent the evolu-
tionary relationships of these bacteria? A comparison shows that the members of the
GFL superfamily diversified in parallel with speciation (vertical transmission during
evolution) (Nguyen et al. 2006; Chen et al. 2011). In contrast the phylogenetic tree
of the MSF superfamily often does not agree with the order inferred from ribosomal
RNAs indicating that they spread between species by horizontal gene transfer.
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Distribution and Composition of PTS in Eubacteria
and Archaebacteria

There are more than 10,000 complete bacterial and 300 archaeal genomes listed in
the NCBI Microbial genome databank in 2018. Barabote and Saier in 2005 screened
174 bacterial genomes of 136 different bacterial species for their content of PTS
genes. The results of this comprehensive analyses (Barabote and Saier 2005) can be
summarized as follows.

Thirty out of the 136 species do not possess PTS-encoding genes, and 29 have
an incomplete PTS, consisting of EI, HPr and IIA but lacking IIC/IIB transporters.
77 species (55%) have at least one complete PTS (EI, HPr, IIA, IIB, IIC), of which
18 have only one IIA, IIB, IIC system, 13 have only two systems and 46 have
between three and 30 different systems. Listeria monocytogenes has 30 different
systems with IIA, IIB, IIC subunits encoded by 91 genes accounting for 3.2% of all
genes. Escherichia coli contains representatives (Fig. 8.1) from all five superfamilies
(Barabote and Saier 2005; Tchieu et al. 2001).

Where only one or two systems are present they always are of the IICglc and/or
IICfru type. Genomes with more than three IIC systems always include at least one
IICfru and/or one IICglc system. But the number of IICglc can be as high as 14 and
IICfru as high as 6. Some bacterial genomes contain as much as 8 IIClac systems,
others as much as 12 IICIIDman systems. Some of these systems may be cryptic, viz.
they are not expressed unless a promoter is inserted in front of the operon, e.g. by
transposition. A well studied cryptic system is the β-glucoside (bgl) operon of E.
coli (Reynolds et al. 1981; Schnetz and Rak 1988; Harwani 2014).

The PTS content generally correlates with the potential for facultative anaerobic
and anaerobic growth. 100% of the species with 10–30 transport systems, 86% of
species with 3–9, and 39% of species with 1–3 systems are capable of anaerobic
growth. Only 27% of species with incomplete PTS and only 20% of bacteria without
PTS can grow anaerobically.

Multiple PTS systems occur in bacteria growing in the rumen, the oxygen-free and
carbohydrate rich section of the stomach of ruminant animals, multiple IICIIDman

systems in bacteria from the intestinal microbiota (Zuniga et al. 2005).
The IIC of the GFL superfamily and of the AG superfamily (section “Phylogeny

and Evolution of the PTS”) can occur as single-domain proteins or in fusion pro-
teins with IIB and IIA domains (IICBA), or with IIB alone (IICB) but never with
IIA (no IICA) alone. Fusions can occur to the N-terminus (IIBCfru), the C-terminus
(bcIICBmal) or to both (IIBCAbgl). IIC and IID of the mannose superfamily occur
either as tightly associated subunits (IICIID) or as fusion proteins IICD (Q8RD53).
Fusions of integral membrane IIC domains with non-PTS domains (putative topoiso-
merases, DNA repair proteins, guanylate phosphodiesterases) are rare, but occur in
Mycoplasma, Mesoplasma and Vibrio species. For comparison, fusions between EI,
HPr, IIA and IIB domains and also between these domains and non-PTS domains,
e.g. transcription regulators are quite common (Saier et al. 1995; Deutscher et al.
2006; Galinier and Deutscher 2017).



230 J.-M. Jeckelmann and B. Erni

In archaea homologues of PTS proteins were discovered for the first time in 2006.
The square halophilic archaeon Haloquadratum walsby has a PTS involved in the
phosphorylation of dihydroxyacetone (Bolhuis et al. 2006) and a similar PTS was
soon also found in Haloferax volcanii (Kirkland et al. 2008). H. volcanii in addition
possesses a functional fructose (Fru) PTS comprising the IIC, IIA, EI, HPr and
IIB proteins encoded in a single operon (Pickl et al. 2012). A similar Fru PTS with
about 70% sequence identity also occurs inHalalkalicoccus jeotgali andHaloarcula
marismortui. The haloarchaeal IICfru shows about 45%sequence identitywith a IICfru

homologue fromClostridia, indicating that itmight have been acquired via horizontal
gene transfer (Pickl et al. 2012). Thermofilum pendens, isolated from a solfatara in
Iceland, has a complete Man PTS (HPr, EI, IIB, IIA, IICIIDman). Animals, plants
and other eukaryotes (protists) do not have PTS.

Methods to Assay Transport and Phosphorylation Activity
of IIC

Sugar uptake and fermentation by Gram-negative, enteric bacteria such as
Escherichia coli can be detected on MacConkey indicator plates supplemented with
the sugar of interest and peptides. Colonies of sugar fermenting bacteria turn red
because they secrete acids, which can be detected with the pH indicator neutral red.
Bacteria that cannot transport a given sugar utilize the peptides and their colonies
remain pale yellow.Rate and extent of sugar uptake by intact bacteria can bemeasured
with radioactive sugars. Exponentially growing bacteria arewashed and preincubated
before the radioactive sugar is added. Samples are withdrawn in short intervals,
diluted into buffer and immediately collected by Millipore filtration. Uptake is fast
and reaches saturation within less than 60 s. Non-metabolizable sugar analogs, such
as α-methyl-glucopyranoside or 2-deoxyglucose are utilized to measure net uptake
undisturbed by metabolic degradation of the transported substrate.

Phosphotransferase activity (PT activity) of cell-free systems and of the purified
proteins is assayed in vitro (for standard methods’ protocol see Mao et al. 1995;
Navdaeva et al. 2011). Cells are ruptured mechanically by shear stress and decom-
pression in a French pressure cell or by sonication. Cell debris are removed by low
speed centrifugation, and the cytoplasmic and membrane fractions separated by high
speed centrifugation. The PEP dependent PT activity of the combined fractions is
assayed with radioactive sugars (Fig. 8.2a, b). The negatively charged [14C]sugar
phosphate is separated from the unreacted neutral [14C]sugar by adsorption to an
ion-exchange resin and released with dilute HCl. The activity of purified protein
fractions can be monitored spectrophotometrically in a coupled assay (Fig. 8.2b): (i)
PEP consumed (pyruvate) is detected with NADH and lactate dehydrogenase, or (ii)
sugar phosphate produced is detected with NAD+ and a matching sugar phosphate
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Fig. 8.2 Nomenclature of and assaymethods for transport and phosphorylation reactions catalyzed
by IICB complexes (sections “Methods to Assay Transport and Phosphorylation Activity of IIC”
and “Membrane Transport Reconstitution”). a Transport with phosphorylation is assayedwith intact
bacteria or after reconstitution of the PTS in proteoliposomes. b Non-vectorial phosphorylation is
assayed in cell lysates and with detergent solublized (and purified) IICB complexes. c The double
displacement (ping-pong) reaction is assayed with proteoliposomes, and d with solubilized IICB.
The reactions are conveniently measured with radioactive (filled hexagon) and non-radioactive
(open hexagon) sugars. The phosphorylated products are separated from the non-phosphorylated
educts by ion-exchange chromatography.Alternatively the phosphorylation reactions can be assayed
spectrophotometrically in a coupled dehydrogenase assay

dehydrogenase. The sugar phosphorylation activity of IICB and IIC IIB complexes
proceeds by a ping-pong (double displacement) mechanism. It can be measured
in the absence of EI, HPr and IIA as phosphate exchange between radiolabelled
sugar and unlabelled sugar phosphate (transphosphorylation reaction, Fig. 8.2c, d).
PEP-dependent phosphorylation and sugar-phosphate dependent transphosphoryla-
tion can be assayed either as non-vectorial (trans)phosphorylation in homogeneous
solution (for instance when IIC is solubilized in a detergent micelle) (Fig. 8.2b, d),
or as vectorial (trans)phosphorylation with sealed IIC containing proteoliposomes
(Fig. 8.2a, c). Proteoliposomes are either loaded with PEP, EI, HPr, IIA and IIB and
sugar is added to the outside (“right-side” out orientation), or they are loaded with
the sugar and EI, HPr, IIA and IIB are added to the outside (“inside-out” orientation)
(Fig. 8.2a and section “Membrane Transport Reconstitution”).

IIC dependent facilitated diffusion can be measured as uptake of radiolabelled
sugars into proteoliposomes (Cao et al. 2011). Facilitated diffusion is not very effi-
cient with wild-type proteins, but convenient to measure. Sugar binding to surface
immobilized IIC is most conveniently assayed with a scintillation proximity assay
(Jeckelmann et al. 2011).
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Structure and Function of Glucose (GFL) and Ascorbate
(AG) Superfamily Transporters

Molecular Structures of GFL and AG PTS Transporters

PTS transporters consist of three functional units IIA, IIB and IIC. The structures
of representative IIA and IIB cytosolic subunits and domains and of some of their
transient complexes havebeendeterminedbyNMRandX-raydiffraction (for reviews
see Robillard andBroos 1999; Erni 2013; Clore andVenditti 2013). First insights into
the structure of the IIC integral membrane domains were obtained by transmission
electron microscopy (TEM) of 2D crystals of the Mtl and Glc specific transporters
(Jeckelmann et al. 2011; Koning et al. 1999). Crystals of ecIICglc prepared by limited
trypsin digestion of IICBglc diffracted X-rays to 4.5 Å (Zurbriggen et al. 2010).

The breakthrough was the high resolution X-ray structure of the diacetylchito-
biose specific bcIICchb of Bacillus cereus, determined by Ming Zhou and collabora-
tors (Cao et al. 2011; McCoy et al. 2015). Soon afterwards the same team solved the
structures of the maltose specific bcIICmal of Bacillus cereus in two different con-
formations (McCoy et al. 2016; Ren et al. 2018; Lee et al. 2017). bcIICmal (bcMalT,
PDB: 5IWS, 6BVG, UniProtKB: Q63GK8) and bcIIchb (bcChbC, 3QNQ, Q72XQ0)
belonging to the GFL superfamily have the same fold. bcIICmal is a representative of
the biochemically well characterized Glc/β-glucoside family and will be used below
as the reference for the description of structure function relationships (Fig. 8.3a–c).
bcIICchb is a member of the lactose-chitobiose family for which biochemical data are
scarce (Fig. 8.3d). Completely different from the bcIICmal structure is the fold of the
ascorbate (vitamin C) specific transporter IICasc of E. coli (Fig. 8.3e–g) (Luo et al.
2015, 2018). IICasc (UlaA, SgaT; 4RP8, 4RP9 of P39301; 5ZOV of A0A2J9QJ39)
is a member of the AG superfamily. The regulation of IICasc, IIBasc, IIAasc expres-
sion, the uptake of ascorbate by intact cells and non-vectorial phosphorylation in cell
lysates have been characterized (Zhang et al. 2003), but nothing is known about the
molecular function. Unlike IICasc which has a novel and unique fold, the associated
IIAasc and IIBasc units have the same fold as the IIA and IIB of the mannitol/fructose
families (Fig. 8.1).

Different Folds of bcIICMAL and IICasc, and Domain Organization

The six IIC structures known so far show dimers of protomers related by a two-fold
rotational symmetry axis, and they all contain one substrate moiety per protomer
(Fig. 8.3). Each protomer consists of a scaffold domain (SD) and a transport domain
(TD). SD and TD of bcIICmal and bcIICchb each comprise five consecutive trans-
membrane helices, TM1–5 and TM6–10 (Fig. 8.3a). In contrast SD of IICasc consists
of two non-consecutive pairs of helices, TM1, 2 and TM6, 7 and TD consists of two
non-consecutive triplets TM3–5 and TM8–10 (Fig. 8.3e). Different folds notwith-
standing, the samemechanismof substrate transport, namely a so-called elevator type
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�Fig. 8.3 Topology and structure models of PTS transporters of the GFL and ascorbate superfam-
ily, bcIICmal (a–c), bcIICchb (a, d), IICasc (e–g). (a, e) Topology diagrams; Scaffold/dimerization
domain (SD)/(TM1–5; V motives 1 and 2, TM1, 2, 6, 7) blue; Transport domain (TD; TM6–10;
TM3–5, 8–10, 11) orange/red with reentry loops (HP1, 2; HP1–4) yellow; amphipathic helices
(AH1, 2; AH1–3), purple; Periplasmic loops (PL1 and PL2) cyan and green, and cytoplasmic loop
(CL) black. The red dashed boxes bracket segments that are missing in IICBglc (P69786, Fig. 8.1).
b–d, f, g Structuremodels of dimeric IIC in outward and inward facing conformations.One protomer
is colored according to the topology diagram. The other protomer is shown in transparent surface
representation with SD in faint blue and TD in beige/faint red. Note in b–d the cytoplasmic loop
(CL, black or faint blue) that reaches from TM4, 5 of one protomer to the exit of the binding cavity
of the other. The substrates (maltose, N,N′-diacetylchitobiose and ascorbate) in the binding cavities
are shown as sticks. b bcIICmal in the outward (periplasmic facing conformation), c, d bcIICmal and
bcIICchb in the inward (cytoplasmic) facing conformation. f, g IICasc in the outward and inward
facing conformation. The fold consists of the two inverted repeats (AH1–HP2 and AH2–HP4) and
the extra TM11. SD consists of the two non contiguous V-motives 1 and 2. The kinked TM2 and
TM7 in SD are colored in blue/brown, TM11 in red. The abbreviations below each structure refer
to in-text usage, PDB databank entries, and states of the transport cycle (Fig. 8.4)

alternating-access mechanism has been proposed for both PTS transporters (McCoy
et al. 2016; Luo et al. 2015; Ren et al. 2018).

The GFL Superfamily Transporters bcIICmal and bcIICchb

The bcIICmal and bcIICchb protomers are composed of 10 transmembrane helices
(TM1–10) two reentrant loops (HP1 and HP2) between TM8/9 and TM9/10 respec-
tively, two amphipathic helices (AH1 and AH2) preceding TM1 and TM6, two
periplasmic loops (PL1 and PL2) between TM3/4 and TM7/8 and one cytoplas-
mic loop (CL) between TM4/5 (Fig. 8.3a). The ten TM constitute two structural
domains: SD comprising TM1–5 and TD comprising TM6–10 and the two reen-
trant loops (Fig. 8.3a–d). SD contains the large and mostly hydrophobic protomer-
protomer interface of 2700 Å2. TD contains the sugar binding site and translocation
pathway. The substrates, maltose (Mal) and diacetylchitobiose (Chb), respectively,
are coordinated by the reentrant loops HP1 and HP2 and the loop connecting TM6
and TM7 (Fig. 8.3b–d). AH1 and AH2 lie flat on the cytoplasmic and periplasmic
surface of the membrane.

The periplasmic loops (PL1 and PL2) are the two segments of strongest diversity
in amino acids sequence and length. Their function is not known. They are 30–50
residues long in bcIICmal, 20–30 residues in the E. coli IICglc, and short in the Mtl-
specific E. coli IICmtl. PL1 of IICglc lacks α1, β1 and β2, PL2 lacks β5, and β6 and
PH1 are truncated (Fig. 8.3a). IICglc tolerates insertions of up to 20 residues and
splitting of the polypeptide chain in PL1, retaining >30% of wild-type PT activity.
No mutants with a detectable phenotype could be isolated in PL2 (Beutler et al.
2000a, b). In Mycoplasma genitalium IICglc (P47315; Reizer et al. 1996) the two
loops are approximately 40–200 residues long. Not accounting of the 200 amino
acids PL2, mgIICglc and ecIICglc share 36% sequence identity!
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The cytoplasmic loop (CL) reaches from TM4/5 of one protomer to the inward
oriented binding site of the other. It is the only structure, which connects the SD of
one protomer with TD of the other (Fig. 8.3b–d). In inward oriented bcIICchb the CL
occludes the binding cavity (Fig. 8.2d) (Cao et al. 2011). In inward oriented bcIICmal

the CL leaves the access open for phosphate transfer from phospho-IIBmal to the
sugar (Fig. 8.2c) (Ren et al. 2018), but assumes a rigid, partially α-helical structure in
outward orientedbcIICmal (Fig. 8.2b, 5IWS) (McCoy et al. 2016).Cysteine inserted at
residue 124 in the putative CL of IICBAmtl (Fig. 8.6) formed interprotomer disulfide
bonds, indicating that two residues 40 Å apart in the crystal structure could approach
to 4 Å in solution. The same cysteine could also be crosslinked with the active site
C384 of the IIBmtl domain (Van Montfort et al. 2001). The two findings suggest that
the CL loop may be flexible in solution, and participate in IIC/IIB docking.

The AG Superfamily Transporter IICasc

The vitamin C specific IICasc protomer contains 11 transmembrane helices
(TM1–11), four reentrant loops (HP1–4) between TM2/3, TM5/6, TM7/8 and
TM10/11, and three amphipathic helices (AH1–3) preceeding TM1, TM6 and TM7
(Luo et al. 2015). Each protomer can be divided in two inverted structural repeats,
which are related by a two-fold pseudosymmetry axis parallel to the membrane
(Fig. 8.3e–g). The N-terminal repeat comprises AH1, TM1–5, HP1 and HP2, the C-
terminal repeat AH2, TM6–10, HP3 and HP4. TM11 extends the periplasmic end of
the second repeat back to the cytoplasmic face of the membrane for linkage with the
IIB domain (for instance in Pasteurella multocida IICBasc, A0A2X4V5W7). AH1,
TM1 and TM2 together with the symmetry related AH2, TM6 and TM7 (Vmotives 1
and 2) form the scaffold domain. HP1, TM3–5 and HP2 together with the symmetry
related HP3, TM6–10 and HP4 constitute the transport domain (cores 1 and 2). The
substrate, ascorbate, is coordinated by the four hairpin loops of the reentrant loops
HP1-HP4, TM4 and TM8. The inward facing binding site of IICasc (5ZOV) is open,
and there is no structure comparable with CL of bcIICmal (Luo et al. 2018).

Structure of the Sugar Binding Cavities of bcIICmal and IICasc

The X-ray structures of bcIICchb and bcIICmal contain electron density consistent
with a disaccharide in the binding site (Fig. 8.5a, b). bcIICchb was crystallized in the
presence of N,N′-diacetylchitobiose (Cao et al. 2011). bcIICmal was solubilized with
the detergent dodecylmaltopyranoside. Its headgroup (or contaminating maltose?) is
trapped in the substrate binding cavity (McCoy et al. 2016). In both structures the
C6-OH of the non-reducing hexose is oriented towards the cytoplasmic exit where it
can be phosphorylated by the IIB domain. In bcIICmal faint electron density near the
periplasmic entry site could be caused by the disordered acyl tail of the detergent.

The substrate binding cavity of bcIICmal is located in TD next to the TD/SD
interface (Fig. 8.3). All the residues forming hydrogen bonds to the sugar come from
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TD, and theseH-bonding interactions (Fig. 8.5a, b) are preserved during translocation
from the outward to the inward facing conformation. TM1 closes the binding cavity
from the SD side, but no residue of SD appears to directionally interact with the sugar.
The hydroxylgroups of the non-reducing Glc moiety interact with the following
residues of the binding cavity: OH-6 with H240 (TM6/7) and E355 (HP1a/b); OH-4
with E355 (HP1a/b); OH-3 with T354 (HP1a/b), Q310 (TM8a) and R232 (TM6);
OH-2 with E231 (TM6) and Q310 (TM8a). The OH* groups of the reducing Glc
moiety* of the disaccharide interact: OH-6* with H241 (TM6/7); OH-3* and OH-
2* with K307 (PH2/TM8a) (Fig. 8.5a, b). It is noteworthy, that the glyosidic O-1
and OH-1* are not coordinated. The residues coordinating the non-reducing Glc
moiety are conserved (Fig. 8.6), and mutagenesis had indicated in the past that they
are essential for binding and transport (section “Substrate Binding, Transport and
Phosphorylation: Important Residues and Point Mutations”; Otte et al. 2003; Weng
and Jacobson 1993; Saraceni-Richards and Jacobson 1997a, b; Lanz and Erni 1998;
Boer et al. 1996; Opacic et al. 2012).

SD borders on the binding cavity by TM1. V17, V19, V20 and M23 of TM1
are within 3.5–4.5 Å from the substrate. Mutations in and next to TM1 of IICBglc

affect substrate specificity, and the fluorescence of a Trp-30 in the putative TM1 of
IICBAmtl is highly sensitive to Mtl binding (Fig. 8.6 and section “Substrate Binding,
Transport and Phosphorylation: Important Residues and Point Mutations”; Dijkstra
et al. 1996, 1997; Broos et al. 2000).

In IICasc the binding cavity is formed by elements of TM4, TM9 and the reentrant
loops 1–4 (Fig. 8.3e–g). They provide hydrogen bonding contacts to the OH-2,3,5
and 6 of ascorbate. Similar to bcIICmal, one side of the cavity is delimitated by
SD, which forms one hydrogen bond contact: in the outward facing conformation
between OH-3 and S59 of TM2; in the inward facing conformation between OH-3
and R288 of TM7 (Luo et al. 2015, 2018).

Mechanism of Substrate Binding and Transport

The alternating-access mechanism is a concept of substrate transport proposed by
Mitchell in 1957. It has been reviewed in the light of known membrane protein
structures in 2016 by Drew and Boudker (Mitchell 1957; Drew and Boudker 2016).
Three types of alternating-access mechanisms are described: the rocker switch, the
rocking bundle and the elevator type mechanism. For the former two, a movement
of two domains around the substrate binding site provides alternate access for the
substrate from either side of the membrane. The elevator mechanism, in contrast,
implies a translational rigid-body motion of TD against the immobile SD (see in this
volume Chap. 9, Permeases and Secondary Active Transporters). The putative cycle
of substrate translocation by a PTS transporter is depicted in Fig. 8.4. It begins with
substrate (S) binding to the transporter (IIC) in the outward-facing open conforma-
tion (IICo → IICoS) followed by substrate occlusion (IICcS (I) and (II)), translocation
across the membrane (IICcS(II)) by a rigid body motion, isomerization to the inward-
facing open conformation (IICoS(II)), and release of the substrate into the cytoplasm.
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The transporter then cycles back from the inward- to the outward-facing open con-
formation (IICo → IICo) which might be a stochastic process (Drew and Boudker
2016).

Three of the aforementioned structures (Fig. 8.3) are in an outward-facing and
three in an inward-facing conformation allowing to trace the structural transitions
accompanying substrate binding, translocation and release (Fig. 8.4).

The process of substrate binding and closure of the binding sitewas inferred from
amolecular dynamic simulation startingwith the outward facing closed conformation
of bcIICmal (5IWS) (McCoy et al. 2016) on one hand, and by comparison of the IICasc

structures 4RP9 and 4RP8 (Luo et al. 2015) on the other. The simulation showed that
the bcIICmal binding cavity can be opened (IICcS → IICoS) by a slight tilt of TM7
towards AH2 and pulling away of Y249 from the sugar. The comparison of 4RP9
and 4RP8 suggested how IICasc switches from an open (IICoS, 4RP9, C2 symmetry)
to an occluded conformation (IICcS, 4RP8, P21 symmetry) by a rigid-body rotation
of TD relative to SD. In both cases the outward-facing binding site can be converted
from open to close by small conformational movements.

Translocation of the sugar binding cavity across the membrane (IICcS → IICoS)
can be traced by comparing the outward and inward oriented conformations of
bcIICmal (5IWS → 6BVG; McCoy et al. 2016; Ren et al. 2018) and of IICasc (4RP8
→ 5ZOV; Luo et al. 2015, 2018). Translocation in bcIICmal is accomplished by a
9 Å vertical translation and a 44° rotation of TD relative to SD. Translocation in
IICasc is accomplished by vertical and horizontal translocations of 14 and 7 Å and a
rotation of 11° of TD relative to the SD. The protein-sugar H-bonding interactions in
the binding cavities are preserved in the outward and the inward facing conformation
(Fig. 8.5a, b). Collective variable-based steered molecular dynamics (CVSMD) sim-
ulations further indicated that the H-bonding interactions are preserved also during
the translocation process and that translocation is spontaneous (Lee et al. 2017).

Substrate release into the cytoplasm is the final step (Fig. 8.4 IICcS(II) → IICo)
entailing sugar phosphorylation by phospho-IIB. A comparison of electron crystallo-
graphically obtained projection maps of 2D crystals from IICglc embedded in D-Glc
and L-Glc (binding and non-binding enantiomers) with the calculated projection
map of the bcIICchb (3QNQ) indicated that Glc binding/release is correlated with
changes at the reentrant loop HP1 (Kalbermatter et al. 2017). Once dephospho-IIB
has dissociated from the exit of the binding site (IICoS), electrostatic repulsion of
E355 might expel the negatively charged sugar-phosphate (IICoS → IICo). Glc-6-
phosphate indeed is a poor substrate of IICglc as shown in the scintillation proximity
assay (Jeckelmann et al. 2011).

Single-molecule fluorescence resonance energy transfer (smFRET) between
donor acceptor fluorophores at residue 288 in the PL2 and at residues 340 in HP1 of
bcIICmal, indicated that in solution and in the absence of maltose the dimer existed in
two states (Ren et al. 2018). The donor acceptor FRETdistances in solution correlated
with the distances between the corresponding residues in the crystals of outward and
inward facing bcIICmal. The equilibrium ratio between the two population in solution
was 3.2, indicating that the outward orientation is ca. 3 kJ/mol more stable. Only two
populations of bcIICmal could be resolved by FRET, indicating that dimeric bcIICmal
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Fig. 8.4 Model of the transport and phosphorylation cycle of PTS transporters. An elevator-type
transport is coupled with substrate phosphorylation from the cytoplasmic side (group translocation)
. Four states are represented by crystal structures (PDB labeled), seven hypothetical states are
postulated based on kinetic, biophysical and mutant experiments. The transport domains (orange
and yellow) slide along the immobile scaffold/dimerization domains (blue and cyan) and thereby
move the binding cavity with the substrate (red hexagon) between an outward (IICoS) and an inward
facing (open) state (IICoS). After closure of the binding cavity (IICcS), the transporter isomerizes
to the inward facing closed state (IICcS). It is not known whether the two protomers isomerize
independently or in synchrony. In vectorial phosphorylation (group translocation) the isomerization
rate is increased 100–1000 fold by the activity of the phosphorylated IIB domain (dark green) and
rendered unidirectional by the concomitant phosphoryl transfer from phospho-IIB to the substrate
in the binding cavity and/or by the subsequent release of the phosphorylated substrate (IICcS(II)
→ IICoS(II)). Facilitated diffusion (blue arrows), that is isomerization without phosphorylation is
a slow reaction (IICcS(I) → IICoS(I)). Isomerization is not affected by non-phosphorylated IIB, but
mutationsmainly in the transport domain can increase the rate of facilitated diffusion. Non-vectorial
phosphorylation (red arrow) of intracellular substrates (IICoS(I)→ IICcS(II)→ IICoS(II)) is a rapid
reaction. Green arrows depict the continuous rephosphorylation of IIB by PEP mediated by EI, HPr
(not shown) and IIA (faint green circle). The isomerization of substrate-free IICo → IICo must be
a fast process. It is not known whether it is spontaneous or whether the rate is increased by IIB
(state IICc). Superscripts indicate outward facing, subscripts an inward facing conformations, o and
c refer to an open and closed substrate binding cavity, S indicates substrate is in the binding cavity
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Fig. 8.5 The substrate binding cavity of bcIICmal and mutant sites of IICBglc projected onto the
structure model of bcIICmal-IIBmal. a, b Substrate binding sites in two orientations related by 180°
rotation. Shown are invariant residues in hydrogen bonding distance to the sugar hydroxyl groups.
c The positions of the IICBglc mutant sites in the bcIICmal model are inferred from the structural
alignment generated by the Phyre2 web portal for protein modeling, prediction and analysis (Kelley
et al. 2015) as shown inFig. 8.6. Themutant sites are color-coded according to phenotype: Facilitated
diffusion and uncoupling of transport and phosphorylation, orange; relaxed substrate specificity,
purple; attenuated uptake but normal non-vectorial phosphorylation activity, yellow; pointmutations
that reduce activity to <50% of control, grey; site║(red) of two-fragment split (IIC′ and IIC′′B)with
30%activity, andC/N-termini of circularly permuted variant (IIC′′BC′glc)with 24%uptake and 70%
non-vectorial phosphorylation activity (Beutler et al. 2000a, b).Models of the IIB domain are shown
docked (DeLuca et al. 2015) to the open binding cavity and in an unrestricted orientation. Active site
phosphocysteine and two nearby invariant arginines, which are essential for the phosphoryltransfer
from IIB to the sugar (Lanz and Erni 1998), are shown as sticks. The linkers (grey dotted lines) are
not to scale and shown only to illustrate the connectivity. They are of different length in bcIICBmal

and IICBglc
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existed in two different, symmetrical conformations. It appears from this that the pro-
tomers in the dimer are conformationally coupled and not independent of each other.
Whether addition of substrate influenced the equilibrium between the two states is
not reported.

Oligomeric Structure and Protomer Interactions

The oligomeric structure and function of PTS transporters was a major subject of
biochemical and biophysical studies soon after the first PTS transporters were puri-
fied. Questions were: (i) Do inactive protomers functionally complement each other
(interallelic complementation)? (ii) How fast do protomers exchange? (iii) Do het-
erodimers between subunits of different PTS transporters exist and how do they
function? (iv) Do monomeric subunits function and are they physiologically rele-
vant?

The PTS transporter of Mtl, IICBAmtl was the first to be purified (Jacobson et al.
1979; Robillard and Blaauw 1987), and IICBglc followed soon afterwards (Navdaeva
et al. 2011; Erni et al. 1982; Erni and Zanolari 1986; Bouma et al. 1987;Waeber et al.
1993). The mechanism of transport and phosphorylation, the oligomeric structure,
and domain interactions of these two transporters were comprehensively reviewed in
1999 by Robillard and Broos (1999) and over 50 IICBglc mutants and their properties
have been tabulated (Erni 2001). The integral membrane domains IICglc (P69786)
and IICmtl (P00550) share 32 and 19% sequence identity with bcIICmal, and 18%
identity with bcIICchb. With the X-ray structure of bcIICmal as reference biochemical
and biophysical results can be interpreted more conclusively.

Structure of the Dimer

The X-ray structures depict the IIC units as a dimer of protomers related by a twofold
axis normal to the plane of themembrane. The buried surface area between protomers
is 2700Å2, and ~75%of the interface residues are nonpolar, characteristic of obligate
homodimeric proteins (Ali and Imperiali 2005). The two protomers simultaneously
bind one substrate per protomer and the transport pathways along the two protomers
are 50 Å apart and separated by the two SD.

Gelfiltration, ultracentrifugation (Meins et al. 1988; Erni 1986), chemical cross-
linking (Meins et al. 1988; VanMontfort et al. 2002), radiation inactivation (Pas et al.
1987), fluorescence cross-correlation spectroscopy (Veldhuis et al. 2006), interallelic
complementation, blue-native PAGE analysis, 2D-crystal and single particle analysis
by TEM and atomic force microscopy of detergent purified IICBAmtl and IICglc

provided strong evidence that PTS transporters are dimeric (Jeckelmann et al. 2011;
Koning et al. 1999).
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Interallelic Complementation

Interallelic complementation between inactive mutants was demonstrated for
IICBAmtl, IIBCAbgl and IICBglc. Transport and phosphorylation activity could be
detected when the complementing proteins were either coexpressed, or separate
membrane preparations were detergent solubilized and then mixed to allow subunit
exchange (Chen and Amster-Choder 1998; Aboulwafa and Saier 2011). The rate of
IICBAmtl subunit exchange was slow (40 min to hours), and it depended on the size
of the detergent micelle aggregates, on the phosphorylation state of the subunits, and
on substrate binding. IICBAmtl remains dimeric down to a concentration of 1 nM,
and monomers form only transiently (Veldhuis et al. 2006).

IIA/IIB complementation was demonstrated many times e.g. between the inactive
phosphorylation site mutants H554A, and C384H of IICBAmtl (Weng et al. 1992)
and between the C24S and H547R mutants of IIBCAbgl (Chen and Amster-Choder
1998). IIA/IIB complementation convincingly demonstrates that phosphorylgroups
are transferred not only between IIA and IIB domains on the same protomer, but also
between different protomers (for review see Robillard and Broos 1999).

IIB/IIC complementation occurs between protomers with inactive IIC and IIB.
IICBAmtl heterodimers G196D/C384S, E257A/C384H, E257D/C384H and IICBglc

heterodimers H211N/R424K, H211N/R426K had 10% of wild-type activity, indi-
cating that B/C interprotomer phosphate transfer is less efficient than intraprotomer
transfer (Lanz and Erni 1998; Boer et al. 1996). Recombinant IIBCglc with the B
domain at the N- instead of the C-terminal end had between 20% and 70% activity
depending on the length of the peptide linker. Inactive IICBAmtl(C384H), inactive
IICBglc(C421S), a recombinant IICmtl domain, and a recombinant IICglc domain
could all be complemented (inefficiently) with an excess of soluble recombinant
IIBAmtl and IIBglc, respectively (Boer et al. 1994, 1996; Buhr et al. 1994).

IIC/IIC interallelic complementation has been reported twice, between inactive
IICBAmtl protomers H195A and E257D (Saraceni-Richards and Jacobson 1997b),
and between IICBAmtl single Trp mutants F97W, F126W and F133W which bind
Mtl but lack PT activity (Vos et al. 2009a). These results cannot be rationalized on
the evidence of crystal structures (Fig. 8.6).

Negative dominance, that is inactivation of the active protomer by an inactive
one, has not been observed. Although the H196D/C384S double mutant of IICBAmtl

can neither be phosphorylated nor bind substrate, heterodimers with wild-type (wt)
subunits have the same specific activity per wt monomer as wt homodimers (Boer
et al. 1996). This result can be expected when the inactive protomer remains flexi-
ble to switch in concert with the active protomer between the inward and outward
conformations or when the promoters are structurally uncoupled and functionally
independent.

Intergenic complementation, that is phosphoryltransfer between domains of dif-
ferent transporters was reported, too (Fig. 8.1): For instance between IICBAglcnac and
IICBglc (IIAglcnac → IIBglc) and between IIBCAbgl and IICBglc (IIAbgl → IIBglc and
IIBGlc → IICBgl) (Schnetz et al. 1990; Vogler et al. 1988). Whether transfer occurs
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within transient clusters of homodimeric transporters orwithin transient heterodimers
is not known.

Monomeric IIC was detected in detergent micelles and lipid bilayers where the
apolar dimer interface may be stabilized by contacts with the aliphatic chains (Robil-
lard and Broos 1999; Robillard and Blaauw 1987; Leonard and Saier 1983; Stephan
and Jacobson 1986; Khandekar and Jacobson 1989; Lolkema and Robillard 1990;
Lolkema 1993). It was suggested that monomers retain PT activity. The soluble high-
speed ultracentrifugation supernatant of a cell lysate obtained by sonic disruption had
Glc, Man and Mtl sugar PT activity. The active fraction had an apparent molecular
mass of 40–50 kDa in gel-filtration corresponding to the monomer (Aboulwafa and
Saier 2003). Transphosphorylation activity was recorded concurrent with sedimen-
tation of “monomeric” IICBglc through a glycerol gradient containing [14C]Glc and
Glc6P (Meins et al. 1988). However, it cannot be excluded that in these and similar
experiments the “monomer activity” is due to a small percentage of dimers in rapid
equilibrium with the monomer under the assay conditions (temperature, pH, ionic
strength).

In summary, in line with the X-ray structures, the biophysical, biochemical and
genetic evidence is overwhelming that functionally active PTS transporters are
dimeric (Robillard and Broos 1999). It is however not known, whether the two
protomers function independently of each other or are allosterically coupled.

Substrate Binding, Transport and Phosphorylation: Important
Residues and Point Mutations

The main objective of past mutant studies was generating the following phenotypes:
(i) Uncoupling of transport and phosphorylation resulting and facilitated diffusion;
(ii) Attenuation of transport activity with retention of non-vectorial phosphorylation
activity (Fig. 8.2a, b); (iii) Relaxing substrate specificity—a complete change of
substrate specificity was never found. The majority of 24 IICBglc mutants with these
phenotypes were located in TD, and only 7 in the SD (Figs. 8.5c and 8.6; summarized
in Erni 2001).

Facilitated Diffusion, Transport Without Phosphorylation

IIC mediated facilitated diffusion (Fig. 8.4, blue arrows) was measured with puri-
fied IICBAmtl and IICmtl in proteoliposomes (Elferink et al. 1990). With a rate of
2.5 nmol Mtl/nmol IICmtl/min compared to 250 nmol/nmol IICmtl/min of vectorial
phosphorylation, facilitated diffusion does not play a significant role in transport. But
it proved useful to conveniently ascertain the activity of purified transporters before
crystallization (McCoy et al. 2016; Cao et al. 2011; Ren et al. 2018). IICmutants with
a higher rate of facilitated diffusion, so-called uncoupled mutants, were identified in
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Fig. 8.6 Structural sequence alignment of IICglc and IICmtl with bcIICmal. The bcIICmal secondary
structure above its sequence is shown in the same color code as in Fig. 8.3. bcIICmal residues in
hydrogen bonding distance of the substrate,white; modified for FRET studies, blue; and crosslinked
with mercury (Ren et al. 2018), green. The phenotypes and properties of IICglc and IImtl mutations
are highlighted and color–coded separately for each sequence, as indicated at the bottom. IICmtl

residues cross-linked to the signal recognition particle (SRP), grey (exception H195, G196 are
shaded as active site residues, not crosslinked). The dashed black line marks the border between
scaffold and transport domains
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bacteria growing on a PTS sugar without a functional phosphoryl transfer chain, for
instance in an enzyme I/HPr mutant, or with a IIC mutant lacking (functional) IIA
and IIB domains/subunits (Fig. 8.1). In most cases uncoupling was conditional, the
rate of facilitated diffusionwas increased, but the capability to phosphorylate was not
lost when a functional phosphoryltransfer chain was restored. The best uncoupled
mutants attained growth rates of between 20 and 50% of the control (Otte et al. 2003;
Postma 1981; Ruijter et al. 1991, 1992).

The uncoupling mutations of IICBglc, R203S (R232 TM6) and V206A (L235
TM6) are located in a conserved sequence next to the invariant, substrate bind-
ing H211/H212 pair (H240/H241 TM6/7) (indicated in parentheses are the struc-
turally corresponding residues of bcIICmal and their location in the bcIICmal struc-
ture; Figs. 8.5c and 8.6). The uncoupling mutations I296N (V353 HP1b) of IICBglc,
and H256P/Y (T354 HP1a/b) of IICBAmtl are located in the conserved GI(T/H)E
motif of the sugar binding site, which is directly involved in substrate binding (Otte
et al. 2003; Ruijter et al. 1992). Uncoupling mutations K257N (S314) of IICBglc and
E218A/V (I312) of IICBAmtl are located in TM8a (Fig. 8.6).

Phosphorylation Without Transport

Vectorial (transport) und non-vectorial PT activity (Figs. 8.2 and 8.4) of PTS trans-
porters are not strictly coupled (Kundig and Roseman 1971b). IICBglc can replace
glucokinase to (non-vectorially) phosphorylate intracellularGlc (Nuoffer et al. 1988).
Mutants capable of phosphorylating intracellular Glc but unable to transport Glc
were selected for growth on maltose (which is metabolized to intracellular Glc) in
the presence of the toxic Glc analog α-methylglucoside (αMG) (Buhr et al. 1992).
The following mutations resulted in a strong impairment of αMG uptake by intact
cells with onlyminimal decrease of non-vectorial phosphotransferase activity in vitro
(Figs. 8.5c and 8.6): G149S (G175 TM4/5), K150E (K176 TM4/5) and S157F (V183
TM4/5) are near the conserved loop (CL in Fig. 8.3a), which blocks the cytoplasmic
access to the substrate-binding cavity on the neighboring protomer (Figs. 8.5c and
8.6). Amutation in or near this loop could facilitate the access to the binding site from
the cytoplasmic side at the expense of a slower uptake, viz. prevent the transition
of IICBglc from the inward to the outward facing conformation. How the remaining
mutations M17T/I (L17 AH1) in the SD and H339Y (I396 HP2) and D343G (T400
HP2) favoured non-vectorial phosphorylation over uptake is not clear. And it is also
not clear, whether resistance to the toxic αMG (the counterselection agent) is caused
by a defective transport mechanism or by a change of selectivity for Glc and against
αMG. Some mutants adjacent to M17 indeed affect substrate specificity (see next
section).
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Sugar Specificity

In keeping with the lock and key analogy, protein-ligand interactions can be charac-
terized with protein mutations (section “Relaxed Sugar Specificity of IICBglc”) and
with substrate analogues (section “SugarAnalogues: Inhibitors and Pseudosubstrates
of IICBglc”).

Relaxed Sugar Specificity of IICBglc

The specificity of PTS transporters for their substrate is not absolute. IICBglc for
instance tolerates modification at C-1, the Man transporter (IICIIDman) at C-2
(Garcia-Alles et al. 2002a, b) and the binding cavity of bcIICmal is large enough
to accommodate not only maltose but also maltotriose (McCoy et al. 2016). Mutants
with a relaxed sugar specificity were isolated by enrichment and selection of bacteria
on a metabolizable sugar which is not the (main) substrate of the transporter under
investigation (Zeppenfeld et al. 2000; Oh et al. 1999; Notley-McRobb and Ferenci
2000; Begley et al. 1996; Kornberg et al. 2000). “Relaxed sugar specificity” can be
caused either by a structural change in the ligand binding site, or by overexpression of
a transporter and hence increased rate of uptake of a low affinity substrate (regulatory
instead of structural mutation).

Most IICBglc (bcIICmal) mutations were detected in TD near the sugar binding
site: F195L (next to F225 in TM6), G281D (K338 HP1a), I283T (M340 HP1a),
A288V (A345 HP1a), L289Q (L346, HP1a), G320V/S (G377, TM9) (Figs. 8.5c and
8.6). Further away are G176D (Q202 AH2) in the periplasmic amphipathic helix that
connects the scaffold with TD. P384R and E387G are in the linker connecting the
IIC with the IIB domain (C-terminus of bcIICmal). This linker is strongly conserved,
and certain mutations in the linker compromised PT activity of IICBglc more than
the complete absence of the linker (Lanz and Erni 1998). The E387G mutation in
the linker resulted in a 7-fold overexpression of IICBglc, which may explain the
“relaxed” specificity. The linker sequence was shown to be part of or next to the
binding site for the transcription repressor Mlc. Mlc is kept away from the operator
DNA by binding to IICBglc in the non-phosphorylated state, which predominates
when Glc is transported and phosphorylated. In the absence of Glc, IICBglc remains
phosphorylated, Mlc is released to repress ptsG (IICBglc) transcription (Lee et al.
2000; Seitz et al. 2003). Similarly the G176D mutation may be a regulatory rather
than substrate specificity mutant (Plumbridge 2000).

Specificity mutations in SD were less frequent: V12F/G (F12 AH1), G13C (G13
AH1), F37Y (D42 TM1/2). Val12 and Gly13 were isolated repeatedly in different
laboratories (Notley-McRobb and Ferenci 2000; Kornberg et al. 2000; Manché et al.
1999). These mutants displayed mixed phenotypes of relaxed substrate specificity,
facilitated diffusion of fructose, and upregulated IICBglc expression (Aboulwafa et al.
2003; Crigler et al. 2018). They are located in AH1 and TM1, the helix which lines
the sugar binding cavity (Fig. 8.5c). It is thus likely that residues along TM1 exert a
subtle influence on sugar specificity although none appears to directly interact with
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the sugar (Fig. 8.5 and section “Structure of the Sugar Binding Cavities of bcIICmal

and IICasc”). This proximity between TM1 and ligand binding site was noticed in
IICBAmtl, too. For instance, the fluorescence of W30 in TM1 was the most sensitive
of all single tryptophan mutants to Mtl binding (Dijkstra et al. 1996, 1997; Broos
et al. 2000).

How the remaining four mutations in the SD, S169F/P (S195 TM5) and G176D
(Q202 AH2) affected substrate specificity is not understood.

Sugar Analogues: Inhibitors and Pseudosubstrates of IICBglc

Nineteen glucose analogues were characterized as pseudosubstrates and inhibitors of
Glc uptake and non-vectorial phosphorylation by IICBglc (Garcia-Alles et al. 2002a,
b).

Results can be summarized as follows: (i) Non-vectorial phosphorylation of Glc
was biphasic (concave Eadie-Hofstee plots) indicative of two binding sites, one of
high (ligand dissociation constant Kd1) and one of low affinity (Kd2). The biphasic
kinetics were observed with IICBglc in crude membranes as well as highly purified
IICBglc, indicating that they were not caused by the simultaneous presence of IICBglc

and a contamination with Glc PT acitivity. (ii) Uptake of Glc in proteoliposomes,
in contrast, was linear indicative of only one high affinity binding site. (iii) The
pseudosubstrates and inhibitors differed in their preference for high or low affinity
binding sites, and whether they preferentially inhibited non-vectorial phosphoryla-
tion or uptake (vectorial phosphorylation) .

The Glc analogue modified at C-1 (1F-Glc) behaved like Glc, it was taken up by
intact cells, biphasically phosphorylated, and it competed for high and low affinity
sites. The C-1 epoxide (2′,3′-epoxypropyl β-D-glucopyranoside) also behaved like
Glc but competed against Glc only for the high affinity binding site (KdInh1/KdGlc1 =
3 μM/4 μM and KdInh2/KdGlc2 = 140 μM/700 μM).

Glc analogues modified at C-2 (including OH epimers) were phosphorylated inef-
ficiently (20% kcat /Km), competed only for non-vectorial phosphorylation of Glc but
did not inhibit uptake (high affinity binding). Glc analogues modified at C-3 and C-4
were neither phosphorylatable substrates nor inhibitors of uptake. The exception is
3F-Glc, a pseudosubstrate which was phosphorylated at 50% efficiency in the low
affinity site, inhibited uptake ofGlc andwas taken up. AOH-3 that can be replaced by
fluorine most likely is a hydrogen acceptor (Dalvit and Vulpetti 2016). The remain-
ing OH groups are acceptors, donors or both, in agreement with the protein-ligand
hydrogen bonding network depicted in the bcIICmal structure (Fig. 8.5c) (McCoy
et al. 2016; Ren et al. 2018).

Glc analogues modified at C-6 could not be phosphorylated. Some were strong
inhibitors of non-vectorial phosphorylation but only weak inhibitors of uptake. The
C-6 epoxide (6,7-anhydro-D,L-glycero-α-D-glucoheptopyranoside) showed bipha-
sic inhibition. It had a 5 times lower affinity than Glc for the high affinity site
(KdInh1/KdGlc1 = 19 μM/4 μM). For the low affinity site to the contrary it had a
24 times higher affinity (KdInh2/dGlc2 = 8 μM/190 μM). The C-6 aldehydes (D-
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Gluco-hexodialdo-1,5-pyranose, and the corresponding methyl-α-glucopyranoside)
were the strongest inhibitors of both high (KdInh1/KdGlc1 = 5 μM/15 μM and low
affinity (KdInh2/KdGlc2 = 3μM/370μM) sites. Inhibition was fully reversible and the
aldehydes did not form Schiff bases with amino groups of the protein. The C-6 alde-
hyde exists as diol in water (–CHO + H2O → –CH(OH)2). They were synthesised
to test whether the diol could be phosphorylated, and whether the resulting phospho-
rylhemiacetal (–CH(OH)(O–PO3H2) would hydrolyse spontaneously (Haddad et al.
1999), resulting in uncoupled consumption of PEP. This was not the case.

Ten Glc analogues contained chemically reactive groups (epoxi-, α-halocarbonyl-
, isothiocyanyl and allylgroups). 6BrAc-Glc (6-O-Bromoacetyl-D-glucopyranose)
inactivated IICBglc at the highest rate. IICBglc could be protected by phosphory-
lation, indicating that the active site Cys421 on the IIB domain was the target of
alkylation. Inactivation by 6BrAc-Glc was 2.5 times faster than by the more reac-
tive, unspecific iodoacetamide, indicating that 6BrAc-Glc binding was selective.
Preincubation of bacteria with 6BrAc-Glc irreversibly blocked uptake of Glc. The
simultaneous presence of Glc did not protect but to the contrary increased the rate
of inactivation 20-fold. It is possible that if only one protomer in the dimer were
occupied by 6BrAc-Glc the other could transport and phosphorylate Glc, and that
the (transiently) dephosphorylated cysteine of the IIB domain then could react with
6BrAc-Glc.

In summary: Inhibitors of uptake that bind to the periplasmic site must have
a free OH-6 whereas inhibitors of non-vectorial phosphorylation that bind to the
cytoplasmic site may or may not have one. Glc enters the outward facing site, OH-6
first, through a narrow opening that excludes bulkier substituents. It enters the inward
facing site, OH-1 first, through an opening that must be wider in order to allow access
to the substrate for the IIB phosphoryldonor domain.

Systematic Mutations Without a Strong Phenotype

Thirteen single Phe to Trp and Tyr to Trp mutants in Trp less IICBAmtl were con-
structed (Fig. 8.6) for spectroscopic studies ((Opacic et al. 2012), and references
there). They retained between 15 and 65% of the wild-type non-vectorial PT activ-
ity, none was inactive or unstable.

Kinetics and Mechanism of Sugar Transport
and Phosphorylation

All X-ray structures solved to date show symmetric homodimeric transporters in
either and outward or an inward facing conformation (Fig. 8.3). The two protomers
are exactly superimposable, suggesting that they are conformationally coupled, not
independent and acting in concert. Single molecule FRET experiments with bcIICmal
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in detergent solution showed two discrete populations of molecules with FRET dis-
tances in good agreement with the distances measured in the inward and outward
facing X-ray structures (Ren et al. 2018; see section “Mechanism of Substrate Bind-
ing and Transport”). No third population corresponding to a dimer with one inward
and one outward oriented protomer could be discerned.

The Conformation of the Protomers in Dimeric IICBAmtl

A large body of enzyme kinetic, ligand binding and Trp fluorescence studies with
IICBAmtl was provided by G.T. Robillard, J. Broos, B. Poolman and collaborators
at Groningen University. Their studies indicated that the IICBAmtl dimers existed
in different states. In their interpretation these states were determined by unequal
structures of the protomers in the (asymmetrical) dimer (AB ↔ BA) rather than
by two (or more) populations of symmetrical dimers (AA ↔ BB) (Opacic et al.
2012). The experimental evidence for different structures of the protomers can be
summarized as follows.

Time resolved Trp fluorescence and unequal iodide quenching of fluorescence
indicated that identical Trp in the two protomerswere in differentmicroenvironments
and experienced different solvent accessibility (Opacic et al. 2010, 2012; Vos et al.
2009b). Similarly FRET distance measurements between azi-mannitol and single-
Trp IICBAmtl indicated that the distances between azi-Mtl and the two identical Trp
in the protomers were not equal, and that the Trp residues were positioned non-
symmetrically relative the Mtl binding site(s) (Opacic et al. 2010). This result can
be expected if only one of the two binding sites in the dimer was occupied by Mtl,
or if both binding sites were occupied but in protomers of different conformation.

Mannitol Binding of IICBAmtl

Mtl binding and enzyme kinetic studies consistently pointed to the existence of a high
affinity (Kd 45–600 nM) and a low affinity binding site (Kd 5–10 μM). The stoi-
chiometry was only one high affinity binding site per dimer (Pas et al. 1988;Meijberg
et al. 1998a). The low affinity binding site, in contrast, could not always be detected,
possibly depending on the sensitivity of the methods and experimental conditions
employed. High affinity was assigned to the periplasmically oriented outward facing
binding site, low affinity to the cytoplasmically oriented inward facing site. The two
different Mtl dissociation constants qualitatively agreed with the Michaelis Menten
constants of uptake (vectorial phosphorylation, Km < 10 μM, Vmax 2.1 nmol min−1

mg lipid−1) and non-vectorial phosphorylation (Km 66μM, Vmax 22 nmol min−1 mg
lipid−1) of purified IICBAmtl reconstituted in phospholipid vesicles (Elferink et al.
1990).

Mtl binding modulated the Trp fluorescence and phosphorescence of single Trp
mutants (Veldhuis et al. 2005). Residue 97 is close to or may be part of the short
β-sheet rich periplasmic loop 1 (PL1) according the structural alignment (Figs. 8.3
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a and 8.6). The phosphorescence spectrum of Trp 97 was characteristic of a β-sheet
rich structure, andMtl binding induced its partial unfolding. Residues 126, 133 are in
CL, the loop between TM4 and TM5, which reaches from the SD of one protomer to
the cytoplasmic exit of TD of the other (Figs. 8.3b–d and 8.6). Mtl binding induced a
more ordered structure around these residues. This is the first indication that PL1, and
additional evidence that CL respond to sugar binding, although their exact function
remains to be determined. In this section examples are given, howMtl binding affects
the IIC domain, in the next how the IIB domain affects IIC.

C/B Domain Interactions of IICBAmtl

The IIB domain and its phosphorylation state affected both, Mtl binding and the
conformation of the IIC domain. (i) The IIB domain had a moderate effect on the
strength of the Mtl::IICBAmtl high affinity complex (Kd 45 nM). In the absence of
IIB theKd was increased three fold. IIB phosphorylation had no effect on the affinity
for perseitol, a non phosphorylatable analog of Mtl (Lolkema et al. 1993). (ii) IIB
with a mutated Cys384 phosphorylation site increased the Kd three to six fold. In
parallel the dissociation rate constant increased three to ten fold (t1/2 of exchange
between 45 and 5 s). These variations were interpreted in terms of two binding sites
per dimer, a slow exchanging occluded one and a fast exchanging initial binding one.
The C384 mutants would either enhance the rate of isomerization between the two
states or completely block it, such that in either case only a fast exchange reaction
was observed (Boer et al. 1995). The C384D mutation, mimicking a negative charge
of the phosphothioester, was inactive and had only a small effect on sugar binding
(Boer et al. 1995). Similarly phosphorylation of the IICBAmtl mutant C384S, which
could be stably phosphorylated at serine, did not detectably affect the environment
of the Mtl binding site, as concluded from Trp fluorescence (Opacic et al. 2010). (iii)
Although not affecting Mtl binding, phosphorylation of IIB did induce significant
conformational changes in the IICdomain. It increased the accessibility of engineered
Cys at residues 85, 90–110 to sulfhydryl reagents (Vervoort et al. 2005). These
residues were accessible from the periplamic side, and according to the structural
alignment are located in or next to PL1 (Figs. 8.3 and 8.6).

The C/B domain interaction of IICBAmtl was probed by differential scanning
calorimetry (DSC) and isothermal titration calorimetry (ITC) in the presence and
absence of Mtl (Meijberg et al. 1998a, b). The comparison of the thermodynamic
parameters derived from DSC of IICmtl and IICBmtl suggested: (i) that Mtl binding
induced a conformational change in the IIC domain that was propagated to the
B domain, and (ii) that solvent-exposed parts of the proteins were removed from
the surrounding water as a result of docking of preexisting surfaces or folding of
unstructured parts induced by the domain interactions.

Removal of the IIB domain with trypsin destablized the IIC domain, reducing its
temperature of unfolding by 3 °C. Destabilization was stronger in the presence ofMtl
than in its absence. Heat capacity increments of Mtl binding to non-phosphorylated
IICBAmtl determined by ITC indicated that approximately 50 residues were involved
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(directly or indirectly) in the binding reaction. Phosphorylation of IICBAmtl and
removal of the B domain both reduced this number. In this section examples are
given how the IIB domain affects physical properties of the IIC domain, in the next
how IIB affects sugar binding and transport by IIC.

Coupling of Protein and Substrate Phosphorylation with Transport

The standard free energy of phosphoryltransfer from PEP to a sugar is 48 kJ mol−1.
80% are released in the last step, the transfer from phospho-Cys of IIB to the primary
hydroxyl group of the sugar (Erni 2001; Rohwer et al. 2000). In theory this is enough
to generate a concentration gradient of 105 to 106. In fact, the steady-state intracellular
concentration of PEP is between 0.5 and 3 mM and of Glc6P ca. 50 μM. Two
molecules of PEP are formed per Glc taken up by the PTS. One PEP is utilized
to take up the next Glc, the second is withdrawn from the circle to generate ATP,
serve as biosynthetic precursor, or for the uptake of a second Glc molecule. It is
not understood how bacteria gear down the uptake to prevent being jammed by an
overshoot of sugar phosphates.

Phosphorylation of the sugar empties the binding site and maintains the concen-
tration gradient of the sugar. But this alone does not explain the 100 to 1000 fold rate
increase of vectorial phosphorylation over facilitated diffusion (Lolkema et al. 1991).
Facilitated diffusion follows Michaelis Menten kinetics, and the maximum rate of
transport at saturating solute concentration is determined solely by the isomerization
rate of the binding site between inward and outward orientation (Fig. 8.4 IICcS ↔
IICcS). For a 100 to 1000 fold rate increase the activation energy of isomerization
must be reduced by 10–15 kJ mol−1 (equivalent to 1–2 hydrogen bonds). How this
is achieved, how translocation and phosphorylation are coupled is not understood.
The cartoon model (Fig. 8.4) suggests that it is the binding of phospho-IIB to the
IIC::substrate complex, which induces a conformation change raising the complex
from a minimum energy (high affinity) state to a higher energy (low affinity) state
(Fig. 8.4 IICcS(II) → IICcS(II)) from which the phosphorylated sugar can escape.
The rate of non-vectorial sugar phosphorylation in the cytoplasmic low affinity site
(IICcS(II) → IICcS(III) → IICoS(II)) must be faster than isomerization back to the
minimum energy high affinity state (IICcS(II) → IICcS(II)).

Themodel shown inFig. 8.4 presumes that the twoprotomers operate in symmetric
synchrony as suggested by the X-ray structure. Yet additional single molecule FRET
experiments are required to elucidate the dynamics of the transport reaction.
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Structure and Function of Mannose (MFS) Superfamily
Transporters

The Man transporter of E. coli was one of the first PTS transporters to be discovered
and characterized (Kundig and Roseman 1971a; Curtis and Epstein 1975). It had a
broad substrate specificity, including Glc (!), mannosamine, N-acetylglucosamine,
and it was the only transporter for Man, hence its name. It is believed to be a scav-
enger of carbohydrates released during cell wall remodeling. The transporters of the
Man superfamily consist of three or four subunits: IIA, IIB, (or IIAB), IIC and IID
(Erni and Zanolari 1985; Williams et al. 1986; Erni et al. 1987, 1989; Bouma and
Roseman 1996). IIAman and IIBman are soluble proteins, each containing a histidine
phosphorylation site. In E. coli the IIA and IIB domains are linked by a 20 residue
long Ala-Pro-rich linker (Erni et al. 1989; Stolz et al. 1993; Markovic-Housley et al.
1994;Wuet al. 1990; Perham1991). IIA forms a stable homodimer, IIB ismonomeric
(Nunn et al. 1996; Schauder et al. 1998). IIC and IID are integral membrane subunits,
which form dimers of two IICIID protomers. IIC and IID are fused in the transporter
(Q8RD53) of Thermoanaerobacter tengcongensis (Navdaeva et al. 2011).

Subunit Composition, Kinetics and Mechanism of the E. coli
Mannose Transporter

The atomic structure of the IICIID complex is not known. IICman and IIDman cannot
be dissociated without denaturation of the subunits. The IIABman

2 :(IICmanIIDman)2
complex can be purified intact due to strong binding between IIB and IICIID. It is
controversial, whether IICman and IIDman can be expressed separately, and how stable
they are (Williams et al. 1986; Erni et al. 1987).

According to 80 experimental protein fusions of IIC and IID with alkaline phos-
phatase and β-galactosidase IICman was predicted to contain six transmembrane seg-
ments, and IIDman to consist of a large N-terminal cytoplasmic domain anchored in
the membrane by a C-terminal transmembrane region (Huber and Erni 1996). This
topology is not consistent with any of over 10 in silico predictions (Dobson et al.
2015; Wehmeier et al. 1995; Tymoszewska et al. 2017) which, however, themselves
are not consistent either. IIC is more resistant to proteases than IID (Mao et al. 1995).
A functional histidine 6-tag could be inserted only at the N-terminus of IIDman. The
His 6-tags were poorly accessible at the N-terminus of IICman and the C-terminus
of IIDman, and inactivating at the C-terminus of IICman. Combining all evidence pro-
vided by experiments and prediction algorithmswe propose the following speculative
consensus topology: IIC, 8 (or 6) TMwith N- and C-termini on the cytoplasmic side;
IID, a N-terminal cytoplasmic domain of 130 residues followed by 3 (or 1) TM, a
periplasmic domain followed by 2 TM and the C-terminus on the periplasmic side.

The purifiedMan transporter complexwas reconstituted in proteoliposomes (Mao
et al. 1995). The Km and kcat were 30 μM and 1.2 s−1 for vectorial phosphorylation
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and 0.1 mM and 3 s−1 for non-vectorial phosphorylation. Interestingly and in con-
trast to IICBglc (Mukhija and Erni 1996), non-vectorial phosphorylation of external
Glc did not compete with export (vectorial-phosphorylation) of trapped [14C]Glc in
proteoliposomes. Noncompetition indicates that the transported Glc does not equi-
librate with Glc in the bulk phase, and that transport and phosphorylation are either
mechanistically coupled or that the rate of phosphorylation of bound Glc is much
faster than the rate by which unphosphorylated Glc can dissociate.

E. coli IICIIDman tolerates as substrate glucose with fluorine instead of hydroxyl
at C-1 and C-3. Deletion of OH-1 is tolerated, but not alkylation. Substitutions at
C-4 and C-6 are poorly tolerated (Garcia-Alles et al. 2002a, b). The least sensi-
tive to modifications appears to be C-2. IICIIDman transports and phosphorylates
2-deoxyglucose, N-acetylglucosamine, 2F-Glc. Large alterations at C-2 are toler-
ated by a IICIID complex of S. typhimurium (A0A0F6BB79/8). This complex took
up zwitterionic glucoselysine and fructoselysine (KEGG compounds C20978 and
C16488) which could be utilized as carbon and nitrogen sources (Miller et al. 2015).

Bacteriophage Lambda DNA Injection

Integralmembrane proteins of the cytoplasmic innermembrane are essential forDNA
injection by different bacteriophages (Garcia-Doval and van Raaij 2013). Of the PTS
transporters, IICIIDman is essential for certain bacteriophage lambda and IICBglc for
phage HK97 entry (Cumby et al. 2015). Elliott and Arber (1978) observed E. coli
mutants (pel),whichwere resistant against bacteriophage lambdabecause they lacked
a gene product required for DNA entry across the inner membrane. Genetic analysis
revealed that (i) the pel locus was genetically linked with ptsM (todaymanXYZ), (ii)
pel mutants were unable to grow on Man, and (iii) 30% of the Man (ptsM) mutants
were pel. The genetic linkage between pel and ptsM suggested that the phage might
utilize thePtsM proteins as a gateway for transfer of DNA across the innermembrane
(Palva et al. 1985). The resistance of the pel/ptsM mutants was leaky, and stronger
against phages with smaller than wild-type genomes. It could be overcome by phages
with genomes larger than wild-type, with mutations in the phage tail proteins pV and
pH, and also with high doses (multiplicity of infection) of phages (Emmons et al.
1975; Katsura 1983; Roessner and Ihler 1984; Scandella and Arber 1976).

IICman turned out to be the major specificity determinant for lambda infection,
but not sufficient, most likely because IIC is stably expressed only in a complex
with IID. The cytoplasmic IIABman subunit was not required (Williams et al. 1986;
Erni et al. 1987). To identify structural determinants important for penetration of
lambda DNA, the homologous IICIID complexes of E. coli (ec), K. pneumoniae (kp)
(P37082, P37083), B. subtilis (bs) (P26381, P26382), and chimeric complexes were
characterized (Esquinas-Rychen and Erni 2001). All three supported sugar uptake in
E. coli, but only ecIICIIDman and bsIICIIDfru also supported phage lambda infection.
None of the six chimeric IICIID complexes supported sugar uptake, and only three
(ec/bs, ec/kp and bs/ec) supported infection. Replacement with alkaline phosphatase
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of the putative periplasmic loop and the two C-terminal TMs of ecIIDman did not
compromise infection but abolished sugar uptake. Truncation of ecIICman rendered
the complex unstable (Esquinas-Rychen and Erni 2001).

IICIID Mannose Transporters as Targets of Bacteriocins

Bacteriocins are antimicrobial peptides produced mostly by lactic acid bacteria (for
reviews see Drider et al. 2006; Duquesne et al. 2007; Hassan et al. 2012; Cotter 2014;
Rios Colombo et al. 2018). They are of interest as agents for food preservation and
against food born pathogens. Class II bacteriocins are cleaved from ribosomally syn-
thesized precursors, consist of one or two peptides (20–80 amino acids), are cationic
and not further modified (except disulfide bridges and circularization) . They form
ion selective pores in the inner membrane resulting in membrane permeabilization,
depolarization and killing of the target bacteria. The producer bacteria are protected
against the lethal action by immunity proteins that are coexpressed with the bacte-
riocin. Bacteriocins require outer and inner membrane proteins for uptake and pore
formation. Outer membrane receptors are FepA, Fiu, or Cir, which are involved in
the uptake of siderophore-bound iron (Strahsburger et al. 2005; Patzer et al. 2003).
Inner membrane scaffolds for insertion and pore formation are certain IICIID of
the MSF superfamily (Hechard et al. 2001; Ramnath et al. 2000), IICB of the GFL
superfamily (Garcia De Gonzalo et al. 2015; Swe et al. 2009), the Fo complex of the
F1Fo ATPase (Rodriguez and Lavina 2003), a serine transporter (Gerard et al. 2005),
or an ATP-dependent maltose transporter (Gabrielsen et al. 2012). The interactions
are specific, and dependency on a cognate inner membrane protein restricts the bac-
teriocidal spectrum of each bacteriocin to a narrow range of target bacteria, often to
species closely related to the producer. Mutations in the scaffold protein attenuate
bacteriocin sensitivity up to 1000 fold. The IIA and IIB subunits are not required for
bacteriocin action.

The E. coli IICIIDman complex in particular serves as a gate for the bacteriocin
MccE492 (Bieler et al. 2006; Bieler et al. 2010). MccE492 is produced in Klebsiella
as a 103 residue precursor and cleaved to the 84 residues mature peptide. In the pro-
ducer bacterium MccE492 and the immunity protein MceB formed a tight complex
with IICIIDman that could be copurified with hexahistidine tagged IIDman (Bieler
et al. 2010). MccE492 caused loss of proton motive force in a wild-type but not in a
�manXYZ strain, indicating that the IICIIDman was essential for MccE492 toxicity.
Binding of MccE492 compromised uptake of Man (a catalytic multiturnover pro-
cess) but did not confer increased resistance against bacteriophage lambda (a single
molecule event). In the case of lactococcin A, a bacteriocin produced by Lactococ-
cus, the immunity protein LciA is copurified with the IICIID complex, but only in
the presence of the bacteriocin, pointing to the existence in the producer strain of
a ternary complex between, the bacteriocin, the immunity protein and the IICIID
scaffold (Diep et al. 2007).
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The subclass IIa and IId bacteriocin of Gram-postive bacteria (Bacillus, Liste-
ria, Lactococcus) act by a similar mechanism (Hassan et al. 2012; Kjos et al. 2011;
Nissen-Meyer et al. 2010). They specifically target the phyolgenetic group I of the
MSF superfamily (Kjos et al. 2009) (section “Phylogeny and Evolution of the PTS”).
The IIC components confer specific recognition whereas the IID subunits are essen-
tial for the stability of the complex. It is controversial, whether IICIID participates
in pore formation with bacteriocins, or whether it only assists membrane penetration
and pore assembly. On one hand pore formation was achieved in the absence of
IICIID with a fusion protein between bacteriocin and a bitopic membrane protein.
And this bacteriocin complex was neutralized by its cognate immunity protein in the
absence of the IICIID complex (Barraza et al. 2017). On the other hand the MceA
bacteriocin and the MceB immunity protein together inhibited sugar uptake which
points to a permanent rather than transient association between bacteriocin, immu-
nity protein and IICIIDman (Bieler et al. 2010). Similarly dysgalacticin, a heat-labile,
large bacteriocin (21.5 kDa) produced by Streptococcus inhibited uptake of Glc by
direct interference with components of the Glc- and/or Man-PTS (Swe et al. 2009).
It is not clear whether both IIC and IID, or only one subunit is required. IIC and
IID each conferred some bacteriocin sensitivity but less than the IICIID complex
(Diep et al. 2007; Kjos et al. 2010; Geldart and Kaznessis 2017; Zhou et al. 2016).
The expression of IIC (A2RJ81) alone was sufficient to confer class IIA bacteriocin
sensitivity in Lactococcus lactis (Ramnath et al. 2004). Hybrid complexes between
IIC and IID of different Lactobacillus species were recognized by pediocin PA-1 but
not by the cognate immunity protein PedB (Zhou et al. 2016).

Membrane Insertion and Lipid Dependencies IICBAmtl

and IICBglc

The N-Terminal Amphipathic Helix (AH1)

Polytopic inner membrane proteins contain hydrophobic N-terminal signal
sequences, which are not cleaved off after membrane insertion. They are recognized
by the signal recognition particle (SRP), conducted to the membrane and transferred
from SRP to the SecYEG insertion/secretion machinery (translocon) (Fekkes and
Driessen 1999; Heijne 2003; Kiefer and Kuhn 2007). The N-terminal 20 residues
of IICBglc are amphipathic similar to the amphipathic leader peptides of imported
mitochondrial proteins (Erni and Zanolari 1986; Roise et al. 1986) and different
from bacterial signal sequences, which exhibit end-to-end rather than side-to-side
amphiphilicity (Jones et al. 1990). Eleven out of 13 N-terminal IIC sequences were
amphipathic, whereas the N-termini of 18 non-PTS membrane proteins had no or
at best a weak hydrophobic moment (Saier et al. 1988). But unlike mitochondrial
leader sequences, which contain a positive net charge and an excess of arginines, the
N-termini of PTS transporters have positive or negative net charges and do not share



8 Carbohydrate Transport by Group Translocation … 255

sequence similarity with each other. It was proposed that they are surface seeking
structures that precede the first membrane spanning helix, and target the proteins
to the membrane (Saier et al. 1989). The X-ray structures of bcIICmal and bcIICchb

confirm this prediction (McCoy et al. 2016; Cao et al. 2011). IICasc contains three
amphipathic helices, two at the N-terminus of the structural repeats and one in the
second repeat between TM6 and TM7 (Luo et al. 2015) (Fig. 8.3e). Multidomain
PTS transporters with a soluble IIB domain preceding the IIC domain, do not have
or at most have a weak amphipathic sequence between the domains, for instance
in IIBCAbgl (P08722) IIB′BCfru (P20966) and IIBCsuc (P08470). The N-terminal
sequences of PTS transporters, reminiscent of mitochondrial leader sequences (Saier
et al. 1988), attracted attention and prompted studies of their function in membrane
insertion and transport activity.

AH1 and Membrane Insertion of IICBglc and IICBAmtl

Fusion proteins between residues 1–13 and 1–53 of IICBAmtl and alkaline phos-
phatase were translocated across the cytoplasmic membrane indicating that the N-
terminus of IICBAmtl can initiate insertion/secretion of this periplasmic protein across
the cytoplasmic membrane. IICBAmtl with the 10 N-terminal residues replaced by
the N-terminus of β-galactosidase, and IICBAmtl with amino acid substitutions S3P,
D4P, D4L, D4R, D4H (Fig. 8.6) were completely cleaved by endogenous proteases,
indicating that these proteins were not inserted into the membrane. The mutants
I5N, K6P, K8P were partially cleaved, with the uncleaved forms retaining reduced
PT activity (Yamada et al. 1991). 22-mer peptides of the N-terminus of IICBAmtl

with the above indicated amino acid substitutions were chemically synthesized and
biophysically characterized. The α-helix content in trifluoroethanol was between 60
and 80% and not affected by the mutations. The peptides penetrated phospholipid
monolayers against high lateral surface pressure, and only the mutants containing α-
helix breaking proline had a 2–4 times smaller partition coefficient (Tammet al. 1989;
Portlock et al. 1992). Polarized attenuated total reflection infrared spectroscopy indi-
cated that the helix axis of the peptide was aligned parallel to the membrane surface
(Tamm and Tatulian 1993).

A fusion protein between residues 1–19 of IICBglc and β-galactosidase could be
washed off the membrane with sodium carbonate alone with no need for detergent
solubilization, indicating that AH1 was apposed to the membrane surface but not
membrane spanning. Fusion proteins between residues 1–41 or longer and alkaline
phosphatase were successfully translocated across the cytoplasmic membrane indi-
cating that this segment comprised a membrane spanning segment in addition to
AH1 (Buhr and Erni 1993). IICBglc with circularly permuted amino acid sequences
(II390BC386, II275CBC274, numbers indicate the residues at the N- and C-termini of
the permuted sequence, Figs. 8.5c and 8.6) retained between 25% to 70% activity
although the amphipathic helix (residues 1–17) was now sandwiched between the



256 J.-M. Jeckelmann and B. Erni

C-terminus of the B390-477 and the N-terminus of the C18-386 domain (Beutler et al.
2000b; Gutknecht et al. 1998).

Membrane protein insertion depends not only on signal sequences but also on
the insertion/translocation machinery by which these sequences are recognized and
processed. Membrane insertion of IICBAmtl was characterized in a cell-free pro-
tein synthesis system in the presence of inside-out cytoplasmic membrane vesicles
(Werner et al. 1992). IICBAmtl inserted into membrane vesicles and became urea
and protease resistant only cotranslationally but not when protein synthesis was
completed before membranes were added. Insertion required the SecY(EG) translo-
con and the soluble signal recognition particle SRP, but it was independent of the
soluble SecA and SecB chaperones (Koch et al. 1999). In vitro site-specific cross-
linking between the residues 27, 29, 32, 37 and 42 of the 189 amino acid N-terminal
fragment of IICBAmtl and the Ffh subunit of SRP revealed the hydrophobic signal
anchor sequence of IICBAmtl (residues 1–44) as a recognition site for Ffh (Beck et al.
2000).

The fact that IICBAmtl inserted by the mechanism common for polytopic inner
membrane proteins (Facey andKuhn 2004) suggests that the amphipathicN-terminus
is not a special signal sequence but may have another function. As described above
(section “Substrate Binding, Transport and Phosphorylation: Important Residues and
Point Mutations”), mutations in AH1 and the adjacent TM1 relax sugar specificity
and compromise uptake but not non-vectorial phosphorylation (Buhr et al. 1992;
Notley-McRobb and Ferenci 2000; Kornberg et al. 2000; Manché et al. 1999). TM1
contributes to thewall of the binding cavity andAH1 is near its cytoplasmic exit. AH1
may be a part of the binding site for the IIB phosphoryldonor domain as suggested
by the in silico IIC:IIB model (Fig. 8.5c, right monomer).

Phospholipid Requirement

The phospholipid bilayer of the membrane is the solvent for membrane proteins. The
hydrophobic surface of themembrane spanning helices are in intimate and sometimes
highly specific contact with the fatty acid chains (Yeagle 2014; Lee 2003). Strongly
bound lipids, the so-called annular lipids, do not readily exchange with bulk lipids.
They sometimes copurify with or are only slowly lost during the purification of
membrane proteins (Palsdottir and Hunte 2004). The changes in the lipid gel to
liquid-crystalline transition indicated that IICBAmtl interacted with approximately
40 lipid molecules (Meijberg et al. 1998b).

It was discovered very early (Kundig and Roseman 1971a) that membrane phos-
pholipids, in particular negatively charged phosphatidylglycerol (PG), were required
for in vitro reconstitution of Glc- and Man- PT activity from deoxycholate solubi-
lized membrane extracts (“IIB”) and the soluble PTS proteins (EI, HPr and “IIA”)
. Phosphatidylethanolamine (PE) and PG strongly stimulated PT activity of deter-
gent solubilized and purified IICBAmtl (Jacobson et al. 1983a, b). Phospholipids also
induced dimerization with concomitant activation of IICBAmtl. Both, head groups
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and fatty acid chain length were important, with choline being more efficient than
glycerol as headgroup, and myristoyl (C14) more efficient than oleoyl (monounsat-
urated C18) as acyl chains (Robillard and Blaauw 1987). The PT activity of IICBglc,
purified from membranes solubilized with alkaline octyl-polyethyleneglycol, iso-
electric focusing in a sucrose gradient and gel filtration was stimulated 20-fold with
PG from egg yolk, but not with pure DL-dipalmitoyl-PG (Erni et al. 1982). Highly
purified, delipidated PTS transporters in detergent solution had little to no PT activity.
Activity could however be recovered by diluting the mixed micelles in an aqueous
suspension of phospholipid vesicles. It is likely that the detergent solubilized protein
partitioned into lipid vesicles upon dilution of the detergent to below the critical
micellar concentration.

The phospholipid requirement of the PTS transporters for Mtl, Glc and Man was
further studied in vivo in E. coli mutants with altered phospholipid composition
(Aboulwafa and Saier 2002; Aboulwafa et al. 2004). The E. coli psgA mutant lacks
detectable levels of the negatively charged PG (<0.1%), but has a compensating
increase of negatively charged phosphatidic acid (PA, 4%) and a bulk-lipid compen-
sating increase of PE from 80 to 90% (Kikuchi et al. 2000). The total amount of PTS
transport proteins in the membranes was not affected by lipid composition. However,
PTS sugar uptake by the pgsAmutant was reduced to 20–30% of the control, and the
in vitro non-vectorial PT activity to 40–60%. IIC activity in the pgsA background
was more sensitive to thermal inactivation and inhibition by non-ionic detergents.
Man PT activity (by IICIIDman) was the most sensitive in the above conditions, Mtl
PT activity (by IICBAmtl) the least.

Membrane Transport Reconstitution

The sugar-transporters of the PTS have the advantage over other transport proteins,
that their (PEP-dependent PT) activity can be assayed easily in a homogeneous solu-
tion without the need to measure vectorial solute transport between two separate
compartments (Kundig and Roseman 1971a). This activity is convenient to follow
activity during protein purification process, and to characterize substrate specificity
andother properties ofmutant proteins (Fig. 8.2b). In order tomeasure transport activ-
ity, the detergent solubilizedmembrane proteinsmust be reconstituted into liposomes
(Seddon et al. 2004) and the proteoliposomes loaded with either the sugar or with
the soluble PTS-proteins and PEP. Many of the drastic methods of loading liposome
with ions and small molecules are not applicable with enzymatically active proteins.

IICBAmtl solubilized with β-octylglucoside was reconstituted in unilamellar lipo-
somes of soybean lecithin and E. coli phospholipids by the detergent dilution method
(Leonard and Saier 1983). 1 mM mannitol 1-phosphate (Mtl1P) was included in the
reconstitution buffer. Mtl1P trapped in the proteoliposomes served as phosphoryl-
donor for the uptake of [14C]Mtl by vectorial transphosphorylation. The reaction
rates increased sigmoidally with IICBAmtl concentration suggesting that dimeric
IICBAntl was the more active form. The overall reaction rates, however, were low.
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IICBAmtl solubilized in decyl-polyethyleneglycolwas reconstitutedwith PEbydeter-
gent dialysis in the presence deoxycholate. Active efflux was measured with prote-
oliposomes preloaded with [14C]Mtl to which EI, HPr and PEP were added on the
outside (Fig. 8.2a). Trypsin completely abolished PEP dependent active efflux, but
not slow facilitated diffusion. Active uptake was measured with liposomes preloaded
with PEP, EI and HPr to which [14C]Mtl was added on the outside. In order to prevent
non-vectorial phosphorylation, external EI, HPr and inside-out oriented IICBAmtl

were first inactivated with trypsin, and PEP removed with pyruvate kinase and ADP,
before [14C]Mtl was added to start the uptake reaction (Fig. 8.2a, b). The turnover
numbers were 4 s−1 for active uptake compared with 40 s−1 for non-vectorial phos-
phorylation. The Km-values were <10 μM for uptake and 66 μM for non-vectorial
phosphorylation. These experiments showed: (i) transport is coupled with phospho-
rylation of the transported sugar; (ii) transport has a smallKm, allowing tight substrate
binding on the outside; (iii) transport has a 10 times lower turnover than non-vectorial
phosphorylation. This is in line with the large amplitude rigid-body displacement of
the sugar binding site from the outside to the inside (Fig. 8.3b, c, as shown by X-ray
crystallography (McCoy et al. 2016). Non-vectorial phosphorylation in contrast is
likely a simple hit-and-run process.

IICBAglcnac (the N-acetylglucosamine transporter) was reconstituted in PE by
detergent dialysis in the presence of biobeads (Mukhija andErni 1996). Enantiomeric
[3H]L-Glc was used as a marker to measure the included volume and the negligible
non-specific efflux by diffusion. The final concentration of GlcNAc-6P in the pro-
teoliposome reached 2 mM at 10 mM internal PEP and 50 μM external GlcNAc
concentrations. The turnover number for uptake of GlcNAc was 6 s−1, the Km was
67 μM. The turnover for non-vectorial phosphorylation was 16 s−1 and the Km was
750 μM. Transport and non-vectorial phosphorylation are two competing reactions.
The presence of unlabelled GlcNAc on the outside of the proteoliposomes slows
down the export of radiolabelled GlcNAc in a concentration dependent way.

The Man transporter IICIIDman was reconstituted with PE by β-octylglucoside
detergent dilution (Mao et al. 1995). The proteoliposomeswere loaded by freeze thaw
sonication with PEP and soluble PTS proteins, or with radiolabelled Glc. Extraves-
icular Glc and PEP were removed with hexokinase/ATP and pyruvate kinase/ADP,
respectively and the loaded proteoliposomes were purified by spin-column gel filtra-
tion. The turnover numbers and Km-values were 1.2 s−1 and 30μM for active uptake
and 3 s−1 and 200 μM for non-vectorial phosphorylation. Although sugar trans-
port coupled with phosphorylation (vectorial phosphorylation) and non-vectorial
phosphorylation are mediated by the same IICIIDman::IIABman complex, no cross-
inhibition between the two reactions could be observed (unlike with IICBAglcnac).
Neither the translocation nor the phosphorylation of [14C]Glc out of proteoliposomes
into the extravesicular medium could be inhibited by unlabelled Glc added to the
outside of the proteoliposomes.

The difference in competition between transport and non-vectorial phosphoryla-
tion suggests that the PTS transporters of the GFL and theMFS superfamily not only
have different structures but also different mechanisms of transport and phosphory-
lation.
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Cellular Distribution of PTS Proteins: Immunoelectron-
and Fluorescence Microscopy

The protein components of functional units can transiently associate, occur as nonco-
valent multisubunit complexes or as covalent multdidomain proteins. Non-transient
complex formation can enhance the overall catalytic activity by shortening the diffu-
sion pathway of intermediates between the active sites, and by channelling reactive
intermediates (Castellana et al. 2014; Kholodenko et al. 1998; Rohwer et al. 1998). If
one of the units of a complex is amembrane protein, the soluble subunits will colocal-
ize at themembrane surface. The prototype of cluster formation is the supramolecular
complex of chemoreceptors and cytoplasmic chemotaxis proteins, which localize at
cell poles and division sites (Thiem et al. 2007; Sourjik and Berg 2002)

It has been suggested quite early, that PTS subunits may occur in membrane
associated supramolecular complexes. Membrane vesicles of osmotically shocked
bacteria catalyzed PEP dependent sugar phosphorylationmore efficiently than amix-
ture of the individual enzymes (Saier et al. 1982). 40% of the PTS activity remained
associated with the membrane fraction after high speed centrifugation but could be
completely dissociated by resuspension of the membrane pellet in water and a sec-
ond round of centrifugation (Brouwer et al. 1982). The distribution of EI activity
between the membrane and the cytoplasmic fraction was 77 and 13%, respectively
in wild-type Streptococcus mutans, but inversed, namely 5% and 95% in a IICBglc

deletion mutant, suggestive of a specific association between cytoplasmic EI and
membrane spanning IICBglc (Liberman and Bleiweis 1984).

When cryosections of cells harvested in exponential growth were stained with
anti-EI antiserum and protein A-gold (Ghosh et al. 1989), one third of the EI (2
× 63 kDa) gold particles were associated with the surface of the inner membrane.
For comparison and as a control, β-galactosidase (116 kDa), a bona fide cytoplasmic
enzyme,was uniformly distributed in the cytoplasmunder the same conditions.When
EI was overexpressed from a plasmid, the membrane became saturated with EI and
more EI accumulated in the vicinity of the inner membrane.

GFP and its mutants were used to study the cellular localization of EI, HPr and
IIAglc (Patel et al. 2004; Lopian et al. 2010). Yellow fluorescent protein tagged EI
(YFP-EI) was uniformly distributed in bacteria exponentially growing on PTS sugars
as carbon source, but assumed a punctate or (bi)polar distribution in: (i) non-growing
cells, (ii) in cells growing on an non-PTS substrate such as lactate, and (iii) in cells
overexpressing YFP-EI (Patel et al. 2004). The transition between diffuse to punc-
tate distribution was reversible switching from diffuse to punctate when cells entered
stationary phase and back to diffuse when they resumed to grow exponentially. Only
the non-phosphorylatable YFP-EI (His189Q)mutant remained uniformly distributed
in all conditions. EI-mCherry behaved similarly, forming dense clusters (foci) at the
cell poles which did not overlap with the nucleoid (Lopian et al. 2010; Govindarajan
et al. 2018). Of the two EI domains only the recombinant C-terminal (PEP binding)
EIC-mCherry domain formed clusters, whereas the N-terminal (HPr binding) EIN-
mCherry remained uniformly distributed under all conditions. HPr-mCherry formed
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polar clusters like EI-mCherry but was partly released from the poles in cells growing
on PTS sugars. Overexpression of EI-mCherry and HPr-mCherry increased the size
and number of polar clusters. IIAglc-GFP, in contrast, was uniformly distributed in
the cytoplasm (Lopian et al. 2010), though IIAglc physically interacts with several
integral membrane proteins: e.g. with IICBglc and with the non-PTS transporters for
lactose (LacY) and maltose (MalFGK), when it allosterically inhibits their transport
activity (Hariharan et al. 2015; Wuttge et al. 2016). The GFP-tagged β-glucoside
transporter (IIBCAbgl-GFP), a bona fide representative of a PTS-transporter was
uniformly distributed throughout the cell membrane, with at best a slight accumula-
tion at the cell poles (Lopian et al. 2010). It was suggested, that the clusters form a
reservoir of inactive EI andHPr fromwhich the proteins can bemobilized on demand
when cells grow exponentially and sugars are transported (Govindarajan et al. 2018).
However, the EI-FP and HPr-FP foci near the cell poles also resemble aggregates of
misfolded proteins which are driven to the cell poles by nucleoid occlusion (Winkler
et al. 2010). The argument against foci being artefacts is that sugar-uptake and growth
of cells expressing FP-tagged proteins is normal, and that fusion proteins could be
purified and were fully active in vitro.

Conclusion and Outlook

The phosphotransferase system acts as an interface between energy- and signal trans-
duction. Its main components are sugar transporters of the inner membrane, phos-
phoryltransfer proteins and transcription factors. Its main functions are uptake and
phosphorylation of carbohydrates, expression control of PTS and non-PTS genes,
allosteric control of catabolic enzymes, non-PTS transporters and chemotaxis (Erni
2013; Galinier and Deutscher 2017; Somavanshi et al. 2016; Sourjik and Berg 2004;
Niwano and Taylor 1982; Adler and Epstein 1974; Lux et al. 1995). The integral
membrane proteins of the PTS and their cellular context are in the focus of this
review. For the other aspects the reader is referred to previous reviews (Erni 2013;
Deutscher et al. 2006; Galinier and Deutscher 2017).

Five decades of biochemical and biophysical PTS research (Danchin 1989; Saier
2015) reached an apogee in 2011 with the determination of the first crystal structures
of a PTS sugar transporters (Cao et al. 2011). Remaining open questions are: Do the
two protomers work concertedly or independently? How do IIC and IIB domains
interact during transport and phosphorylation? Still outstanding is the crystal struc-
ture of a IICIID transporter of the MSF superfamily. It most likely will reveal a
novel fold unseen before. IICIID complexes are of particular interest because of
their multiple functions: broad substrate specificity (Sundar et al. 2017); gateway for
bactriophage DNA penetration; receptor for pore forming bacteriocins; component
of the pore; interfacing sugar availability with virulence (Abranches et al. 2006).
None of these functions are yet understood at the molecular mechanistic level.

In the recent years of PTS research priorities have shifted from the character-
ization of the molecular parts to the understanding of cellular, physiological and
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biotechnological aspects. Attempts to improve the fermentative production of nat-
ural compounds have placed the PTS under the spotlight of metabolic engineering
and systems biology (Erni 2013; Gosset 2005; Luo et al. 2014; McCloskey et al.
2018). The unmodified PTS prevents simultaneous uptake of Glc and other carbohy-
drates by Glc-induced catabolite repression of non-PTS metabolic pathways. It also
consumes a significant proportion of PEP creating a bottleneck for the synthesis of
aromatic amine intermediates (Carmona et al. 2015). Replacement of the PTS by
PEP-independent uptake mechanisms and inactivation of PTS components involved
in catabolite repression have significantly improved the industrial production of aro-
matic metabolites, biofuels and organic acids (Balderas-Hernandez et al. 2009; Zhu
et al. 2018).

The antibiotic crisis looming ahead has prompted diverse attempts to identify
virulence factors within the PTS or under its control (Erni 2013; Poncet et al. 2009;
Le Bouguenec and Schouler 2011). The PTS is not essential for survival of bacteria
in a rich medium containing nutrients such as amino acids and non-PTS sugars,
but inactivation may indirectly affect functions that are vital in an adverse host
environment. It is likely that PTS transporters function as sensors for sugars, cues
in the host environment that can trigger a virulence response. PtsP (encoding EIntr

Fig. 8.1) was identified as a virulence gene in Pseudomonas aeruginosa by screening
of transposonmutants.PtsPmutantswere non toxic forCaenorhabditis elegans, grew
100 times slower on plants and were non-lethal for mice (Tan et al. 1999). PtsP was
also identified as a virulence gene in Legionella pneumophila by signature tagged
mutagenesis. PtsP mutants colonized the spleen and lung 100 times less efficiently
than the wild-type control (Higa and Edelstein 2001). Knocking out ptsI (encoding
EI, Fig. 8.1) in a mouse-virulent Salmonella typhimurium strain increased the LD50

(number of bacteria that kill 50% of infected mice) by almost a factor 1000 (Kok
et al. 2003). Knocking out ptsI (M5005_Spy1120) or theMan transporter (ManLMN,
M5005_Spy1479-81) in Group A Streptococcus pyogenes had the opposite effect.
These mutant bacteria increased the size and the severity of lesions at the site of
infection due to an early onset of expression and activity of Streptolysin S (Sundar
et al. 2017; Gera et al. 2014).

The PTS still poses intriguing questions. Molecular dissection and systems bio-
logical synthesis of this important bacterial system will provide further insights into
the mechanism of energy- and signal transduction.
Abbreviation and nomenclature: Four character codes are Research Collabora-
tory for Structural Bioinformatics (RCSB) protein data bank (PDB) identifiers; Six
and more character codes are UniProtKB entry identifiers. asc, ascorbate, vita-
min C; AH, amphipathic helix; bc, Bacillus cereus; bgl, β-glucoside; chb, N,N′-
diacetlychitobiose; CL, cytoplasmic loop; EI, enzyme I of the PTS; FP, fluorescent
protein; FRET, fluorescence resonance energy transfer; fru, fructose; glc, glucose;
glcnac, N-acetylglucosamine; HP, re-entrant hairpin loop; HPr, heat stable protein of
the PTS; IIAsugar and IIBsugar, phosphotransferase domains/subunits of sugar-specific
PTS transporters (IICBAsugar); IICsugar: integralmembranedomain/subunit of a sugar-
specific PTS transporter. For consistency the following abbreviation are used for
IIC subunits irrespective of the designations used in the primary literature: IICasc
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instead of UlaA; bcIICmal instead of bcMalT; bcIICchb instead bcChbC. IICBA,
IICIIBIIA, three-domain, three-subunit protein; IICo/c in the inward-facing (cyto-
plasmic) open/closedconformation; IICo/c, IIC in the outward-facing (periplasmic)
open/closed conformation; ec, Escherichia coli; mal, maltose; man, mannose; mtl,
mannitol; PEP, phosphoenolpyruvate; PH, periplasmic helix; PL, periplasmic loop;
PT, phosphotransferase; PTS, phosphotransferase system; SD, scaffold/dimerization
domain; TD, transport domain; TM, transmembrane helix; wt, wild-type

Acknowledgements J.-M. J. was supported by the University of Bern, the National Centre of
Competence in Research (NCCR) TransCure and the Swiss National Science Foundation (grants
to Prof. Dimitrios Fotiadis, University of Bern, Switzerland). BE would like to thank his former
collaborators for their commitment, and the Universities of Basel, Marburg and Bern, the DFG and
the SNF for their generous support.

References

Aboulwafa M, Saier MH Jr (2002) Dependency of sugar transport and phosphorylation by the
phosphoenolpyruvate-dependent phosphotransferase system on membranous phosphatidyl glyc-
erol in Escherichia coli: studies with a pgsA mutant lacking phosphatidyl glycerophosphate
synthase. Res Microbiol 153:667–677

Aboulwafa M, Saier H (2003) Soluble sugar permeases of the phosphotransferase system in
Escherichia coli: evidence for two physically distinct forms of the proteins in vivo.MolMicrobiol
48:131–141

AboulwafaM, SaierMH Jr (2011) Biophysical studies of themembrane-embedded and cytoplasmic
forms of the glucose-specific enzyme II of the E. coli phosphotransferase system (PTS). PLoS
One 6:e24088. https://doi.org/10.1371/journal.pone.0024088

Aboulwafa M, Chung YJ, Wai HH, Saier MH Jr (2003) Studies on the Escherichia coli glucose-
specific permease, PtsG, with a point mutation in its N-terminal amphipathic leader sequence.
Microbiology 149:763–771

Aboulwafa M, Hvorup R, Saier MH Jr (2004) Dependency of sugar transport and phosphoryla-
tion by the phosphoenolpyruvate-dependent phosphotransferase system on membranous phos-
phatidylethanolamine in Escherichia coli: studies with a pssA mutant lacking phosphatidylserine
synthase. Arch Microbiol 181:26–34

Abranches J, Candella MM, Wen ZT, Baker HV, Burne RA (2006) Different roles of EIIABMan
and EIIGlc in regulation of energy metabolism, biofilm development, and competence in Strep-
tococcus mutans. J Bacteriol 188:3748–3756

Adler J, EpsteinW(1974) Phosphotransferase-systemenzymes as chemoreceptors for certain sugars
in Escherichia coli chemotaxis. Proc Natl Acad Sci USA 71:2895–2899

Ali MH, Imperiali B (2005) Protein oligomerization: how and why. Bioorg Med Chem
13:5013–5020

Balderas-Hernandez VE, Sabido-Ramos A, Silva P, Cabrera-Valladares N, Hernandez-Chavez G,
Baez-Viveros JL, Martinez A, Bolivar F, Gosset G (2009) Metabolic engineering for improving
anthranilate synthesis from glucose in Escherichia coli. Microb Cell Fact 8:19

BaraboteRD,SaierMHJr (2005)Comparative genomic analyses of the bacterial phosphotransferase
system. Microbiol Mol Biol Rev 69:608–634

Barraza DE, Rios Colombo NS, Galvan AE, Acuna L, Minahk CJ, Bellomio A, Chalon MC (2017)
New insights into enterocin CRL35;mechanism of action and immunity revealed by heterologous
expression in Escherichia coli. Mol Microbiol 105:922–933

Basu S (2003) Biography of Professor Dr. Saul Roseman. Glycoconjugate J 20:7

https://doi.org/10.1371/journal.pone.0024088


8 Carbohydrate Transport by Group Translocation … 263

Beck K, Wu LF, Brunner J, Müller M (2000) Discrimination between SRP-and SecA/SecB-
dependent substrates involves selective recognition of nascent chains by SRP and trigger factor.
EMBO J 19:134–143

Begley GS,Warner KA, Arents JC, Postma PW, Jacobson GR (1996) Isolation and characterization
of a mutation that alters the substrate specificity of the Escherichia coli glucose permease. J
Bacteriol 178:940–942

Beutler R, Kaufmann M, Ruggiero F, Erni B (2000a) The glucose transporter of the escherichia
coli phosphotransferase system: linker insertion mutants and split variants. Biochemistry
39:3745–3750

Beutler R, Ruggiero F, Erni B (2000b) Folding and activity of circularly permuted forms of a
polytopic membrane protein. Proc Natl Acad Sci USA 97:1477–1482

Bieler S, Silva F, Soto C, Belin D (2006) Bactericidal activity of both secreted and nonsecreted
microcin E492 requires the mannose permease. J Bacteriol 188:7049–7061

Bieler S, Silva F, Belin D (2010) The polypeptide core of Microcin E492 stably associates with the
mannose permease and interferes with mannose metabolism. Res Microbiol 161:706–710

Boer H, Ten Hoeve-Duurkens RH, Schuurman-Wolters GK, Dijkstra A, Robillard GT (1994)
Expression, purification, and kinetic characterization of the mannitol transport domain of the
phosphoenolpyruvate-dependent mannitol phosphotransferase system of Escherichia coli—ki-
netic evidence that the E-coli mannitol transport protein is a functional dimer. J Biol Chem
269:17863–17871

Boer H, Ten Hoeve-Duurkens RH, Lolkema JS, Robillard GT (1995) Phosphorylation site mutants
of the mannitol transport protein enzyme IImtl of Escherichia coli: studies on the interaction
between themannitol translocatingC-domain and the phosphorylation site on the energy-coupling
B-domain. Biochemistry 34:3239–3247

Boer H, Ten Hoeve-Duurkens RH, Robillard GT (1996) Relation between the oligomerization
state and the transport and phosphorylation function of the Escherichia coli mannitol transport
protein: interaction between mannitol-specific enzyme II monomers studied by complementation
of inactive site-directed mutants. Biochemistry 35:12901–12908

Bolhuis HH, Palm PP, Wende AA, Falb MM, Rampp MM, Rodriguez-Valera FF, Pfeiffer FF,
Oesterhelt DD (2006) The genome of the square archaeon Haloquadratum walsbyi: life at the
limits of water activity. BMC Genomics 7:169. https://doi.org/10.1186/1471-2164-7-169

BoumaCL, Roseman S (1996) Sugar transport by themarine chitinolytic bacteriumVibrio furnissii.
Molecular cloning and analysis of themannose/glucose permease. J Biol Chem271:33468–33475

BoumaCL,MeadowND, Stover EW, Roseman S (1987) II-BGlc, a glucose receptor of the bacterial
phosphotransferase system: molecular cloning of ptsG and purification of the receptor from an
overproducing strain of Escherichia coli. Proc Natl Acad Sci USA 84:930–934

Broos J, Strambini GB, Gonnelli M, Vos EP, Koolhof M, Robillard GT (2000) Sensitive moni-
toring of the dynamics of a membrane-bound transport protein by tryptophan phosphorescence
spectroscopy. Biochemistry 39:10877–10883

Brouwer M, Elferink MGL, Robillard GT (1982) Phosphoenolpyruvate-dependent fructose phos-
photransferase system of Rhodopseudomonas sphaeroides: purification and physicochemical and
immunochemical characterization of a membrane-associated enzyme I. Biochemistry 21:82–88

Buhr A, Erni B (1993) Membrane topology of the glucose transporter of Escherichia coli. J Biol
Chem 268:11599–11603

Buhr A, Daniels GA, Erni B (1992) The glucose transporter of Escherichia coli. Mutants with
impaired translocation activity that retain phosphorylation activity. J Biol Chem 267:3847–3851

Buhr A, Flükiger K, Erni B (1994) The glucose transporter of Escherichia coli. Overexpression,
purification, and characterization of functional domains. J Biol Chem 269:23437–23443

Cao Y, Jin X, Levin EJ, Huang H, Zong Y, Quick M, Weng J, Pan Y, Love J, Punta M, Rost B, Hen-
dricksonWA, Javitch JA, RajashankarKR, ZhouM (2011) Crystal structure of a phosphorylation-
coupled saccharide transporter. Nature 473:50–54

https://doi.org/10.1186/1471-2164-7-169


264 J.-M. Jeckelmann and B. Erni

Carmona SB, Moreno FM, Bolivar F, Gosset G, Escalante A (2015) Inactivation of the PTS as a
strategy to engineer the production of aromatic metabolites in Escherichia coli. J Mol Microbiol
Biotechnol 25:195–208

Castellana M, Wilson MZ, Xu Y, Joshi P, Cristea IM, Rabinowitz JD, Gitai Z, Wingreen NS (2014)
Enzyme clustering accelerates processing of intermediates through metabolic channeling. Nat
Biotechnol 32:1011–1018

Chen Q, Amster-Choder O (1998) BglF, the sensor of the bgl system and the β-glucosides permease
of Escherichia coli: evidence for dimerization and intersubunit phosphotransfer. Biochemistry
37:8714–8723

Chen JS, Reddy V, Chen JH, Shlykov MA, Zheng WH, Cho J, Yen MR, Saier MH Jr (2011)
Phylogenetic characterization of transport protein superfamilies: Superiority of superfamilytree
programs over those based on multiple alignments. J Mol Microbiol Biotechnol 21:83–96

Clore GM, Venditti V (2013) Structure, dynamics and biophysics of the cytoplasmic protein-
protein complexes of the bacterial phosphoenolpyruvate: sugar phosphotransferase system.
Trends Biochem Sci 38:515–530

Cotter PD (2014)An ‘Upp’-turn in bacteriocin receptor identification.MolMicrobiol 92:1159–1163
Crigler J, Bannerman-Akwei L,ColeAE, EitemanMA,AltmanE (2018)Glucose can be transported
and utilized in Escherichia coli by an altered or overproducedN-acetylglucosamine phosphotrans-
ferase system (PTS). Microbiology 164:163–172

Cumby N, Reimer K, Mengin-Lecreulx D, Davidson AR, Maxwell KL (2015) The phage tail tape
measure protein, an inner membrane protein and a periplasmic chaperone play connected roles
in the genome injection process of E. coli phage HK97. Mol Microbiol 96(3):437–447. https://
doi.org/10.1111/mmi.12918

Curtis SJ, Epstein W (1975) Phosphorylation of D-glucose in Escherichia coli mutants defec-
tive in glucosephosphotransferase, mannosephosphotransferase, and glucokinase. J Bacteriol
122:1189–1199

Dalvit C, Vulpetti A (2016) Weak intermolecular hydrogen bonds with fluorine: detection and
implications for enzymatic/chemical reactions, chemical properties, and ligand/protein fluorine
nmr screening. Chem Eur J 22:7592–7601

Danchin A (1989) The PTS after 25 Years. FEMS Microbiol Rev 5:1–200
Poncet S,Milohanic E,MazeA,Abdallah JN,Ake F, LarribeM,DeghmaneAE, TahaMK,DozotM,
De B, X, Letesson JJ, Deutscher J (2009) Correlations between carbon metabolism and virulence
in bacteria. Contrib Microbiol 16:88–102

DeLuca S, Khar K, Meiler J (2015) Fully flexible docking of medium sized ligand libraries with
RosettaLigand. PLoS One 10:e0132508. https://doi.org/10.1371/journal.pone.0132508

Deutscher J, Francke C, Postma PW (2006) How phosphotransferase system-related protein phos-
phorylation regulates carbohydratemetabolism in bacteria.MicrobiolMol Biol Rev 70:939–1031

Deutscher J, Aké FMD, Derkaoui M, Zébré AC, Cao TN, Bouraoui H, Kentache T, Mokhtari A,
Milohanic E, Joyet P (2014) The bacterial phosphoenolpyruvate: carbohydrate phosphotrans-
ferase system: regulation by protein phosphorylation and phosphorylation-dependent protein-
protein interactions. Microbiol Mol Biol Rev 78:231–256

Diep DB, Skaugen M, Salehian Z, Holo H, Nes IF (2007) Common mechanisms of target cell
recognition and immunity for class II bacteriocins. Proc Natl Acad Sci USA 104:2384–2389

Dijkstra DS, Broos J, Lolkema JS, Enequist H, Minke W, Robillard GT (1996) A fluores-
cence study of single tryptophan-containing mutants of enzyme IImtl of the Escherichia coli
phosphoenolpyruvate-dependent mannitol transport system. Biochemistry 35:6628–6634

Dijkstra DS, Broos J, Visser AJWG, Van Hoek A, Robillard GT (1997) Dynamic fluorescence spec-
troscopy on single tryptophanmutants of EIImtl in detergent micelles. Effects of substrate binding
and phosphorylation on the fluorescence and anisotropy decay. Biochemistry 36:4860–4866

Dobson L, Reményi I, Tusnady GE (2015) CCTOP: a Consensus Constrained TOPology prediction
web server. Nucleic Acids Res 43:W408–W412

Drew D, Boudker O (2016) Shared molecular mechanisms of membrane transporters. Annu Rev
Biochem 85:543–572

https://doi.org/10.1111/mmi.12918
https://doi.org/10.1371/journal.pone.0132508


8 Carbohydrate Transport by Group Translocation … 265

Drider D, Fimland G, Hechard Y, McMullen LM, Prevost H (2006) The continuing story of class
IIa bacteriocins. Microbiol Mol Biol Rev 70:564–582

Duquesne S, Destoumieux-Garzon D, Peduzzi J, Rebuffat S (2007) Microcins, gene-encoded
antibacterial peptides from enterobacteria. Nat Prod Rep 24:708–734

Elferink MG, Driessen AJ, Robillard GT (1990) Functional reconstitution of the purified
phosphoenolpyruvate-dependent mannitol-specific transport system of Escherichia coli in phos-
pholipid vesicles: coupling between transport and phosphorylation. J Bacteriol 172:7119–7125

Elliott J, Arber W (1978) Escherichia coli mutants which block phage lambda DNA injection
coincide with ptsM which determines a component of a sugar transport system. Mol Gen Genet
161:1–8

Emmons SW, MacCosham V, Baldwin RL (1975) Tandem genetic duplications in phage lambda.
III. The frequency of duplication mutants in two derivatives of phage lambda is independent of
known recombination systems. J Mol Biol 91:133–146

Erni B (1986) Glucose-specific permease of the bacterial phosphotransferase system: phospho-
rylation and oligomeric structure of the glucose-specific IIGlc-IIIGlc complex of Salmonella
typhimurium. Biochemistry 25:305–312

Erni B (2001) Glucose transport by the bacterial phosphotransferase system (PTS): an interface
between energy- and signal transduction. In: Winkelmann G (ed) Microbial transport systems.
Wiley-VCH, Weinheim Germany, pp 115–138

Erni B (2013) The bacterial phosphoenolpyruvate: sugar phosphotransferase system (PTS): an
interface between energy and signal transduction. J Iran Chem Soc 10:593–630

Erni B, Zanolari B (1985) Themannose-permease of the bacterial phosphotransferase system. Gene
cloning and purification of the enzyme IIMan/IIIMan complex of Escherichia coli. J Biol Chem
260:15495–15503

Erni B, Zanolari B (1986) Glucose-permease of the bacterial phosphotransferase system.
Gene cloning, overproduction, and amino acid sequence of enzyme IIGlc. J Biol Chem
261:16398–16403

Erni B, Trachsel H, Postma PW, Rosenbusch JP (1982) Bacterial phosphotransferase system. Sol-
ubilization and purification of the glucose-specific enzyme II from membranes of Salmonella
typhimurium. J Biol Chem 257:13726–13730

Erni B, Zanolari B, Kocher HP (1987) The mannose permease of Escherichia coli consists of three
different proteins. Amino acid sequence and function in sugar transport, sugar phosphorylation,
and penetration of phage lambda DNA. J Biol Chem 262:5238–5247

Erni B, Zanolari B, Graff P, Kocher HP (1989) Mannose permease of Escherichia coli. Domain
structure and function of the phosphorylating subunit. J Biol Chem 264:18733–18741

Erni B, Siebold C, Christen S, Srinivas A, Oberholzer A, Baumann U (2006) Small substrate, big
surprise: fold, function andphylogenyof dihydroxyacetone kinases.CellMolLifeSci 63:890–900

Esquinas-Rychen M, Erni B (2001) Facilitation of bacteriophage lambda DNA injection by inner
membrane proteins of the bacterial phosphoenolpyruvate: carbohydrate phosphotransferase sys-
tem (PTS). J Mol Micro Biotechnol 3:361–370

Facey SJ, Kuhn A (2004) Membrane integration of E. coli model membrane proteins. Biochim
Biophys Acta 1694:55–66

Fekkes P, Driessen AJM (1999) Protein targeting to the bacterial cytoplasmic membrane. Microbiol
Mol Biol Rev 63:161–173

Gabor E, Gohler AK, Kosfeld A, Staab A, Kremling A, Jahreis K (2011) The phosphoenolpyruvate-
dependent glucose-phosphotransferase system from Escherichia coli K-12 as the center of a
network regulating carbohydrate flux in the cell. Eur J Cell Biol 90:711–720

Gabrielsen C, Brede DA, Hernandez PE, Nes IF, Diep DB (2012) The maltose ABC transporter
in Lactococcus lactis facilitates high-level sensitivity to the circular bacteriocin garvicin ML.
Antimicrob Agents Chemother 56:2908–2915

Galinier A, Deutscher J (2017) Sophisticated regulation of transcriptional factors by the bacterial
phosphoenolpyruvate: sugar phosphotransferase system. J Mol Biol 429:773–789



266 J.-M. Jeckelmann and B. Erni

Garcia De Gonzalo CV, Denham EL, Mars RA, Stulke J, van der Donk WA, Van Dijl JM (2015)
The phosphoenolpyruvate: sugar phosphotransferase system is involved in sensitivity to the
glucosylated bacteriocin sublancin. LID—AAC.01519-15 [pii]. Antimicrob Agents Chemother
59:6844–6854

Garcia-Alles LF, Zahn A, Erni B (2002a) Sugar recognition by the glucose and mannose permeases
of Escherichia coli. Steady-state kinetics and inhibition studies. Biochemistry 41:10077–10086

Garcia-Alles LF, Navdaeva V, Haenni S, Erni B (2002b) The glucose-specific carrier of the
Escherichia coli phosphotransferase system. Eur J Biochem 269:4969–4980

Garcia-Doval C, van Raaij MJ (2013) Bacteriophage receptor recognition and nucleic acid transfer
489–518

GeldartK,KaznessisYN (2017)Characterization of class IIaBacteriocin resistance inEnterococcus
faecium. Antimicrob Agents Chemother

Gera K, Le T, Jamin R, Eichenbaum Z,McIver KS (2014) The phosphoenolpyruvate phosphotrans-
ferase system in group A Streptococcus acts to reduce streptolysin S activity and lesion severity
during soft tissue infection. Infect Immun 82:1192–1204

Gerard F, Pradel N, Wu LF (2005) Bactericidal activity of colicin V is mediated by an inner
membrane protein, SdaC, of Escherichia coli. J Bacteriol 187:1945–1950

GhoshBK,OwensK,PietriR, PeterkofskyA (1989)Localization to the inner surface of the cytoplas-
mic membrane by immunoelectron microscopy of enzyme I of the phosphoenolpyruvate:sugar
phosphotransferase system of Escherichia coli. Proc Natl Acad Sci USA 86:849–853

Gosset G (2005) Improvement of Escherichia coli production strains by modification of the phos-
phoenolpyruvate: sugar phosphotransferase system. Microb Cell Fact 4:14

Govindarajan S, Albocher N, Szoke T, Nussbaum-Shochat A, Amster-Choder O (2018) Phenotypic
heterogeneity in sugar utilization by E. coli is generated by stochastic dispersal of the general
PTS protein EI from polar clusters. Front Microbiol 8:2695

Gracy KN (2003) A conversation with Saul Roseman. Biochem Biophys Res Commun 300:5–8
Gutknecht R, Manni M, Mao QC, Erni B (1998) The glucose transporter of Escherichia coli with
circularly permuted domains is active in vivo and in vitro. J Biol Chem 273:25745–25750

Haddad J, Vakulenko S, Mobashery S (1999) An antibiotic cloaked by its own resistance enzyme.
J Am Chem Soc 121:11922–11923

Hariharan P, Balasubramaniam D, Peterkofsky A, Kaback HR, Guan L (2015) Thermodynamic
mechanism for inhibition of lactose permease by the phosphotransferase protein IIAGlc. Proc
Natl Acad Sci USA 112:2407–2412

HarwaniD (2014)Regulation of gene expression: cryptic beta-glucoside (bgl) operon of Escherichia
coli as a paradigm. Braz J Microbiol 45:1139–1144

Hassan M, Kjos M, Nes IF, Diep DB, Lotfipour F (2012) Natural antimicrobial peptides from
bacteria: characteristics and potential applications to fight against antibiotic resistance. J Appl
Microbiol 113:723–736

Hechard Y, Pelletier C, Cenatiempo Y, Frere J (2001) Analysis of sigma(54)-dependent genes
in Enterococcus faecalis: a mannose PTS permease (EII(Man)) is involved in sensitivity to a
bacteriocin, mesentericin Y105. Microbiology 147:1575–1580

Heijne GV (2003) Membrane protein assembly in vivo. Adv Protein Chem 63:1–18
Higa F, Edelstein PH (2001) Potential virulence role of the Legionella pneumophila ptsP ortholog.
Infect Immun 69:4782–4789

HogemaBM,Arents JC,BaderR,EijkemansK,YoshidaH,TakahashiH,AlbaH,PostmaPW(1998)
Inducer exclusion in Escherichia coli by non-PTS substrates: the role of the PEP to pyruvate ratio
in determining the phosphorylation state of enzyme IIAGlc. Mol Microbiol 30:487–498

Huber F, Erni B (1996) Membrane topology of the mannose transporter of Escherichia coli K12.
Eur J Biochem 239:810–817

Jacobson GR, Lee CA, Saier MH Jr (1979) Purification of the mannitol-specific enzyme II
of the Escherichia coli phosphoenolpyruvate: sugar phosphotransferase system. J Biol Chem
254:249–252



8 Carbohydrate Transport by Group Translocation … 267

Jacobson GR, Tanney LE, Kelly DM, Palman KB, Corn SB (1983a) Substrate and phospholipid
specificity of the purified mannitol permease of Escherichia coli. J Cell Biochem 23:231–240

Jacobson GR, Lee CA, Leonard JE, Saier MH (1983b) Mannitol-specific enzyme II of the bacterial
phosphotransferase system. I. Properties of the purified permease. J Biol Chem 258:10748–10756

Jeckelmann JM, Harder D, Mari SA, Meury M, Ucurum Z, Muller DJ, Erni B, Fotiadis D (2011)
Structure and function of the glucose PTS transporter from Escherichia coli. J Struct Biol
176:395–403

Jones JD, McKnight CJ, Gierasch LM (1990) Biophysical studies of signal peptides: implications
for signal sequence functions and the involvement of lipid in protein export. J BioenergBiomembr
22:213–232

Kalbermatter D, Chiu PL, Jeckelmann JM, Ucurum Z, Walz T, Fotiadis D (2017) Electron crystal-
lography reveals that substrate release from the PTS IIC glucose transporter is coupled to a subtle
conformational change. J Struct Biol 199:39–45

Katsura I (1983) Tail assembly and injection. In: Hendrix RW (ed) Lambda II. Cold Spring Harbor,
New York, pp 331–346

Kelley LA, Mezulis S, Yates CM, Wass MN, Sternberg MJE (2015) The Phyre2 web portal for
protein modeling, prediction and analysis. Nat Protoc 10:845–858

Khandekar SS, Jacobson GR (1989) Evidence for two distinct conformations of the Escherichia
coli mannitol permease that are important for its transport and phosphorylation functions. J Cell
Biochem 39:207–216

KholodenkoBN,Rohwer JM,CascanteM,Westerhoff HV (1998) Subtleties in control bymetabolic
channelling and enzyme organization. Mol Cell Biochem 184:311–320

Kiefer D, Kuhn A (2007) YidC as an essential and multifunctional component in membrane protein
assembly. Int Rev Cytol 259:113–138

Kikuchi S, Shibuya I,MatsumotoK (2000)Viability of an Escherichia coli pgsANullmutant lacking
detectable phosphatidylglycerol and cardiolipin. J Bacteriol 182:371–376

Kirkland PA, Gil MA, Karadzic IM,Maupin-Furlow JA (2008) Genetic and proteomic analyses of a
proteasome-activating nucleotidase a mutant of the haloarchaeon Haloferax volcanii. J Bacteriol
190:193–205

Kjos M, Nes IF, Diep DB (2009) Class II one-peptide bacteriocins target a phylogenetically
defined subgroup of mannose phosphotransferase systems on sensitive cells. Microbiology
155:2949–2961

Kjos M, Salehian Z, Nes IF, Diep DB (2010) An extracellular loop of the mannose phosphotrans-
ferase system component IIC is responsible for specific targeting by class IIa bacteriocins. J
Bacteriol 192:5906–5913

Kjos M, Nes IF, Diep DB (2011) Mechanisms of resistance to bacteriocins targeting the mannose
phosphotransferase system. Appl Environ Microbiol 77:3335–3342

KochHG,Hengelage T,Neumann-Haefelin C,MacFarlane J, HoffschulteHK, SchimzKL,Mechler
B, Müller M, Walter P (1999) In vitro studies with purified components reveal signal recognition
particle (SRP) and SecA/SecB as constituents of two independent protein-targeting pathways of
Escherichia coli. Mol Biol Cell 10:2163–2173

Kok M, Bron G, Erni B, Mukhija S (2003) Effect of enzyme I of the bacterial phosphoenolpyru-
vate: sugar phosphotransferase system (PTS) on virulence in a murine model. Microbiology
149:2645–2652

Koning RI, Keegstra W, Oostergetel GT, Schuurman-Wolters G, Robillard GT, Brisson A (1999)
The 5 A projection structure of the transmembrane domain of the mannitol transporter enzyme
II. J Mol Biol 287:845–851

Kornberg HL, Lambourne LT, Sproul AA (2000) Facilitated diffusion of fructose via the phospho-
enolpyruvate/glucose phosphotransferase system of Escherichia coli. Proc Natl Acad Sci USA
97:1808–1812

Kundig W, Roseman S (1971a) Sugar transport. II. Characterization of constitutive membrane-
bound enzymes II of theEscherichia coli phosphotransferase system. JBiolChem246:1407–1418



268 J.-M. Jeckelmann and B. Erni

Kundig W, Roseman S (1971b) Sugar Transport: I. Isolation of a phosphotransferase system from
Escherichia coli. J Biol Chem 246:1393–1406

KundigW, Ghosh S, Roseman S (1964) Phosphate bound to histidine in a protein as an intermediate
in a novel phospho-transferase system. Proc Natl Acad Sci USA 52:1067–1074

Lanz R, Erni B (1998) The glucose transporter of the Escherichia coli phosphotransferase sys-
tem–mutant analysis of the invariant arginines, histidines, and domain linker. J Biol Chem
273:12239–12243

Le Bouguenec C, Schouler C (2011) Sugar metabolism, an additional virulence factor in enterobac-
teria. Int J Med Microbiol 301:1–6

Lee AG (2003) Lipid-protein interactions in biological membranes: a structural perspective.
Biochim Biophys Acta 1612:1–40

Lee SJ, Boos W, Bouche JP, Plumbridge J (2000) Signal transduction between a membrane-
bound transporter, PtsG, and a soluble transcription factor, Mlc, of Escherichia coli. EMBO
J 19:5353–5361

Lee J, Ren Z, Zhou M, Im W (2017) Molecular simulation and biochemical studies support an
elevator-type transport mechanism in EIIC. Biophys J 112:2249–2252

Leonard JE, Saier MH (1983) Mannitol-specific enzyme II of the bacterial phosphotransferase
system. II. Reconstitution of vectorial transphosphorylation in phospholipid vesicles. J Biol Chem
258:10757–10760

Lepore BW, Indic M, Pham H, Hearn EM, Patel DR, van den Berg B (2011) Ligand-gated diffusion
across the bacterial outer membrane. Proc Natl Acad Sci USA 108:10121–10126

Liberman ES, Bleiweis AS (1984) Glucose phosphoenolpyruvate-dependent phosphotransferase
system of Streptococcus mutans GS5 studied by using cell-free extracts. Infect Immun
44:486–492

Lolkema JS (1993) A method to study complex enzyme kinetics involving numerical analysis of
enzymatic schemes. The mannitol permease of Escherichia coli as an example. J Biol Chem
268:17850–17860

Lolkema JS, Robillard GT (1990) Subunit structure and activity of the mannitol-specific enzyme II
of the Escherichia coli phosphoenolypyruvate-dependent phosphotransferase system solubilized
in detergent. Biochemistry 29:10120–10125

Lolkema JS,Hoeve-DuurkensRH,DijkstraDS, RobillardGT (1991)Mechanistic coupling of trans-
port and phosphorylation activity by enzyme IImtl of the Escherichia coli phosphoenolpyruvate-
dependent phosphotransferase system. Biochemistry 30:6716–6721

Lolkema JS, Wartna ES, Robillard GT (1993) Binding of the substrate analogue perseitol to phos-
phorylated and unphosphorylated enzyme IImtl of the phosphoenolpyruvate-dependent phospho-
transferase system of Escherichia coli. Biochemistry 32:5848–5854

Lopian L, Elisha Y, Nussbaum-Shochat A, Amster-Choder O (2010) Spatial and temporal organi-
zation of the E. coli PTS components. EMBO J 29:3630–3645

Luo Y, Zhang T, Wu H (2014) The transport and mediation mechanisms of the common sugars in
Escherichia coli. Biotechnol Adv 32:905–919

Luo P, Yu X, Wang W, Fan S, Li X, Wang J (2015) Crystal structure of a phosphorylation-coupled
vitamin C transporter. Nat Struct Mol Biol 22:238–241

Luo P, Dai S, Zeng J, Duan J, Shi H, Wang J (2018) Inward-facing conformation of l-ascorbate
transporter suggests an elevator mechanism. Cell Discov 4:35. https://doi.org/10.1038/s41421-
018-0037-y

Lux R, Jahreis K, Bettenbrock K, Parkinson JS, Lengeler JW (1995) Coupling the phosphotrans-
ferase systemand themethyl-accepting chemotaxis protein-dependent chemotaxis signaling path-
ways of Escherichia coli. Proc Natl Acad Sci USA 92:11583–11587

ManchéK,Notley-McRobbL, Ferenci T (1999)Mutational adaptation ofEscherichia coli to glucose
limitation involves distinct evolutionary pathways in aerobic and oxygen-limited environments.
Genetics 153:5

MancussoR,GregorioGG, LiuQ,WangDN (2012) Structure andmechanism of a bacterial sodium-
dependent dicarboxylate transporter. Nature 491:622–626

https://doi.org/10.1038/s41421-018-0037-y


8 Carbohydrate Transport by Group Translocation … 269

MaoQ, SchunkT, FlükigerK, Erni B (1995) Functional reconstitution of the purifiedmannose phos-
photransferase systemofEscherichia coli into phospholipid vesicles. JBiolChem270:5258–5265

Markovic-Housley Z, Cooper A, Lustig A, Flukiger K, Stolz B, Erni B (1994) Independent folding
of the domains in the hydrophilic subunit IIABman of the mannose transporter of Escherichia
coli. Biochemistry 33:10977–10984

McCloskey D, Xu S, Sandberg TE, Brunk E, Hefner Y, Szubin R, Feist AM, Palsson BO (2018)
Adaptive laboratory evolution resolves energy depletion to maintain high aromatic metabo-
lite phenotypes in Escherichia coli strains lacking the phosphotransferase system. Metab Eng
48:233–242

McCoy JG,LevinEJ, ZhouM(2015) Structural insight into the PTS sugar transporter EIIC.Biochim
Biophys Acta 1850:577–585

McCoy JG, Ren Z, Stanevich V, Lee J, Mitra S, Levin EJ, Poget S, Quick M, ImW, Zhou M (2016)
The structure of a sugar transporter of the glucose EIIC superfamily provides insight into the
elevator mechanism of membrane transport. Structure 24:956–964

Meadow ND, Fox DK, Roseman S (1990) The bacterial phosphoenolpyruvate: glycose phospho-
transferase system. Annu Rev Biochem 59:497–542

Meijberg W, Schuurman-Wolters GK, Robillard GT (1998a) Thermodynamic evidence for confor-
mational coupling between the B and C domains of the mannitol transporter of escherichia coli,
enzyme IImtl. J Biol Chem 273:7949–7956

Meijberg W, Schuurman-Wolters GK, Boer H, Scheek RM, Robillard GT (1998b) The thermal
stability and domain interactions of the mannitol permease of Escherichia coli. A differential
scanning calorimetry study. J Biol Chem 273:20785–20794

Meins M, Zanolari B, Rosenbusch JP, Erni B (1988) Glucose permease of Escherichia coli. Purifi-
cation of the IIGlc subunit and functional characterization of its oligomeric forms. J Biol Chem
263:12986–12993

Miller KA, Phillips RS, Kilgore PB, Smith GL, Hoover TR (2015) A mannose family phospho-
transferase system permease and associated enzymes are required for utilization of fructoselysine
and glucoselysine in Salmonella enterica serovar Typhimurium. J Bacteriol 197:2831–2839

Mitchell P (1957) A general theory of membrane transport from studies of bacteria. Nature 180:134
Mitchell P, Moyle J (1958) Nature 182:372–373
MixsonAJ, Phang JM (1988) The uptake of pyrroline 5-carboxylate. Group translocationmediating
the transfer of reducing-oxidizing potential. J Biol Chem 263:10720–10724

Möller S, CroningMDR, Apweiler R (2001) Evaluation of methods for the prediction of membrane
spanning regions. Bioinformatics 17:646–653

Mukhija S, ErniB (1996) Purification byNi2+ affinity chromatography, and functional reconstitution
of the transporter for N-acetylglucosamine of Escherichia coli. J Biol Chem 271:14819–14824

Navdaeva V, Zurbriggen A, Waltersperger S, Schneider P, Oberholzer AE, Bahler P, Bachler C,
Grieder A, Baumann U, Erni B (2011) Phosphoenolpyruvate: sugar phosphotransferase system
from the hyperthermophilic Thermoanaerobacter tengcongensis. Biochemistry 50:1184–1193

Nguyen TX, Yen MR, Barabote RD, Saier MH Jr (2006) Topological predictions for integral mem-
brane permeases of the phosphoenolpyruvate: sugar phosphotransferase system. J Mol Microbiol
Biotechnol 11:345–360

Nissen-Meyer J, Oppegard C, Rogne P, Haugen HS, Kristiansen PE (2010) Structure and mode-of-
action of the two-peptide (class-IIb) bacteriocins. Probiotics Antimicrob Proteins 2:52–60

Niwano M, Taylor BL (1982) Novel sensory adaptation mechanism in bacterial chemotaxis to
oxygen and phosphotransferase substrates. Proc Natl Acad Sci USA 79:11–15

Notley-McRobb L, Ferenci T (2000) Substrate specificity and signal transduction pathways in
the glucose-specific enzyme II (EII(Glc)) component of the Escherichia coli phosphotransferase
system. J Bacteriol 182:4437–4442

Nunn RS, Markovic-Housley Z, Génovésio-Taverne JC, Flükiger K, Rizkallah PJ, Jansonius
JN, Schirmer T, Erni B (1996) Structure of the IIA domain of the mannose transporter from
Escherichia coli at 1.7 Å resolution. J Mol Biol 259:502–511



270 J.-M. Jeckelmann and B. Erni

Nuoffer C, Zanolari B, Erni B (1988) Glucose permease of Escherichia coli. The effect of cysteine
to serine mutations on the function, stability, and regulation of transport and phosphorylation. J
Biol Chem 263:6647–6655

Oh H, Park Y, Park C (1999) A mutated PtsG, the glucose transporter, allows uptake of D-ribose. J
Biol Chem 274:14006–14011

Opacic M, Vos EP, Hesp BH, Broos J (2010) Localization of the substrate-binding site in the
homodimeric mannitol transporter, EIImtl, of Escherichia coli. J Biol Chem 285:25324–25331

Opacic M, Hesp BH, Fusetti F, Dijkstra BW, Broos J (2012) Structural investigation of the trans-
membrane C domain of the mannitol permease from Escherichia coli using 5-FTrp fluorescence
spectroscopy. Biochim Biophys Acta 1818:861–868

Otte S, Scholle A, Turgut S, Lengeler JW (2003) Mutations which uncouple transport and phospho-
rylation in the D-mannitol phosphotransferase system of Escherichia coli K-12 and Klebsiella
pneumoniae 1033-5P14. J Bacteriol 185:2267–2276

Palsdottir H, Hunte C (2004) Lipids in membrane protein structures. Biochim Biophys Acta
1666:2–18

Palva ET, Saris P, Silhavy TJ (1985) Gene fusions to the ptsM/pel locus of Escherichia coli. Mol
Gen Genet MGG 199:427–433

Pas HH, Ellory JC, Robillard GT (1987) Bacterial phosphoenolpyruvate-dependent phosphotrans-
ferase system: association state of membrane-bound mannitol-specific enzyme II demonstrated
by radiation inactivation. Biochemistry 26:6689–6696

Pas HH, Hoeve-Duurkens RH, Robillard GT (1988) Bacterial phosphoenolpyruvate-dependent
phosphotransferase system: mannitol-specific EII contains two phosphoryl binding sites per
monomer and one high-affinity mannitol binding site per dimer. Biochemistry 27:5520–5525

Patel HV, Vyas KA, Li X, Savtchenko R, Roseman S (2004) Subcellular distribution of enzyme
I of the Escherichia coli phosphoenolpyruvate: glycose phosphotransferase system depends on
growth conditions. Proc Natl Acad Sci USA 101:17486–17491

Patzer SI, Baquero MR, Bravo D, Moreno F, Hantke K (2003) The colicin G, H and X determinants
encode microcins M and H47, which might utilize the catecholate siderophore receptors FepA,
Cir, Fiu and IroN. Microbiology 149:2557–2570

Perham RN (1991) Domains, motifs, and linkers in 2-oxo acid dehydrogenase multienzyme com-
plexes: a paradigm in the design of a multifunctional protein. Biochemistry 30:8501–8512

PicklA, JohnsenU, Schönheit P (2012) Fructose degradation in the haloarchaeonHaloferax volcanii
involves a bacterial type phosphoenolpyruvate-dependent phosphotransferase system, fructose-
1-phosphate kinase, and class II fructose-1,6-bisphosphate aldolase. J Bacteriol 194:3088–3097

Plumbridge J (2000) A mutation which affects both the specificity of PtsG sugar transport and the
regulation of ptsG expression by Mlc in Escherichia coli. Microbiology 146:2655–2663

Portlock SH, Lee Y, Tomich JM, Tamm LK (1992) Insertion and folding of the amino-terminal
amphiphilic signal sequences of the mannitol and glucitol permeases of Escherichia coli. J Biol
Chem 267:11017–11022

Postma PW (1981) Defective enzyme II-BGlc of the phosphoenolpyruvate:sugar phosphotrans-
ferase system leading to uncoupling of transport and phosphorylation in Salmonella typhimurium.
J Bacteriol 147:382–389

Postma PW, Roseman S (1976) The bacterial phosphoenolpyruvate: sugar phosphotransferase sys-
tem. Biochim Biophys Acta 457:213–257

Postma PW,Lengeler JW, JacobsonGR (1993) Phosphoenolpyruvate—carbohydrate phosphotrans-
ferase systems of bacteria. Microbiol Rev 57:543–594

RabusR,Reizer J, Paulsen I, SaierMH (1999) Enzyme I(Ntr) fromEscherichia coli. A novel enzyme
of the phosphoenolpyruvate-dependent phosphotransferase system exhibiting strict specificity for
its phosphoryl acceptor, NPr. J Biol Chem 274:26185–26191

Ramnath M, Beukes M, Tamura K, Hastings JW (2000) Absence of a putative mannose-specific
phosphotransferase system enzyme IIAB component in a leucocin a-resistant strain of Liste-
ria monocytogenes, as shown by two-dimensional sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. Appl Environ Microbiol 66:3098–3101



8 Carbohydrate Transport by Group Translocation … 271

Ramnath M, Arous S, Gravesen A, Hastings JW, Hechard Y (2004) Expression of mptC of Listeria
monocytogenes induces sensitivity to class IIa bacteriocins in Lactococcus lactis. Microbiology
150:2663–2668

Reizer J, Paulsen IT, Reizer A, Titgemeyer F, Saier MH (1996) Novel phosphotransferase sys-
tem genes revealed by bacterial genome analysis: the complete complement of pts genes in
Mycoplasma genitalium. Microb Comp Genomics 1:151–164

Ren Z, Lee J, Moosa MM, Nian Y, Hu L, Xu Z, McCoy JG, Ferreon AC, Im W, Zhou M (2018)
Structure of an EIIC sugar transporter trapped in an inward-facing conformation. Proc Natl Acad
Sci USA 115:5962–5967

Reynolds AE, Felton J, Wright A (1981) Insertion of DNA activates the cryptic bgl operon in E.
coli K12. Nature 293:625

Rios Colombo NS, Chalon MC, Navarro SA, Bellomio A (2018) Pediocin-like bacteriocins: new
perspectives on mechanism of action and immunity. Curr Genet 64:345–351

Robillard GT, BlaauwM (1987) Enzyme II of the Escherichia coli phosphoenolpyruvate-dependent
phosphotransferase system: protein-protein and protein-phospholipid interactions. Biochemistry
26:5796–5803

Robillard GT, Broos J (1999) Structure/function studies on the bacterial carbohydrate transporters,
enzymes II, of the phosphoenolpyruvate-dependent phosphotransferase system.BiochimBiophys
Acta 1422:73–104

Rodriguez E, Lavina M (2003) The proton channel is the minimal structure of ATP synthase neces-
sary and sufficient for microcin h47 antibiotic action. Antimicrob Agents Chemother 47:181–187

Roessner CA, Ihler GM (1984) Proteinase sensitivity of bacteriophage lambda tail proteins gpJ and
pH in complexes with the lambda receptor. J Bacteriol 157:165–170

Rohwer JM, Postma PW, Kholodenko BN, Westerhoff HV (1998) Implications of macromolec-
ular crowding for signal transduction and metabolite channeling. Proc Natl Acad Sci USA
95:10547–10552

Rohwer JM, Meadow ND, Roseman S, Westerhoff HV, Postma PW (2000) Understanding glucose
transport by the bacterial phosphoenolpyruvate: glycose phosphotransferase system on the basis
of kinetic measurements in vitro. J Biol Chem 275:34909–34921

Roise D, Horvath SJ, Tomich JM, Richards JH, Schatz G (1986) A chemically synthesized pre-
sequence of an imported mitochondrial protein can form an amphiphilic helix and perturb natural
and artificial phospholipid bilayers. EMBO J 5:1327–1334

Roseman S (1969) The transport of carbohydrates by a bacterial phosphotransferase system. J Gen
Physiol 54:138

Roseman S (1989) Sialic acid, serendipity, and sugar transport: discovery of the bacterial phospho-
transferase system. FEMS Microbiol Rev 5:3–11

Ruijter GJG, Postma PW, Van Dam K (1991) Energetics of glucose uptake in a Salmonella
typhimurium mutant containing uncoupled enzyme IIGlc. Arch Microbiol 155:234–237

Ruijter GJG, van Meurs G, Verwey MA, Postma PW, Van Dam K (1992) Analysis of muta-
tions that uncouple transport from phosphorylation in enzyme-IIGlc of the Escherichia coli
phosphoenolpyruvate-dependent phosphotransferase system. J Bacteriol 174:2843–2850

SaierMH (2015) PTS50—the prokaryotic phosphoenolpyruvate: sugar phosphotransferase system,
50 years after its discovery. J Mol Microbiol Biotechnol 25:69–236

Saier MH, Cox DF, Feucht BU, Novotny MJ (1982) Evidence for the functional association of
enzyme I and HPr of the phosphoenolpyruvate-sugar phosphotransferase system with the mem-
brane in sealed vesicles of Escherichia coli. J Cell Biochem 18:231–238

Saier MH, Yamada M, Suda K, Erni B, Rak B, Lengeler J, Stewart GC, Waygood EB, Rapoport G
(1988) Bacterial proteins with N-terminal leader sequences resembling mitochondrial targeting
sequences of eukaryotes. Biochimie 70:1743–1748

SaierMH,Werner PK,MüllerM (1989) Insertion of proteins into bacterial membranes: mechanism,
characteristics, and comparisons with the eucaryotic process. Microbiol Rev 53:333–366



272 J.-M. Jeckelmann and B. Erni

Saier MH, Chauvaux S, Deutscher J, Reizer J, Ye J-J (1995) Protein phosphorylation and regulation
of carbon metabolism in Gram-negative versus Gram-positive bacteria. Trends Biochem Sci
20:267–271

Saier MH, Hvorup RN, Barabote RD (2005) Evolution of the bacterial phosphotransferase system:
from carriers and enzymes to group translocators. Biochem Soc Trans 33:220

Saraceni-Richards CA, Jacobson GR (1997a) A conserved glutamate residue, Glu-257, is impor-
tant for substrate binding and transport by the Escherichia coli mannitol permease. J Bacteriol
179:1135–1142

Saraceni-RichardsCA, JacobsonGR (1997b) Subunit and amino acid interactions in the Escherichia
coli mannitol permease: a functional complementation study of coexpressed mutant permease
proteins. J Bacteriol 179:5171–5177

Scandella D, Arber W (1976) Phage lambda DNA injection into Escherichia coli pel mutants is
restored by mutations in phage genes V and H. Virology 69:206–215

Schauder S, Nunn RS, Lanz R, Erni B, Schirmer T (1998) Crystal structure of the IIB subunit of a
fructose permease (IIBLev) from Bacillus subtilis. J Mol Biol 276:591–602

Schnetz K, Rak B (1988) Regulation of the bgl operon of Escherichia coli by transcriptional antiter-
mination. EMBO J 7:3271–3277

Schnetz K, Sutrina SL, Saier MH Jr, Rak B (1990) Identification of catalytic residues in the
beta-glucoside permease of Escherichia coli by site-specific mutagenesis and demonstration
of interdomain cross-reactivity between the beta-glucoside and glucose systems. J Biol Chem
265:13464–13471

Seddon AM, Curnow P, Booth PJ (2004) Membrane proteins, lipids and detergents: not just a soap
opera. Biochim Biophys Acta 1666:105–117

Seitz S, Lee SJ, Pennetier C, Boos W, Plumbridge J (2003) Analysis of the interaction between
the global regulator Mlc and EIIBGlc of the glucose-specific phosphotransferase system in
Escherichia coli. J Biol Chem 278:10744–10751

Somavanshi R, Ghosh B, Sourjik V (2016) Sugar influx sensing by the phosphotransferase system
of Escherichia coli. PLoS Biol 14(8):e2000074. https://doi.org/10.1371/journal.pbio.2000074

Sourjik V, Berg HC (2002) Localization of components of the chemotaxis machinery of Escherichia
coli using fluorescent protein fusions. Mol Microbiol 37:740–751

Sourjik V, Berg HC (2004) Functional interactions between receptors in bacterial chemotaxis.
Nature 428:437–441

Stephan MM, Jacobson GR (1986) Subunit interactions of the Escherichia coli mannitol permease:
correlation with enzymic activities. Biochemistry 25:4046–4051

Stolz B, Huber M, Markovic-Housley Z, Erni B (1993) The mannose transporter of Escherichia-
coli—structure and function of the IIAB(Man)-subunit. J Biol Chem 268:27094–27099

Strahsburger E, Baeza M, Monasterio O, Lagos R (2005) Cooperative uptake of microcin E492 by
receptors FepA, Fiu, and Cir and inhibition by the siderophore enterochelin and its dimeric and
trimeric hydrolysis products. Antimicrob Agents Chemother 49:3083–3086

Sundar GS, Islam E, Gera K, Le Breton Y, McIver KS (2017) A PTS EII mutant library in group A
Streptococcus identifies a promiscuous man-family PTS transporter influencing SLS-mediated
hemolysis. Mol Microbiol 103:518–533

Swe PM, Cook GM, Tagg JR, Jack RW (2009) Mode of action of dysgalacticin: a large heat-labile
bacteriocin. J Antimicrob Chemother 63:679–686

Tamm LK, Tatulian SA (1993) Orientation of functional and nonfunctional PTS permease signal
sequences in lipid bilayers. A polarized attenuated total reflection infrared study. Biochemistry
32:7720–7726

Tamm LK, Tomich JM, Saier MH (1989) Membrane incorporation and induction of secondary
structure of synthetic peptides corresponding to the N-terminal signal sequences of the glucitol
and mannitol permeases of Escherichia coli. J Biol Chem 264:2587–2592

Tan MW, Rahme LG, Sternberg JA, Tompkins RG, Ausubel FM (1999) Pseudomonas aeruginosa
killing of Caenorhabditis elegans used to identify P. aeruginosa virulence factors. Proc Natl Acad
Sci USA 96:2408–2413

https://doi.org/10.1371/journal.pbio.2000074


8 Carbohydrate Transport by Group Translocation … 273

Tchieu JH, Norris V, Edwards JS, Saier MH Jr (2001) The complete phosphotranferase system in
Escherichia coli. J Mol Microbiol Biotechnol 3:329–346

Thiem S, Kentner D, Sourjik V (2007) Positioning of chemosensory clusters in E. coli and its
relation to cell division. The EMBO J 26:1615

Tymoszewska A, Diep DB, Wirtek P, Aleksandrzak-Piekarczyk TA (2017) The non-lantibiotic
bacteriocin garvicin Q targets man-PTS in a broad spectrum of sensitive bacterial genera. Sci
Rep 7:8359. https://doi.org/10.1038/s41598-017-09102-7

Van Montfort BA, Schuurman-Wolters GK, Duurkens RH, Mensen R, Poolman B, Robillard
GT (2001) Cysteine cross-linking defines part of the dimer and B/C domain interface of the
Escherichia coli mannitol permease. J Biol Chem 276:12756–12763

Van Montfort BA, Schuurman-Wolters GK, Wind J, Broos J, Robillard GT, Poolman B (2002)
Mapping of the dimer interface of the Escherichia coli mannitol permease by cysteine cross-
linking. J Biol Chem 277:14717–14723

Veldhuis G, Gabellieri E, Vos EP, Poolman B, Strambini GB, Broos J (2005) Substrate-induced
conformational changes in the membrane-embedded IIC(mtl)-domain of the mannitol permease
from Escherichia coli, EnzymeII(mtl), probed by tryptophan phosphorescence spectroscopy. J
Biol Chem 280:35148–35156

Veldhuis G, Hink M, Krasnikov V, van den Bogaart G, Hoeboer J, Visser AJ, Broos J, Poolman
B (2006) The oligomeric state and stability of the mannitol transporter, EnzymeII(mtl), from
Escherichia coli: a fluorescence correlation spectroscopy study. Protein Sci 15:1977–1986

Vervoort EB, Bultema JB, Schuurman-Wolters GK, Geertsma ER, Broos J, Poolman B (2005) The
first cytoplasmic loop of the mannitol permease from Escherichia coli is accessible for sulfhydryl
reagents from the periplasmic side of the membrane. J Mol Biol 346:733–743

Vogler AP, Broekhuizen CP, Schuitema A, Lengeler JW, Postma PW (1988) Suppression of IIIGlc-
defects by enzymes IINag and IIBgl of the PEP: carbohydrate phosphotransferase system. Mol
Microbiol 2:719–726

Vos EP, ter Horst R, Poolman B, Broos J (2009a) Domain complementation studies reveal residues
critical for the activity of the mannitol permease from Escherichia coli. Biochim Biophys Acta
1788:581–586

Vos EPP, Bokhove M, Hesp BH, Broos J (2009b) Structure of the cytoplasmic loop between
putative helices II and III of the mannitol permease of Escherichia coli: a tryptophan and 5-
fluorotryptophan spectroscopy study. Biochemistry 48:5284–5290

WaeberU, BuhrA, SchunkT, Erni B (1993) The glucose transporter of Escherichia coli. Purification
and characterization by Ni + chelate affinity chromatography of the IIBCGlc subunit. FEBS Lett
324:109–112

Wehmeier UF, Wöhrl BM, Lengeler JW (1995) Molecular analysis of the phosphoenolpyruvate-
dependent L-sorbose: phosphotransferase system from Klebsiella pneumoniae and of its mul-
tidomain structure. Mol Gen Genet 246:610–618

Wells JE, Russell JB (1996) Why do many ruminal bacteria die and lyse so quickly? J Dairy Sci
79:1487–1495

Weng QP, Jacobson GR (1993) Role of a conserved histidine residue, His-195, in the activities of
the Escherichia coli mannitol permease. Biochemistry 32:11211–11216

Weng QP, Elder J, Jacobson GR (1992) Site-specific mutagenesis of residues in the Escherichia
coli mannitol permease that have been suggested to be important for its phosphorylation and
chemoreception functions. J Biol Chem 267:19529–19535

Werner PK, Saier MH, Müller M (1992) Membrane insertion of the mannitol permease
of Escherichia coli occurs under conditions of impaired SecA function. J Biol Chem
267:24523–24532

Williams N, Fox DK, Shea C, Roseman S (1986) Pel, the protein that permits lambda DNA pene-
tration of Escherichia coli, is encoded by a gene in ptsM and is required for mannose utilization
by the phosphotransferase system. Proc Natl Acad Sci USA 83:8934–8938

Winkler J, Seybert A, Konig L, Pruggnaller S, Haselmann U, Sourjik V, Weiss M, Frangakis AS,
Mogk A, Bukau B (2010) Quantitative and spatio-temporal features of protein aggregation in

https://doi.org/10.1038/s41598-017-09102-7


274 J.-M. Jeckelmann and B. Erni

Escherichia coli and consequences on protein quality control and cellular ageing. EMBO J
29:910–923

WoeseCR, FoxGE (1977) Phylogenetic structure of the prokaryotic domain: the primary kingdoms.
Proc Natl Acad Sci USA 74:5088–5090

Wu LF, Tomich JM, Saier MH (1990) Structure and evolution of a multidomain multiphospho-
ryl transfer protein: nucleotide sequence of the fruB(HI) gene in Rhodobacter capsulatus and
comparisons with homologous genes from other organisms. J Mol Biol 213:687–703

Wuttge S, Licht A, Timachi MH, Bordignon E, Schneider E (2016) Mode of interaction of the
signal-transducing protein EIIAGlc with the maltose ABC transporter in the process of inducer
exclusion. Biochemistry 55:5442–5452

Yamada Y, Chang YY, Daniels GA, Wu LF, Tomich JM, Yamada M, Saier MH Jr (1991) Insertion
of the mannitol permease into the membrane of Escherichia coli. Possible involvement of an
N-terminal amphiphilic sequence. J Biol Chem 266:17863–17871

Yeagle PL (2014) Non-covalent binding of membrane lipids to membrane proteins. Biochim Bio-
phys Acta 1838:1548–1559

Zeppenfeld T, Larisch C, Lengeler JW, Jahreis K (2000) Glucose transporter mutants ofEscherichia
coli K-12 with changes in substrate recognition of IICB(Glc) and induction behavior of the ptsG
gene. J Bacteriol 182:4443–4452

Zhang Z, Aboulwafa M, Smith MH, Saier MH Jr (2003) The ascorbate transporter of Escherichia
coli. J Bacteriol 185:2243–2250

Zhou W, Wang G, Wang C, Ren F, Hao Y (2016) Both IIC and IID components of mannose
phosphotransferase system are involved in the specific recognition between immunity protein
PedB and bacteriocin-receptor complex. PLoS One 11(10):e0164973. https://doi.org/10.1371/
journal.pone.0164973

ZhuF,WangY, SanK,Bennett GN (2018)Metabolic engineering of Escherichia coli to produce suc-
cinate from soybean hydrolysate under anaerobic conditions. Biotechnol Bioeng 115:1743–1754

Zou Z, Tong F, Faergeman NJ, Borsting C, Black PN, DiRusso CC (2003) Vectorial acylation in
Saccharomyces cerevisiae: Fat1p and fatty acyl-CoA synthetase are interacting components of a
fatty acid import complex. J Biol Chem 278:16414–16422

Zuniga M, Comas I, Linaje R, Monedero V, Yebra MJ, Esteban CD, Deutscher J, Perez-Martinez
G, Gonzalez-Candelas F (2005) Horizontal gene transfer in the molecular evolution of mannose
PTS transporters. Mol Biol Evol 22:1673–1685

Zurbriggen A, Schneider P, Bahler P, Baumann U, Erni B (2010) Expression, purification, crystal-
lization and preliminary X-ray analysis of the EIICGlc domain of the Escherichia coli glucose
transporter. Acta Crystallogr Sect F: Struct Biol Cryst Commun 66:684–688

https://doi.org/10.1371/journal.pone.0164973


Chapter 9
Secondary Active Transporters

Patrick D. Bosshart and Dimitrios Fotiadis

Abstract Transport of solutes across biological membranes is essential for cel-
lular life. This process is mediated by membrane transport proteins which move
nutrients, waste products, certain drugs and ions into and out of cells. Secondary
active transporters couple the transport of substrates against their concentration gra-
dients with the transport of other solutes down their concentration gradients. The
alternating access model of membrane transporters and the coupling mechanism of
secondary active transporters are introduced in this book chapter. Structural stud-
ies have identified typical protein folds for transporters that we exemplify by the
major facilitator superfamily (MFS) and LeuT folds. Finally, substrate binding and
substrate translocation of the transporters LacY of the MFS and AdiC of the amino
acid-polyamine-organocation (APC) superfamily are described.

Keywords Alternating access model · Amino acid-polyamine-organocation
superfamily ·Major facilitator superfamily ·Membrane transporter · Secondary
active transporter · Transport mechanism · Transporter fold

Introduction

Biological membranes constitute physical barriers of eukaryotic cells, organelles,
nuclei, some viruses and bacteria. They are composed of an asymmetric bilayer
of amphiphilic phospholipid molecules, which consist of two hydrophobic tails
and a hydrophilic head. Such lipid membranes are impermeable for large polar
or charged molecules, while small polar and uncharged molecules can equilibrate
across the membrane via passive diffusion. This impermeability for biologically
relevant molecules and ions allows separating chemically and physically distinct
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compartments. Consequently, electrochemical gradients are established across the
membranes whose free energy is available to drive biophysical and biochemical pro-
cesses. However, exchange of material across otherwise impermeable lipid bilayers
is essential for maintaining vital biochemical processes. This is mediated by the
incorporation of transport proteins into cell membranes, which transport cellular
nutrients, waste products, certain drugs and ions into and out of cells.

In bacteria, there are three different types of membrane transporters that mediate
the transport of solutes and ions across lipid bilayers (Fig. 9.1a). Primary active trans-
porters use the energy released by ATP hydrolysis to shuttle solutes (i.e., uncharged
and charged organic molecules, and inorganic ions) across membranes against their
concentration gradients. This results in building up electrochemical gradients that
can be used to drive other processes. Channels (e.g., the bacterial potassium-specific
channel KcsA), which are open to both sides of the membrane, catalyze the highly
specific movement of molecules, ions or water across a biological membrane down
their concentration gradients. Secondary transporters facilitate the transfer of spe-
cific solutes down or against a concentration gradient. This class of membrane
proteins can be subdivided into three different types (Fig. 9.1b): uniporters, sym-
porters and antiporters. Uniporters transport in general one type of substrate and
are driven by the energy stored in the substrate’s concentration gradient across the
membrane. Symporters and antiporters (secondary active transporters) catalyze the
transfer of one solute against its concentration gradient, driven by the movement of
co-transported solutes(s) down their electrochemical gradients. These two different
types of co-transport differ in the relative direction of movement of the transported
and co-transported substrates (Fig. 9.1b). The ubiquitously distributed secondary
active transporters utilize the free energy stored in a concentration gradient of solutes
across a membrane to facilitate the uphill transport of other substrates. The direction-
ality of the transport process is given by the combined electrochemical potentials of
the involved substrates. A fourth type of membrane transporters (i.e., group translo-
cation systems, see Chap. 8) couples the translocation of a substrate to its chemical
modification (e.g., phosphorylation) releasing a chemically modified substrate (Erni
2013).

Up to 16% of bacterial genomes encode for membrane transporters (Blattner
1997; Ren and Paulsen 2007). In Escherichia colimore than 500 different membrane
transporters have been annotated (Busch and Saier 2008) of which ~25% can be
assigned to the major facilitator superfamily (MFS; http://www.uniprot.org). The
MFS superfamily is the largest evolutionary related and the most diverse superfamily
of secondary active transporters. This superfamily (TCID 2.A.1) contains more than
80 distinct families (http://www.tcdb.org) and it is present in all kingdoms of life.
The amino acid-polyamine-organocation (APC) superfamily (TCID 2.A.3) contains
18 families and is the second largest superfamily of secondary active transporters.
The APC superfamily plays an important role in the transport of biochemically
relevant molecules, e.g., amino acids and their derivatives (Jack et al. 2000; Wong
et al. 2012; Vastermark et al. 2014). Many members of this superfamily function
as solute:cation symporters or as solute:solute antiporters, and fulfill very different
functions in bacteria. For example, specific antiporters of the APC family (e.g., AdiC

http://www.uniprot.org
http://www.tcdb.org
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Fig. 9.1 Schematic illustration of membrane transport proteins. a Three major types of mem-
brane transport proteins are shown: ATP-driven transporters (~100–103 substrates/second) that use
the energy released from ATP hydrolysis to shuttle substrates (i.e., solutes) across membranes
against their concentration gradients (“uphill transport”). Solutes include uncharged and charged
organic molecules as well as inorganic ions. Channels (~107–108 substrates/second) catalyze the
highly specific movement of specific substrates (e.g., molecules, ions or water) across a biological
membrane down their concentration gradients (“downhill transport”). Transporters (~102–104 sub-
strates/second) facilitate the transfer of specific molecules or ions down, or against a concentration
gradient. b Three groups of transporters are shown: Uniporters move one type of solute across
the membrane down the concentration gradient. Symporters and antiporters transport solutes down
their concentration gradients and are coupled with the active transport of other solutes against their
concentration gradients in same or opposite directions, respectively. Concentration gradients are
indicated by the triangles. The tips of the triangles point towards the side of the membrane with the
lower solute concentration
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and GadC) play important roles in extreme acid-resistance mechanisms of E. coli,
where they virtually extrude protons that leaked into the cytoplasm during exposure
to gastric acid (Foster 2004).

All membrane transporters have in common that they need to switch between
different conformational states to accomplish the transport of a substrate across
membranes. Such conformational changes involve the movement of transmembrane
α-helices (TMs) or evenofwhole protein domains.As a result of these conformational
changes, which are required to complete a transport cycle, the turnover rate of most
membrane transporters is relatively low (~102–104 substrates/second) in contrast to
channels (~107–108 substrates/second).

Transport Protein Folds

Secondary active membrane transporters have unique structural folds: the MFS fold,
the LeuT fold, and the NhaA fold (Shi 2013). Since there are similarities between
the LeuT and NhaA folds, we will focus here on the MFS and LeuT folds only.
By definition a common fold is shared by at least two distinct transporters with no
apparent sequence identity/similarity. Although secondary active transporters adopt
different folds, discontinuous transmembrane helices and structural elements that are
connected by pseudo-symmetries are common features.

MFS Fold

X-ray structures of membrane transporters of the MFS (http://blanco.biomol.uci.
edu/mpstruc/) with relatively low amino acid sequence identities/similarities and
different substrate specificities share the common canonical MFS fold. The core
consists of twelve TMs with TM1–6 and TM7–12 arranged in an N- and C-terminal
six-helix bundle (Fig. 9.2 a). There is a central cavity between the two bundles, which
hosts the substrate-binding site and serves as the substrate translocation pathway.
The bundles are related to each other by a pseudo-twofold symmetry axis that is
perpendicular to the membrane plane and is located in the substrate translocation
pathway. The symmetry-related N- and C-terminal six-helix bundles stack against
each other through a flat interface and are physically connected through a long
intracellular loop between TM6 andTM7. Internally, the two bundles consist of a pair
of two inverted-topology repeats, i.e., TM1–3 and TM4–6 for the N-terminal bundle,
andTM7–9 andTM10–12 for theC-terminal bundle. The two inverted repeats in each
bundle canbe superimposedon eachother by a~180° rotation around an axis,which is
parallel to the membrane plane. These repeats form stable and tightly packed entities
due to the intertwinement of the TMs. The central cavity is surrounded by TM1,
TM2, TM4 and TM5 of the N-terminal bundle, and TM7, TM8, TM10 and TM11
of the C-terminal bundle. At the ends of the longest dimension of MFS transporters

http://blanco.biomol.uci.edu/mpstruc/
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Fig. 9.2 Common folds of secondary active transporters. aMembers of theMajor Facilitator Super-
family (MFS) share a common fold that consists of 12 transmembrane α-helices (TMs) organized
into an N- and a C-terminal bundle (TMs 1–6 and TMs 7–12). The bundles are related to each
other by a pseudo-twofold symmetry axis that is perpendicular to the membrane plane. Each bundle
consists of symmetry related inverted repeats being composed of three TMs. b Membrane trans-
porters that share the LeuT fold consist of 10 TMs assembled into two inverted structural repeats
(N-terminal repeat TMs 1–5, C-terminal repeat TMs 6–10—also known as the “5 + 5 inverted
repeats”) . TMs 1 and 6 are discontinuous. The two short α-helices in TM1 and TM6 are linked by a
conserved unwound polypeptide stretch. c The TMs of the N- and C-terminal bundle of secondary
active transporters that adopt the MFS fold are intertwined such that there is a stable TM packing
within the bundle. In contrast, in the LeuT fold the TMs of one repeat are intertwined with the TMs
of the other repeat through extensive interfaces
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TM3, TM6, TM9 and TM12 are in contact with the lipid bilayer, not being parts
of the central cavity, and are thus involved in hydrophobic mismatch interactions
with the surrounding lipid bilayer. It has been postulated that proteins of the MFS
resulted from internal gene duplication events of structural repeats that occurred
before theMFS familydiverged (Pao et al. 1998;Madej et al. 2013;Madej andKaback
2013; Madej 2014). The gene duplication is also reflected in a specific sequence
motif: GXXX(D/E)(R/K)XG[X](R/K)(R/K), which is located in the intracellular
loops connecting TM2 with TM3, and TM8 with TM9 of many MFS transporters
(Henderson and Maiden 1990; Henderson 1990; Griffith et al. 1992). It was also
proposed that the six-helix bundles might originate from triplication of a 2-TMs
hairpin structure (Reddy et al. 2012). In summary, MFS transporters consist of four
structural repeats each consisting of three TMs. However, there areMFS transporters
that comprise additional TMs (e.g., peptide transporters (Newstead et al. 2011)),
which contribute to the stabilization of the respective membrane transporter.

LeuT Fold

A novel fold has been unveiled by the X-ray structure of a bacterial leucine-
transporting homologue of the Na+/Cl−-dependent neurotransmitter transporter
(Yamashita et al. 2005) that is a member of the neurotransmitter sodium symporter
(NSS) family (TCID 2.A.22). The LeuT fold is characterized by a protein core con-
sisting of ten TMs, which are organized into two repeats, each containing five TMs
(TM1–5 and TM6–10), with the termini located on the cytoplasmic side (Fig. 9.2b).
The two repeats are related to each other by a pseudo-twofold symmetry axis that
is parallel to the membrane plane. In contrast to the MFS fold, TMs are not tightly
packed within one repeat. The TMs of one repeat are intertwined with the TMs of
the other repeat through extensive interfaces (Fig. 9.2c). Similar to the MFS fold, it
has been suggested that the LeuT fold has evolved from gene-duplication and gene
fusion events resulting in the two inverted repeats (Khafizov et al. 2010). The first
TMs of each inverted repeat (i.e., TM1 and TM6) are antiparallel and discontinu-
ous. Therefore, they contain two short α-helices, which are linked by a conserved
unwound amino acid stretch (Abramson andWright 2009). Besides the protein core,
which consists of ten TMs, many membrane transporters contain additional periph-
eral TMs, at the N-terminal and/or C-terminal ends. For example, two additional
C-terminal TMs, i.e., TM11 and TM12, are found in the APC family member AdiC
(TCID 2.A.3.2.5) to form dimers (Fang et al. 2009; Gao et al. 2009, 2010; Kowalczyk
et al. 2011; Ilgü et al. 2016). The classical LeuT fold is adopted bymembrane proteins
of different families, e.g., APC (TCID 2.A.3), BCCT (TCID 2.A.15), NCS1 (TCID
2.A.39), NSS (TCID 2.A.22), SSS (TCID 2.A.21) families of the APC superfamily
(TCID 2.A.3), which have relatively low amino acid sequence identities/similarities
and have different functionalities.
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Transport Mechanism of Secondary Active Transporters

Alternating Access Model

In order to accomplish the transport of a substrate across a biological membrane,
all membrane transporters must switch between at least two different conformations
(Fig. 9.3a). In this model, the substrate-binding site needs to be accessible to either
side of themembrane at different time points during the transport cycle. This alternat-
ing accessibility, which was already proposed by Jardetzky in 1966 (Jardetzky 1966),
can only be accomplished through an allosteric coupling of extra- and intracellular
gates of a transporter. In contrast to a channel, a secondary transporter is not open
simultaneously to both sides of the membrane. Therefore, global structural changes
are required to mediate substrate transport across a membrane. In a simplifiedmodel,
a membrane transporter must adopt outward-open and inward-open conformations,
which are connected by an occluded state, where the substrate binding site is not
accessible from either side of the membrane. Theoretically, structures of multiple
distinct states of a particular transporter should be available to elucidate its trans-
port mechanism. This has proven to be a challenging endeavor and has not been
successfully accomplished. However, snapshots of distinct conformational states of
different MFS transporters have been successfully captured in X-ray structures and
can be used to assemble and understand the transport cycle: inward-open (Abramson
et al. 2003; Huang et al. 2003, 2015; Mirza et al. 2006; Guan et al. 2007; Chaptal
et al. 2011; Solcan et al. 2012; Doki et al. 2013; Guettou et al. 2013, 2014; Zheng
et al. 2013; Quistgaard et al. 2013; Iancu et al. 2013; Wisedchaisri et al. 2014; Zhao
et al. 2014; Lyons et al. 2014; Boggavarapu et al. 2015; Fowler et al. 2015; Heng
et al. 2015; Taniguchi et al. 2015; Fukuda et al. 2015;Ma et al. 2017; Quistgaard et al.
2017; Parker et al. 2017; Martinez Molledo et al. 2018; Minhas et al. 2018), partially
inward-open (Yan et al. 2013), inward-facing and partially occluded (Quistgaard et al.
2013;MartinezMolledo et al. 2018), occluded (Yin et al. 2006; Newstead et al. 2011;
Yan et al. 2013; Fukuda et al. 2015; Martinez Molledo et al. 2018), almost occluded
but partly open to the periplasmic space (Kumar et al. 2014, 2015), outward-facing
and partly occluded (Sun et al. 2012; Ethayathulla et al. 2014), slightly occluded and
outward-open (Kumar et al. 2018), and outward-open (Dang et al. 2010; Jiang et al.
2013, 2016; Taniguchi et al. 2015; Nagarathinam et al. 2018) (Table 9.1).

Within the alternating access model (Fig. 9.3a), three different mechanisms have
been identified based on crystal structures: rocker-switch (Fig. 9.3b), rocking-bundle
(Fig. 9.3c) and elevator (Fig. 9.3d) mechanisms. The substrate-binding site of trans-
porters, which function according to the rocker-switch or rocking-bundle mecha-
nisms, is located approximately in the middle of the membrane at the interface of
two domains (MFS fold transporters: N- and C-terminal six helix bundles; LeuT fold
transporters: “5 + 5 inverted repeats”). When the barrier between the two domains
is broken on one side and reforms on the other side of the membrane (i.e., moving
barrier), the alternating access to the substrate-binding site is possible. In the rocker-
switchmechanism, substrate binding and themovement of the two symmetry-related
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Fig. 9.3 The alternating access mechanism. a Themajor conformational changes and states, which
are necessary to allow alternating access to the substrate binding site, are shown. b In secondary
active transporters that function according to the rocker-switch principle two domains (e.g., N- and
C-terminal bundle of MFS transporters) “rock” against each other to allow access to the binding site
from both sides of the membrane. c In the rocking-bundle mechanism, the two structural domains
(e.g., N- andC-terminal repeat of LeuT fold) are dissimilar. One domain rearranges against the other
domain to expose the substrate binding site alternatingly to both sides of the membrane. Substrate
transport requires subtle, substrate-induced structural rearrangement by amino acid side chains and
helices in only one or both domains/repeats, which is highlighted by the bar that covers the substrate.
In the rocker-switch and in the rocking-bundle mechanism there is a moving barrier (black line)
that seals the protein on either the intra- or extracellular side. d In the elevator mechanism, there
is a fixed barrier. The substrate binding site is located in one domain, which moves against the
other immobile domain that is structurally dissimilar. This mechanism allows the transport of the
substrate to the other side of the fixed barrier. Panel awas made and kindly provided by Dr. Hüseyin
Ilgü (University of Bern)

bundles, whichmaintain their structures as rigid bodies, is nearly symmetrical around
a central substrate-binding site (Karpowich and Wang 2008; Yan 2013). This means
that the proteinmoves around the bound substrate. In the rocking-bundlemechanism,
substrate binding occurs between two structurally distinct domains and the binding
catalyzes the coupled movement of outside and inside barriers around a central
substrate-binding site (Forrest and Rudnick 2009). The movement of both domains
is not symmetrical since one structurally distinct domain rearranges against a more
static domain. Besides the large rigid body movements of the two domains, there
are also further subtle and local substrate-induced gating rearrangements of helices
in either one or both domains. In the elevator mechanism (Fig. 9.3d) the substrate-
binding site is located in only one domain (transport domain), which traverses the
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membrane against an immobile domain (scaffold domain). The two domains, which
are part of the same polypeptide chain, are distinct bundles. A detailed description
of this transport mechanism, which is used by the glutamate transporter homologue
GltPh, can be found elsewhere (Drew and Boudker 2016).

Coupling Mechanism

In contrast to permeases that catalyze facilitated diffusion of specificmolecules down
their concentration gradients, secondary active transporters utilize the electrochem-
ical gradient of a co-substrate (e.g., an ion) to catalyze the transport of a substrate
against its concentration gradient. In symporters and antiporters, transport of the sub-
strate is only allowed if the co-substrate is also transported in the same (symporter)
or opposite direction (antiporter), a concept described as coupling. Substrates and co-
substrates bind to the secondary active transporter in an interdependent and ordered
manner. In the case of MFS transporters, the fundamental question that is associ-
ated with their transport mechanism is how binding of substrate and co-substrate
(e.g., proton or Na+) is coupled to the conformational switch between the outward-
and inward-open conformations. To understand the former, researchers introduced
the “counterflow” assay (Xie 2008). In this assay, vesicles containing the protein of
interest (e.g., right-side-out vesicles) are loaded with a high concentration of unla-
beled substrate and are then diluted into a buffer that contains a low concentration of
radiolabeled substrate. This results in an outwardly directed concentration gradient
across the membrane. The buffers on both sides of the vesicle membrane have the
same pH such that there is no proton gradient. Transport of substrate in and out leads
to the exchange of the internal unlabeled substrate with the external labeled substrate
and thus to the accumulation of radioactivity inside the vesicles. This accumulation
of radiolabeled substrate ceases at the point of equilibration, where the exit of cold
and hot substrates becomes equal. If a particular mutation leads to an inactive trans-
porter in a bacteria-based uptake assay (i.e., in the presence of a transmembrane
proton gradient), but reveals activity in the counterflow assay (i.e., in the absence
of a transmembrane proton gradient) , it can be assumed that this mutation does not
impair substrate binding, but coupling.

External energy is required if a substrate is to be transported against its con-
centration gradient (i.e., �μ[S] = 2.3 RT /F log([S]release/[S]loading) > 0). In bacteria,
many transmembrane transport processes are driven by an electrochemical proton
gradient (�μ[H+]), which consists of an electrical component (�μ� , negative inside
the bacterium) and/or a pH gradient (�pH, alkaline inside the bacterium): �μ[H+]

= �μ� − 2.3 RT /F �pH (2.3 RT /F = ~60 mV at 25 °C). The bacterial proton-
coupled lactose transporter LacY is a well-studied MFS symporter, which serves as
model system to investigate many aspects of secondary active symport. LacY cat-
alyzes the strictly coupled stoichiometric transport of one lactose and one proton
to drive the uphill accumulation of lactose against its concentration gradient. The
free energy that is released in the energetically downhill movement of the proton
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is consumed in this process. Accordingly, an electrochemical proton gradient of −
60 mV in the form of �μ� and/or �pH will lead to a tenfold concentration gradi-
ent of lactose. The conformational switch of LacY from outward- to inward-open is
only allowed in the ternary form (i.e., substrate (lactose) and co-substrate (proton)
are bound). Under physiological conditions, any binary complexes (i.e., substrate
(lactose) or co-substrate (proton) are bound) are locked, which prevents the system
from uncoupling. However, unloaded LacY switches back to its initial state after
substrate release on the cytosolic side of the membrane. For LacY, the substrate
binds to a protonated transporter while dissociation occurs in the opposite sequence
(Sahin-Tóth et al. 2000). Kaback and colleagues studied the effect of bulk-phase pH
on the apparent affinity KD of purified LacY lactose permease (LacY) for sugars
(Smirnova et al. 2008). Apparent KD values increased with increasing pH with an
apparent pKa of ~10.5, which was defined as the bulk pH value leading to a half-
maximal KD. However, mutational studies have highlighted that this extraordinary
high pKa cannot be assigned to a single amino acid. Under physiological condi-
tions (e.g., pH 7) LacY can be assumed to be in the protonated state, which is a
prerequisite for substrate binding, due to the high apparent pKa value of substrate
binding. It has been postulated that translocation of protons requires the protona-
tion and deprotonation of certain residues: glutamate, aspartate, histidine, and to
some minor extent lysine, arginine and tyrosine. This fact is nicely illustrated in the
case of LacY, where proton translocation involves residues that are mainly located
in the C-terminal six-helix bundle. Tyr236 (TM7), Asp240 (TM7), Arg302 (TM9),
Lys319 (TM10), His322 (TM10), and Glu325 (TM10) form a hydrogen-bond and
salt bridge network between TMs 7, 9, and 10 (Mirza et al. 2006) (Fig. 9.4a). Charge
pairs between Asp240 (TM7) and Arg302 (TM9) as well as Asp240 (TM7) and
Lys319 (TM10) were described, although the corresponding functional groups are
not within the expected distances in all LacY structures (Madej et al. 2014). His322
(TM10) and Glu269 (TM8), which are part of the ligand-binding site, might be
involved in proton translocation and substrate binding, and are thus important for
the coupling between substrate (lactose) and co-substrate (proton). Glu325 (TM10)
is most likely exclusively involved in proton translocation (Carrasco et al. 1986a,
b; Sahin-Tóth and Kaback 2001). Arg302 (TM9) might facilitate its deprotonation
by decreasing the pKa of the protonated carboxyl group of Glu325 (TM10) (Sahin-
Tóth and Kaback 2001; Kaback et al. 2001; Andersson et al. 2012). However, in
X-ray structures of LacY the distance between the side chains of Arg302 (TM9) and
Glu325 (TM10) is ~7 Å, and they are separated by Tyr236 (TM7) (Fig. 9.4a). A con-
formational change that reduces the distance between the oppositely charged residues
must occur to allow efficient deprotonation (Madej et al. 2012). Reprotonation of
the apo intermediate might occur stochastically from the side of the membrane with
the higher proton concentration. Apparently, a negative charge at position 325 (i.e.,
unprotonated glutamate) counteracts substrate binding and has to be neutralized to
lower the energy barrier for substrate binding. A substrate-bound structure of LacY
has revealed that Tyr236 (TM7), Glu269 (TM8) and His322 (TM10), which have
been previously considered to be exclusively involved in coupled proton transloca-
tion (Guan and Kaback 2006), are clearly involved in substrate binding (Kumar et al.
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Fig. 9.4 Ligand and substrate binding mechanism in LacY and AdiC. a Residues in LacY that
are supposed to form a hydrogen-bond and salt bridge network between TMs 7, 9, and 10
(Mirza et al. 2006). b Substrate binding site of LacY with bound β-d-galactopyranosyl-1-thio-
β-d-galactopyranoside (TDG, cyan). c Substrate binding site of AdiC with bound agmatine. The
three guanidinium group nitrogen atoms of agmatine are labeled Nε, Nη1 and Nη2. d Substrate
binding site of AdiC in its apo state. Functionally important residues are labeled using the single
letter code. Substrate interactions with main-chain carbonyl oxygen atoms of particular residues are
labeled with (O). Crystallographic water molecules are highlighted as red balls. Potential hydrogen
bonds are indicated as dashed lines and interatomic distances are given in Ångström, respectively

2014). However, these residues might play a dual role in substrate and co-substrate
binding. Unfortunately, there is no experimental evidence so far about what triggers
the conformational change from the outside- to the inside-open conformation after
the co-substrate (proton) and substrate (sugar) were bound.

LacY can accumulate lactose against a ~100-fold concentration gradient in the
presence of an electrochemical proton gradient (Kaback et al. 2001;Guan andKaback
2006). The main effect of the electrochemical proton gradient on active transport
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by LacY seems to be kinetic (i.e., lowering of the Km, small influence on Vmax)
(Robertson et al. 1980). It does not affect the binding affinity of LacY for sugar
(i.e., KD) (Guan and Kaback 2004), but it accelerates deprotonation at the cyto-
plasmic side (Viitanen et al. 1983; Guan and Kaback 2006). In the presence of an
electrochemical proton gradient, substrate release seems to be the rate-limiting step
(Guan and Kaback 2006). This increases the population of unloaded, inward-open
LacY molecules, which can then return back to the outward-open conformation.
Presumably, unloaded LacY carries a net negative charge, which senses the mem-
brane potential (i.e., outside positive, inside negative) (Forrest et al. 2011). It can be
hypothesized that the electrophoretic effect (i.e., the movement of charged objects
in an electrical field) of the membrane potential might facilitate the conformational
change of unloaded LacY. It has also been speculated that the required energy for
this conformational change might be provided from stored energy originating from
the ligand-binding step that can be released in this part of the transport cycle (For-
rest et al. 2011). It has to be mentioned that so far there is no structural evidence
supporting this mechanistic hypothesis.

In contrast to the hydrogen-bond and salt bridge network of LacY, the proton-
coupled fucose transporter FucPhas only twonegatively charged residues (i.e.,Asp46
(TM1) and Glu135 (TM4)) along its substrate translocation path, which can undergo
protonation and deprotonation. Asp46 is essential for proton coupling but it is not
involved in substrate binding, while Glu135 is important for substrate binding as well
as transport (Dang et al. 2010). Interestingly, the proton-dependent sugar transporter
XylE does not have any charged residues in the vicinity of its substrate-binding site
in contrast to LacY and FucP (Sun et al. 2012). A detailed mechanism describing
the translocation of protons in XylE is currently unclear, although charged and polar
residues on the cytoplasmic side of the protein have been identified, which abrogate
transport function (Sun et al. 2012).

Substrate Binding

For a detailed understanding of the transport mechanism of a particular transporter,
it is important to characterize the substrate-binding site. Residues involved in sub-
strate binding can be identified by site-directed mutagenesis in combination with an
appropriate functional or spectroscopic assay (e.g., double electron-electron res-
onance, single molecule fluorescence resonance energy transfer, and tryptophan
fluorescence). If the structure of the protein of interest in complex with its sub-
strate is available at a sufficient resolution, the molecular binding interactions can be
directly visualized. Substrate-bound structures of different secondary active trans-
porters unveil common features in the substrate-binding site.
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Substrate Binding and Translocation—The MFS
Transporter LacY

For LacY, several structures with bound substrates and substrate analogues in differ-
ent conformational states have been solved (Abramson et al. 2003; Guan et al. 2007;
Chaptal et al. 2011; Kumar et al. 2014, 2015, 2018). A recent structure of a substrate-
bound LacY mutant (G46W-G262W) in an almost occluded conformation confirms
biochemical and spectroscopic findings (Kumar et al. 2014). Functional studies have
shown that there is a single substrate-binding site in LacY that is enclosed by the
N- and C-terminal six-helix bundles (Abramson et al. 2003). The substrate-binding
site is located midway of the membrane part near the apex of the central cavity
in the inward-open LacY structure (Abramson et al. 2003). There are fewer than
ten residues that are irreplaceable for active lactose transport. Several structures
have shown that the stoichiometry of substrate binding is one galactoside per LacY.
The substrate is mainly bound to residues located in the N-terminal bundle. Glu126
(TM4), Arg144 (TM5), and Trp151 (TM5) are directly involved in the binding of the
galactopyranoside ring of lactose (Fig. 9.4b). A conservative replacement of Arg144
(TM5) to lysine abolished substrate binding, and exchanging Glu126 (TM4) for an
aspartate reduces substrate affinity (Kaback et al. 2001). The guanidinium group
of Arg144 (TM5) and the carboxylate group of Glu126 (TM4) seem to interact in
the inward-open, occluded and outward-open conformations (Abramson et al. 2003;
Mirza et al. 2006; Guan et al. 2007; Chaptal et al. 2011; Kumar et al. 2014, 2015,
2018; Jiang et al. 2016). An aromatic residue at position 151 is essential for sub-
strate binding (Guan et al. 2003) and the two charged residues are irreplaceable for
substrate binding (Frillingos et al. 1998; Venkatesan and Kaback 1998; Sahin-Tóth
et al. 1999). Furthermore, Glu269 (TM8) that is also essential for substrate binding,
accepts hydrogen bonds from the hydroxyl-groups of the galactopyranoside ring.
This residue is assumed to be involved in substrate specificity. Asn272 might also be
hydrogen bonded to one of the hydroxyl-groups of the substrate and its amide group
is important for substrate affinity (Jiang et al. 2014). Interestingly, His322 (TM10),
which is positioned by Tyr236 (TM7), has long been assumed to be mainly responsi-
ble for proton translocation. However, a substrate-bound LacY structure shows that
the irreplaceable His322 (Padan et al. 1985; Püttner et al. 2002; Smirnova et al. 2009)
can act as a hydrogen bond donor between the εNH of the imidazole ring and the C3
hydroxyl group of the substrate,which are separated by 3.2Å (Fig. 9.4b) (Kumar et al.
2014). In contrast to the occluded conformation of LacY with a bound, high-affinity
lactose analogue, the structure of LacY was in an inward-open conformation if a
substrate analogue (i.e., MTS-galactoside) was covalently bound to the transporter
(Chaptal et al. 2011). In this case, only Trp151 (TM5) and Glu269 interact with the
galactoside (Chaptal et al. 2011). Therefore, the transporter can only be shifted into
its occluded conformation if the sugar is fully ligated by the binding site residues, as
observed in the occluded structure (Kumar et al. 2014). Substrate translocationmight
start with the hydrophobic interaction between the indole ring of Trp151 (TM5) and
the galactopyranoside ring. Sugar binding is postulated to lower the activation energy
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barrier for the transition between the outward- and inward-open LacY conformations
(Madej et al. 2012). Therefore, the energy that is required for the conformational
change might originate from the binding energy of increased interactions between
LacY and its substrate in the occluded state. Consequently, substrate-binding allows
LacY to overcome the energy barriers that separate the outward- and inward-open
conformations. Substrate binding to LacY seems to be mainly entropic, which indi-
cates the existence of different ligand-bound conformational states (Nie et al. 2006).
Therefore, substrate binding involves an induced fit mechanism that results in an
expanded conformational space. Binding and dissociation of the substrate seem to
be the driving force for the alternating access mechanism of the secondary active
transporter LacY. A new transport cycle might be initiated after deprotonation where
Arg302 (TM10) approaches the deprotonated Glu325 (TM10).

Combining biochemical, spectroscopic and structure analysis data supports the
existence of an induced-fit mechanism for substrate-binding in LacY (Vázquez-Ibar
et al. 2004; Mirza et al. 2006). A double tryptophan mutant (G46W-G262W), which
has completely lost its transport function, has been shown to behave as if it is trapped
in an outward-open conformation with diffusion-limited access to the binding site
(Smirnova et al. 2013). However, the structure exhibits an almost occluded LacY
molecule with bound substrate. The periplasmic entrance is too narrow for the bound
substrate to leave the binding site (Kumar et al. 2014). It can be hypothesized that the
double tryptophanmutant of LacY is in an outward-open conformation in the absence
of substrate to facilitate substrate entry to the binding-site. After substrate-binding,
LacY might shift to an occluded state. However, this transition cannot be completely
accomplished due to the sterically demanding tryptophan residues. Therefore, the
double tryptophan mutant is able to bind substrate but a fully occluded state cannot
be achieved.

It is important to mention that besides LacY there are other bacterial MFS trans-
porters with solved structures that show proteins in ligand bound states (Table 9.1).

Substrate Binding and Translocation—The APC
Transporter AdiC

Several structures of the bacterial APC transporter AdiC that catalyzes the electro-
genic export of agmatine in exchange of l-arginine have been reported (Fang et al.
2009; Gao et al. 2009, 2010; Kowalczyk et al. 2011; Ilgü et al. 2016). A structure
of wild-type AdiC in complex with agmatine highlights the molecular interactions
that are required for substrate binding in the outward-open conformation (Ilgü et al.
2016). One molecule of agmatine is bound by several amino acids from TM1, TM3,
TM6, TM8, and TM10 halfway up the AdiC transport path (Fig. 9.4c). Agmatine,
which consists of two hydrophilic groups (i.e., the primary amino group and the
guanidinium group) separated by one hydrophobic group (i.e., the aliphatic region
connecting the previous two), is mainly recognized by hydrogen bonds (H-bonds)
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and one cation–π interaction. In the AdiC structure with bound agmatine, the pri-
mary amino group donates three hydrogen bonds to the backbone carbonyl oxygen
atoms of Ile23 (TM1), Ser203 (TM6), and Ile205 (TM6). The three nitrogen atoms
of the guanidinium group of agmatine interact with backbone and side chain atoms
of residues on TM3: Nη1 with the carbonyl oxygen atom of Cys97 (TM3) and the
amide group oxygen atom of Asn101 (TM3), Nη2 with the carbonyl oxygen atom
of Ala96 (TM3), and Nε with the sulfur atom of Met104 (TM3). Due to the remark-
able resolution of this structure even water molecules could be resolved. A water
molecule (H2O1) is hydrogen bonded to Nη2, the carbonyl oxygen atom of Ala96
(TM3) and the hydroxyl group of Ser357 (TM10). Therefore, this water molecule
(H2O1) is involved in substrate binding and in shaping the binding pocket by stabi-
lizing interactions between TM3 and TM10.

A cation–π interaction, which is often found in protein-ligand interactions
(Dougherty 1996; Gallivan and Dougherty 1999; Zacharias and Dougherty 2002;
Dougherty 2013), is responsible for the binding of the guanidinium group of agma-
tine by interactingwithTrp293 (TM8).This interaction is crucial for substrate binding
to AdiC (Casagrande et al. 2008; Fang et al. 2009). The aliphatic moiety of agma-
tine is bound via van der Waals interactions with the side chains of Ile205 (TM6)
and Trp293 (TM8). A structure of AdiC in its outward-open conformation in the
absence of substrate (i.e., apo state) is also available (Fig. 9.4d) (Ilgü et al. 2016).
The crystallographic water molecule H2O1 was found in the agmatine-bound and in
the apo structures. However, three additional water molecules (i.e., H2O2, H2O3, and
H2O4) were present in the apo AdiC structure, which mimic most of the hydrophilic
portions of the agmatine molecule. Based on the available AdiC structures, a model
could be generated that describes the conformational changes that are involved in the
release of agmatine into the periplasm of E. coli (Ilgü et al. 2016). Under extreme
acidic conditions, the uptake of l-arginine into the bacterial cytoplasm is driven by
the concentration gradient of agmatine across the membrane.
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Chapter 10
Respiratory Membrane Protein
Complexes Convert Chemical Energy

Valentin Muras, Charlotte Toulouse, Günter Fritz and Julia Steuber

Abstract The invention of a biological membrane which is used as energy storage
system to drive the metabolism of a primordial, unicellular organism represents a
key event in the evolution of life. The innovative, underlying principle of this key
event is respiration. In respiration, a lipid bilayer with insulating properties is chosen
as the site for catalysis of an exergonic redox reaction converting substrates offered
from the environment, using the liberated Gibbs free energy (�G) for the build-
up of an electrochemical H+ (proton motive force, PMF) or Na+ gradient (sodium
motive force, SMF) across the lipid bilayer. Very frequently, several redox reactions
are performed in a consecutive manner, with the first reaction delivering a product
which is used as substrate for the second redox reaction, resulting in a respiratory
chain. From today’s perspective, the (mostly) unicellular bacteria and archaea seem
to be much simpler and less evolved when compared to multicellular eukaryotes.
However, they are overwhelmingly complex with regard to the various respiratory
chains which permit survival in very different habitats of our planet, utilizing a
plethora of substances to drive metabolism. This includes nitrogen, sulfur and carbon
compounds which are oxidized or reduced by specialized, respiratory enzymes of
bacteria and archaea which lie at the heart of the geochemical N, S and C-cycles. This
chapter gives an overview of general principles of microbial respiration considering
thermodynamic aspects, chemical reactions and kinetic restraints. The respiratory
chains of Escherichia coli and Vibrio cholerae are discussed as models for PMF-
versus SMF-generating processes, respectively. We introduce main redox cofactors
of microbial respiratory enzymes, and the concept of intra-and interelectron transfer.
Since oxygen is an electron acceptor used by many respiratory chains, the formation
and removal of toxic oxygen radicals is described. Promising directions of future
research are respiratory enzymes as novel bacterial targets, and biotechnological
applications relying on respiratory complexes.
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Respiration: The Thermodynamic Perspective

Respiration is a fundamental process for energy conservation in living organisms
of the three domains of life. The mechanisms elucidated with bacterial and archaeal
systems can easily be transferred to eukaryotes as the basic processes are very similar,
with the ultimate aim to formhigh-energy compounds likeATP. In amodel bacterium
such as E. coli, ATP is synthesized mainly by two routes. First, during substrate-level
phosphorylation in glycolysis and the citric acid cycle and second during electron
transport phosphorylation. The first pathway has the advantage of being independent
of oxygen (or other exogenous electron acceptors, as described below). However,
only limited amounts of ATP are produced. For example, in glycolysis twomolecules
of ATP are synthesized per mol glucose. During electron transport phosphorylation
on the other hand, the yield is drastically increased, and up to 36 mol ATP are
generated per mol glucose.

This is realized by the combination of electron donors with negative redox poten-
tials, e.g. NADH, with electron acceptors with positive redox potentials, such as
molecular oxygen. The electron transfer to the terminal electron acceptor does not
occur in a single step reaction, but in several redox-reactions. In the respiratory chain,
which involves a variety of proteins and a diverse set of soluble and protein bound
cofactors, electrons are stepwise transferred in a series of redox-reactions from com-
pounds with more negative redox potentials (electron donors) to compounds with
more positive redox potentials (electron acceptors). The energy that is released dur-
ing these redox-reactions is then coupled to the transport of ions (protons or sodium
ions) across the membrane dielectric. Since the membrane is not permeable for the
charged species and ions cannot cross the membrane on their own, this uphill trans-
port of cations leads to the formation of an electric potential gradient, or membrane
potential (��), which in turn drives the ATP synthase, generating ATP (Fig. 10.1).

Clearly, the most intriguing question is how respiratory complexes located in
microbial membranes are able to establish and maintain a form of energy, which
is storable and which can be consumed as universal “fuel” at any time. This way
it can be used in order to power cellular processes like flagellar rotation, to power
substrate transporters for the efflux of cytotoxins or the influx of solutes, or for
the production of high-energy compounds like ATP (Fig. 10.2). The solution to this
problem is the semipermeablemembrane,which acts as chemical and physical barrier
separating the cytoplasm from the periplasm or the extracellular space, and which
is virtually impermeable for ions on their own. Thus, once the ions are separated
against their chemiosmotic gradient, the downhill transfer across the membrane can
be used to perform work, e.g. for the synthesis of ATP (Fig. 10.1). This concept was
first described as chemiosmotic theory by Peter Mitchell in 1961 and provides the
basis for the understanding of energy conservation in all living organisms (Mitchell
1961; Mitchell and Moyle 1969; Mulkidjanian et al. 2008). According to Mitchell,
the activity of the electron transport chain results in the uphill transport of protons
across the membrane, which occurs when electrons flow from redox centers with
more negative to redox centers with more positive midpoint potentials. The energy,
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Fig. 10.1 Principles of respiratory energy conservation. a Energy is stored and provided as an
electrochemical gradient across themembrane dielectric.bThis energy is used to drive the formation
of ATP by the F1FO ATP synthase. c The electrochemical gradient is formed during respiration with
the help of different respiratory chain complexes, which determine overall efficiency of respiration,
i.e. the cation/e− ratio. Besides H+, also Na+ may be used as coupling cation in respiration. Some
complexes, such as the cytochrome bd oxidase, do not act as redox pumps but contribute to the
build-up of the electrochemical proton gradient by the uptake and release of protons and electrons
at different sides of the membrane. In contrast, the cytochrome bo3 complex represents a bona fide
proton pump, thus increasing the overall H+/e− ratio

which is released as the electrons are transferred through the respiratory chain is
coupled to the transfer of protons out of the bacterial cell (across the membrane),
resulting in an electrochemical proton gradient, �μH+ (Eq. 10.1):

�μH+ = F� + 2.3RT �pH (10.1)

The energy stored in the membrane thus consists of an electrical term, �ψ, and
the chemical gradient of protons, �pH. The unit is kJ per mol of translocated pro-
tons. To strengthen the fact that the electrical term, also called transmembrane volt-
age, represents the major component of the total electrochemical proton potential,
Mitchell introduced the term “proton motive force” (PMF), which is defined as fol-
lows (Eq. 10.2):

PMF = �μH+

F
= −�ψ + 2.3RT

F
�pH (10.2)
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Fig. 10.2 The generation of PMF or SMF by aerobic respiration in Escherichia coli or Vibrio
choleraeNADH serves as electron donor for the NADH-dehydrogenases NDH-II, NDH-I (or com-
plex I), and NQR, which are either, non-electrogenic or electrogenic proton or sodium pumps. They
promote the electron transfer to ubiquinone (UQ) which is reduced to ubiquinol (UQH2). UQH2 is
a membrane associated electron carrier and transfers electrons to the ubiquinol oxidases. E. coli bd-
type and bo3-type ubiquinol oxidases subsequently transfer electrons from ubiquinol to the terminal
electron acceptor O2. In V. cholerae the bc1 complex (or complex III) donates electrons derived
from ubiquinol to the electron carrier cytochrome c (Cyt c). Reduced Cyt c carries the electrons to
the terminal oxidase (complex IV), where Cyt c is then reoxidized. In turn complex IV catalyzes
the reduction of dioxygen to water. Alternatively, V. cholerae possesses also a bd-type ubiquinol
oxidase, which accepts electrons from ubiquinol and shuttles them to oxygen. In E. coli NDH-I
and bo3, and in V. cholerae Complex III and IV, are linked to proton extrusion, generating a proton
motive force (PMF). Beside the PMF, V. cholerae is able to utilize a sodium motive force (SMF),
generated by sodium extrusion through the NQR. Consumers of the SMF and PMF facilitate trans-
port of molecules (e.g. bile acids or antibiotics Steuber et al. 2015; Sulavik et al. 2001; Thanassi
et al. 1997) and rotation of the flagellum. Both proton and sodium pumping respiratory complexes
contribute to the build-up of the transmembrane voltage, which is the main driving force for ATP
synthesis by the F1FO ATP synthetase
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The unit of PMF is voltage. In respiringmembranes from bacteria and archaea, the
PMF amounts to approximately 180–220mV, of which 150–180mV are provided by
the membrane potential, �� with negative algebraic sign. F is the Faraday constant,
referring to the charge of an electron.

Aerobic Versus Anaerobic Respiration

Let us first consider respiratory chains in the facultative aerobic bacterium
Escherichia coli, an intensively studied model organism. Under aerobic conditions,
the respiratory chain ofE. coli is comprised of the twoNADHdehydrogenase NDH-I
and NDH-II, and two terminal quinol oxidases: quinol oxidase bo3 and quinol oxi-
dase bd (Anraku and Gennis 1987; Bogachev et al. 1996; Puustinen et al. 1989).
The NADH dehydrogenases serve as electron input modules for electrons into the
respiratory chain. The electron-accepting substrate of both NADH dehydrogenases
is ubiquinone, mediating electron transfer to the terminal oxidases, which catalyze
the electron transfer to exogenous acceptors like oxygen. During these steps, protons
can be transported across the membrane, and in this way contribute to the elec-
trochemical gradient. The exact number of H+ transferred from the cytoplasmic to
the periplasmic site per electron by the described pathway strongly depends on the
exact route of the electrons and the activity of the individual complexes (Unden and
Bongaerts 1997).

The first site, which is directly involved in the formation of�� is the electrogenic
complex I (or NDH-I), which couples the oxidation of NADHwith ubiquinone to the
transport of at least 3H+ per NADH oxidized (Bogachev et al. 1996). Like NDH-I,
the terminal quinol oxidase bo3 couples the reduction of O2 to a directed transport
of protons across the membrane. NDH-II on the other hand is non-electrogenic and
does not exert proton pumping activity (Kerscher et al. 1999).

Although quinol oxidase bd and NADH dehydrogenase NDH-II are not able to
pump protons, they still participate in the formation of an electrochemical gradient by
charge separation, which is a result from two different substrate binding sites located
at either side of the membrane. This can be readily visualized using the recently
published structure of G. thermodenitrificans bd oxidase (Safarian et al. 2016). The
three-subunit complex (CydA, CydB, CydS) contains three heme cofactors, and cat-
alyzes the reduction of dioxygen to water without releasing reactive oxygen species.
The electrons for this reaction are derived from ubiquinol, which binds to a con-
served extracellular loop (Q-loop) in subunit CydA. Electrons from ubiquinol, are
then transferred to the prosthetic heme groups, followed by the rapid reduction of
dioxygen. When ubiquinol is oxidized at its designated binding site in CydA, two
protons are released at the extracellular side of the membrane. Although protons are
not pumped through the membrane, there are two postulated pathways, which allow
access of protons from the cytoplasm to the oxygen binding site, where they are
utilized for the formation of water. This reaction is equivalent to the transfer of one
H+ per electron (Fig. 10.1c).
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Besides oxygen, other electron carriers can be employed as electron acceptors
(Table 10.1). In the bacterial and archaeal kingdoms of life, there is a plethora of
respiratory pathways utilizingmanymore electron donors and electron acceptors than
NADH and O2, the prominent substrates of respiration in the eukaryotic kingdom of
life. As long as the free energy liberated by the overall redox reaction is sufficient
to energize the respiratory membrane, chemiosmotic ATP synthesis by bacteria or
archaea may utilize an impressive variety of organic or inorganic electron donor
and acceptor pairs (Thauer et al. 1977). For example, under anoxic conditions, some
bacteria can use nitrate, fumarate or DMSOand TMAOas terminal electron acceptor.
This adaptation to the environment requires tightly regulated gene expression to
optimize respiration under the given conditions. Thus, oxygen, which is the preferred
electron acceptor due to its high (positive) midpoint redox potential, acts as repressor
for the terminal reductases of anaerobic respiration (Unden and Bongaerts 1997).

Table 10.1 Midpoint standard redoxpotentials of intrinsic redox carriers or external electron accep-
tors utilized in various respiratory microorganisms. Typical electron donors and electron acceptors
are listed in order of their midpoint redox potential. In aerobic respiration, oxygen can be used as
final acceptor which provides the most effective electron acceptor in nature, due to the very positive
midpoint potential. Bacteria and archaea may use other molecules as final acceptors to grow under
exclusion of oxygen. If no specific organism is indicated in this Table, these electron carriers are
widely distributed in plants, animals and bacteria

Redox couple (ox./red.) E0′ [V] Microorganism

Ferredoxin (Fe3+/Fe2+) −0.43

NAD+/NADH −0.32

CO2/acetate −0.30 Acetobacterium woodii

S0/HS− −0.27 Desulfuromonadales

CO2/CH4 −0.25 Euryarchaeota (e.g.
Methanobacteria)

SO4
2−/HS− −0.22 Desulfovibrio

Flavin—nucleotides −0.19a

Fumarate/succinate +0.03 Escherichia coli, Vibrio
cholerae

Ubiquinone/ubiquinol +0.10

Cytochrome c (Fe3+/Fe2+) +0.25

Mn(IV)/Mn(II) +0.41 Desulfovibrio

NO2
−/NO3

− +0.43 Paracoccus denitrificans

½O2, 2H+/H2O +0.82 Aerobic bacteria and archaea

aThe redox potential of protein associated flavins strongly depends on the protein environment.
Therefore this redox potential is given as representative (Franz Müller 1991). Table is adapted from
(Oren 2005; Vella 1993)
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Na+ as Alternative Coupling Cation in Respiration

Bacteria and archaea do not necessarily rely solely on proton pumping respiratory
enzymes, but may also rely on an electrochemical Na+ gradient established by elec-
trogenic Na+ pumps (Steuber et al. 2015). This Na+ gradient does not depend on
secondary Na+/H+ antiporters, which may generate an electrochemical Na+ gradient
at the expense of the PMF (Steuber et al. 2015). In 1977, Unemoto and colleagues
showed that oxidation ofNADHwithO2 by themarine bacteriumVibrio alginolyticus
was specifically stimulated by sodium ions (Unemoto and Hayashi 1977), and con-
cluded that “Na+ probably acts as an essential cofactor both for the active transport of
metabolites and for respiratory activity in marine bacteria”. In 1979, the same group
reported that the Na+-stimulated respiratory complex represented a NADH:quinone
oxidoreductase (later identified as theNa+-translocatingNADH:quinoneoxidoreduc-
tase, or NQR, described below), but the build-up of an electrochemical Na+ gradient
by this enzyme was not demonstrated at that time (Unemoto and Hayashi 1979).
These findings were fundamental since they showed that an extension of Mitchell’s
chemiosmotic theory was necessary, now including Na+ as a possible coupling ion in
energized membranes capable of ATP synthesis. Indeed, Tokuda and Unemoto later
showed that the Na+-stimulated NADH:quinone oxidoreductase from V. alginolyti-
cus actually translocates Na+ ions (Tokuda and Unemoto 1981). This explained why
the enzyme, strictly coupling the electron transfer reaction to the transport of Na+

across the membrane, was stimulated by Na+ in its NADH:quinone oxidoreduction
activity. NADH:quinone oxidoreduction represents the “chemical” reaction of the
pump, whereas Na+ transport represents the “vectorial” reaction of the pump. How-
ever, the stoichiometry of the Na+-NQR (2Na+ transported/2 electrons transferred)
is less efficient compared to complex I (or NDH-I), the proton pumping NADH
dehydrogenase found in many bacteria. So why do bacteria operate NQRs with less
efficiency, to build up a sodiummotive force, and why do some bacteria, e.g. Yersinia
pestis contain both respiratory enzymes, the sodium ion pumping Na+-NQR and the
proton pumping NDH-I (the bacterial complex I)?

A closer look at the natural habitats of these bacteria might, at least partially,
answer this question (Getz et al. 2018). Primary sodium ion pumps (e.g. NQR from
Vibrio species) are widespread in halophilic bacteria and bacteria living under alka-
line conditions. These bacteria rely on a �μNa+ rather than a �μH+ for energy
conservation. The use of a �μNa+ might confer several advantages in a given habi-
tat. At alkaline conditions, i.e. at high external pH, the pH gradient is inverted with
pHin < pHout. Under these conditions, it is advantageous to use other coupling ions
than H+. Thus, the use of Na+ as coupling ion provides a reliable energy source in
alkaline and saline environments. Since the 1980s, a correlation between alkaliphily
of bacteria and the presence of Na+ extrusion and Na+ uptake systems (Na+ cycling)
has been reported, implementing a crucial role for Na+ in pH homeostasis (Krulwich
et al. 2001). It was observed that the regulation of the internal pH strongly depends
on a set of Na+/H+ antiporters, which couple the extrusion of Na+ to the influx of H+.
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This way, the sodium motive force allows for an optimized pH homeostasis (Hirst
2003).

Another finding by van de Vossenberg et al. indicates that especially thermophilic
bacteria benefit from a sodium motive force. They reported, that liposomes prepared
from lipids isolated from several bacterial species show increased leakage of protons
but not sodium ions at elevated temperature (van de Vossenberg et al. 1995). Thus,
using sodium as primary coupling ion in respiration increases the overall robustness,
which allows rapid adaption to a wide range of pH. This could also explain the wide
distribution of sodium ion pumps in a variety of pathogenic bacteria (Hayashi et al.
2001) which are frequently confronted with harsh environmental conditions in the
host.

The unambiguous identification of the coupling cation of respiratory complexes
(H+ and/or Na+) is difficult. For example, in complex I (NDH-I), the oxidation of 1
molecule NADH is coupled to the transport of 4 H+ or 2H+/e− (Galkin et al. 2006).
Interestingly, several studies suggest that complex I might also act as transporter of
Na+ under certain conditions, reviewed in (Castro et al. 2016; Steffen and Steuber
2013). Another example is the RNF (rhodobacter nitrogen fixation) complex which
was first described as a Na+ pump, yet recently, a member of this class of respiratory
enzymes was found to act as a proton pump (Tremblay et al. 2013).

No Respiration Without Electron Transfer Reactions:
Reactants and Principles

Non-metal Electron Carriers and Redox Cofactors

An important redox carrier that is found in all living cells is the reducing agent
nicotinamide adenine dinucleotide (NADH). NADH constitutes an important elec-
tron donor fueling electrons into the respiratory chain to generate a proton- or sodium-
motive force. It is a universal electron donor in respiratory chains of animals, plants
and bacteria. NADH is converted to its oxidised form by different catabolic path-
ways in the cell. The enzymes that catalyze the exergonic oxidation of NADH with
ubiquinone are the NADH:ubiquinone oxidoreductases (Fig. 10.2). The electrogenic
NADHdehydrogenases couple this reaction to the translocation of protons or sodium
ions. The products of this reaction are oxidized NAD+ and ubiquinol (UQH2). This
regeneration of NAD+ by respiration is important since only the constant supply of
NAD+ to metabolic hubs such as the TCA cycle guarantees survival and growth of
the cell. Respiratory activities of microbial membranes catalyzing the conversion
of NADH into NAD+ are easily followed spectrophotometrically in a quantitative
manner. In the UV/VIS range, the spectrum of NADH gives rise to two peaks at
340 nm and 260 nm, respectively. The adenine moiety absorbs at 260 nm, the inten-
sity being insensitive to the oxidation state. However, the nicotinamide moiety has
a strong absorbance maximum at 340 nm which decreases upon its oxidation. The
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concentration of NADH is determined with the law of Lambert-Beer, using the molar
extinction coefficient of ε340 = 6.22 mM−1 cm−1. All NADH dehydrogenases, solu-
ble andmembrane-bound alike, rely on flavin redox cofactors as primary acceptor for
the hydride (H−) which is transferred to the isoalloxazine moiety of the flavin (Leys
and Scrutton 2016). This two-reduction of the flavin cofactor is then followed by one-
electron transfer steps into other cofactors such as FeS centers located in electron
transfer distance to the flavin. Flavins are yellow-colored organic compounds with
a basic structure of a 7,8-dimethyl-10-alkylisoalloxazine. The isoalloxazine moiety
found in the flavins can readily undergo redox transitions, acting as one- or two-
electron acceptor and participates as redox carrier in nearly all metabolic pathways.
The full reduction of the flavin group requires two protons and two electrons and
can occur in a two-step reaction or at once. The precursor of all biological relevant
flavins is riboflavin (RF) a name derived from the ribityl side chain and the isoal-
loxazine ring giving rise to the yellow color. The molecule is also known as vitamin
B2. Phosphorylation of the sugar moiety yields riboflavin-5´phosphate, also called
flavin mononucleotide (FMN). Flavin adenine dinucleotide (FAD) is a riboflavin
with bound adenosine diphosphate (ADP).

Flavins are widely found in many respiratory complexes where they act as con-
verter between two-electron and one-electron transfer reaction steps. Besides NADH
dehydrogenases such as complex I (or NDH-I) (Parey et al. 2018), the NQR (Steu-
ber et al. 2015) or the non-electrogenic NDH-II (Salewski et al. 2016; Marreiros
et al. 2016b) utilize flavins as primary electron acceptor. Another prominent exam-
ple for a flavin-containing respiratory complex from bacteria is the succinate dehy-
drogenase/fumarate reductase (Maklashina et al. 2013) related to complex II of the
mitochondrial respiratory chain.

In respiratory complexes, flavins can readily be identified by UV/VIS spec-
troscopy. Flavins show strong absorbance bands around 220, 266, 375 and 447 nm.
Both the redox potential of flavins and the optical spectra vary in response to the
protein environment. To distinguish oxidized from reduced flavin, the decrease in
absorbance around 447 nm can be monitored. The extinction coefficient ( 2447 nm) in
RF, FMN and FAD decreases from 12.2, 12.2, 11.3 mM−1 in the oxidized forms,
to 0.78, 0.87, 0.98 mM−1 in the reduced forms (Weimar and Neims 1975). One-
electron reduced flavin represents an organic radical and is therefore readily detected
using electron paramagnetic resonance spectroscopy (EPR) (Barquera et al. 2003;
Brosi et al. 2014). EPR spectroscopy is a useful tool to follow inter- and intra-
electron transfer reactions in respiratory complexes. While flavins operate at the
electron input site in respiratory NADH dehydrogenases, quinones act as electron
acceptors, both in a protein-bound state, or as soluble carrier in the lipid bilayer
(Galassi and Arantes 2015). They are comprised of a lipophilic quinone head group
and a hydrophobic tail consisting of many isoprenoid units. Various quinones are
used in microbial respiration which differ in the nature of their head group, such as
ubiquinones or menaquinones. Ubiquinones (UQ) are a group of electron carriers
found in eukaryotic and prokaryotic cells, which participate in electron transfer dur-
ing cellular respiration. The ubiquinone molecule is a 5,6-dimethoxy-benzoquinone
ring containing an additional methyl group at the C3 and a conjugated isoprenoid
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side chain at the C2. The basic structure of ubiquinone is a 1,4-benzoquinone which
defines the quinone group of electron carriers. The hydrophobic side chain is com-
posed of 6–10 isoprenoid moieties with the length varying in different species. The
predominant ubiquinone in the yeast Saccharomyces cerevisiae is UQ6 (Gonzalez-
Mariscal et al. 2014). In E. coli and V. cholerae it is UQ8 (Crane 2001; Denis et al.
1975; Xu et al. 2014). The benzoquinone head group of quinones can undergo two
different redox transitions. It can either take up two electrons and two protons at
once to form ubiquinol (UQH2) or undergo consecutive one-electron reduction with
the ubisemiquinone radical as intermediate (Deller et al. 2008). The midpoint poten-
tial of the Q/QH2 redox couple is +0.1 V (Bogachev et al. 2009b). The midpoint
potentials of theQ/Q•− andQ•−/QH2 pairs are around+0.04V and+0.128V, respec-
tively (Miki et al. 1992). However, the midpoint potentials vary depending on the
protein environment (Miki et al. 1992). As a result, quinones may act in different
redox ranges in different respiratory complexes, which makes them versatile tools
for promoting intra- and inter electron transfer reaction steps in respiratory chains.
A prominent example is complex I: Using the enzyme from the yeast Yarrowia
lipolytica, the position of bound ubiquinone within the complex was recently deter-
mined by cryo electron microscopy (Parey et al. 2018). The isoprenoid side chain
determines the hydrophobicity of ubiquinones, which increases with an increasing
chain length, anchoring the molecule to the cellular membrane. Ubiquinone plays an
important role in the bacterial respiratory chain. The reduction by complex I (NDH-I)
and subsequent oxidation goes along with the association and dissociation of two
protons. Thus, redox-cycling of ubiquinone is a proposed mechanism for energy
conversion (Fig. 10.1). Other proteins using ubiquinone as prosthetic groups are the
succinate:quinone oxidoreductases, comprising succinate:quinone dehydrogenase or
the highly related quinol:fumarate reductase, an enzyme which predominantly oper-
ates in the reoxidation of quinol (Maklashina et al. 2013; Tomitsuka et al. 2009) and
ubiquinol:cytochrome c oxidoreductase (also called complex III, or cytochrome bc1
complex) (Crofts 2004). Beyond its role as electron carrier in the respiratory chain,
UQH2 and UQ are also involved in formation of free reactive oxygen species in the
cell (Muras et al. 2016). It should be stressed that besides ubiquinone, other quinones
are operative in the respiratory chains of bacteria or archaea, such asmenaquinone and
itsmethylated or demethylated forms (Hein et al. 2017). Following respiratory quinol
formation activities ofmicrobial membranes by spectrophotometry is not straightfor-
ward, since all regions of the spectrum contribute to absorption in both the oxidized
and the reduced form of the redox carrier. Moreover, natural quinones exhibit very
poor solubility in water, so very often, short chain ubiquinones with only one or two
isoprenoid side chains (ubiquinone-1, ubiquinone-2) are used in enzymatic assays.
In QH2, a red shift of the maximum is observed and the molar extinction coeffi-
cient is decreased compared to oxidized Q (Trumpower 1982). Juarez and coworkers
report a molar absorptivity at 282 nm of 2.7 mM−1 for ubiquinol and 14.5 mM−1

for ubiquinone (Juárez et al. 2009). In enzymatic assays for NADH dehydrogenases
where both NADH and UQ are added, quinone can be followed at 282 nm because
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of the low interference with NADH absorption (Juárez et al. 2011). Alternatively,
formation of UQH2 can be followed using the difference in absorbance between 248
and 267 nm (Tokuda and Unemoto 1984).

Metal-Containing Electron Carriers and Redox Cofactors

Iron-sulfur centers—Respiratory electron transfer chains need to cover a large range
in midpoint potentials, starting from the NADH/NAD couple operating around −
320mV, to redox pairs with highly positivemidpoint potentials likeH2O/O2 (E0′

m = +
0.82V). In the segment from−320 to 0mV, the abovementioned non-metal cofactors
(flavins, quinones) are ideally suited to undergo reduction and re-oxidation, coupled
to the generation of an electrochemical proton (or sodium) gradient. Typically, this
redox range is also covered by iron-sulfur centers. For example, E. coli NDH-I
(complex I) contains 9 different FeS centers (Gnandt et al. 2016).

Many different Fe–S clusters are known and about 50 different unique protein
folds for the ligation of iron-sulfur clusters are reported (Meyer 2008). Usually, the
iron-sulfur clusters are coordinated by thiol groups from cysteine residues, but lig-
ation by histidine or serine residues is also common (Beinert 2000). Additionally,
most iron-sulfur clusters contain two or more inorganic sulfur atoms that bridge the
iron atoms. While some iron-centers confer stability to certain protein domains, they
are also prone to oxidative damage. There are four major classes of iron-sulfur clus-
ters, which are characterized by the number of Fe atoms and the amount of inorganic
sulfur: [1Fe], [2Fe–2S], [3Fe–4S] and [4Fe–4S] clusters. They cover a broad range of
midpoint potentials, allowing them to participate in different physiological reactions
and redox transitions, including respiratory reactions. [1Fe] clusters or mononuclear
iron-sulfur clusters contain one iron atom that is usually coordinated by four cysteine
ligands. Therefore, they are often referred to as [Fe–S4] clusters, although they do
not contain inorganic sulfur. The [1Fe] clusters undergo a transition between the 3+

and the 2+ valence state. The redox potential of [1Fe] clusters ranges from −100
to +200 mV (Meyer 2008). [1Fe] clusters are prevalent in rubredoxins, which are
important electron carrier proteins in respiratory chains of sulfate-reducing bacteria
(Wenk et al. 2017). There are several subgroups of [2Fe–2S] clusters found in ver-
tebrates, plants, bacteria and archaea. [2Fe–2S] clusters comprise two iron atoms,
which are linked via two inorganic sulfur atoms, the so called acid-labile sulfur. The
iron atoms are usually ligated by two cysteine residues each. They are most common
in ferredoxins, which carry out electron transport in many processes, for example to
hydroxylating enzymes, such as P450 cytochromes in bacteria (Grinberg et al. 2000).
The redox potential is in the range of −305 and −455 mV (Cammack et al. 1977) or
−150 to −450 mV (Meyer 2008). In respiratory chains, a very prominent group of
[2Fe–2S] clusters are found in the so-called Rieske proteins, originally discovered
as part of complex III (also called ubiquinol:cytochrome c oxidoreductase, or bc1
complex). They share a unique structural feature, as one of the iron atoms is ligated
by two histidine residues instead of two cysteines. This ligand exchange can lead to
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an upshift of the potential in Rieske proteins as high as +100 to +400 mV (Meyer
2008). [4Fe–4S] clusters are the most abundant iron-sulfur clusters found in bacte-
rial ferredoxins. They are low potential electron carriers (redox potential:−250 to−
650 mV) which undergo a [4Fe–4S]2+,+ redox transition (Yoch and Carithers 1979).
Due to their low redox potential, such ferredoxins are mostly involved in anaerobic
metabolic pathways. However, [4Fe–4S] centers are also found in many respiratory
complexes. The E. coli NDH-I contains seven [4Fe–4S] clusters and two [2Fe–2S]
centers in its so-called peripheral arm which transfers electrons from the primary
hydride acceptor, the FMN, to the ubiquinone located in the membrane arm of this
respiratory proton pump (Gnandt et al. 2016). [3Fe–4S] clusters are structurally
reminiscent to the cubane-forming [4Fe–4S] clusters. They are important cofactors
in microbial respiratory complexes such as the succinate dehydrogenase/fumarate
reductase (Maklashina et al. 2013), or hydrogenases (Beinert 1997).

Heme cofactors—The name “cytochrome” implies that these heme-containing
proteins of cells were among the first colored proteins discovered in the early days
of biochemistry and bioenergetics. Their typical shift in absorbance upon reduc-
tion (appearance of the α- and β-absorption maxima in the wavelength range of
550–600 nm) was paramount to study and understand the flow of electrons from
NADH to oxygen in respiratory chains in energy-converting membranes (Chance
1972). In the respiratory chain from E. coli illustrated in Fig. 10.2, heme cofactors
are found, and give the name to, the two different terminal oxidases reducing O2 to
H2O, the bo oxidase (or complex IV), and the bd oxidase. Depending on the chemical
composition of the side chains of the porphyrins which ligate the central Fe atom,
the hemes are designated a, b, c or d (Nič et al. 2009). Comparing the four types of
heme, it is evident that cytochrome c is outstanding in its way of interaction with its
apoprotein. While heme a, b and d are bound via coordinate bonds to special amino
acids, heme c is tightly attached to the protein by thioetherbonds.

E. coli is a versatile, facultatively aerobic organism with bipartite respiratory
chains consisting of input and output respiratory complexes. Input modules feed
electrons to the quinone pool, for example, the NADH dehydrogenases, succinate
dehydrogenase, formate dehydrogenase, hydrogenase. Output respiratory complexes
oxidize quinols and deliver electrons to the terminal electron acceptor, for example,
the O2-reducing oxidases, Trimethylamine N-oxide (TMAO) reductase, dimethyl
sulfoxide (DMSO) reductase (Cheng and Weiner 2007), fumarate reductase (Mak-
lashina et al. 2013), nitrate reductase (Coelho and Romão 2015). In Fig. 10.2, the
components of the aerobic respiratory chain of E. coli are shown. In E. coli, elec-
trons from quinol are delivered directly to the terminal reductases; in V. cholerae,
threepartite respiratory chains exists which are reminiscent to the situation in mito-
chondria. Here, the redox gap between the quinone/quinol pair and the O2/H2O pair
allows driving an intermediate redox-driven proton pump, the ubiquinol:cytochrome
c reductase (bc1 complex, or complex III) (Crofts 2004) (Fig. 10.2). The complex III
reduces the heme cofactor of cytochrome c, the small periplasmic electron carrier,
which in turn is re-oxidized by the terminal oxidase of V. cholerae (Fig. 10.2).

Other transition metals—Many electron-input and -output modules of the var-
ious respiratory chains from E. coli which were discussed above as examples for
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flavin, heme or FeS containing respiratory complexes critically rely on additional,
redox-active transition metals, such as copper (Cu), molybdenum (Mo), nickel (Ni)
or tungsten (W). On the electron input side, the Ni-containing hydrogenases (Sargent
2016), and the Mo-containing formate dehydrogenase (Niks and Hille 2018), utilize
the high-energy electron donors H2 (midpoint redox potential 2H+/H2 = –0.42 V) or
formate (midpoint redox potential CO2/formate = −0.43 V) (Fig. 10.3b) which are
common by-products of fermentative microorganisms living in the same intestinal
habitat as E. coli. Please note that E. coli also is capable of hydrogen production
during fermentative growth, operating H2-oxidizing and H2-evolving hydrogenases
depending on the preferred catabolic route (Niks and Hille 2018; Pinske and Sawers
2016). Considering the outputmodules of theE. coli respiratory chain, some enzymes
rely on Cu,Mo orW to fulfill their functions. Binding and activation of O2 by the ter-
minal bo3 oxidase of E. coli (Fig. 10.3a) requires a heterobimetallic center consisting
of heme iron in close proximity to Cu (Borisov and Verkhovsky 2015). An Fe–Cu
bimetallic redox center also represents the active site of the recently described heme
c-copper(I) sulfite reductase (Hermann et al. 2015), a terminal reductase in dissim-
ilatory (e.g., respiratory) sulfite reduction by the microaerobic bacterium Wolinella
succinogenes. The reduction of oxidized sulfur compounds such as sulfate com-
pletes the geochemical cycle of sulfur (Fig. 10.3c). Another important respiratory
process in the geochemical nitrogen cycle is the dissimilatory reduction of nitrate
(Fig. 10.3b). In the first step, nitrate is reduced to nitrite by the respiratory nitrate
reductase (Nar) under anaerobic growth (Sparacino-Watkins et al. 2014). The Nar
belongs to the DMSO (dimethylsulfoxide) reductase family of enzymes which con-
tain the molybpterin cofactor, a metal-organic compound consisting of Mo bound
to a pyranopterin organic cofactor (Coelho and Romão 2015). The formate dehy-
drogenase introduced above as an example for an input module of anaerobic res-
piratory chains belongs to another family of molybdenum (Mo) or tungsten (W)
containing respiratory enzymes which includes formate dehydrogenases and alde-
hyde:ferredoxin reductases. In fact, many microorganisms encode separate but very
similar formate dehydrogenases containing Mo or W, respectively, with the central
metal atom being coordinated by two pyranopterins (Niks and Hille 2018). While
most bacterial formate dehydrogenases function in the direction of formate oxidation
to CO2, CO2 reduction by methanogenic archaea critically depends on Mo- and/or
W-containing formylmethanofuran dehydrogenases. These enzymes are similar to
formate dehydrogenases with respect to structure and function, although the formate
is not liberated but condenses with methanofuran (Niks and Hille 2018).

Principles of Electron Transfer Between Redox Centers
of Respiratory Enzymes

The respiratory chains depicted in Figs. 10.2 and 10.3 are composed of redox-driven,
electrogenic, H+ (or Na+)-translocating protein complexes (such as NDH-I or NQR),
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�Fig. 10.3 A structural view of respiration. a Aerobic respiration by E. coli. The electrogenic
NADH:quinone oxidoreductase (NDH-I, or complex I) oxidizes NADH and reduces ubiquinone
(UQ) to ubiquinol (UQH2) coupled to the translocation of up to 4H+ by its redox pump module,
concomitant with the exchange of Na+ by its antiporter module (Castro et al. 2016). The 3D
structure shows the holo-NDH-I from Thermus thermophilus (PDB 3M9S, Efremov et al. 2010),
which is highly similar to E. coli NDH-I (PDB 3M9C). UQH2 is oxidized by the E. coli bo3
oxidase (PDB 1FFT), an electrogenic proton pump (Abramson et al. 2000). b Anaerobic nitrate
respiration with formate inE. coli. Nitrate is reduced to nitrite by NarGHI, a molybdenum- and FeS-
containing respiratory complex (PDB 1Q16, Bertero et al. 2003), concomitant with the oxidation
of menaquinol (MKH2) to menaquinone (MK). The MKH2 is formed upon formate oxidation by
formate dehydrogenase N (FdnGHI) which also contains molybdenum- and FeS-cofactors (PDB
1KQF, Jormakka et al. 2002). The combined action of formate dehydrogenase and nitrate reductase,
together with the uptake and release of protons during MKH2 and MK formation, respectively,
results in the generation of PMF by a redox-loop mechanism. c Respiratory complexes and electron
carriers participating in dissimilatory sulfate reduction. Note that the depicted 3D structures do
not originate from one single microorganism. Hyd, hydrogenase from Desulfovibrio desulfuricans
(PDB1E3D,Matias et al. 2001);Cyt c3, tetraheme type I cytochrome c3 fromD. desulfuricans (PDB
1I77, Einsle et al. 2000); QrcABCD, quinone reductase complex (Venceslau et al. 2011). Hyd, Cyt
c3 andQrc form a supercomplex (Venceslau et al. 2011). DsrMKJOP, aMKH2—oxidizing complex
from D. desulfuricans (Pires et al. 2006); dSiR, dissimilatory sulfite reductase from Archaeoglobus
fulgidus (PDB3MMB,Parey et al. 2010).Themenaquinol pool can either beoxidizedbyDsrMKJOP
or QmoABC (Duarte et al. 2018). Electrons from DsrMKJOP are transferred to dSiR via the thiol-
redox active DsrC protein component of dSiR (Santos et al. 2015). Sulfite (SO3

2−) is formed by
reduction of adenosine 5′phosphosulfate (APS) under release of adenosine monophosphate (AMP).
The 3D structure of APS reductase from A. fulgidus (PDB 1JNR, Fritz et al. 2002) is shown. The
QmoABC complex transfers electrons from MKH2 to the APS reductase (Ramos et al. 2012)

of electron-transferring proteins which do not generate a transmembrane potential
(such as cytochrome c) , and of small, redox-active organic molecules (such as
ubiquinone-8, the substrate of NDH-I and NQR). A functional respiratory chain
must catalyse substrate oxidation-reduction including bond breaking or bond for-
mation at catalytic sites, inter- and/or intramolecular electron transfer, and primary
energy conversion (that is, charge separation across the membrane dielectric). These
different functions are performed by specialized components of the respiratory
chains (Fig. 10.3). Unlike higher organisms, bacteria and archaea may combine
different components of their respiratory chains to utilize various substrates for
respiration, which is the basis for their exceptional metabolic diversity (Marreiros
et al. 2016a). But despite their large differences, all these different respiratory chain
components share a common function in catalysing electron transfer reactions. This
is achieved with the help of protein-bound redox centers arranged in linear chains, as
exemplified for the NQR sodium pump with its flavins and FeS centers (Fig. 10.4).
The question if two redox centers located at a given distancewithin a protein complex
may exchange electrons can be answered by applying the Marcus theory of electron
transfer (Marcus and Sutin 1985). The Marcus theory states that electron transfer
rates between the donor (for example, the FAD in subunit NqrF of the NQR) and the
acceptor (for example, the [2Fe-2S] cluster in subunit NqrF of the NQR) (Fig. 10.4)
depend on the difference in midpoint redox potentials of the two, the distance
between them, and the input of energy which is required to change the geometry
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of the pre- to the post-electron transfer product(s). In subunit NqrF which catalyses
the initial step of NADH oxidation in the NQR complex, the distance between the
hydride-accepting FAD and the neighbouring [2Fe-2S] center is 9.8 Å (Steuber et al.
2014), and the midpoint redox potentials are FADH2/FAD = −200 mV, and [2Fe-S]
red/ox = −270 mV (Bogachev et al. 2009a). This example illustrates that midpoint
redox potentials of cofactors determined under equilibrium conditions do not solely
determine if electron transfer is possible, since electron transfer from the more
positive donor (reduced FAD) to the more negative acceptor (oxidized [2Fe-2S]
cluster) is observed experimentally upon reduction of the NQR byNADH (Bogachev
et al. 2009a). As shown with many biological or synthetic redox-active proteins or
compounds, productive electron transfer between two redox cofactors occurs from
near van der Waals contact to about 13–14 Å (Page 2003). Applying this rule of
thumb to the NQR, the distances between some cofactors which exchange electrons
as confirmed in kinetic experiments (Bogachev et al. 2009a) are far too large for
productive electron transfer when considering their observed position in the 3D
structure of the NQR. This strongly suggests that the NQRundergoes conformational
changes during turnover, and that the observed 3D structure represents one among
different structural states of this respiratory machine (Steuber et al. 2014). It is
concluded that the NQR is a conformational pump: redox reactions elicit movements
of domains of the proteins to promote uphill Na+ transport across the membrane.

Coupling of Electron Transfer to Cation (H+ or Na+)
Translocation

The central question in respiration is: How does exergonic electron transfer drive
the endergonic, i.e. against a prevailing electrochemical potential, transport of the
coupling cation (H+ or Na+)?

Although the study of sodium-ion translocating pumps offers some benefits over
the study of proton translocating pumps (see below),most of our recent understanding
of the coupling process in redox driven ion translocation comes from the studies of
the bacterial andmitochondrial complex I. A breakthrough clearly was the identifica-
tion of the NDH-I structure when the redox steps could be linked to distinct structural
features of the protein (Berrisford and Sazanov 2009; Efremov and Sazanov 2011;
Sazanov and Hinchliffe 2006). The bacterial complex I usually consists of 14 sub-
units (or 13 for E. coli) and resembles an L-shape. Although bacterial complex I is
very similar to the mitochondrial counterpart in terms of function, the latter is quite
larger and comprises up to 46 subunits (>900 kDa) (Carroll et al. 2002). However,
the 13 subunits, which are found in NDH-1 show a high homology to the according
subunits found inmitochondrial complex I, and therefore seem to core module of this
proton pump. The additional subunits found in the eukaryotic enzyme seem to exert
mainly stabilizing effect. The structure as described by Efremov et al. (2010), shows
that the protein complex can be divided in a hydrophilic and a hydrophobic part. The
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Fig. 10.4 Crystal structure of the NQR and intraelectron transfer from NADH to quinone. The
electron donor NADH is oxidized to NAD at the cytoplasmic NqrF subunit (step 1) and transfers
the electrons via the cofactors of subunits indicated with letters in lower case (steps 2–6 via FADF,
2Fe-2SF, Fe-SD/E FMNC, FMNB and RBF) to the electron acceptor ubiquinone (UQ8,), which
is reduced to ubquinol (UQH2) (step 8). Dioxygen is an alternative electron acceptor, which can
be reduced to superoxide (O•−

2 ) by electrons deriving from FADF and FMNB at the cytoplasm or
periplasm, respectively. Subunits A, F show hydrophilic domains located towards the cytoplasm
whereas subunit C is located towards the periplasm. NqrAFC have membrane associated anchor
domains, whereas subunits B, D, E are rather hydrophobic and membrane associated. The transport
of the sodium ion is assumed to take place at subunit B. Figure adapted fromPDBfile 4UAJ (Steuber
et al. 2014)
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subunits that make up the membrane domain are NuoA, NuoM, NuoN, NuoJ, NuoK,
andNuoL,with the latter comprising a large amphipathic a-helix, spanning nearly the
wholemembrane domain (Efremov et al. 2010). The three subunitsNuoM,NuoNand
NuoLcontain several conserved amino acids are highly homologous to each other and
to cation/proton antiporters (MRP) (Mathiesen and Hägerhäll 2002). They are gen-
erally regarded the pumping module of complex I, with each subunit exhibiting two
half channels through the membrane, which are thought to gate the protons from the
one side of the membrane to the other. An additional channel is found at the interface
between NuoN, NuoK, NuoJ (Efremov and Sazanov 2011). The electron input mod-
ule is represented by the hydrophilic domain, which protrudes into the cytoplasm and
which accommodates the redox cofactors—one FMN and nine iron sulfur clusters
(Hinchliffe and Sazanov 2005). Electron transfer then terminates in ubiquinone and
most likely occurs at the interface between the hydrophilic and hydrophobic domains
involving subunits NuoA,NuoJ andNuoH (Efremov et al. 2010). Thisway the proton
translocating module in the membrane and electron transfer are spatially separated
by roughly 100 Å, addressing the need for a long-distance coupling mechanism.
The discussion of how electron transfer and proton translocation are interconnected
is still highly discussed.

The most plausible scenario at the time is a purely indirect coupling mode involv-
ing energy transfer of electrostatic interactions proceeding from the fully reduced
ubiquinone headgroup (Efremov and Sazanov 2012). In this scenario, electrons from
NADH are transferred along the iron-sulfur clusters to cluster N2 and finally to
ubiquinone in the UQ chamber. The electrostatic interaction is relayed to the proton
channels via a series of charged residues half way through the membrane, starting
with an Asp/Glu quartet from the UQ chamber, which is referred to as the E-channel
(Berrisford et al. 2016). These interactions lead to differentiated solvent exposure
and protonation of key residues in each of the half-channels, which results in pro-
ton translocation. This way three protons are translocated through subunits NuoL,
NuoM, NuoN, and the fourth proton beeing translocated through the E-channel at the
interface between subunits NuoN, NuoK and NuoJ (Berrisford et al. 2016; Efremov
and Sazanov 2011).

Other models for proton translocation by complex I combine direct and indirect
mechanisms.Thus, ubiquinonebesides its role asmediator for conformational change
can act as “chemical gate” (Verkhovskaya andBloch 2013) capturing and releasing (1
or 2) protons at opposite sides of themembrane (Treberg andBrand 2011;Nakamaru-
Ogiso et al. 2010; Ohnishi et al. 2010b). In these models, the role of the membrane
subunits NuoL, NuoN, and NuoM as proton translocating modules is not challenged,
still being crucial for the translocation of the remaining protons.

Although progress is being made, the complete understanding of the mechanics,
which links electron transfer to the translocation of protons requires intensive stud-
ies. In this context, it is worthwhile to study sodium ion -translocating rather than
proton -translocating pumps, since the proton concentration is usually restricted to
a very narrow pH range of 6–8, depending on the proton pump being studied. In
contrast, variation of the coupling ion concentration is very easy in the case of Na+

pumps. Therefore, Na+ pumps offer the possibility to identify Na+-dependent step(s)
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during the catalytic cycle. The human pathogenVibrio cholerae is the causative agent
of Cholera, a severe diarrheal disease (Clemens et al. 2017). V. cholerae does not
possess an electrogenic NADH:quinone oxidoreductase (NDH-I) belonging to the
complex I family of NADH dehydrogenases. Instead, it relies on a Na+-translocating
NADH:quinoneoxidoreductase (NQR), themain producer of transmembrane voltage
(��) in V. cholerae (Vorburger et al. 2016) (Fig. 10.2). The NQR is a model system
to study the coupling of redox reactions to Na+ pumping, and elucidate general prin-
ciples of respiratory pumps. It allows studying the Na+ dependence of intraelectron
transfer reactions, which led to the proposal that Na+ uptake is preceded by electron
transfer from the [2Fe–2S] cluster on subunit NqrF to the covalently attached flavin
mononucleotide (FMN) on subunit NqrC (Juárez et al. 2010).

Per NADH oxidized and Q reduced to QH2, NQR transports 2Na+ from the
cytoplasm to the periplasm, as determined in vivo (Bogachev et al. 1997). Li+ is
also transported by NQR, but results in diminished �� (Juárez et al. 2009), which
could be due to some back-flow of the smaller Li+ through a cation channel in NQR
(Toulouse et al. 2017). The NQR is composed of six different subunits NqrABCDEF,
which harbor FAD, FMN, riboflavin, ubiquinone-8 (Q8) and twoFeS centers as redox
cofactors (Barquera 2014; Belevich et al. 2016; Fritz and Steuber 2016; Reyes-Prieto
et al. 2014; Steuber et al. 2014, 2015; Verkhovsky and Bogachev 2010). The current
opinion on the electron transfer pathway in NQR is summarized in the following
scheme (see also Fig. 10.4):

NADH → FADNqrF → [2Fe–2S]NqrF → FeNqrD/NqrE → FMNNqrC → FMNNqrB →
RiboflavinNqrB → Q8NqrA

The X-ray structure of the entire Na+-NQR complex at 3.5 Å resolution was
determined and complemented with high resolution structures of NqrA, NqrC and
NqrF (Steuber et al. 2014) (Fig. 10.4).With the exception of the boundUQ8molecule,
all redox cofactorswere localized in the 3D structure ofNQR.The number of quinone
interaction sites in NQR is discussed controversially, but it seems likely that the
cytoplasmic NqrA subunit harbors at least one molecule of UQ8 (Ito et al. 2017;
Nedielkov et al. 2013; Strickland et al. 2014; Tuz et al. 2017). Very unexpectedly,
the 3D structure of the NQR revealed that the largest membrane-bound subunit,
NqrB, exhibits high structural similarity with the ammonium transporters Amt-1
and AmtB (Andrade et al. 2005; Khademi et al. 2004) and urea transporter (UT)
(Levin et al. 2009), despite the lack of sequence similarity between NqrB and these
secondary transporters. NqrB, Amt and UT comprise the so-called Amt/MEP/Rh
ammonium transporter domain (interpro entry code IPR024041) which consists of
two structural repeats, each with five transmembrane (TM) helices, yielding a 10
TM transporter module with one inner, central pore (Minocha et al. 2003). Amt is
a homotrimer, providing a total of three pores for substrate transport, whereas the
single NqrB subunit in NQR offers one channel through the complex, as predicted
from the structural analysis of the NQR complex (Steuber et al. 2014). Amt is a
secondary system which promotes cation flux along an existing electrochemical
gradient, while NQR is a primary pump catalysing the uphill transport of Na+ (or
Li+), most likely through subunit NqrB. To this end, NqrB acquired additional redox
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domains harbouring the covalently linked FMN at the periplasmic side, and the non-
covalently bound riboflavin at the cytoplasmic side of NqrB (Steuber et al. 2014).
The channel in NqrB comprises cytoplasmic and periplasmic vestibules which are
connected by a narrow passage. This constriction in V. cholerae NqrB is formed
by two conserved phenylalanine residues (F342 and F338) also found in the related
NAD:ferredoxin oxidoreductase complex (Reyes-Prieto et al. 2014). F342 and F338
are located on TM VIII of NqrB which narrows the pore when compared with the
channel in Amt. As a consequence, the aromatic side chains from F342 and F338
close the passage connecting the two vestibules of NqrB, as observed in the 3D
structure of oxidized NQR (Steuber et al. 2014). To promote the uptake of Na+, one
expects negatively charged or polar residues in the entrance of the channel. Most
likely, the highly conserved residue D346 located at the bottom of the cytoplasmic
vestibule, above the presumed gate formed by the aromatic moiety of F342, is part
of the Na+ recruitment site in NqrB. Movement of the “gating residues” F338 and
F342 in helix VIII out of the cation pathway to open the pore could be triggered by
a redox-induced change in the position of transmembrane helix X, a key event in the
pumping cycle of NQR (Steuber et al. 2014, 2015).

This proposed mechanism of redox-driven Na+ transport by NQR needs to be fur-
ther substantiated. Crystallographic and electron microscopic approaches to obtain
an improved 3D structure of NQR at higher resolution, together with functional
studies of variants of the NQR obtained by mutagenesis of predicted Na+ ligands or
cofactors, will reveal general insights into the mechanism of electron transfer-driven
cation transport by respiratory complexes.

NqrB,NqrC,NqrD, andNqrE are homologous to subunits RnfD, RnfG, RnfE, and
RnfA of the RNF (rhodobacter nitrogen fixation) complex. The genes encoding for
RNF were first discovered by studying Rhodobacter capsulatus mutants deficient in
nitrogen fixation, suggesting a role of the complex in electron transfer to nitrogenase
(Schmehl et al. 1993). The RNF complex from Acetobacterium woodii was shown
to catalyze redox-driven Na+ transport (Hess et al. 2013; Westphal et al. 2018). The
RNF complex uses ferredoxin (ox/red) and NAD(H) as substrates, and therefore is
also termed NFO (NAD+:ferredoxin oxidoreductase) (Boiangiu et al. 2005). Both
Na+-NQR and the RNF/NFO complexes are composed of six subunits, respectively,
but only the central core of the complexes is conserved with regard to primary
sequences and cofactor composition. The core of NQR and RNF consist of the
three integral membrane subunits: RnfD (NqrB), RnfE (NqrD), and RnfA (NqrE),
and the membrane-anchored RnfG (NqrC) (homologous Nqr subunits in brackets).
This central part comprising four conserved subunits is considered to represent the
minimal, functional unit of the NQR/RNF family of redox-driven cation pumps.
NqrC is anchored via a single transmembrane helix to the membrane core of the
NQR complex (Steuber et al. 2014). One can expect a similar structural orientation
of RnfG in the RNF complex. NqrC/RnfG, like NqrB/RnfD, carries a covalently
attached FMN cofactor (Backiel et al. 2008). According to the proposed mechanism
of redox-driven Na+ transport by NQR (Steuber, Vohl et al. 2014), the covalently
attached FMN of NqrB might control the passage of Na+ through the presumed
channel in NqrB in a redox-dependent manner.
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As the related RnfD subunit also carries a covalently attached FMN, it is tempting
to speculate that both NQR and RNF complexes exhibit the very same mechanism
of redox-driven Na+ (or H+) transport, despite their large differences with regard
to their electron-accepting and electron-donating modules. Notably, subunits NqrA
and RnfC are only weakly related. In case of RnfB, there is no homolog in the NQR
complex (Reyes-Prieto et al. 2014). RnfB is proposed to represent the subunit which
interacts with exogenous ferredoxin: depending on the direction of electron trans-
fer and cation transport through the NFO/RNF complex, ferredoxin acts as electron
donor or acceptor, respectively (Buckel and Thauer 2013). In the NQR complex, sub-
unit NqrA participates in binding of the substrate quinone, thus comprises a quinone
binding site (Nedielkov et al. 2013). In the RNF complex, RnfC shows some weak
relation to NqrA and might represent the subunit for binding of NADH or NAD,
either accepting or donating a hydride (Buckel and Thauer 2013). Other redox cen-
ters in the RNF complex which are not found in the NQR are two [4Fe–4S] centers
and one FMN on subunit RnfC which interacts with NAD(H). RnfB which interacts
with ferredoxin contains motifs for four [4Fe–4S] clusters and one [3Fe–4S] cluster
(Buckel and Thauer 2013). It was also suggested that RnfB may ligate six [4Fe–4S]
clusters (Reyes-Prieto et al. 2014). These assignments were based on sequence anal-
yses and await biochemical verification.

AlthoughRNFandNQRcomplexes differ in cofactor composition in their electron
input and output modules (NqrF and NqrA, versus NfoC and NfoB), they utilize
the same set of cofactors located in their highly conserved, membrane-embedded
RnfAEGD or NqrEDCB subunits which are the key elements responsible for redox-
dependent cation transport. There is recent evidence for proton transport by the
RNF complex from Clostridium ljungdahlii (Tremblay et al. 2013), while all NQR
complexes studied so far exclusively acted as Na+ pumps. Comparing the molecular
properties of H+- with Na+-translocating RNF complexes will give insight into the
principles of cation selectivity in the NQR/RNF family of redox pumps.

Respiration and Oxidative Stress

The last step in aerobic respiration is the conversion of O2 into H2O. In aerobic and
microaerophilic bacteria or archaea, this step is catalyzed by terminal oxidases. This
enzyme catalyzes the reduction of O2 into H2O concomitant with the generation
of a proton (or sodium) motive force. The full reduction of O2 into two molecules
of H2O requires 4e− and 4H+. For example, the reduction of O2 by cytochrome
c oxidase from Paracoccus denitrificans requires reduced cytochrome c as a one-
electron carrier. Oxidation of cytochrome c goes along with the translocation of
1H+/e− across the membrane, since the P. denitrificans oxidase represents a true
proton pump (Eq. 10.3):

4Cyt cred + O2 + 8H+
in → 4Cyt cox2H2O + 4H+

out (10.3)
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During Earth’s history rising oxygen content in the atmosphere introduced dioxy-
gen (O2) as a terminal electron acceptor for respiration. The advantages for aerobic
respiration compared to anaerobic organisms are immense due to the high oxidizing
power of dioxygen (E0′

m = + 0.82 V) as compared to other electron acceptors, like
S0 (E0′

m = −0.27 V) or CO2 (E0′
m = −0.25 V). On the downside, dioxygen can also

undergo transformation into partially reduced forms, and form so called reactive
oxygen species (ROS), which are capable to carry out deleterious reactions inside
the cell.

Superoxide (O•−
2 ) and hydrogen peroxide (H2O2) are the predominant ROS

molecules formed during stepwise electron reduction of dioxygen into superoxide,
hydrogen peroxide, hydroxyl radical and water (Eq. 10.4):

O2
e−→O•−

2
2H++e−→ H2O2

H++e−→ •OH + H2O
H++e−→ 2H2O (10.4)

During aerobic respiration superoxide and hydrogen peroxide are formed when
dioxygen receives electrons from reduced cofactors within proteins. This phe-
nomenon is known for numerous electrogenic enzymes linked to respiration, e.g.
complex I (Turrens and Boveris 1980), complex II (Zhang et al. 1998) and complex
III (Boveris et al. 1976) of the respiratory chain. In complex I (or NDH-I), there are
two putative sites, which are discussed to participate in the formation of superox-
ide. (I) The first site is the iron-sulfur cluster N2, which is the terminal FeS center
in a chain comprising a total of 8 FeS centers, and which acts as electron donor for
ubiquinone. Thus, ROS are produced bymisguided electron transfer to protein bound
ubiquinone or ubisemiquinone (Genova et al. 2001; Ohnishi et al. 2005). (II) The
second site is the electron input module, i.e. the NADH binding pocket. The NADH
binding pocket in complex I consists of a non-covalently bound FMN and a binuclear
iron-sulfur cluster in close proximity. FMN acts as primary electron acceptor, receiv-
ing a hydride from NADH and transferring electrons to the iron-sulfur cluster. The
reduced FMN cofactor, which is exposed to the surrounding medium is thought to
accidently reduce dioxygen (Kussmaul and Hirst 2006; Ohnishi et al. 2010a; Pryde
and Hirst 2011). It is still under debate whether the one- or the two- electron reduced
FMN catalyzes this reaction. The NQR from V. cholerae, contains two cofactors,
FMN in NqrB and FAD in NqrF with are believed to deliver electrons to the alter-
native electron acceptor dioxygen during aerobic respiration (Fig. 10.4) and thus
produce ROS (Lin et al. 2007; Muras et al. 2016).

ROS radicals, especially hydroxyl radicals are known to induce DNA double
strand breaks, protein damage and paves the way for lipid peroxidation (Halliwell
2006; Mailloux 2015). Lipid peroxidation is very likely to occur in eukaryotic cells,
but less likely to happen in bacterial cells. This is explained by to the lipid composition
in bacterialmembranes. Bacterial lipids aremostly saturated ormonounsaturated and
not prone to peroxidation. Whereas polyunsaturated fatty acids provide with their
methylene moieties surrounded by double bonds a target for lipid radical formation,
resulting in a radical chain reaction andmembrane decomposition. However, bacteria
and archaea suffer from DNA damage by ROS. Neither O•−

2 , nor H2O2 directly
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damage DNA, but hydroxyl radicals introduce DNA mutations by oxidizing ribose
and bases (Imlay 2013). Protein damage byROS is a result of the oxidation of cysteine
residues and decomposition of protein iron cofactors. Oxidation of mononuclear iron
or iron-sulfur centers results in loss of protein structure and function and may lead to
mismetalation of those proteins as well as an increase in free iron (Imlay 2013). In
aerobically respiring E. coli, increase in oxidative stress by exposure to redox-active
chemicals such as paraquat results in growth retardation and auxotrophy for amino
acids due to the inactivation of a plethora of proteins (Benov and Fridovich 1999;
Boehm et al. 1976).

In primordial anaerobic life iron was easily accessible and was integrated in
many redox proteins, because of its probability to switch between multiple oxida-
tive stages. Thus, iron is still a common cofactor in respiratory enzymes such as
NDH-I (complex I), NQR, or succinate dehydrogenase/fumarate reductase. In aer-
obic life the capability of free iron to react with oxygen species makes it also toxic
(Valko et al. 2005). Fe2+ can react with hydrogen peroxide and forms reactive
hydroxyl radicals in the so-called Fenton chemistry (Eq. 10.5):

Fe2+ + H2O2 → Fe3+ + •OH + OH− (10.5)

To protect from ROS-derived DNA or protein damage, mechanisms evolved in
bacteria and archaea to overcome oxidative stress. These are (I) anaerobic or
microaerophilic lifestyle, (II) conversion of ROS to harmless products, (III) repair
mechanisms for DNA and proteins.

O•−
2 can be converted to hydrogen peroxide (H2O2) via the superoxide dismutase

(SOD) (Fridovich 1978).

Superoxide Dismutase

Net reaction: 2O•−
2 + 2 H+ → O2 + H2O2

O•−
2 + SODox → O2 + SODred

O•−
2 + SODred + 2 H+ → H2O2 + SODox

SODred/ox: Cu1+/2+, Mn2+/3+, Fe2+/3+, Ni2+/3+

H2O2 is converted to dioxygen and water via the catalase/peroxidase (Lushchak
2014; May 1901):

Catalase

Net reaction: 2H2O2 → O2 + 2H2O

H2O2 + Catalase-Fe3+ → H2O + O = Catalase-Fe4+

H2O2 + O = Catalase-Fe4+ → O2 + H2O + Catalase-Fe3+

It should be stressed that ROS are a common side product of aerobic respiration.
It is therefore not surprising that the reactivity of ROS towards FeS centers is utilized



324 V. Muras et al.

for O2 signaling in many bacteria and archaea, allowing regulatory switches for the
shift of aerobic to anaerobic respiratory pathways, and vice versa (Mettert and Kiley
2017).

Recently, it was shown that H2O2 acts as terminal electron acceptor in E. coli
living in an anoxic environment. Under these conditions, and upon sudden exposure
to low O2 or H2O2, the periplasmic cytochrome c peroxidase acts as respiratory
oxidase, allowing electron transfer from ubiquinol to H2O2 at rates comparable to
anaerobic respiration rates (Khademian and Imlay 2017).

Bioenergetics—Lessons Learned and Future Perspectives

Respiratory Enzymes as Novel Targets for Antibiotics

Mankind faces a global healthcare crisis caused by antimicrobial resistance. There is
desperate need to find novel drugs that effectively eradicate pathogens. One strategy
to overcome resistances is to modify known drugs acting against one of the three
target systems in bacteria (drug classes in brackets): (I) DNA structure/transcription
(quinolones), (II) ribosome/translation (macrolides, tetracyclines, aminoglycosides),
or (III) cell wall/peptidoglycan synthesis (β-lactams). Another strategy is to consider
new, so far unexploited targets, e.g. the energy-producing, respiratory complexes of
bacteria.

An example for a new drug, which targets the bacterial energy metabolism is
bedaquiline. Bedaquiline showes antimicrobial activity by inhibiting the membrane-
bound ATP synthase of Mycobacterium tuberculosis (Andries et al. 2005).

The Na+-translocating NADH:quinone oxidoreductase (NQR) represents a novel,
but well-characterized drug target that occurs only in Gram-negative bacteria. The
NQR is widespread amongmany pathogens including Pseudomonas aeruginosa and
Klebsiella pneumoniae, which top the list of dangerous pathogens published by the
WHO. It has been shown that the NQR is essential for virulence of Vibrio cholerae
(Merrell et al. 2002; Minato et al. 2014) and Chlamydia trachomatis (Dibrov et al.
2017). NQR catalysis an essential reaction that is analogous to mitochondrial com-
plex I, but NQR exhibits a completely different architecture, different subunits and
mechanism. In P. aeruginosa, subunit NqrA was identified as intracellular target for
human antimicrobial peptides (Lee et al. 2016). Here, electron transfer is inhibited
by 2-heptyl-4-hydroxyquinoline N-oxide (HQNO), a major secondary metabolite
produced by P. aeruginosa. HQNO represents a quinone-type inhibitor which inter-
feres with binding of the quinone substrate to NqrA, as shown by us using NMR
spectroscopy (Nedielkov et al. 2013).

Another promising natural inhibitor against NQR-containing bacteria is
Korormicin, which originally was obtained from Pseudoalteromononas sp. F-420
(Yoshikawa et al. 1997). Inhibitory action of Korormicin against the NQR complex
was demonstrated in Vibrio sp. (Yoshikawa et al. 1999), but its action against NQR
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fromK. pneumoniae andP. aeruginosa has not yet been tested.A synthetic compound
derived thereof was developed and showed inhibitory properties on Chlamydia tra-
chomatis (Dibrov et al. 2017). Another inhibitor of NQR is Ag+ which binds at the
active site of subunit NqrF. This subunit catalyzes the oxidation of NADH (Fadeeva
et al. 2011).

Besides direct inactivation of the primary Na+ pump, an indirect effect on energy-
dependent efflux pumps is expected since the Na+ pump is the major generator of the
electrochemical gradient required for the expulsion of antibiotics (Fig. 10.2). This
paves the way for a combinatorial therapeutic approach where known antibiotics
are administered together with a second drug, acting against the primary Na+ pump.
Pathogens which are resistant due to the action of an efflux pump again will regain
sensitivity towards an antibiotic because the electrochemical Na+ gradient (outside
positive) is no longer maintained by the NADH-oxidizing Na+ pump. A success-
ful example of a combinatorial therapy was reported for treatment of an infection
with K. pneumoniae (extended spectrum β-lactamase producing strain) after co-
administration of carbapenem (blocks cell wall synthesis) with an amino glycoside
(blocks translation, Tamma et al. 2012). This therapeutic option is at risk in view
of the rise in carbapenem-resistant, Gram-negative pathogens. Targeting respiratory
enzymes frombacteriawhich differ sufficiently from the eukaryotic counterpartswith
novel inhibitors specific against bacterial respiration, but not harmful with respect to
the host, is an opportunity for the development of antibiotics in the future.

The Past and the Future of Respiration

The cradle of life, or more precisely, the origin of the last universal common ancestor
(LUCA), is a problem constantly debated, but all theories must deal with the prob-
lem of an energy-conserving, biological membrane: How could it evolve in such
a manner as to protect the organism from the outside world, but at the same time
allow passage of selected cations and substrates against, or along, electrochemical
potentials by sophisticated proteins? One theory is highlighted here since it relies on
the action of two very ancient respiratory complexes: the ancestors of today’s ECH
hydrogenase and F1FO ATP synthase. According to Nick Lane and coworkers, these
two ancient respiratory complexes acted together in membranes still leaky for pro-
tons, relying on chemical proton gradients offered “for free” by geothermal activity.
Their combined action provided energy in form of ATP to LUCA in a primordial
world with hydrothermal vents where alkaline fluids were exposed to acidic ocean
water (Sojo et al. 2016).

Player 1 is the ECH hydrogenase, a Ni- and FeS centers containing, membrane-
bound enzyme catalyzing the endergonic oxidation of H2 with ferredoxin, an FeS
center-containing redox carrier, powered by the influx of protons into the primordial
microorganism along the chemical gradient. Player 2 is the ATP synthase, catalyzing
the endergonic synthesis of ATP from ADP and phosphate, also powered by the
influx of protons from the acidic (external) to the alkaline (inner, or “cytoplasmic”)
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milieu. Together, these two players provide the essentials of an early pathway of CO2

fixation operative before true proton (or sodium) pumping across tight biological
membranes evolved. Only later, these two complexes gained the capacity for the
reverse reaction, e.g. proton (or Na+) pumping across tight membranes, making
LUCA independent from its first habitat in alkaline, hydrothermal vents. Why is
this theory attractive from a bioenergetics perspective? ECH hydrogenase and ATP
synthase are the respiratory complexes still operative in both prokaryotes and archaea
today, and the core membrane module of ECH is evolutionary related to the central,
redox-energy converting module of the electrogenic NDH-I (NADH dehydrogenase,
or complex I), the first electron input machine in many respiratory chains (Yu et al.
2018).

Since chemiosmotic coupling is of central importance for every living cell, it is
the biggest hurdle in ongoing attempts to generate a minimalistic, synthetic (micro)-
organism. Once high energy electrons are provided (either from external electron
donors such as H2, or from a light quantum), their flow into membrane-embedded
redox proteins must be coupled to gradient formation which in turn drives ATP syn-
thesis. Synthetic biology and bio design rely on the knowledge derived from studying
simpler respiratory enzymes and processes in the prokaryotic world (Anderson and
Koder 2016). The design of a respiring, energy-converting microorganisms seems a
far-fetched goal, but the application of bioenergetics principles derived from micro-
bial respiratory enzymes led to the invention of simple, man-made cofactor-binding
proteins (“maquettes”) (Fry et al. 2016). These maquettes are promising, biotech-
nological tools for improved catalysis, energy conversion, fuel production or waste
removal. They will help to optimize the bioenergetics conversion of chemical into
electrical energy (Minteer 2016), hopefully providing solutions for sustainable pro-
duction and usage of energy in the future.
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Chapter 11
Inner Membrane Translocases
and Insertases

Jozefien De Geyter, Dries Smets, Spyridoula Karamanou
and Anastassios Economou

Abstract The inner membrane of Gram-negative bacteria is a ~6 nm thick phospho-
lipid bilayer. It forms a semi-permeable barrier between the cytoplasm and periplasm
allowingonly regulated export and import of ions, sugar polymers,DNAandproteins.
Innermembrane proteins, embedded via hydrophobic transmembraneα-helices, play
an essential role in this regulated trafficking: they mediate insertion into the mem-
brane (insertases) or complete crossing of the membrane (translocases) or both. The
Gram-negative inner membrane is equipped with a variety of different insertases
and translocases. Many of them are specialized, taking care of the export of only a
few protein substrates, while others have more general roles. Here, we focus on the
three general export/insertion pathways, the secretory (Sec) pathway, YidC and the
twin-arginine translocation (TAT) pathway, focusing closely on the Escherichia coli
(E. coli) paradigm. We only briefly mention dedicated export pathways found in dif-
ferent Gram-negative bacteria. The Sec system deals with the majority of exported
proteins and functions both as a translocase for secretory proteins and an inser-
tase for membrane proteins. The insertase YidC assists the Sec system or operates
independently on membrane protein clients. Sec and YidC, in common with most
export pathways, require their protein clients to be in soluble non-folded states to fit
through the translocation channels and grooves. The TAT pathway is an exception,
as it translocates folded proteins, some loaded with prosthetic groups.

Keywords Protein secretion ·Membrane insertion · Inner membrane · Sec ·
YidC · TAT · Signal peptide · Translocation · Protein folding · Export pathways ·
Co-translational · Post-translational · Chaperones
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List of Abbreviations

APH Amphipathic helix
BAM B-barrel assembly machinery
CU Chaperone-Usher
E. coli Escherichia coli
IRA Intramolecular regulator of ATPase
MD Mature domain
MTS Mature domain targeting signal
NBD Nucleotide binding domain
OMVs Outer membrane vesicles
PBD Preprotein binding domain
PMF Proton motive force
prl Protein localization
REMPs Redox enzyme maturation proteins
RNC Ribosome-nascent chain complex
SD Scaffold domain
Sec pathway Secretory pathway
SP Signal peptide
SRP Signal recognition particle
TAM Translocation and assembly module
TAT Twin-arginine translocation
TF Trigger factor
TMH Transmembrane helix
TXSS Type X secretion system

Introduction

All proteins are synthesized at cytoplasmic ribosomes. These unfolded amino acyl
polymers need to find their correct location in the compartmentalized cell and acquire
their native functional state (De Geyter et al. 2016). These processes are very impor-
tant considering that both protein misfolding (Hartl 2017) andmislocalization (Hung
and Link 2011) are deleterious and lead to disease.

In Gram-negative bacteria the inner membrane forms a semi-permeable barrier
between the cytoplasm and the periplasm with tight control of the energy-dependent
transport of ions and polymers. The outermembrane separates the periplasm from the
extracellular environment and is also semi-permeable but with narrow porin chan-
nels and larger energized-channels that contact the inner membrane. In Escherichia
coli (E. coli), the premier Gram-negative bacterial model system, ~35% of all pro-
teins are located and function in extra-cytoplasmic locations (De Geyter et al. 2016;
Orfanoudaki and Economou 2014). These have one thing in common: they must
insert into or cross the inner membrane. Proteins that get inserted are membrane
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proteins and are collectively called the membranome. Proteins that fully cross the
membrane are secretory proteins and collectively called the secretome. To accom-
modate the structural particularities of the many different proteins and subcellular
locations, cells are equipped with several translocation systems and accompanying
specialized pathways (De Geyter et al. 2016; Cline 2015; Tsirigotaki et al. 2017).
The main translocation pathway in the bacterial inner membrane is the secretory
(Sec) pathway. A smaller number of proteins use the YidC or the twin-arginine
translocation (TAT) pathways (Fig. 11.1a, left).
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Fig. 11.1 Protein export systems inGram-negative bacteria and co- and post-translational targeting
to the Sec system. a Protein export systems in IM and OM for targeting, sorting and translocating
the ‘exportome’. YidC (light blue); TAT (orange) and general Sec (yellow) pathway form the core
export systems in the IM (remaining export systems in dark green). b Targeting and sorting to the
Sec system for 2-step pathways. Preproteins (orange) with SPs (green) synthesized at cytoplasmic
ribosomes are sorted and targeted to Sec complex, composed of SecYEG (yellow) and SecDF-YajC
(brown). Co-translational translocation involves YidC (light blue) and is directed by SRP (purple) to
its receptor FtsY (pink). Post-translational targeting to SecYEG involves ATPasemotor SecA (blue)
and chaperones TF (dark green) and SecB (red). Abbreviations: β-barrel assembly machine (BAM);
Chaperone-Usher (CU); Host Membrane (HM); Inner Membrane (IM); Localization of lipopro-
tein (Lol); mechano-sensitive channel (MscL); Outer Membrane (OM); Outer-Membrane Vesicles
(OMVs); Signal Peptide (SP); Signal Recognition Particle (SRP); Translocation and Assembly
module (TAM); Twin-Arginine Translocation (TAT); Type X Secretion System (TXSS); Trigger
Factor (TF). Figure 11.1 is based on an original from (Tsirigotaki et al. 2017) and updated



340 J. De Geyter et al.

In E. coliK12 1467 out of a total of 1520 non-cytoplasmic proteins that constitute
the exportome (i.e. 97%) use the essential and ubiquitous Sec pathway (Orfanoudaki
and Economou 2014; Tsirigotaki et al. 2017) (Table 11.1; http://stepdb.eu). At its
core the Sec system comprises a heterotrimeric membrane protein—SecY, SecE
and SecG—that forms a hydrophilic pore with a lateral gate in the hydrophobic
membrane, allowing passage of proteins across or into the membrane. SecYEG also
has a periplasmic plug that controls vectorial crossing. Practically all innermembrane
proteins are inserted via the Sec pathway in a co-translational fashion with folding
andmembrane insertion often going hand in hand.Most secretory proteins use theSec
pathway for crossing the inner membrane completely in a non-folded conformation,
typically post-translationally. Up to 70 proteins may be potentially inserted into the
membrane via Sec-YidC in a co-translational fashion (Orfanoudaki and Economou
2014) (Table 11.1). A foldase-like activity of YidC assures that protein folding and
membrane insertion are coordinated (Dalbey et al. 2014; Kiefer andKuhn 2018). The
TAT pathway, existing of multiple copies of the three inner membrane proteins TatA,
TatB and TatC, is used by 32 folded proteins, 31 of which are secretory (Table 11.1).
YidC and the TAT pathway are present in almost all bacteria.

Sec, YidC and TAT (Fig. 11.1a, left) are widely used export/insertion pathways
found in the inner membrane. Gram-negative bacteria also have specialized, multi-
component export systems, operating as ‘two-step’ (middle) or ‘one-step’ (right)
mechanisms (De Geyter et al. 2016; Tsirigotaki et al. 2017). Two-step pathways
take care of proteins that have not reached their final destination yet after crossing
the inner membrane through the Sec and to a lesser extent the TAT pathway. One-
step pathways take exported proteins directly from the cytoplasm to the extracellular
milieu or even to a host cell (De Geyter et al. 2016; Tsirigotaki et al. 2017).

Twelve two-step pathways take periplasmic proteins to the outer membrane and
beyond (Fig. 11.1a, middle): (i) the β-barrel assembly machinery (BAM) inserts
and folds outer membrane proteins; (ii) BAM together with the translocation and
assembly module (TAM) assist Type 5 Secretion System (T5SS) biogenesis; (iii)
the T5SS comprises an outer membrane protein with a C-terminal β-barrel mem-
brane pore through which the N-terminal passenger domain can be surface-exposed
or completely released; (iv) correct localization of lipoproteins by the Lol pathway
in the inner leaflet of the outer membrane or the outer leaflet of the inner mem-
brane; (v) the T2SS takes Sec-translocated, periplasmically folded proteins across
the outer membrane; (vi) the Curli pathway or T8SS exports structural components
from the periplasm to the extracellular space and mediates their polymerization into
a filamentous, outwardly facing amyloid proteins attached to the outer membrane
surface. Curli function in cell adhesion, biofilm formation and host invasion; (vii)
the Chaperone-Usher (CU) pathway exports four proteins from the periplasm to the
extracellular space andmediates their polymerization into pili or fimbriae at the outer
membrane, similarly to the curli pathway. E. coli K12 harbours 12 putative, cryp-
tic fimbrial CU operons; (viii) the T9SS takes proteins from the periplasm across
the outer membrane, either fully releasing them or attaching them to the bacterial
surface and has a role in motility and virulence (Lasica et al. 2017); (ix) an outer
membrane protein X, F and C porin complex exports YebF, a colicin M immunity

http://stepdb.eu
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Table 11.1 Subcellular distribution of the E. coli K-12 proteome and number of exported proteins
using specific export systems. Overview of the number of proteins secreted by the different export
systems of the K-12 proteome, including the flagellar type 3 secretion system (fT3SS) that is
not discussed here. See http://stepdb.eu for a comprehensive manually curated annotation of K-
12 protein topologies, biophysical properties, structures and break down in additional sub-cellular
locations and references (Orfanoudaki and Economou 2014; Papanastasiou et al. 2013, 2016) for
more details on the subcellular topologies of E. coli proteins

(Sub)cellular location Secretion system/targeting
signal

No of proteins

Total proteome 4313

Exportome Multiple 1520

Secretomea 548

Sec
Sec SP

498

TAT
TAT SP
piggy-back

31
26
5

fT3SS 13

Non-classical
No SP

6

IM Membranome 972

Sec
SP or TMH1

901

YidC
SP or TMH1

2b

Sec-YidC 68c

TAT 1

aincludes proteins destined for the outer membrane of K-12
bOnly 2 YidC-only membrane proteins have been experimentally confirmed so far
cThis number has been implied fromnegative experimental data and should be considered tenuous: it
represents “potential YidC substrates” on the basis of aberrant localization (GFP-tagged membrane
proteins followed using fluorescencemicroscopy) of polypeptides included in the group of 70, when
YidC is depleted (by placing yidC behind an arabinose-inducible promoter and growing cells in the
absence of arabinose, resulting in non-detectable YidC amounts) (Gray et al. 2011). More integral
membrane proteins might be YidC-dependent or even YidC-only substrates
Sec SP: cleavable Sec pathway signal peptide; TAT SP: cleavable TAT-pathway signal peptide;
piggy-back: polypeptides that do not harbour a TAT-specific SP but that cross the inner membrane
bound on another protein that is a bona fide TAT pathway substrate and carries the necessary TAT
signal peptide; fT3SS: flagellar type 3 secretion system, a fourth export system in K-12 next to
Sec, YidC and TAT that exports 14 structural or regulatory components of the flagellum, a motility
organelle (De Geyter et al. 2016); Non-classical: generic terminology used to refer to polypeptides
that have been experimentally identified to be secreted but have no known SP or other identifiable
export signals to explain their secretion. IM: Inner membrane. TMH1: the first transmembrane helix
of a typical inner membrane protein

http://stepdb.eu
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family protein, from the periplasm across the outer membrane; (x) some proteins
leave the periplasm through outer membrane vesicles (OMVs) and can enter tar-
get cells upon vesicle fusion; (xi) holins are also implied to be involved in protein
secretion (Desvaux 2012). Chitinases are secreted using a holin-like protein ChiW,
a peptidoglycan remodeling transpeptidase ChiX and probably other unidentified
proteins (Hamilton et al. 2014); and (xii) under stress conditions some cytoplasmic
proteins can be taken across the inner (and outer) membrane to the extracellular
environment via the mechanosensitive MscL channel (Morra et al. 2018).

Five one-step pathways have been identified (Fig. 11.1a, right): (i) the T1SS takes
pathogenesis-related (such as haemolysin α) and nutrient scavenging proteins from
the cytoplasm to the extracellular space; (ii) the flagellar T3SS exports 14 structural
or regulatory components of the flagellum, a motility organelle; (iii) the homologous
virulence T3SS releases toxins into the extracellular environment; (iv) the T4SS
injects proteins and nucleic acids into other cells as virulence factors or to promote
genetic exchange; and (v) the T6SS injects pathogenic effectors into target cells using
a contractile phage-like tail (Leiman et al. 2009).

The Sec Translocase

Inner Membrane Insertion or Crossing via the Sec Pathway

The essential Sec system, ubiquitous in all domains of life, comprises three inner
membrane proteins SecY, SecE and SecG that assemble to form a narrow (16–22
Å) (Cranford-Smith and Huber 2018) translocase pore in the membrane allowing
unfolded proteins to enter into the membrane co-translationally or to cross it com-
pletely post-translationally (Tsirigotaki et al. 2017). In prokaryotes and eukaryotes,
the signal recognitionparticle (SRP) pathwaycooperateswithSecYEG to accomplish
co-translational translocation (Steinberg et al. 2018) (Fig. 11.1b, left). In bacteria,
the cytoplasmic ATPase motor SecA also associates with SecYEG at the inner mem-
brane and recognizes substrates with high affinity (Tsirigotaki et al. 2017; Steinberg
et al. 2018). SecYEG and A form the translocase holoenzyme of post-translational
translocation (Tsirigotaki et al. 2017; Cranford-Smith and Huber 2018; Steinberg
et al. 2018; Crane and Randall 2017) (Fig. 11.1b, right).

SecYEG can be assisted by auxiliary components like SecDFYajC and YidC to
achieve a higher translocation efficiency (Fig. 11.1b). SecDF is a two-subunit inner
membrane protein with 12 transmembrane helices (TMHs) and a large periplasmic
domain that enhances and completes post-translational protein translocation through
SecYEG (Tsukazaki 2018). SecDF can also have a role in releasing protein substrates
after translocation is completed (Tsirigotaki et al. 2017). In E. coli, the small protein
YajC of unknown function copurifies with SecDF (Crane and Randall 2017). YidC
can cooperate with the Sec system to insert proteins into the IM (Tsirigotaki et al.
2017; Steinberg et al. 2018).
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All of the Sec-dependent secretome and some members of the membranome are
synthesized as preproteins (Tsirigotaki et al. 2017). Preproteins have cleavable N-
terminal signal peptides (SP) fused to their mature domains (MD) (Chatzi et al.
2013; von Heijne 1990). The SP has three regions: an N-terminal positively charged
region, a central hydrophobic region with helix-forming propensity and a C-terminal
hydrophilic region that contains the signal peptidase recognition site (Cranford-Smith
and Huber 2018). The MD will form the natively folded functional protein (Tsirig-
otaki et al. 2017). The SP functions as a sorting and targeting signal in both the
co- and post-translational pathways (Tsirigotaki et al. 2017; Cranford-Smith and
Huber 2018; Chatzi et al. 2013). In the post-translational pathway, it also serves as
an allosteric activator of the Sec translocase (Gouridis et al. 2009). Hydrophobic
regions in the MD that are recognized by SecA serve as additional post-translational
mature domain targeting signals (MTSs) (Chatzi et al. 2017).

Inner membrane proteins are targeted to the Sec translocase as they are still being
translated by the ribosome (Tsirigotaki et al. 2017; Steinberg et al. 2018; Saraogi and
Shan 2014). This co-translational targeting is mediated by the SRP that recognizes,
on one hand, the SP emerging from the translating ribosome and, on the other, its
receptor at themembrane, FtsY (Tsirigotaki et al. 2017; Steinberg et al. 2018; Saraogi
and Shan 2014; Kuhn et al. 2017; Akopian et al. 2013) (Fig. 11.1b, left). SRP-FtsY
bindingbrings the ribosome-nascent chain complex (RNC) close toSecYEG(Saraogi
et al. 2014; Shen et al. 2012) and consequently co-translational insertion is limited by
the translation rate (Steinberg et al. 2018; Saraogi and Shan 2014). Co-translational
translocation is energized by the translation process from the ribosome (Tsirigotaki
et al. 2017).

Secretory proteins are targeted post-translationally: most of their chain is already
synthesized when targeting starts (Tsirigotaki et al. 2017). SecA (cytoplasmic or
ribosome-bound), the cytoplasmic export-specific chaperone SecB or the general
chaperone trigger factor (TF; cytoplasmic or ribosome-bound) may assist secretory
preproteins to become targeted to the Sec translocase or secretory preproteins may
find their way from the ribosome to the SecYEG-SecA holoenzyme independently
of chaperones (Tsirigotaki et al. 2017) (Fig. 11.1b, right). Post-translational translo-
cation is driven by ATP hydrolysis by SecA and by the proton motive force (PMF)
(Tsirigotaki et al. 2017).

After membrane insertion or crossing, the generic signal peptidase or the one
specialized for lipoproteins, proteolytically cleave the SP, releasing the MD in the
membrane or in the periplasm (Tsirigotaki et al. 2017). Membrane proteins typically
acquire their native folded state as they are being inserted in the membrane (Dalbey
et al. 2011). TheMD of secretory proteins only folds completely after being released
into the periplasm, becoming a functional periplasmic resident, soluble or peripher-
ally associatedwith the inner or outermembrane, or continuing its trafficking through
the outer membrane component of the two-step secretion systems (Fig. 11.1a, mid-
dle). Secretory proteins that continue their trafficking are assisted by periplasmic
chaperones and targeting factors to remain soluble, unfolded and to reach their sec-
ond export system and final localization (De Geyter et al. 2016; Tsirigotaki et al.
2017).
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Many years of research and many structural, biochemical and biophysical stud-
ies have given us significant insight into the intermolecular interactions between
and conformational changes of Sec pathway components. Many steps of the Sec-
mediated translocation mechanism are being gradually better understood and also
proofreading mechanisms are being unraveled: only proteins with both a SP and
hydrophobic MTSs will be allowed to proceed to secretion (Gouridis et al. 2009;
Chatzi et al. 2017; Bieker et al. 1990). Yet, many questions still remain to be eluci-
dated and a deeper understanding of the Sec system will contribute to the production
of biopharmaceuticals and the development of antibiotics and vaccines.

Structure of the Sec Translocase

The SecY channel pore covers the complete width of the inner membrane, allowing
secretory proteins to cross the hydrophobic lipid bilayer in a protected, hydrophilic
environment provided by the pore (Tsirigotaki et al. 2017) (Fig. 11.2b, c). SecY also
contains a lateral gate (Fig. 11.2b) that allows inner membrane protein TMHs and
SPs that enter from the cytoplasm to slip laterally towards the hydrophobic core of
the membrane (Tsirigotaki et al. 2017). In the resting channel, a helical plug seals
the SecYEG pore at the periplasmic side (Fig. 11.2b, c), maintaining the membrane
permeability barrier (Tsirigotaki et al. 2017).

SecY has 10 TMHs, in two structurally similar quintets, each providing one half
of the channel, and allowing a hydrophilic pore between them (Fig. 11.2b, c). The
pore is centrally restricted via a ring formed by hydrophobic residues resulting in
an hourglass-shape (Tsirigotaki et al. 2017; Crane and Randall 2017). The lipid-
facing lateral gate is formed by TMH2,3 and TMH7,8 (Fig. 11.2b) (Tsirigotaki et al.
2017). SecE andSecG associatewith SecYon opposite sides (Fig. 11.2b) (Tsirigotaki
et al. 2017) and are believed to stabilize SecY in resting conditions and increase the
translocation rate (Cranford-Smith and Huber 2018). SecE has two TMHs and one
amphipathic helix (APH), SecG consists of two TMHs. A cytoplasmic loop of SecG
seals the SecY pore but SecG is non-essential under most conditions (Tsirigotaki
et al. 2017). Structural and crosslinking studies have shown both monomeric and
oligomeric SecYEGs but a single SecYEG heterotrimer is functional (Kedrov et al.
2011). Ribosomes and SecA (Fig. 11.2c) interact with the cytoplasmic protrusions
of SecY and induce long-range conformational changes to the plug, ring and lateral
gate resulting in a stabilized open state (Tsirigotaki et al. 2017).

The bacterial SRP is a ribonucleoprotein complex composed of the Ffh GTPase
and a 4.5S RNA (Steinberg et al. 2018; Saraogi and Shan 2014; Kuhn et al. 2017)
(Fig. 11.2a). The SRP receptor FtsY is also a GTPase and associates with the mem-
brane through interactions with lipids or SecY (Steinberg et al. 2018; Kuhn et al.
2017) (Fig. 11.2a). Ffh and FtsY both have mainly α-helical, three-domain structures
(Steinberg et al. 2018; Kuhn et al. 2017). Their N- and G-domains are homologous
(Steinberg et al. 2018; Saraogi and Shan 2014; Kuhn et al. 2017) (Fig. 11.2a). Ffh-
FtsY complex formation via theirNG-domains stimulatesGTPase activity (Steinberg
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Fig. 11.2 Architecture of the Sec pathway components. aArchitecture of co-translational targeting
components. Top, surface model of SRP (purple)-RNC-FtsY (orange) complex (PDB entry 5GAD).
Bottom, SRP (ribbons) composed of the helical N-domain (pink), G-domain (light purple) that binds
GTP (yellow spheres); M-domain (red) and hairpin-structured 4.5S RNA (blue) (Tsirigotaki et al.
2017). b Architecture of the SecYEG and SecA. Top, side view of SecYEG (PDB entry 3DIN,
helices depicted as cylinders) composed of SecY (yellow) and surrounded by SecE (brown) and
SecG (light brown). SecY contains a periplasmic plug and lateral gate facing the lipid bilayer (light
green) (Tsirigotaki et al. 2017). TMH1 of E. coli K12 SecE and SecG proteins are not present in
the proteins crystallized here. Bottom, the ATPase motor SecA has a PBD (purple); WD (grey); SD
(green); stem (red); C-tail (dark purple); NBD1 (dark blue); IRA1/2HF (grey helix) and ATPase2
motor (IRA2/NBD2, light purple) domain of which NBD1 and IRA2 sandwich a single nucleotide
(ATP or ADP, yellow spheres). c Architecture of the SecYEG-SecA holoenzyme. Left, side view
of the holoenzyme with SecYEG (helices depicted as cylinders) bound to SecA (surface model).
Right, top view (from periplasm) of holoenzyme visualizing the pore, formed by hydrophobic
residues on TMH 2, 5, 7 and 10. The helical ‘plug’ seals the pore (blue) (Tsirigotaki et al. 2017).
Abbreviations: Adenosine triphosphate (ATP), Adenosine diphosphate (ADP), GTPase domain (G-
domain); Guanosine triphosphate (GTP); Intra-molecular regulator ofATPase2 (IRA2);Nucleotide-
binding domain2 (NBD2); Intra-molecular regulator of ATPase1 (IRA1); 2-helix finger (2HF);
Methionine-rich domain (M-domain); Nucleotide-binding domain1 (NBD1); Ribosome Nascent
Chain (RNC); Signal Recognition Particle (SRP); Scaffold domain (SD);; wing domain (WD); the
preprotein binding domain (PBD). Figure 11.2 is based on an original from (Tsirigotaki et al. 2017)
and adapted



346 J. De Geyter et al.

et al. 2018; Kuhn et al. 2017). The NG-domains of FtsY contain SecY binding sites
(Steinberg et al. 2018). The M-domain of Ffh binds the SP and SRP RNA (Steinberg
et al. 2018; Saraogi and Shan 2014; Kuhn et al. 2017). The SRP RNA has a hairpin-
like structure and regulates GTP hydrolysis of the SRP-FtsY complex and provides a
scaffold for the conformational changes that occur during SRP-RNC binding to FtsY
(Steinberg et al. 2018; Saraogi and Shan 2014). SRP is dynamic: the orientation of the
Ffh NG-domain can change relative to that of the RNA/M-domain, possibly due to
the flexible linker connecting the Ffh M- and NG-domains (Saraogi and Shan 2014).
The A-domain of FtsY is not essential but contains lipid and SecY interaction sites
and prevents fruitless SRP-FtsY interactions in the absence of SecYEG (Steinberg
et al. 2018; Kuhn et al. 2017).

The ATPase motor SecA has four domains (Tsirigotaki et al. 2017) (Fig. 11.2b). It
contains a nucleotide binding domain (NBD or NBD1) and an intramolecular regula-
tor of ATPase 2 (IRA2 or NBD2) that sandwich ATP. The preprotein binding domain
(PBD) contributes to recognition of both SPs and MDs and the C-terminal domain is
a core structure with multiple roles: it controls ATPase motor dynamics and hydroly-
sis, provides surfaces for MD recognition and docks SecA onto SecY via its scaffold
helix and its helix-turn-helix intramolecular switch IRA1 (or 2-helix finger). A nar-
row stem connects the PBD to NBD. The helical C-domain comprises the scaffold
domain (SD), IRA1, the wing domain (WD) and a C-terminal tail that folds onto the
stem in the form of a pseudo-MD that auto-inhibits preprotein access (Gelis et al.
2007). IRA1may facilitate nascent chain threading through the SecYpore (Cranford-
Smith and Huber 2018). Cytoplasmic SecA is dimeric; when ribosome-bound it is
either monomeric or an elongated dimer (Tsirigotaki et al. 2017). SecA binds as
an asymmetric dimer with one protomer to SecYEG (Fig. 11.2c) and monomerizes
during the translocation process (Gouridis et al. 2009). Interaction of SecA with
SecYEG or a secretory preprotein causes conformational changes in SecA and its
intrinsically dynamic PBD can sample wide open, open and closed states (Vanden-
berk 2018, in press). In SecYEG-bound SecA, during nucleotide-driven strokes,
large parts of SecA become stabilized and proteolytically protected (Economou and
Wickner 1994).

Sorting and Targeting of Preproteins to the Sec Translocase

Sec-routed preproteins are sorted from cytoplasmic resident proteins and targeted to
the Sec translocase at the membrane via distinct proteinaceous factors that exercise
‘sorting control’ on the basis of physicochemical and sequence features at the ribo-
somal channel exit and via inherent structural features of the SP andMD (Tsirigotaki
et al. 2017).

In co-translational insertion, the hydrophobic SP and/or the N-terminal-most
highly hydrophobic TMH of inner membrane proteins are recognized by ribosome-
bound SRP as they emerge from the ribosome (Tsirigotaki et al. 2017; Steinberg
et al. 2018; Saraogi and Shan 2014; Kuhn et al. 2017), thus segregating away these
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molecules (Fig. 11.3a, step 1). SRP needs to be ribosome-bound to achieve a high
affinity interaction with the SP/nascent chain (Saraogi and Shan 2014). Binding of
the SP to SRP induces a first conformational change in SRP, facilitating the interac-
tion with FtsY (Saraogi and Shan 2014; Kuhn et al. 2017). FtsY exchanges between
cytoplasm and the membrane where it can associate with SecYEG (Tsirigotaki et al.
2017; Steinberg et al. 2018). Only in SecY-associated FtsY the FtsYA-domainmoves
away and frees the SRP binding site located on itsNG-domains (Steinberg et al. 2018;
Kuhn et al. 2017). Both SRP and FtsY need to be GTP-bound to achieve RNC target-
ing. SRP binding to FtsY brings the RNC in close proximity to SecYEG and leads
to the formation of an unstable early SRP-RNC-FtsY intermediate complex (Tsirig-
otaki et al. 2017; Kuhn et al. 2017) (Fig. 11.3a, step 2). SRP-FtsY binding induces
GTP hydrolysis and a second set of conformational changes so that a stable closed
SRP-RNC-FtsY complex is formed (Steinberg et al. 2018; Saraogi and Shan 2014;
Kuhn et al. 2017). In the latter, SRP and FtsY domains get rearranged and hence SRP
is displaced from the ribosome and FtsY is displaced from SecY, allowing the trans-
lating ribosome to bind the SecY directly (Steinberg et al. 2018; Saraogi and Shan
2014; Kuhn et al. 2017) (Fig. 11.3a, step 3). These events induce SP release from
SRP and promote nascent chain entrance into the SecYEG pore (Tsirigotaki et al.
2017; Steinberg et al. 2018; Kuhn et al. 2017) (Fig. 11.3a, step 3). Continuing GTP
hydrolysis destabilizes and disassembles SRP-FtsY complexes (Kuhn et al. 2017)
(Fig. 11.3a, step 4). The small cytoplasmic pool of FtsY, might interact with the
SRP-RNC complexes in the cytoplasm and then bias their association with SecYEG
(Steinberg et al. 2018; Saraogi and Shan 2014) (Fig. 11.3a, step 1). A co-translational
SRP-independent targeting route of single-spanning membrane proteins involving
SecA has also been proposed (Steinberg et al. 2018). Nascent chain capture by SRP
at an early stage of translation avoids premature folding or aggregation and assures
the delivery of an unfolded protein substrate to the Sec translocase (Tsirigotaki et al.
2017; Steinberg et al. 2018). The SRP pathway is also used to target some inner
membrane proteins to the YidC insertase. (Steinberg et al. 2018; Kuhn et al. 2017)

In post-translational translocation, nascent secretory preproteins are already
largely synthesized when targeting starts and hence it is more challenging to secure
soluble non-folded states that are translocation-competent (Tsirigotaki et al. 2017).
Some SPs delay folding of fast folding preproteins and together with chaperone inter-
actions maintain preproteins in soluble non-folded states (Tsirigotaki et al. 2017;
Cranford-Smith and Huber 2018). Less hydrophobic SPs that escape SRP surveil-
lance and/or the MD signals of non-folded secretory proteins can be recognized by
the ribosome-bound chaperones SecA and TF (Tsirigotaki et al. 2017; Crane and
Randall 2017). Ribosome-bound SecA (Huber et al. 2017; Collinson 2017) or TF
(Oh et al. 2011) recognize nascent chains co-translationally after ~110 amino acyl
residues have been synthesized. However, many secretory preproteins do not fold
fast and do not aggregate but maintain a loose non-folded 3D structure (Tsirigotaki
et al. 2018). These nascent secretory chains can leave the ribosome unaccompanied
and interact in the cytoplasm with SecA, TF, SecB or SecA-SecB complexes prior
to targeting to SecYEG or SecYEG-bound SecA (Tsirigotaki et al. 2017; Crane
and Randall 2017). The precise role of TF and SecB, both non-essential proteins
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Fig. 11.3 Model of the Sec-dependent co- and post-translational translocation and release. a Co-
translational targeting, translocation and insertion into the IM of a nascent chain (orange) with SP
(green) (Tsirigotaki et al. 2017; Steinberg et al. 2018; Kuhn et al. 2017). The complex is composed
of SRP (purple), FtsY (pink) and SecYEG (yellow). b Post-translational targeting, translocation
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Figure 11.3b is reproduced from (Tsirigotaki et al. 2017)

(Guthrie and Wickner 1990; Sala et al. 2014), remains to be determined since in the
absence of the two chaperones, secretory preproteins remain in soluble non-folded
translocation-competent states in vitro (Tsirigotaki et al. 2018) and are targeted to
SecYEG-SecA via their SP and inherent MD features—MTSs—in vitro and in vivo
(Tsirigotaki et al. 2017; Crane and Randall 2017). Even in the absence of the SP,
secretory MDs can remain soluble and unfolded and be targeted to SecYEG-SecA,
and in the case of protein localization (prl) translocases, even become secreted, indi-
cating that the MD has inherent features that keep it in soluble non-folded states and
has targeting signals for SecYEG-bound SecA (Tsirigotaki et al. 2017). TheseMTSs
are hydrophobic patches dispersed over the MD that bind to SecA on a groove lying
adjacent to the SP binding cleft (Chatzi et al. 2017).
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Co-translational Insertion of Inner Membrane Proteins
Through the Sec Pathway

Upon proper SRP-mediated sorting and targeting of inner membrane proteins to
SecYEG (Fig. 11.3a, steps 1–2), the SP of the delivered RNC binds the lateral
gate of SecY (Kuhn et al. 2017) (Fig. 11.3a, steps 3–4). The nascent chain inserts
into SecY as a hairpin loop (Kuhn et al. 2017). Periplasmic hydrophilic regions
remain unfolded in the hydrophilic pore and get translocated across the membrane
while TMHs occupy the lateral gate (Tsirigotaki et al. 2017; Kuhn et al. 2017)
(Fig. 11.3a, step 5). Cytoplasmic regions get released from the Sec translocon (Kuhn
et al. 2017). TMHs either leave the lateral gate and go into the membrane one by one
or they accumulate in the lateral gate and slip bundled to the lipid phase (Tsirigotaki
et al. 2017; Kuhn et al. 2017) (Fig. 11.3a, step 6). The SP gets cleaved by the
signal peptidase (Fig. 11.3a, step 7). Some single-spanning membrane proteins and
membrane proteins with large periplasmic regions are co-translationally inserted by
intervening SecAs (Kuhn et al. 2017)

Post-translational Translocation of Secretory Proteins
Through the Sec Pathway

The Sec translocase exists of one or two copies of SecYEGwith a SecA dimer bound
to one SecYEG (Tsirigotaki et al. 2017;Cranford-Smith andHuber 2018) (Fig. 11.3b,
step 1). SecA binds SecYEGwith only one of its protomers and becomes asymmetric
(Gouridis et al. 2009, 2013). Only one SecYEG copy is active and will be used as
a pore (Hizlan et al. 2012; Osborne and Rapoport 2007). The SecYEG-bound SecA
protomer binds a preprotein with high affinity and has distinct binding sites for the SP
andMD (Gouridis et al. 2009, 2013; Chatzi et al. 2017; Sardis et al. 2017) (Fig. 11.3b,
step 2). The preprotein reaches SecYEG-SecA independently or a SecA-preprotein
complex formed at the ribosome or in the cytoplasm finds its way to SecYEG at
the membrane or SecB or TF or other chaperones target the preprotein to SecYEG-
bound SecA (Tsirigotaki et al. 2017) (Fig. 11.1b, right). SecB delivers the preprotein
to SecA by binding the C-terminal tail of SecA (Tsirigotaki et al. 2017; Crane and
Randall 2017). There is no known interaction between TF and SecA and hence it
is not known if and how TF delivers preproteins to SecA (Tsirigotaki et al. 2017).
Multiple chaperone relay mechanisms may also be active (Tsirigotaki et al. 2017;
Cranford-Smith and Huber 2018). Preproteins bind to SecA as bivalent ligands: both
the SP andMTSs bind synergistically to different binding sites on SecA (Chatzi et al.
2017; Sardis et al. 2017). SP binding changes the conformation of SecA: the protein
gets elongated and looser, transmits these changes to SecYEG and the activation
energy of the holoenzyme is decreased (Gouridis et al. 2009, 2013; Taufik et al.
2013; Lill et al. 1990; Karamanou et al. 2007). This important ‘triggering’ effect
on the holoenzyme can be mimicked by prl mutations that hence by-pass the SP
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requirement (Bieker et al. 1990; Gouridis et al. 2013; Smith et al. 2005; Derman
et al. 1993). ATP binding tightens the association between SecA C-domain parts and
the channel and short preprotein segments insert in the pore (Economou andWickner
1994; Schiebel et al. 1991) (Fig. 11.3b, step 3). The triggered SecA protomer cannot
undergo multiple rounds of ATP hydrolysis. For this the second regulatory protomer,
that is not bound to SecYEG, must be present (Gouridis et al. 2013). The preprotein
MD becomes ‘trapped’ in the SecYEG-SecA translocase (Schiebel et al. 1991) and
SecA monomerizes (Gouridis et al. 2013; Alami et al. 2007) (Fig. 11.3b, step 4).
The SP reaches the lateral gate, with its C-terminus pointing towards the periplasm,
and the MD gets threaded along the SecY pore (Hizlan et al. 2012; Li et al. 2016)
(Fig. 11.3b, step 5). Shifting of the plug outwards and pore ring dilation facilitate
passage of the translocating polypeptide in a loop-like configuration (Li et al. 2016).
The loop configuration with the C-terminal SP segment sealing the inside of the
channel from the hydrophobic membrane interior may ensure membrane integrity
(Li et al. 2016). Cycles of ATP hydrolysis by SecA promote the forward segmental
translocation of the MD (Economou and Wickner 1994; Schiebel et al. 1991). The
PMF ensures translocation of MD segments whenever they are unbound to SecA
(Schiebel et al. 1991). With every round of ATP binding and hydrolysis ~30 amino
acids are translocated (Cranford-Smith and Huber 2018). As the MD is completely
threaded through the Sec translocase, the SP gets cleaved by the signal peptidase
(Auclair et al. 2012) (Fig. 11.3b, step 6) and the SecA-ADP protomer dissociates
from SecYEG and dimerizes again in the cytoplasm (Economou and Wickner 1994;
Gouridis et al. 2013) (Fig. 11.3b, step 7). TheMD is released completely (Fig. 11.3b,
step 8) and can adopt its final cell envelope localization and structure via other
secretion systems and periplasmic folding and targeting factors (De Geyter et al.
2016; Tsirigotaki et al. 2017).

The YidC Insertase

Membrane Protein Insertion and Assembly by YidC

The insertase YidC is present in all three domains of life and operates next to
and—when the Sec system is present—together with the Sec translocase to medi-
ate co-translational insertion and folding of inner membrane proteins (Dalbey et al.
2014). YidC, itself an inner membrane protein, also assists in membrane protein
oligomerization (van der Laan et al. 2003; Wickstrom et al. 2011), like for the F0
domain of the ATP synthase and the cytochrome bo oxidase complex (van der Laan
et al. 2003), and has a role in the quality control of membrane proteins (Dalbey
et al. 2014; Kiefer and Kuhn 2018; van Bloois et al. 2008). YidC can insert 500
molecules per second (Winterfeld et al. 2009) and for this does not use, unlike the
Sec translocase, any energy source like ATP or the PMF (Dalbey et al. 2014; Kuhn
and Kiefer 2017). YidC depletion induces the phage shock (van der Laan et al. 2003;
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Wang et al. 2010) and Cpx response (Shimohata et al. 2007) pathways, both involved
in detecting and coping with membrane-defects, and many chaperones (Wickstrom
et al. 2011; Wang et al. 2010; Price et al. 2010; Kihara et al. 1996). YidC plays a role
in cell division and cell motility (Wang et al. 2010) as its depletion resulted in cell
death after several hours due to defective assembly of energy-transducing membrane
complexes (Kuhn and Kiefer 2017). This renders YidC essential for viability and a
potential antibiotic target.

Cooperation with the Sec Translocase

In E. coli K12 only 2 of the 70 YidC-dependent substrates are identified so far to
be inserted in the membrane via a YidC-only mechanism, independent of the Sec
translocase (Dalbey et al. 2014; Kiefer and Kuhn 2018) (Table 11.1). It is indeed
possible that many more Sec substrates also contact/use YidC during membrane
integration but there is currently no hard experimental evidence for this. YidC-only
substrates typically have one or two very short transmembrane regions, such that
YidC may handle them alone (Dalbey et al. 2014; Kiefer and Kuhn 2018). The ener-
getic gain coming from inserting a hydrophobic TMH into the membrane may be
used to overcome the energetic cost of transferring a hydrophilic region across the
membrane (Hennon et al. 2015). When the energetic cost is too high, YidC cannot
insert the protein substrate (Kuhn and Kiefer 2017; Hennon et al. 2015; Soman et al.
2014). Membrane integration of these more complex proteins is cooperatively catal-
ysed by YidC and the Sec translocase (Kiefer and Kuhn 2018; Soman et al. 2014). In
its Sec-dependent modeYidCmay facilitate membrane protein integration, help with
the assembly and packing of TMHs of multi-spanning membrane proteins to gener-
ate their helical bundles and promote the removal of TMHs of inserting membrane
proteins from the Sec channel (Dalbey et al. 2014; Hennon et al. 2015). Cooperation
with the Sec translocase requires YidC-SecYEG complexes: YidC either directly
contacts the Sec translocase through interactions with SecY or SecDFYajC, used as
a bridge between SecYEG and YidC (Dalbey et al. 2014). YidC interactions with Sec
components are weak and transient (Kiefer and Kuhn 2018). YidC was suggested to
contact the lateral gate of SecY thus facilitating substrate exchange/sharing (Kiefer
and Kuhn 2018; Hennon et al. 2015; Petriman et al. 2018). Interestingly, YidC-only
substrates can also be crosslinked to the Sec translocase, suggesting that even during
YidC-only insertion, SecYEG is proximal and may have a ‘surveying’ role (Dalbey
et al. 2014).

YidC Structure

In Gram-negative bacteria, YidC has six TMHs, a large periplasmic domain between
the first two and a flexible coiled coil cytoplasmic region between the second and third
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TMH (Dalbey et al. 2014; Kiefer and Kuhn 2018; Hennon et al. 2015) (Fig. 11.4a,
left). The TMHs form a helical bundle (Kiefer and Kuhn 2018). The five C-terminal
TMHs seem important for the insertase function, while the periplasmic domain,
having a super-β-sandwich fold, is not required for function (Dalbey et al. 2014;
Hennon et al. 2015). The periplasmic domain possibly assists the folding of inserted
substrates (Dalbey et al. 2014; Hennon et al. 2015) and interacts with SecF (Xie et al.
2006). The cytoplasmic coiled coil domain contacts SRP, FtsY, SecY and SecE and
SecG weakly (Petriman et al. 2018). Gram-positive YidC, like mitochondrial and
chloroplast homologues, have five TMHs (Dalbey et al. 2014; Hennon et al. 2015).
Low-resolution YidC structures, with and without ribosomes/RNCs, harbour either
dimeric or monomer YidC with a hydrophobic slide through which the substrate
may enter and exit but the functional unit of YidC seems to be a monomer (Dalbey
et al. 2014; Hennon et al. 2015). The high-resolution structure of YidC2 from the
Gram-positiveBacillus halodurans (Kumazaki et al. 2014a), revealed that YidC does
not form a pore like the Sec translocase does but has a hydrophilic groove spanning
the inner leaflet of the inner membrane with an opening to the cytoplasm and to
the membrane interior (Kumazaki et al. 2014a; Dalbey and Kuhn 2014) (Fig. 11.4a,
middle, right and Fig. 11.4b). At the entrance of the hydrophilic groove there is
a typical helical hairpin structure (Kumazaki et al. 2014a) (Fig. 11.4a, middle).
Inside the hydrophilic groove there is a conserved positively-charged arginine residue
(Fig. 11.4b). Hydrophobic residues on TMH3 and TMH5 form a hydrophobic slide
(Fig. 11.4a, right and Fig. 11.4b).

Mechanism of YidC-Mediated Membrane Protein Insertion

YidC substrates. YidC substrates are typically small with only one or two TMHs
(Kuhn and Kiefer 2017). Studies have shown that YidC assists substrates with rather
low hydrophobicity TMHs and increasing the hydrophobicity of the TMH of a YidC
substrate allows YidC-independent insertion (Dalbey et al. 2014; Hennon et al. 2015;
Ernst et al. 2011). Another YidC determinant is the presence/distribution of charged
residues: negatively charged residues either in their TMH or the periplasmic regions
(Price andDriessen 2010) or in some cases and unbalanced charge distribution around
one or more TMHs (Dalbey et al. 2014; Hennon et al. 2015; Dalbey and Kuhn
2014; Gray et al. 2011). Substrates with positively charged residues are more likely
to be inserted by a YidC-Sec mechanism (Zhu et al. 2013) and balanced charge
distributions around TMHs result in YidC-independent membrane insertion (Dalbey
et al. 2014;Hennon et al. 2015). YidC-onlymembrane proteins commonly have small
(<100 amino acids) periplasmic domains (Wickstrom et al. 2011; Kuhn 1988).When
periplasmic domains are larger, substrates become strictly Sec-dependent (Kuhn and
Kiefer 2017; Kuhn 1988). The cytoplasmic side of the YidC TMHs is very flexible,
probably allowing it to accommodate different-sized substrates (Hennon and Dalbey
2014).
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Fig. 11.4 Architecture, targeting and protein export mechanism of the membrane insertase YidC.
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of 1 periplasmic helix (PH1) and 5 TMHs (2–6, shades of orange) (Dalbey et al. 2014; Kuhn et al.
2017; Hennon et al. 2015). Left and middle, side view of YidC in ribbons and rotation of 90 °C
is displayed, visualizing the cleft. Right, surface model of the membrane segment with important
residues within the hydrophilic groove and hydrophobic slide (Hennon et al. 2015; Kumazaki et al.
2014b). b The cleft contains two domains (marked in a) (I) the ‘hydrophilic groove’, dominated by
Arg366 (residues in green (Hennon et al. 2015; Kumazaki et al. 2014b)) and (II) the ‘hydrophobic
slide’ (residues in purple (Kumazaki et al. 2014b)). c Models of YidC targeting (YidC without its
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modeled after MscL of E. coli. MscL is a SP-less, YidC-only substrate and its first hydrophobic
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Targeting to YidC.YidC-dependent proteins can be SRP-targeted to themembrane
(Fig. 11.4c, left), via electrostatic interactions between the substrate and lipid head
groups (middle) or via interactions of YidC with the translating ribosome (right),
although the latter option is mostly seen in mitochondria and bacteria with a YidC
homologue with an extended C-terminal domain (Dalbey et al. 2014; Kuhn et al.
2017). To receive substrates that areSRP-targeted,YidC interactswith its cytoplasmic
domain with SRP and FtsY (Petriman et al. 2018). However, the role of FtsY in SRP-
targeting toYidCmight bemore limited than that in SRP-targeting to SecYEG (Kuhn
et al. 2017).

YidC-dependent insertion and folding.The currentmodel ofYidC-mediatedmem-
brane protein insertion is only fragmentary. The helical hairpin at the entrance of the
hydrophilic groove recruits unfolded substrates (Kumazaki et al. 2014a; Dalbey and
Kuhn 2014) (Fig. 11.4d, step 1). Hydrophilic periplasmic regions of the substrate are
at first accommodated in the hydrophilic groove (Fig. 11.4d, step 2) and are eventually
released to the trans side of the membrane (Kuhn and Kiefer 2017; Dalbey and Kuhn
2014; Kumazaki et al. 2014b). Negative charges on YidC substrates may be recog-
nized by a conserved arginine residue in the hydrophilic groove of YidC (Kumazaki
et al. 2014a; Dalbey and Kuhn 2014) (Fig. 11.4a, b). The size of the hydrophilic
groove was suggested to exert a limit on the size of periplasmic domains that YidC
can handle (Kiefer and Kuhn 2018). Exactly how soluble periplasmic domains can
fully cross the membrane remains unknown (Kiefer and Kuhn 2018). YidC struc-
ture shows that the hydrophilic groove allows access of hydrophilic regions of the
substrate in the membrane—in the cytoplasmic leaflet—but the periplasmic leaflet,
and hence the way to the trans side of the membrane, appears ‘closed’ (Kiefer and
Kuhn 2018). Conformational changes upon substrate binding and membrane thin-
ning around YidC, might make the hydrophobic region between the hydrophilic
groove and the periplasm smaller, and promote transition of the soluble periplas-
mic domains to the trans side (Dalbey et al. 2014; Kiefer and Kuhn 2018; Hennon
et al. 2015). YidC also makes hydrophobic contacts with substrates using its TMHs
(Dalbey et al. 2014) (Fig. 11.4d, step 3). The TMHs of substrates are inserted into
the membrane via a hydrophobic sliding mechanism (Dalbey et al. 2014; Kiefer and
Kuhn 2018; Kumazaki et al. 2014a, b; Dalbey and Kuhn 2014) (Fig. 11.4b, d, step
3). TMH3 and TMH5 of YidC form a substrate-capturing clamp in the membrane.
Hydrophobic contacts between TMH3 and 5 of YidC and the TMH of the substrate
allow the substrate to move, ‘slide’, along YidC and eventually be inserted in the
membrane (Fig. 11.4b, d, step 4). The final maturation step is the cleavage of the SP
by the signal peptidase (Fig. 11.4d, step 5).
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The TAT System

Translocation of Folded Proteins

Whereas the Sec system translocates unfolded protein substrates across the
inner membrane, other, fully folded proteins—often multimeric or containing co-
factors—are translocated across the inner membrane via the TAT pathway (Cline
2015; Berks 2015). Similar to the Sec system, TAT-routed translocation is an active,
PMF-requiring process (Berks 2015). The TAT pathway is present in the majority of
prokaryotes, all chloroplasts and some mitochondria and plays a crucial role in the
biosynthesis of photosynthetic and respiratory energy metabolism components and
virulence factors (Berks 2015).

After TAT-mediated translocation, its substrates become soluble periplasmic resi-
dents or periplasmic proteins peripherally associated with the inner membrane or are
lipoproteins. Four fast folding and co-factor containing lipoproteins, having a TAT-
like SP with a lipobox, are exported through TAT in E. coli (Shruthi et al. 2010a, b).
These are often substrate binding proteins, transporters and enzymes (Shruthi et al.
2010a, b).

The need of some proteins to fold in the cytoplasm comes from the absence of
folding and maturation machinery at the trans side of the membrane or/and efficient
selection of the desired metal cofactor (Cline 2015). Folded proteins are more chal-
lenging to translocate due to their larger diameter: this requires a large pore while
preventing membrane leakage of smaller molecules and ions (Berks 2015). TAT sub-
strates range in size from 20 to 70 Å and hence the pore diameter also needs to be
adjustable. Substrates are recognized with affinities in the low nM to low μM range
(Cline 2015; Wojnowska et al. 2018).

When a protein substrate has not acquired its proper final folded state, TAT-
mediated transport will not occur (Berks 2015): TAT has a proofreading mechanism
assessing the conformational flexibility of substrates and will only export the more
rigid, less dynamic ones (Jones et al. 2016). Even adding a short unstructured region
to a folded protein blocks TAT export (Jones et al. 2016). TAT senses the degree of
substrate stability and folding: export efficiency is anti-correlated to conformational
flexibility (Sutherland et al. 2018). However, the multicopper oxidase CueO seems to
be an exception (Stolle et al. 2016). CueO is translocated through the TAT pathway
in a folded, with secondary structure, yet flexible state. Only in the periplasm copper
ions—toxic in the cytoplasm—bind, inducing the final stable structure (Stolle et al.
2016). This is an additional protectivemechanism, next to themain function ofCueO:
oxidation of toxic Cu(I) in the periplasm, before it can enter the cytoplasm (Stolle
et al. 2016).

The structure of and interactions between the TAT components are being increas-
ingly better understood thanks to high-resolution structures and crosslinking exper-
iments. The first step of TAT-routing, SP binding, has also been dissected in some
detail concerning binding sites, interacting residues and (non-)essential features of
both the SP and the receptor (Huang et al. 2017; Huang and Palmer 2017; Lausberg
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et al. 2012; Ulfig and Freudl 2018; Ulfig et al. 2017). Subsequent steps are more dif-
ficult to investigate: the TAT translocase assembles on demand only after substrate
binding and then disassembles again after translocation work is done (Cline 2015;
Berks 2015) (Fig. 11.5d). Inhibitors could be employed to freeze the translocation
process, providing more opportunities for biophysical and structural dissection, but
no such inhibitors are known (Bageshwar et al. 2016; Ghosh et al. 2017). TAT is
important in the virulence of pathogenic bacteria and might be targeted with new
antibacterials (Bageshwar et al. 2016; Ghosh et al. 2017; Ball et al. 2016; Bhuwan
et al. 2016). The TAT pathway may also find applications in biotechnology in pro-
ducing complex, natively folded therapeutics (Ghosh et al. 2017; Branston et al.
2012). TAT SP-driven export of heterologous proteins (Bagherinejad et al. 2016;
Matos et al. 2012) and TAT overexpression giving higher export yields (Branston
et al. 2012; Bagherinejad et al. 2016) are steps in this direction.

The TAT System Components

Five TAT pathway components have been identified: TatA, TatB, TatC, TatD and
TatE (Palmer and Berks 2010). Not all five always co-exist in one particular organ-
ism (Palmer and Berks 2012). The E. coli TAT pathway is, like that of many Gram-
negatives, built of multiple copies of the inner membrane proteins TatA, TatB—two
homologous proteins—andTatC, (Hamsanathan andMusser 2018) (Fig. 11.5a). TatA
has an L-shape with one N-terminal TMH and one C-terminal APH (Cline 2015;
Zhang et al. 2014a) (Fig. 11.5a, left). TatB also has an L-shaped structure consisting
of four α-helices connected to each other with flexible linkers (Cline 2015; Zhang
et al. 2014b) (Fig. 11.5a, middle). The first N-terminal helix is a TMH forming a
rigid structure with the second helix, an APH lying on the lipid bilayer-cytoplasm
border (Zhang et al. 2014b) (Fig. 11.5a, middle). Cytoplasmic helices 3 and 4 are
more flexible and are suggested to acquire different conformational states (Zhang
et al. 2014b) (Fig. 11.5a, middle). TatC, itself inserted into themembrane by SecYEG
and YidC (Zhu et al. 2012), has six TMHs that form a concave cavity, resembling a
cupped hand (Berks 2015) (Fig. 11.5a, right). Phylogenetic analysis and approaches
combining synonymous/non-synonymous distributions and amino acid conservation
from alignments revealed 11 conserved residues that have not been studied before
and also showed that TatC diversified among different bacterial classes, allowing
the TAT system to transport specialized substrates or adapting to specific environ-
mental niches (Simone et al. 2013). TatE, an inner membrane protein belonging to
the TatA/TatB family, could be a functional partner of the E. coli TAT pathway: it
functionally overlaps with TatA and TatB and physically interacts with TatA, TatB
and TatC in resting (non-translocating) and active (translocating) conditions (Eimer
et al. 2018). TatD, the only water-soluble cytoplasmic protein of the TAT system,
is seemingly without any function in TAT-mediated protein translocation (Palmer
and Berks 2010). Most Gram-positives have a minimal TAT translocase, comprising
TatA—taking over the function of TatB—and TatC (van der Ploeg et al. 2011).
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�Fig. 11.5 Architecture of the TAT export system, TatABC oligomerization and translocationmech-
anism. a Structure of the TAT translocase components: TatA (PDB entry 2MN7, purple), TatA
homologue TatB (PDB entry 2MI2, blue) and TatC (PDB entry 4B4A, A. aeolicus homologue, light
orange) with its 6 TMHs indicated. bModel of the TatABC complex oligomerization (Habersetzer
et al. 2017). c Surface model of TatC displaying the cleft and SP binding site in red (Rollauer
et al. 2012). d Translocation mechanism of a folded preprotein (Cline 2015; Ulfig and Freudl 2018;
Alcock et al. 2016; Frobel et al. 2011) (Tat substrate FtsP; PDB entry 2UXT) through the TAT sys-
tem (only one copy of TatB and TatC are shown for simplicity). TAT substrates contain a SP (light
green) with a N-terminal twin-arginine (RR) motif (red). See text for more details. Abbreviations:
Amphipathic Helix (APH); Signal Peptide (SP); Twin-Arginine Transport (TAT); TransMembrane
Helix (TMH); Proton Motive Force (PMF); Inner Membrane (IM)

The TAT translocase contains multiple copies (2–8 (Hamsanathan and Musser
2018)) of the TatB-TatC heterodimer (Cline 2015) (Fig. 11.5b). Crosslinking data
suggest that TatCs assemble face-to-face, with the concave cavities juxtaposed (Cline
2015) (Fig. 11.5b). TatBs may connect TMH5 of one TatC to the TMH2-TMH4
cleft of the adjacent TatC with the TMH of TatB being aligned with TMH5 of
TatC (Cline 2015) (Fig. 11.5b). A similar model of TatBC, was presented based
on evolutionary and experimental data, in which TatB is sandwiched between two
TatCs and connects the polar cluster TMH5/6 site of one TatC to TMH1 of the
other (Alcock et al. 2016) (Fig. 11.5b). Despite the presence of multiple TatB-TatC
heterodimers, and hence multiple binding sites, only one or two substrates bind
per translocase (Wojnowska et al. 2018). Under non-transporting conditions, TatA
often assembles in small homo-oligomers dispersed over the membrane but can also
be associated with TatB and TatC in which case TatA is juxtaposed to TatB and
the TMH of TatA also associates with TMH5 of TatC (Cline 2015) (Fig. 11.5b).
In a substrate-activated, transporting TAT translocase, TatA forms an oligomer at
the platform formed by TatB-TatC heterodimers (Cline 2015). Not only TatB but
also TatA can bind the TMH5/6 polar cluster site on TatC (Alcock et al. 2016).
This suggests that TatB and TatA compete for TatC binding: presumably, substrate
binding induces conformational changes displacing TatB and allowing TatA to bind
the polar cluster site (Alcock et al. 2016). Crosslinking experiments confirm the
binding of the TatB TMH to a polar cluster on one face of TMH5 of TatC and
identified a binding site for TatA on TMH6 of TatC, adjacent to the TatB binding
site (Habersetzer et al. 2017). These observations updated the model of the non-
translocating TAT translocase containing multiple copies of TatABC (Habersetzer
et al. 2017) (Fig. 11.5b). Upon SP binding, TatA and TatB switch position: TatB now
binds TatC TMH6 and TatA binds TatC TMH5 (see below) (Habersetzer et al. 2017).

The TAT Pathway Mechanism

Despite increasing knowledge on intermolecular interactions between TAT compo-
nents andwith the protein substrate, themechanism of TAT-mediated protein translo-
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cation remains poorly understood. Three models have been proposed but none satis-
fies all experimental observations (Hamsanathan and Musser 2018). In this section,
we divide the TAT pathway in three steps: SP binding, TatA oligomerization and the
actual translocation and we describe current knowledge in a model (Fig. 11.5d).

SP binding. TAT substrates have N-terminal SPs that, like the Sec ones, consist of
three regions (N-, H- and C-) (Cline 2015; Berks 2015). Some TAT substrates have
SPs with extended N regions that may function as timers to tune translocation and
folding (Cline 2015). At the N-/H-junction lie the twin-arginines, after which the
pathway was named (Cline 2015). Substrates are targeted to the TatB-TatC receptor.
TatC binds the twin-arginine motif with its cytosolic N-terminal loop and the loop
between TMH2 and 3 (Zoufaly et al. 2012) (Fig. 11.5c) and TatB recognizes the
H-region (Cline 2015; Huang et al. 2017) (Fig. 11.5d, step 1–2).

The twin-arginine motif is not essential for TAT translocase recognition: it can
be bypassed by increasing H-region hydrophobicity (Huang and Palmer 2017; Ulfig
and Freudl 2018). Moreover, replacing the TAT SP by a more hydrophobic Sec SP
also results in TAT-routing (Huang and Palmer 2017). Mutations in the twin-arginine
binding site of TatC also abolish protein export but this can, again, be alleviated by
hydrophobicity-enhancing mutations (Huang and Palmer 2017). TatB mutations can
also restore TAT export in the absence of (a) proper SP (binding) (Huang et al. 2017).
These mutations suppress the export defect when the twin-arginine motif or the TatC
SP binding site is mutated by inducing a conformational change (Huang et al. 2017).
They are analogous to prl mutations (Bieker et al. 1990) that bring about the same
allosteric change to the Sec translocase as the SPs do (Gouridis et al. 2009) and render
the Sec translocase SP-independent. In a similar vein, a TatBmutation allowed export
of signal-less substrates and substrate-independent TatA oligomerization and hence
TAT activation (Huang et al. 2017). These observations indicate two things: (i) TAT
SPs—like Sec ones—have two functions: they target substrates to the TatB-TatC
receptor and allosterically prime the respective translocase (Gouridis et al. 2013;
Huang et al. 2017) and (ii) TAT substrate mature regions must contain some targeting
information (Ulfig and Freudl 2018), as determined for the Sec system (Chatzi et al.
2017). TatC mutations that restore export via TAT of defective SPs have also been
identified (Lausberg et al. 2012). TatB and TatC mutations even act synergistically,
further indicating that TatB and TatC form an allosteric ensemble and cooperate in
SP recognition and binding (Lausberg et al. 2012).

The H-region is more important in receptor binding than initially thought (Ulfig
et al. 2017). Introducing negatively-charged residues or truncations in the H-region
abolishes TAT-routed export (Ulfig et al. 2017). Moreover, increasing its hydropho-
bicity increases translocation efficiency (Ulfig et al. 2017). Crosslinking experiments
provide evidence that the SP contacts the periplasmic N-terminus of TatB and the
distal part of the TatC TMH5 (Ulfig et al. 2017) (Fig. 11.5d, step 3). Taken together,
these data suggest that the SP inserts deeply into the hydrophobic intramembrane
TatB-TatC binding cavity, as seen in the thylakoid TAT system, with the recognition
of the twin-arginine motif by the cytoplasmic parts of TatC being a first step in the
binding process to prime the system for translocation (Berks 2015; Ulfig et al. 2017)
(Fig. 11.5d, step 3). Also, the twin-arginine motif optimizes—together with posi-
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tively charged amino acids in the C-region—recognition of the less hydrophobic SP
by the TAT translocase and avoids TAT substrates being mistakenly targeted to the
Sec system (Huang and Palmer 2017).

The early mature region after the SP has also been shown to interact with TatB-
TatC (Ulfig and Freudl 2018). More specifically, the cytoplasmic helices of TatB
would bind the early mature region and that way capture TAT substrates (Fig. 11.5d,
step 4) (Ulfig and Freudl 2018). This is in line with the previous observation of the
TatBAPH forming a platform for the folded domain of the substrate (Cline 2015) and
with the fact that SP-less substrates can be exported through the TAT system (Huang
et al. 2017). The highly flexible helix 3 and 4 of TatB could wrap around the folded
mature domains of substrates, changing their conformation according to substrate
size (Zhang et al. 2014b) (Fig. 11.5d, step 4). That way they can promote binding
to the TAT system or they keep the substrate correctly positioned for membrane
crossing (Zhang et al. 2014b).

TAT substrates bind reversibly to TatB-TatC in seconds (Whitaker et al. 2012).
Certain phospholipids could also facilitate TAT substrate targeting by recognizing
them (Sikdar and Doerrler 2010). TatB and TatA switch position, probably induced
by SP binding to TatB (Fig. 11.5d, step 5), and this induces a conformational change
that turns TatB-TatC heterodimers into TatB and TatC homodimers and brings TatA
closer to the TatC cavity where it can polymerize to form the active, translocating
TAT complex (Habersetzer et al. 2017) (Fig. 11.5d, step 6). Only after binding to
TatB-TatC, SPs contact a TatAmonomer (Cline 2015; Frobel et al. 2011) (Fig. 11.5d,
step 5). TatAmonomers could already be present in the TAT translocase or SP binding
helps recruit the first copy to TatB-TatC, serving to nucleate TatA oligomerization
(Frobel et al. 2011). TatA-SP binding only happens in the presence of the PMF (Cline
2015; Frobel et al. 2011). Binding to TatB and TatC positions the SP so that it can
contact the N-proximal part of the TMH of TatA (Frobel et al. 2011) (Fig. 11.5d,
step 5).

Export of many TAT substrates is assisted by chaperones, referred to as redox
enzyme maturation proteins (REMPs). Chaperones bind the SP and protect it from
degradation, prevent premature (before substrate folding/multimerization/co-factor
insertion) translocation and assist targeting to TatB-TatC (Cherak and Turner 2017;
Kuzniatsova et al. 2016; Stevens and Paetzel 2012). Some substrates use a ‘piggy-
back’ mechanism in which only one protein has a TAT SP and the second partner
protein hitchhikes along (Orfanoudaki and Economou 2014; Rodrigue et al. 1999).

TatA oligomerization. SP binding, the first step in the TAT pathway, triggers TatA
recruitment and oligomerization (Fig. 11.5d, step 6). For this, a functional TatB-
TatC receptor, bound SP and the PMF are essential (Cline 2015; Alcock et al. 2013;
Rose et al. 2013). The TatA TMH forms a new hydrogen bond with TMH4 of TatC,
initiating TatA oligomerization and formation of the transport-active translocase
(Cline 2015) (Fig. 11.5d, step 6). TatA oligomerization is not precisely understood
but the monomers seem to contact each other through the TMH and the APH (Berks
2015; Zhang et al. 2014a). A ‘charge zipper’ model for TatA oligomerization was
proposed: complementary charge patterns on the TatA APH and the unstructured C-
tail of TatAwould bring the twodomains together, resulting inTatAoligomers around
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a sort of pore (Walther et al. 2013). The physiological relevance of this model has
been challenged and revisited based on in vivo assays (Alcock et al. 2017). Those data
showed that complementary charges on the TatA APH and C-tail are not necessary
for TatA oligomerization, but yet they are important for TAT transport: mutating
the charged residues results in stable TatA oligomers that cannot disassemble after
protein substrate translocation (Alcock et al. 2017). TatA oligomers containing 8–25
copies (Cline 2015; Alcock et al. 2013) have been visualized using live cell imaging
(Alcock et al. 2013; Rose et al. 2013) preferentially forming at cell poles (Rose et al.
2013). This substrate-driven ‘on demand’ formation of functional TAT translocases in
the presence of substrates is supported by the observation that more substrates result
in the formation of more TatA complexes (Alcock et al. 2013; Rose et al. 2013).
Substrate-dependent accumulation of TatC, independently of the presence of other
TAT components and the PMF, was also observed (Rose et al. 2013). Assembling
active and functional translocases by TatA oligomerization on demandmay serve two
purposes: (i) it guarantees inner membrane integrity when no translocation is needed
or/and (ii) the TatA oligomerization might be necessary to convert PMF energy into
translocation work (Berks 2015).

Actual translocation. The newly assembled translocase translocates substrates to
the trans side of the membrane slowly (minute range) (Cline 2015; Berks 2015;
Whitaker et al. 2012) (Fig. 11.5d, step 7). The SP is cleaved, releasing the substrate,
and TatA oligomers dissociate (Fig. 11.5d, step 8). Translocases that export non-
folded substrates consist of channels with sealable hydrophilic membrane pores.
In contrast, the TAT translocase does not contain a pore, probably because such
a pore would have to be too large to allow passage of folded proteins and would
not be easy to seal when resting (Berks 2015). TatA oligomers may weaken and
thin the lipid bilayer, to facilitate translocation (Cline 2015) (Fig. 11.5d, step 7).
How TatA might cause this is unclear but two models have been suggested: (i)
the short TatA TMH—placed asymmetrically in the membrane due to association
with TatC—does not fully span the width of the membrane causing a hydrophobic-
hydrophilic mismatch; and (ii) interactions of TatA APHwith the cytoplasmic leaflet
of the inner membrane (Cline 2015; Berks 2015). The translocation efficiency of
the TAT system is also dependent on the phospholipid composition of the inner
membrane, suggesting that phospholipid-protein interactions could contribute to the
translocation process (Berks 2015; Sikdar and Doerrler 2010).
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Chapter 12
The Biosynthesis and Structures
of Bacterial Pili

Magdalena Lukaszczyk, Brajabandhu Pradhan and Han Remaut

Abstract To interact with the external environments, bacteria often display long
proteinaceous appendages on their cell surface, called pili or fimbriae. These
non-flagellar thread-like structures are polymers composed of covalently or non-
covalently interacting repeated pilin subunits. Distinct pilus classes can be identified
on basis of their assembly pathways, including chaperone-usher pili, type V pili,
type IV pili, curli and fap fibers, conjugative and type IV secretion pili, as well as
sortase-mediated pili. Pili play versatile roles in bacterial physiology, and can be
involved in adhesion and host cell invasion, DNA and protein secretion and uptake,
biofilm formation, cellmotility andmore. Recent advances in structure determination
of components involved in the various pilus systems has enabled a better molecular
understanding of their mechanisms of assembly and function. In this chapter we
describe the diversity in structure, biogenesis and function of the different pilus sys-
tems found in Gram-positive and Gram-negative bacteria, and review their potential
as anti-microbial targets.

Keywords Pili · Fimbriae · Chaperone-usher · Curli · Sortase · Secretion ·
Adhesion · Biofilm · Conjugation

Introduction

Bacterial cells are frequently decorated with non-flagellar proteinaceous cell surface
appendages, referred to as pili or fimbriae. The appendages usually have lownanome-
ter scale width, but can bemultiplemicrons in length, often exceeding the diameter of
the producing bacterium. The structures are made up of many hundreds or thousands
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of pilus subunits, which are covalently or non-covalently associated depending on
the pilus system. The function of bacterial pili is varied. The vast majority is impli-
cated in adherence and/or multicellular behaviour. Pili frequently mediate adherence
and/or invasion (in)to eukaryotic host cells, but can also be implication in biofilm for-
mation through pilus self-association, binding of neighbouring cells or giving shape
to the extracellular matrix. In other systems, though, the pili serve a role as a hollow
conduit or a scaffolding structure for the secretion or uptake of proteins and nucleic
acids, or in rare instances extracellular electron transport. In this review we sum-
marize the current molecular and structural understanding of the function, build-up
and assembly of the major pilus systems found in Gram-positive and Gram-negative
bacteria. For each system, we provide a review of the main architecture of the pili
and its constituent components, as well as the prevailing mechanistic understand-
ing of the assembly pathways. Since pili are frequently first line virulence factors,
a great interest has been gathered for their chemical inhibition as a means towards
the development of non-antibiotic, virulence targeted antibacterials (Steadman et al.
2014; Ruer et al. 2015). For some systems, like the type 1 fimbriae implicated in
urinary tract infections (UTIs), significant progress has been made, to the point that
anti-adhesive compounds are undergoing clinical trials and may reach the market
in coming years. For many more systems, the molecular understanding is now such
that selective inhibitory compounds can be sought and are being identified. Coming
years will show if more of these pathways can be targeted in a clinical setting.

The Chaperone-Usher Pilus System

Arguably the most abundant pilus assembly system in Gram-negative bacteria is the
chaperone-usher (CU) pathway. It is a conserved protein secretion-assembly system
found in the Gram-Negative classes α-, β-, γ- and δ-proteobacteria, where it is pri-
marily associated with human and animal pathogenic genera including Escherichia,
Shigella, Proteus, Klebsiella, Salmonella, Pseudomonas, Yersinia and many others
(Sauer et al. 2004). CU fimbriae are linear non-covalent multi-subunit polymers that
require two accessory proteins for their assembly and translocation to the cell sur-
face: a periplasmic chaperone and an outermembrane usher. The chaperone stabilizes
fimbrial subunits in the periplasm and targets them to the usher, a pilus assembly
platform in the outer membrane (OM) that facilitates subunit polymerization and
transport to the cell surface (Thanassi et al. 1998).

Pili assembled by the chaperone-usher pathway are prime virulence factors of
proteobacteria. They contribute to the establishment and persistence of the infection
bymediating host- and tissue-specific adherence, and can play a role in the evasion of
host defence mechanisms by contributing to biofilm formation or inducing host cell
invasion (Sauer et al. 2004). Chaperone-usher pili are associated with a wide range of
diseases, such as urinary and gastrointestinal tract infections, meningitis and sepsis
(Proft and Baker 2009). Amongst the earliest and most comprehensively studied
chaperone-usher systems are type 1 and P fimbriae produced by uropathogenic E.



12 The Biosynthesis and Structures of Bacterial Pili 371

coli (UPEC) (Hultgren et al. 1993). The type 1 fimbrial adhesin FimH binds to the D-
mannosylated receptors of the human and animal bladder,whereas the P pilus adhesin
PapG binds galabiose-containing glycosphingolipids in the kidney epithelium. These
two systems formed the basis of extensive structural and molecular studies, which
together with those on the Yersinia pestis capsular antigen Caf, have revealed the
canonical principles of CU biogenesis (Sauer et al. 2004).

Morphology and Structure of CU Pili

CU pili are encoded in gene clusters comprising a cognate chaperone and usher,
and up to seven different pilus subunits of approximately 10–30 kDa (Sauer et al.
2004; Nuccio and Bäumler 2007). The assembled pili are homo- or heteropoly-
mers of hundreds to thousands of pilus subunits organized into linear single-start
filaments. These filaments can undergo additional quaternary condensation to form
rigid, helically wound rods or are found as long flexible filaments that often col-
lapse into a dense capsular mass on the bacterial cell surface. Archetypal examples
of rod-forming pili are type 1 and P pili of E. coli. These are monoadhesive struc-
tures, capped by a single copy of an adhesive subunit. In this review, the general
description of pilus assembly by chaperone-usher pathway will be based primar-
ily on the type 1 pilus, encoded by the fim operon. The type 1 pilus consists of a
long, rigid and helical pilus rod composed of several thousand copies of the major
pilus subunit FimA (Fig. 12.1) and is terminated with a short flexible tip fibrillum
built of the two adaptor subunits FimG and FimF and the adhesin FimH, which is
located in a single copy at the distal tip of the pilus. Consecutive subunits interact
through non-covalent contacts. Each pilin subunit is characterized by an incomplete
immunoglobulin-like fold, lacking its C-terminal β-strand, and by the presence of
an unstructured N-terminal extension (Nte) of 10–20 amino acids (Fig. 12.1). In the
mature pilus, the Nte of one subunit complements the incomplete Ig-fold of the con-
secutive subunit in a mechanism called donor strand exchange (DSE) (Choudhury
et al. 1999; Sauer et al. 1999) (Fig. 12.1d). Although non-covalent, these fold comple-
mentation interactions between pilus subunits and their complementary Nte peptides
have extremely high activation barriers for dissociation, displaying extrapolated dis-
sociation half-lives of 109–1011 years (Puorger et al. 2008, 2011). The long-lived
fold complementation interactions effectively protect the pili from loss-of-function
by breakage at one of the several hundred DSE contacts. In addition, the pilus rods
are dynamic structures characterized by remarkable spring-like properties (Fällman
et al. 2005). Force spectroscopy and EM imaging have shown reversible uncoiling of
the helical structure in the pilus rod. The recent atomic cryoEM models of both type
1 and P pilus provide the details of the extensive subunit-subunit interaction network
within the rod (Hospenthal et al. 2016, 2017; Spaulding et al. 2018). In their coiled
state, both pili are right-handed superhelical structures, where the Nte of one pilus
subunit complements the hydrophobic groove of the adjacent subunit. The type 1
pilus rod has a diameter of ~70 Å with a ~14 Å wide central hollow lumen, whereas
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Fig. 12.1 The pilus architecture and schematic assembly pathways for chaperone-usher pilus (left)
and type V pilus systems (right). Fimbrial subunits are shown in blue, tip adhesins/pilins in pink,
transmembrane pores in green, chaperones in yellow. At the bottom representative operons coding
for both systems are shown. Left: Type 1 pilus biogenesis as model chaperone-usher assembly
pathway. The chaperone FimC (yellow) binds the fimbrial subunit FimA (light blue) (PDB entry:
4DWH) in the periplasm. The pilus tip fibrillum complex composed of FimC:FimF:FimG:FimH
traverses the outer membrane usher FimD (PDB entry: 4j3O). Type 1 pilus is composed of a pilus
rod (EMDB entry: EMD-7342, PDB entry: 6c53) built of over 1000 FimA subunits and a tip fibril-
lum (FimF:FimG:FimH) (PDB entry: 3JWN). a Cryo-EM map of type 1 pilus rod (EMDB entry:
EMD-7342, PDB entry: 6c53) with the neighbouring subunits n−1, n0, n+1. b Structure of FimH
binding pocket interactingwith α-D-mannose (PDB entry: 1KLF). TheD-mannose (yellow) and the
mannose-interacting residues (Phe1, Asn46, Asp47, Asp54, Gln133, Asn135, Asp140 and Phe142)
(red) are shown in ball and stick model. c Donor strand complementation (DSC) of the FimA (blue)
pilus subunit by the G1 strand (in orange) of the chaperone FimC (yellow) (PDB entry: 4DWH). G1
strand of the FimC is located parallel to the strand F of FimA during DSC. d A topological diagram
of donor strand exchange (DSE) of adjacent subunits of type 1 pilus. The incomplete Ig-fold of
one subunit (light blue) is complemented by an Nte of the previous subunit (dark blue). Right:
The proposed pathway scheme of type V pilus biogenesis. e A topological diagram of proposed
strand-exchange mechanism of adjacent subunits of type V pilus. The hydrophobic groove exposed
along both NTD and CTD of one subunit (light blue) is complemented by the A1′ and A2′ strands
of the consecutive subunit. f Left: “open” conformation of anchor pilin BovFim4b (PDB entry:
5CAG). Right: “closed” conformation of FimA4 (PDB entry: 4Q98). The conserved C-terminal
appendage composed of A1′ and additional disordered region is shown in dark blue. In the “open”
conformation this appendage is extended, while in the “closed” conformation it folds back to the
C-terminal domain
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the P pilus has a diameter of ~81 Å with a ~21 Å lumen. In both structures the
pilin subunits form a continuous ascending path, with the N-terminal portion of Ntes
facing towards the pilus exterior and the C-terminal part towards the lumen. Both
pili have a similar helical pitch of ~25 Å, though the type 1 structure comprises 3.13
FimA pilin subunits per turn, compared to 3.28 PapA subunits in the more tightly
packed P pilus. Subsequently, the axial rise of type 1 pilus is slightly higher (8 Å for
type 1 and 7.7 Å for P pilus). In the helical rod, each PapA subunit interacts with
five preceding and five succeeding subunits (Hospenthal et al. 2016), whereas each
FimA subunit interacts with four preceding and four succeeding subunits (Spaulding
et al. 2018); (Hospenthal et al. 2017). The overall interaction network responsible
for maintaining the helical quaternary structure involves mostly weak hydrophilic
contacts (Hospenthal et al. 2016). The combination of both strong DSE interaction
and weak hydrophilic forces explains the ability of pilus rod to uncoil elastically
when the shear force is applied, without breaking apart. At the distal tip, FimF and
FimG provide a short flexible linker between the rigid FimA pilus rod and the FimH
adhesin. FimH lacks an N-terminal extension. Instead, it has a two-domain structure
with a C-terminal pilin domain and a full N-terminal β-sandwich domain that car-
ries the adhesive function (Choudhury et al. 1999). The pilin domain interacts with
the penultimate pilus subunit (FimG) by DSE, whereas the lectin domain mediates
binding to the host receptors (Fig. 12.1). In the P pilus, the PapA pilus rod is sepa-
rated from the PapG tip adhesin by a longer flexible fibrillum made up of the linker
subunits PapK, PapE and PapF (Rose et al. 2008). Most chaperone-usher pili are
monoadhesive, displaying rigid pili with tip-localized two-domain adhesins similar
to the type 1 pilus (Nuccio and Bäumler 2007). The adhesins’ lectin domains share
an elongated β-jelly-roll topology. However, the structures of their ligand binding
pocket may differ remarkably (Moonens and Remaut 2017). For example, FimH
adhesin has a deep, negatively charged binding pocket which is located at the tip of
the lectin domain (Hung et al. 2002) whereas the PapG adhesin has a shallow cavity
localized on the side of the lectin domain (Dodson et al. 2001).

In polyadhesive CU pili, subunits polymerize through DSE-mediated subunit
contacts, but lack the coil-forming quaternary interaction seen in the pilus rods of
monoadhesive pili. They form flexible filaments of one or more types of a major
structural subunit, which each contain one to two independent receptor binding sites
(Zav’yalov 2013). In such a way, the entire pilus structure is directly involved in the
adhesion. Examples include E. coli F4 (Fae) and Afa/Dr fimbriae (Moonens et al.
2015; Keller et al. 2002; Anderson et al. 2004), or the Y. pestis F1 (Caf) or pH6 (Psa)
antigens (Zavialov et al. 2003; Bao et al. 2013). Although the individual subunits
have low micromolar to millimolar affinity for their glycan or protein ligands, their
high valency results in high binding avidity (Moonens and Remaut 2017).
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Biogenesis of CU Pili

Chaperone-usher pili are encoded in gene clusters that hold both the structural sub-
units as well as the assembly machinery, consisting of a pilus-specific chaperone and
usher protein. The individual pilin subunits are translocated across the inner mem-
brane via the SecYEG translocon, after which chaperone and usher are sufficient for
the folding and stabilization of pilus subunits, their ordered assembly into pili, and
translocation to the cell surface (Sauer et al. 2004). The secretion-assembly pathway
is here described based on the fim operon. CU pilus subunits do not stably fold in
the periplasm as a result of an incomplete immunoglobulin (Ig)-like fold that lacks
seventh, C-terminal β-strand. In the periplasm, initial subunit folding is catalysed by
the chaperone (FimC) (Vetsch et al. 2004; Bann et al. 2004). Prior to incorporation
into the pilus, the missing C-terminal β-strand in the incomplete Ig-like fold of pilus
subunits is complemented by an extended β strand (G1) of chaperone (Fig. 12.1c), an
interaction referred to as “donor strand complementation” (DSC) (Choudhury et al.
1999; Sauer et al. 1999). However, the G1 strand of the chaperone lies parallel to
the subunit strand F during DSC, rather than the antiparallel pairing in a canonical
Ig-fold and seen for the Nte during the DSE interaction. As a result, the chaperone
traps pilus subunits into a more loosely packed, higher energy folding intermediate
compared to the subunit–Nte interaction (Sauer et al. 2002; Zavialov et al. 2005).
The chaperone:subunit complexes are recruited to the outermembrane usher (FimD),
which acts as a platform for pilus polymerization and OM translocation. The usher
is a five domain protein composed of a 24-stranded β-barrel that forms the pilus
translocation channel, a plug domain that occludes the pore in the resting state, two
C-terminal (CTD1 and CTD2) and an N-terminal domain (NTD) that reside in the
periplasm and forms the chaperone:subunit binding sites (Remaut et al. 2008; Phan
et al. 2011). The usher NTD domain recruits the chaperone:adhesin complex and this
interaction ismostlymediated by the chaperone (Nishiyama et al. 2005). The subunits
are sequentially incorporated at the base of the growing pilus, starting from the tip
adhesin. In type 1 and P pilus assembly, the affinity of the usher (FimD/PapC)NTD is
highest for the chaperone:adhesin complex (FimC:FimH/PapD:PapG) and decreases
for later subunits (Dodson et al. 1993). Together with the differential affinities of the
usher for different subunit:chaperone complexes, favourable DSE kinetics of cog-
nate versus non-cognate subunit–Nte interactions direct the order of pilus assembly
(Nishiyama et al. 2003; Rose et al. 2008). Binding of the chaperone:adhesin complex
primes the usher for pilus assembly (Nishiyama et al. 2008). The pre-initiation step
was recently captured for in a crystal structure of the P pilus usher PapC bound to the
PapD:PapG chaperone:adhesin complex (Omattage et al. 2018). In this pre-initiation
complex, the chaperone:subunit is bound to the usher NTD, whilst the usher is still
in a locked conformation with the plug domain residing inside the lumen of the
β-barrel. A previous crystal structure of the FimD usher bound to the FimC:FimH
chaperone:adhesin complex capture the usher in its primed conformation and gave
exquisite insight into the mechanism of pilus assembly at the usher (Phan et al.
2011) (Fig. 12.1). In this structure, the lectin domain of FimH displaces the usher
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plug domain and traverses the lumen of the usher β-barrel, whilst its C-terminal
pilin domain remains bound to the FimC chaperone, itself bound to the usher by
the CTD1 and CTD2 domains. This primed usher configuration leaves the NTD, the
primary chaperone:subunit recruitment platform of the usher, accessible to bind the
next chaperone:subunit (FimC:FimG). When the new chaperone:subunit complex
binds the NTD, the subunit is oriented such that its N-terminal extension is ideally
positioned to undergo DSE with the subunit at the base of the growing fiber and
bound at the CTDs. During this DSE reaction, the Nte of the incoming subunit com-
petes out the donor β-strand of the chaperone in the chaperone:subunit at the CTDs
(Remaut et al. 2006; Phan et al. 2011). DSE is a concerted zip-in-zip-out process that
initiates at the so-called P5 pocket, a hydrophobic pocket accepting the incoming
Nte and not occupied by the chaperone donor strand (Remaut et al. 2006). At the end
of DSE process the chaperone dissociates from the now penultimate subunit and the
usher CTDs, after which the newly added chaperone:subunit complex shifts from the
NTD to the now liberated binding site at the CTD. This makes the NTD accessible
for a new recruitment round and translocates the pilus outward with one subunit step.
Consecutive iterations of the recruitment, DSE and translocation steps result in the
stepwise build-up of the pili. At all times, the pilus is tethered to the usher via the last
incorporated chaperone:subunit complex. In type 1 and P pili, the length of individ-
ual pili is rather uniform and depends on the incorporation of a dedicated terminator
subunit (FimI and PapH, respectively) (Verger et al. 2006; Bečárová 2015). These
terminator subunits show occluded P5 pockets, so that they cannot undergo DSE and
remain anchored in the usher. In many operons, however, there is no indication for
a terminator subunit and pilus growth is likely controlled by protein expression and
the availability of free subunits.

CU Pili as Antibacterial Targets

Because of their prime importance in bacterial virulence, chaperone-usher pili have
raised considerable interest as novel target for vaccine or antibacterial drug devel-
opment (Steadman et al. 2014). Let us consider the example of uropathogenic E.
coli, where type 1 pili are strongly associated with symptomatic bladder infections
(cystitis) by mediating strong attachment and invasion of the superficial umbrella
cells in the urothelium, resulting in tissue damage and inflammation (Mulvey et al.
1998). S and P pili are associated with ascending UTIs by the binding of sialosyl
oligosaccharides and globoside receptors in the kidney epithelium, respectively, lead-
ing to pyelonephritis (Roberts et al. 1994; Korhonen et al. 1986). More recently F9
fimbriae were shown important for inflammation-associated adherence in ongoing
and chronic bladder infections (Conover et al. 2016), and the type 1 and F17-like
pili were associated with the establishment of a gut reservoir of uropathogenic E.
coli (Spaulding et al. 2017). Strains lacking these pili are severely compromised in
the initiation, persistence and recurrence of UTIs. Indeed, a promising approach has
been proposed to use anti-adhesive agents that interfere with the bacterial adherence
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to the host tissue (Ruer et al. 2015). As such drugs would target bacterial virulence
factor rather than being bactericidal, the spread of antibiotic resistance mechanisms
is thought less likely to occur. Competitive inhibitors of FimH adhesin in the form of
α-D-mannose derivatives called mannosides, are highly efficacious in murine mod-
els of UTI (Cusumano et al. 2011; Spaulding et al. 2017). Mannosides reach low
nanomolar affinities and can be formulated as orally available anti-adhesive com-
pounds that successfully treat UPEC UTI. Anti-adhesive receptor-analogues have
also been reported for the P and F9 pili (Ohlsson et al. 2002; Kalas et al. 2018). An
alternative to competitive inhibition of the adhesin is the chemical attenuation of pilus
biogenesis. This has been achieved for type 1, P and S pili by inhibiting chaperone
docking to the usher using a family of bicyclic 2-pyridones, called pilicides (Pinkner
et al. 2006), or by competitive inhibition of theDSE reactionwith organic compounds
(AL1) binding the subunit P5 pocket of FimH (Lo et al. 2014). Chaperone-usher pili
also make promising vaccine candidates. The immunization of mice and primates
with type 1 pilus adhesin FimH reduced the in vivo colonization of bladder as well as
recurrent UTIs (Langermann et al. 1997, 2000). In animal husbandry, immunization
of sows with cocktails including F4, F5, F6 and F41 fimbrial subunits from entero-
toxigenic E. coli protects the litter from neonatal diarrhea (Matias et al. 2017), and
passive immunization by addition of neutralizing antibodies of the F4 adhesin FaeG
to pig feed protects young animals from post-weaning diarrhea (Virdi et al. 2013).

Type V Pilus

In 2016 Xu et al. characterized a novel type of pili with a biogenesis mechanism
distinct from all known pilus systems and described as proteinase-mediated donor-
strand exchange (Xu et al. 2016). These unique pilus system, termed the Type V or
Bacteroidia pilus, is found exclusively in theBacteroidia class. Theywere first coined
in Porphyromonas gingivalis, a human oral pathogen associated with severe adult
periodontitis and gingivitis (Xu et al. 2016). Bacteroidia pili play a role in bacterial
adhesion, co-aggregation and biofilm formation. Two morphologically different pili
of P. gingivalis have been described: major or long (0.3–1.6 μm), with a major pilin
subunit FimA (not to be confused with FimA major subunit of CU type 1 pilus), and
minor or short (80–120 nm), with a major pilus subunit Mfa1 (Hamada et al. 1996;
Yoshimura et al. 1984). Both major and minor pili are encoded by similar operons,
containing the genes of structural pilins forming the pilus stalk (FimA or Mfa1,
respectively), anchoring pilins (FimB and Mfa2, respectively), tip pilins (Mfa4), as
well as other accessory subunits and regulatory elements.
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Type V Pilus Structure and Biogenesis

Type V pilins are composed of two domains: an N-terminal domain (NTD) and a
slightly larger C-terminal domain (CTD). Both domains have a transthyretin-like
fold that is composed of seven core β-strands organized into two β-sheets. The NTD
has an archetypal fold with 7 β-strands (A1–G1), whereas the CTD (except forMfa4)
possess an C-terminal extension of two highly conserved amphipathic β-strands (A1′
and A2′). Crystal structures of the P. gingivalis FimA superfamily stalk subunits
showed that this appendage may be present in two conformations: “open”—exposed
along the CTD, and “closed”—folded back to the CTD, with a flexible loop between
A1′ and A2′ strands (Xu et al. 2016) (Fig. 12.1f). The structural characterization of
type V tip pilins show that these subunits terminate the pilus structure, as they either
lack the A1′–A2′ appendage (e.g. Mfa4), or the appendage interacts with a fused
C-terminal lectin domain (e.g. BovFim1C) (Kloppsteck et al. 2016; Xu et al. 2016).

The biogenesis of type V pilus superficially resembles the donor strand-mediated
fold complementation mechanism seen in CU pilus, however, it additionally requires
the lipoprotein precursors of pilin subunits and outer membrane proteinase. It is
thought that the mechanism of type V pilus assembly, both in P. gingivalis and
B. fragilis, is based on the lipoprotein sorting pathway, although this has not been
unambiguously demonstrated (Shoji et al. 2004). Type V prepilins are produced as
lipoprotein precursors. Importantly, prepilins possess exceptionally long signal pep-
tides, as compared to other bacterial pilins. The C-terminal part of the signal peptide
is called a lipobox and contains the lipidated cysteine residue. Pilin subunits are trans-
ported by SecYEGmachinery to the periplasmic side of inner membrane, where they
are folded, and their signal peptide is cleaved off by a type II signal proteinase. Sub-
sequently, the C-terminal cysteine residue is lipidated and the modified pilin subunits
are secreted to the extracellular environment.How the periplasmic transport and outer
membrane translocation step occur is presently unknown. Whether this requires the
help of a periplasmic chaperone and outer membrane usher-like protein remain to be
identified. The folded pilins occur in the periplasm in the “closed” state, therefore
they are predicted to be stable and the presumed chaperone most likely binds the
lipid moiety present on the pilin N-terminus. The mechanism of type V pilus assem-
bly at the outer membrane has not been described yet, but it is hypothesized to be
based on the lipoprotein-sorting machinery. The first pilin subunit bound to the outer
membrane is an anchor pilin, which is docked in the membrane via the N-terminal
lipid moiety. Next pilin subunits, stalk and tip pilins, undergo the cleavage of the N-
terminal short peptide, by trypsin-like arginine and lysine specific proteinase located
in the outer membrane: gingipain R or gingipain K (Rgp or Kgp). The proteolytic
step yields the mature, assembly-prone form of pilin (Nakayama et al. 1996). During
proteolytic maturation, the A1 β-strand is removed, and an extended hydrophobic
groove is generated in the NTD. This groove can now be occupied by the β-strand
from the neighbouring subunit, similarly as in the chaperone-usher pilus. Although
both N-terminal and C-terminal regions of the adjacent pilin have been suggested to
act as donors of complementing strand (Kloppsteck et al. 2016; Xu et al. 2016), the
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involvement of the flexible C-terminal appendage of A1′ and A2′ was validated by
the cross-linking experiments (Xu et al. 2016). Accordingly, the hydrophobic groove
of NTD can be occupied by the extended C-terminal appendage of the neighbouring
subunit, with the A1′ strand filling the NTD groove to restore seven β-stranded fold,
and the A2′ strand complementing the CTD groove, parallel to G2 strand, which in
“closed” conformation was occupied by its own A1′ and A2′ strands (Xu et al. 2016)
(Fig. 12.1e). A recent study confirmed the crucial role of the conserved sequences
in both N- and C-termini of the pilus subunit Mfa1 in subunit polymerization of
Mfa fimbriae. Treatment of P. gingivalis with peptides analogous to these sequences
inhibits theMfa fimbriae assembly and impedes biofilm formation (Alaei et al. 2019).

Type IV Pili

Type IV pili (T4P) are several micrometres long, flexible surface appendages that
are bacterial virulence factors, widely distributed in many Gram-negative bacte-
ria, including Pseudomonas aeruginosa, Neisseria gonorrhoeae, N. meningitidis,
Myxococcus xanthus. Some of the bacterial species, like Vibrio cholerae and
enteropathogenic E. coli (EPEC), produce bundle-forming pili, required for adher-
ence to epithelial cells and auto-aggregation (Ramboarina et al. 2005). Apart from
Gram-negative bacteria, type IV-related pili have also been identified in Gram-
positive genera Clostridia and Ruminococcus, in Cyanobacteria and in archaea,
where they form the archellum, suggesting an early evolutionary origin of this sys-
tem (Imam et al. 2011; Proft and Baker 2009; Szabó et al. 2007). Type IV pili
are multifunctional organelles with a distinguishing ability to extend and retract by
reversible polymerization and depolymerization. They play a role in adhesion to host
cells and solid substrates, in biofilm formation, DNA and phage uptake, cell motil-
ity, cellular invasion as well as microcolony formation. Apart from their function
in virulence, type IV pili machinery powers a flagella-independent type of bacterial
movement known as twitching motility (Mattick 2002). This is possible thanks to the
repeated cycles of extension, adhesion and retraction powered by cytoplasmic adeno-
sine triphosphatases (ATPases). Although T4P are very thin (6–9 nm) structures, they
are remarkably strong molecular machines that can endure extensive forces of over
100 pN (Maier et al. 2002).

Type IV pilus subunits share a distinguishing N-methylated N-terminus, and a
conserved hydrophobic N-terminal 25-residue α-helical domain and a C-terminal
disulphide bonded β-domain (Craig et al. 2004). Based on the sequence similarity
and length, type IV pilins are divided into two subclasses: type IVa and type IVb.
The type IVa pilins are shorter (average length of mature protein: 150 amino acids)
than the type IVb pilins (190 amino acids), and hold a shorter signal peptide (5–6
amino acids for type IVa and 15–30 amino acids for type IVb) (Craig and Li 2008).
The N-methylated N-terminal residue of type IVa pilins is always phenylalanine,
whereas for type IVb it may be methionine, leucine or valine. Comparison of the
available pilin structures shows notably different protein topologies in the β-domain
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of type IVa and type IVb pilins. The conserved N-terminal hydrophobic α-helix
of Type IV pilus subunits acts both as a transmembrane and coiled-coil protein
interaction domain in the structural core of the pili (Giltner et al. 2012) (Fig. 12.2).
Although the general build-up is equivalent, Type IVa and type IVb pilins form
pili that differ in diameter and helical structure. The occurrence of these two pilus
types is also different: type IVa are found in many Gram-negative bacteria, including
pathogens like Neisseria spp. or P. aeruginosa, whereas type IVb pili have only been
found in human enteric bacteria, like V. cholerae, Salmonella enterica serovar Typhi,
enteropathogenic E. coli (EPEC) and enterotoxigenic E. coli (ETEC). The host range
of type IVa pili expressing pathogens is much broader and includes humans and other
mammals, plants and possibly other bacteria (Craig et al. 2004). Interestingly, the
type IVa pili assembly requires a complex machinery built of many components,
which genes are scattered around the whole bacterial genome. In contrast, type IVb
pili assembly systems are composed of smaller number of proteins usually encoded
by gene clusters, sometimes present on the plasmids (Pelicic 2008).

Overall, the architecture of both type IVa and type IVb pilins is similar. They are
small (15–20 kDa) proteins having a conserved lollipop-like fold with an extended
hydrophobic N-terminal α-helical spine (α1) and a globular C-terminal head domain,
typically composed of four to seven-stranded antiparallel β-sheet. The hydrophobic
N-terminal part of α1 helix, α1-N, protrudes from the protein core, while the amphi-
pathicC-terminal part,α1-C, is embedded in the globular domain and packs against it.
The head domains hold two regions involved inT4P interactions: aD-region, contain-
ing the conserved cysteines, and exposed αβ-loop that can undergo post-translational
modifications (Fig. 12.2b). For example, the N. gonorrhoeae gonococcal (GC) pilin
D-region forms a ridge that displays hypervariable surface regions, and the second
ridge is formed by αβ-loop containing two post-translational modifications (Craig
and Li 2008). The structural diversity of type IV pilins results from the loop sequence
differences as well as the topology of the secondary structure elements in the globu-
lar domain (Craig et al. 2004; Giltner et al. 2012). Type IVa pilins are characterized
by four contiguous β-strands as in the N. gonorrhoeae GC pilin (Parge et al. 1995),
whereas the type IVb pilins displaymore variable β-sheet topology, with five to seven
β strands, as in the case of EPEC BfpA pilin or V. cholerae TcpA pilin (Craig and Li
2008; Craig et al. 2003).

Type IV Pilus Assembly Components and Biogenesis

Type IV pilus (T4P) machinery is a multimeric protein assembly that spans both
inner and outer membrane in Gram-negative bacteria. It is homologous to the type
2 secretion system (T2SS), which is involved in the transport of folded proteins
from the periplasm to the extracellular environment across the cell membrane (Berry
and Pelicic 2015). T2SS assembles a periplasmic pseudopilus that is implicated in
the secretion of toxins and hydrolytic enzymes, whereas type IV pilus machinery is
responsible for the assembly and disassembly of pilin subunits in the core of the pilus.
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Fig. 12.2 The architecture of type IV pilus systems.Left: Schematic representation of the archety-
pal type IV pilus system. The structures presented in the figure come from different organisms.
The pilus rod is composed of thousands of helically arranged pilin subunits (represented by PilE
from N. meningitidis, EMDB entry: EMD-8287, PDB entry: 5KUA). The pilus traverses the outer
membrane pore (PilQ from N. meningitidis, EMDB entry: EMD-2105, PDB entry: 4AV2). The
pilus elongation and retraction is catalysed by cytoplasmic ATPases (PilF from T. thermophilus,
PDB entry: 5OIU and PilT from A. aeolicus, PDB entry: 2GSZ). a Cryo-EM map of type IV pilus
rod of N. meningitidis (EMDB entry: EMD-8287, PDB entry: 5KUA) with the neighbouring PilE
subunits shown. b Structures of type IVa pilins: pilin GC from N. gonorrhoeae (PDB entry: 2PIL)
and PAK pilin from P. aeruginosa (PDB entry: 1OQW) and type IVb pilin: truncated TcpA pilin
from Vibrio cholerae (PDB entry: 1OQV). The αβ-loops are shown in green and the D-regions
are shown in magenta. Right: The architectural model of the type IVa pilus machinery from M.
xanthus in a non-piliated and piliated state (PDB entries: 3JC9 and 3JC8, respectively). PilA pilus
subunits are shown in light blue. The components of secretin subcomplex, N-terminal motif of
TsaP, LysM (turquoise), together with PilQ AMIN domains (green) anchor the entire basal body to
the peptidoglycan layer. The alignment subcomplex components, PilN (grey) and PilO (pink) form
coiled coils that is a link between the secretin and motor complexes. Lipoprotein PilP (khaki) is
anchored in the inner membrane and PilM (beige) is located in the cytoplasm. The motor complex
components, hexameric ATPase PilB (red) and inner membrane PilC (orange) are present at the
base of the system. Strikingly, the distance between inner and outer membrane has been found to
be longer in the piliated state of the system
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Moreover, in contrast to CU pili and curli, the biogenesis of type IV pili requires ATP
as an energy source (Turner et al. 1993). The same holds true for pilus disassembly
(Merz et al. 2000). The nomenclature of T4P components varies drastically amongst
different organisms, in this chapter the P. aeruginosa nomenclature will be used.

The biogenesis of type IV pilus requires the action of a specialized machinery,
including an outer membrane secretin subcomplex (PilQ, PilF, TsaP), an inner mem-
brane motor subcomplex (PilC, PilB, PilT) and an alignment subcomplex (PilM,
PilN, PilO, PilP) (Leighton et al. 2015a). The outer membrane secretin subcom-
plex is composed of two elements: PilQ, a large gated multimeric outer membrane
pore and a pilotin PilF, which function is to ensure correct localization, assembly
and outer membrane insertion of the secretin subcomplex. In N. gonorrhoeae and
M. xanthus there is another component of secretin subcomplex present, the T4P
secretin-associated protein, TsaP. This component was suggested to anchor the outer
membrane secretin subcomplex to the peptidoglycan cell wall by its LysM motif
(Siewering et al. 2014), but its role requires further investigation. The motor sub-
complex ismade up of the innermembrane protein PilC and the cytoplasmicATPases
PilB and PilT, which drive the processes of pilus elongation and retraction, respec-
tively (Whitchurch et al. 1991; Chiang et al. 2005). The alignment subcomplex,
composed of highly conserved PilM, PilN, PilO and PilP proteins, functions as a
platform connecting the secretin and the motor complexes (Thanassi et al. 2012;
Takhar et al. 2013). The function of particular subunits has not been described, how-
ever recent study show that PilNO complex is a dynamic link between the secretin
and motor complexes, involved in both elongation and retraction of type IV pilus
(Leighton et al. 2015b). PilP subunit is bound to the PilQ pore, which stabilizes its
assembly during pilus secretion as the passage of the pilus through the pore requires
the disassembly of membrane-spanning domains of PilQ (Berry et al. 2012). PilN
and PilO subunits form a dimer via their periplasmic domains. This dimer serves as
an anchor of the whole alignment subcomplex in the inner membrane and binds the
periplasmic lipoprotein PilP, which interacts with the PilQ pore. Finally, PilN binds
the actin-like protein PilM, so that all the cellular compartments are connected via
the PilMNOPQ protein interaction network. This trans-envelope complex interacts
also with the PilA major pilus subunit and facilitates the passage of the pilus through
the periplasm (Tammam et al. 2013). The final pilus rod is made of major subunit
PilA (PilE in N. meningitidis) and minor pilus subunits, FimU, PilV, PilW, PilX and
PilE, which together form a pilus rod, organized in a helical manner.

The pilus formation starts from the insertion of the prepilin subunits into the inner
membrane by the SecYEG translocon. Prepilin maturation requires the cleavage of
the signal peptide and methylation of the mature pilin N-terminus by the action of
prepilin peptidase PilD (Zhang et al. 1994; Lory and Strom 1997). Prior to incor-
poration into the pilus, the conserved hydrophobic N-terminal α-helix in the mature
pilins anchors them in the inner membrane, with the globular domain exposed to the
periplasm. Mature pilin subunits are then extracted from the inner membrane and
incorporated into the base of a growing pilus by the assemblymachinery, in a process
that involves coiled-coil interactions between the N-terminal α-helices in the central
hydrophobic core of the pili (Craig et al. 2006). The assembled T4P core passes
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through the outer membrane secretin PilQ, which is a multimeric gated channel,
homologs of which are also present in type II and type III secretion systems (Bitter
et al. 1998). The assembly-disassembly of the pilus core requires ATP hydrolysis,
by the action of the cytoplasmic ATPases, PilB (PilF in T. thermophilus) and PilT,
respectively (Misic et al. 2010; Collins et al. 2018; Turner et al. 1993). Finally, the
T4P assembly requires an integral inner membrane protein PilG, as well as several
minor pilins (PilH-K) (Tonjum et al. 1995; Winther-Larsen et al. 2005).

Structure of Type IV Pili and Their Assembly Machinery

Since the T4P machinery is a large multiprotein assembly, the reconstruction of its
overall structure in an intact state is a challenging task, despite the many structures of
individual T4P components being available (Misic et al. 2010;Karuppiah andDerrick
2011; Kim et al. 2006; Berry et al. 2012; Craig et al. 2003). Cryo-electron tomogra-
phy (cryo-ET) enabled reconstruction of type IV pilus machinery from M. xanthus
and T. thermophilus intact cells, at resolutions 30–40 Å and 32–45 Å, respectively
(Chang et al. 2016; Gold et al. 2015). The structures from both organisms showed
the T4P machineries to span the entire cell envelope and to be present in a closed
state in the absence of pilus and an open state when the pilus is present. Models with
the available structure of individual components docked into the cryoET volumes
indicate that in general the same core components form the overall T4P machin-
ery in both organisms (Fig. 12.2). The differences include longer PilQ secretin in
T. thermophilus, which is characterized by larger distance between inner and outer
membrane. Moreover, Thermus lacks the PilP homologue, which in M. xanthus is
a part of mid-periplasmic ring. The T4P secretion apparatus is made of four inter-
connected rings, three in the periplasm and one in the cytoplasm, a cytoplasmic disc
and dome, a periplasmic stem and an outer membrane pore (Fig. 12.2). In the rest-
ing, non-piliated state the PilA major pilus subunits form the short stem, whereas
in the piliated state this structure transverse through the periplasmic rings and the
PilQ pore to the external environment. The pilus arises at the cytoplasmic dome
formed by cytoplasmic domains of IM PilC, surrounded by PilM cytoplasmic ring.
The coiled coils across the inner membrane connect the cytoplasmic ring with the
lower periplasmic ring, which is composed of the globular domains of PilO and PilN.
Periplasmic domains of PilQ with PilP form the mid-periplasmic ring and the upper
periplasmic ring is composed of TsaP around PilQ. The structure docking suggests
a 1:1 stoichiometry of ring components PilP, PilN, PilO, PilM and TsaP (Fig. 12.2).
Although the modelling suggests 12 copies of each subunit, the exact number of
particular subunits is still in question (Leighton et al. 2015a; Tammam et al. 2013).
The hexameric ATPases PilB and PilT bind interchangeably to the base of the T4P
machinery and occur as a cytoplasmic disc in the piliated structure during elongation
and retraction, respectively. The other differences between piliated and non-piliated
state include the opening of the PilQ gate (PilQ of T. thermophilus has 2 gates) and
the pilus traversing the periplasm and PilQ pore into the extracellular environment.
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Interestingly, the distance between inner and outer membrane is longer in the pili-
ated state, possibly due to the presence of the pilus. The model of pilus assembly
was proposed, where ATP hydrolysis by PilB induces PilC rotation and relocation
to facilitate incorporation of PilA major pilus subunits, one at a time, from the IM
to the base of nascent pilus. In contrast, PilT bound to the basal body induces pilus
retraction, by rotating PilC into location that induces expulsion of PilA subunits
(Chang et al. 2016). Furthermore, PilNO heterodimer was found to participate in
both pilus retraction and elongation (Leighton et al. 2015a). The structure of type IV
pilus rod from N. meningitidis was modelled by fitting the 1.44 Å crystal structure
of major pilin PilE subunit into the ~6 Å cryo-EM density map (Fig. 12.2). The fully
assembled T4P core is composed of the N-terminal α-helices packed together in a
coiled arrangement in the centre of the structure, with the globular domains facing
to the outside. Notably, the α-helical order is lost in the central part of α1 in the
intact pilus (between residues Gly14 and Pro22), making this region more flexible.
The extension of this region may be responsible for the spring-like properties of
type IV pilus under shear forces (Kolappan et al. 2016). Importantly, the glutamate
residue Glu5 of each subunit was confirmed to be essential for the assembly of T4P,
as it forms a salt bridge with the positively charged N-terminal amine of the adjacent
subunit. This interaction is believed to be involved in the incorporation of subsequent
pilins from the inner membrane into the nascent pilus (Craig et al. 2006; Kolappan
et al. 2016).

Mycobacterial Pili

For a long time, there was no evidence of pili produced by mycobacteria. However,
in 2005 Alteri observed by negative staining and transmission electron microscopy
(TEM) that mycobacteria produce two morphologically distinct types of pili: type
IV- and curli-like pili (MTP) (Alteri 2005). Mycobacterium type IV pili are flexi-
ble appendages forming rope-like bundles. The analysis of M. tuberculosis genome
showed that this organism contains the type IVb pili gene cluster, encoding small
type IVb prepilins of the Flp pili family (f imbrial low-molecular weight protein).
The Flp protein expression and secretion byM. tuberculosis was confirmed by gene
expression analysis and immunofluorescent microscopy. M. tuberculosis type IVb
pili are encoded by a 5-kb genomic island,which contains seven genes, including type
IVb flp prepilin, a transmembrane protein and secreted proteins (Danelishvili et al.
2010). In addition, two Flp family prepilin peptidases were found distant from the flp
locus. These two proteins encoded by Rv0990c and Rv2551c ORFs are thought to be
involved in the secretion or cleavage of the Flp prepilin substrate. The flp locus ofM.
tuberculosis is homologous to flp-tad locus of Aggregatibacter actinomycetemcomi-
tans and was presumably acquired by horizontal gene transfer. In many pathogens
Flp/Tad pili serve as colonization factors and promote biofilm formation (Ramsugit
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and Pillay 2015). As M. tuberculosis is a non-motile organisms, its type IV pilus
potentially functions as adherent factor, which was also initially proved by Alteri
(2005). Its function, however, needs to be further elucidated.

Bacterial Amyloid Fibers

Curli andFap are functional bacterial amyloid fibers secreted bymanyGram-negative
bacteria as part of an extracellular matrix that binds cells together to form bacterial
communities known as biofilms. Biofilms are a commonly found sedimentary life-
form for bacteria. The extracellular matrix helps adherence to the substrate and
provides a protective shield that helps cells cope with various environmental stress
such as oxidative damage, desiccation, antibiotics as well as host immune responses
(Branda et al. 2005; Depas et al. 2015; Hall-Stoodley and Stoodley 2009). Biofilms
can be found on both biotic and abiotic surfaces in almost all kinds of environments
(Chai et al. 2013; Jeter andMatthysse 2005; Otter et al. 2015; Ryu and Beuchat 2005;
Uhlich et al. 2006). The secreted extracellularmatrix is composed of polysaccharides,
nucleic acids and protein fibers. Functional amyloids can constitute a major fraction
(up to 85%) of the biofilmmatrix (Larsen et al. 2008; Reichhardt and Cegelski 2014).
Historically, amyloids are best known for their association with neurodegenerative
diseases such as Alzheimer’s, Parkinson’s and Huntington’s disease and are con-
sidered off-pathway protein folding products that are associated with cytotoxicity
(Chiti and Dobson 2006). However, over the last two decades an increasing num-
ber of examples emerged of so-called functional amyloids, where the amyloid state
comprises the native state of the protein and fulfils an adapted biological function
(Blanco et al. 2012). In bacteria, several such functional amyloids are involved in
biofilm formation, adherence, persistence and pathogenesis (Fowler et al. 2007; Van
Gerven et al. 2018). Curli is one of the first and most extensively studied bacterial
amyloids. Curli were first identified in Salmonella (Grund and Weber 1988) and E.
coli (Olsén et al. 1989) biofilms and later found to be broadly distributed amongst
Proteobacteria and Bacteroidetes (Dueholm et al. 2012). A recently discovered bac-
terial amyloid system is Fap, found in Pseudomonas (Dueholm et al. 2010). Curli
and Fap both form surface-localized linear fibers implicated in biofilm formation.
Although non-homologous, both systems share a number of common characteristics,
such as an amyloid-like cross β architecture of the fibers, the presence of a minor
and major subunit that act as a specific nucleator and the main polymerizing subunit,
respectively, as well as diffusion-driven secretion channels in the outer membrane.
This section will discuss in detail, the structure and function of components of Curli
and Fap systems.
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Curli

The curli pathway is one of the most extensively studied functional amyloid system.
Curli subunits are secreted through the type VIII secretion system, also known as
the nucleation-precipitation pathway (Chapman et al. 2002; Olsén et al. 1989). In E.
coli, curli subunits and assembly machinery are encoded in two csg (curli structural
gene) operons: csgBAC and csgDEFG (Chapman et al. 2002; Hammar et al. 1995).
CsgD is the master regulator of the curli biogenesis as it activates the transcription
of csgBAC operon through a coordinated complex signalling network (Brombacher
et al. 2003; Chirwa and Herrington 2003; Gerstel and Römling 2003). CsgA is the
major structural component of the curli fibers while CsgB is the nucleator of amyloid
self-assembly (Olsén et al. 1989; Chapman et al. 2002). CsgC is a periplasmic pro-
tein responsible for inhibition of premature polymerization of CsgA and therefore
possibly helps the bacteria in keeping a check on the cytotoxic aspects of amyloids
(Evans et al. 2015). CsgG is an outer membrane protein forming a pore responsible
for transport of the curli subunits from the periplasm to the extracellular space. It
forms a pore complex by interacting with CsgE in the periplasmic side and CsgF in
the extracellular side of the outer membrane. CsgE helps in fine-tuning the regula-
tion of transport of CsgA and CsgB through the pore complex (Goyal et al. 2014;
Nenninger et al. 2011) while CsgF interacts with CsgG and CsgB to possibly act as
the interface between the assembled fibers and the outer membrane (Nenninger et al.
2009; Schubeis et al. 2018).

Architecture of Curli Fibers

Curli fibers are composed of two components, the major structural component CsgA,
and minor nucleator component CsgB. In E. coli, both subunits are approximately
13 kDa polypeptides. A 20 residue longN-terminal signal peptide targets the subunits
for export to the periplasm by the SecYEG translocon, after which it is cleaved
off (Chapman et al. 2002; Olsén et al. 1989). The first 22 residues of the mature
subunits (after proteolytic removal of the signal peptide), termed N22, are believed
to form a pathway-specific targeting signal. N22 is sufficient to direct native and non-
native proteins to the outer surface through the curli secretion machinery (Robinson
et al. 2006). N22 is followed by the amyloidogenic core domain of the subunits,
formed by five pseudo repeat sequences of ~22 amino acids, termed R1 to R5. In
other species, CsgA can be considerably longer, encompassing over twenty pseudo-
repeats. The pseudo-repeats hold an average 30 percent pairwise sequence identity.
Isolated pseudo-repeat peptides are in themselves amyloidogenic, though can differ
strongly in their assembly propensity. In E. coli CsgA for instance R1, R3 and R5
will readily self-assemble, whilst R2 and R4 only poorly do so (Hammer et al. 2007;
Wang et al. 2007, #128). Although in vitro CsgA will self-assemble into curli-like
fibers, the minor subunit CsgB acts as a potent nucleator for CsgA fibrillation. In
vivo, the formation of cell surface associated curli requires the nucleator CsgB, in
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a process that is dependent on the curli accessory protein CsgF (Nenninger et al.
2009). R4 and R5 of CsgB (with its markedly different primary sequence containing
four positively charged residues Lys133, Arg140, Arg147, and Arg151) has been
implicated in interaction of CsgB with CsgF (Hammer et al. 2012). Deletion of R4
or R5 in CsgB results in secretion of CsgA and CsgB to the exterior without any
association to the cell surface (Hammer et al. 2012). Although CsgB is required for
nucleation of CsgA in vivo, both CsgA and CsgB can form fibers independently
in vitro (Shu et al. 2012).

Experimental structures of the CsgA or CsgB subunits and the assembled curli are
currently lacking. Staining with amyloid-responsive dyes (Congo Red and thioflavin
T), circular dichroism spectra andX-ray diffraction experiments onCsgAfibers point
to the presence of a cross-β structure with nucleation-dependent growth characteris-
tics, typical of amyloids (Chapman et al. 2002; Shewmaker et al. 2009). Solid state
NMR studies, however, indicate that unlike classical amyloids, CsgA does not have
an in-register parallel β sheet architecture (Shewmaker et al. 2009). Using calcula-
tions of amino acid contacts based on covariation of amino acids in various CsgA
homologues, a model has been proposed. According to this model CsgA is expected
to have a β helical architecture, where each pseudo-repeat forms one helical turn
(Tian et al. 2015). This model is consistent with results of simulations designed to
find the lowest energy conformation of a single molecule. Another model proposed
by Louros et al. (2016) based on the Salmonella CsgA homology model depicts the
curli fibers as two-start filaments made of stacked β-helical solenoids (Collinson
et al. 1993). However, there is ambiguity in the handedness of the helix. Experi-
mental evidence supporting these models is still missing. In vitro studies of CsgA
self-assembly using high speed atomic force microscopy has revealed polarity in
growth of the fiber, with one end growing visibly faster than the other. Also, they
exhibit stop-and-go dynamics in growth where periods of stagnations are interrupted
by steady bursts of elongation (Sleutel et al. 2017).

The Curli Assembly Machinery

Secretion and assembly of curli requires a dedicated transport channel in the outer
membrane, CsgG, and two accessory proteins CsgE and CsgF (Loferer et al. 1997;
Nenninger et al. 2009; Robinson et al. 2006). In E. coli CsgG is a 262-residue
long lipoprotein that forms a nonameric transport complex that traverses the OM
through a 36-stranded β-barrel (Cao et al. 2014; Goyal et al. 2014) (Fig. 12.3). Prior
to insertion in the OM, CsgG is found as a soluble monomeric protein. The trans-
membrane β-barrel is formed upon circular oligomerization of nine subunits, each
contributing two β-hairpins to the channel (Goyal et al. 2014). The pore volume is
separated into two 3–4 nm wide cavities on the periplasmic and extracellular side of
the outer membrane, separated by a diaphragm-like 1 nm wide constriction formed
by the lateral packing of a conserved 12-residue ‘constriction loop’ (CL) in the nine
subunits. The luminal lining of the constriction is composed of three stacked con-
centric rings formed by the side chains of residues Y51, N55, and F56 (Goyal et al.
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Fig. 12.3 The biogenesis pathways of the bacterial amyloids curli and Fap. a Schematic represen-
tation of the curli assembly pathway and the E. coli csgBAC and csgDEFG gene clusters. Blue and
dark blue: major curli subunit CsgA and nucleator subunit CsgB, respectively. CsgG forms the OM
curli translocation channel (green; PDB entry: 4UV3), bound on the outer side by the accessory
protein CsgF (dark green; PDB entry: 5M1U), and the on the periplasmic side by the secretion
factor CsgE (yellow; PDB entry: 2NA4). In the periplasm, the amyloid chaperone CsgC (orange,
PDB entry: 2Y2Y) prevents premature curli fiber formation. b Schematic representation and operon
structure of the Fap assembly pathway. The major Fap subunit FapC and presumed Fap nucleator
subunit FapB are shown in blue and dark blue, respectively. FapF (dark green, PDB entry: 5O65)

2014). The latter is strictly conserved and was found important for curli secretion.
A structurally equivalent phenylalanine “clamp” is observed in the Anthrax protec-
tive antigen, where it facilitates recruitment and translocation of unfolded protein
substrate to the secretion channel (Krantz et al. 2005). Single channel conductance
experiments and structural data suggest CsgG operates as an ungated peptide diffu-
sion channel (Goyal et al. 2014). The driving force for protein translocation in the
curli pathway is currently unknown. Under physiological concentrations, secretion
of curli subunits requires the 12 kDa periplasmic accessory protein CsgE (Nenninger
et al. 2011). CsgE provides specificity to the CsgG channel and has been found to
form a periplasmic plug to the channel (Nenninger et al. 2011; Goyal et al. 2014,
#122). In vitro, CsgE maintains equilibrium between a monomeric and nonameric
species. The latter forms a dynamic complex with CsgG, forming a cap-like struc-
ture that closes off the periplasmic vestibule of the channel (Goyal et al. 2014).
CsgE inhibits CsgA polymerization when added in stoichiometric amounts, indicat-
ing it can directly interact with the secretion substrate (Nenninger et al. 2011). The
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solution NMR structures of CsgE W48A/F79A, a mutant that stabilizes the CsgE
monomer, reveal a globular mixed α/β fold with three distinct electrostatic surfaces,
(i) a positively charged “head,” (ii) a negatively charged “stem” and (iii) a negatively
charged “tail” region (Klein et al. 2018; Shu et al. 2016). The positively charged head
region has been implicated in CsgE-CsgA interaction. However, how and at what
time during the secretion process CsgE interacts with the secretion substrates is cur-
rently unknown. It is speculated that CsgE recruits CsgA and CsgB to the secretion
complex. A second accessory factor to the curli secretion-assembly machinery is
CsgF, a 13 kDa protein that is localized on the extracellular surface (Nenninger et al.
2009). CsgF acts a coupling factor between secretion and assembly of curli subunits.
Although csgF null mutants secrete CsgA and CsgB, they lack surface-attached
curli fibers (Chapman et al. 2002; Nenninger et al. 2009). Instead, secreted CsgA is
found as non-polymerized monomers and dispersed curli fibers in the extracellular
milieu (Nenninger et al. 2009). In vivo, CsgB surface attachment and activity as curli
nucleator depend on CsgF, and available data suggest CsgF acts as a curli assembly
chaperone through direct interaction with the curli nucleator CsgB, an interaction
that is found to depend on CsgB’s C-terminal repeats R4 and R5 (Nenninger et al.
2009). A recently determined solution NMR structure of CsgF shows a small α/β
domain, preceded by a long, highly disordered N-terminus (Schubeis et al. 2018).
How the protein interacts with the secretion channel and the secretion substrates is
unknown.

A last component in the curli assembly-secretion pathway is the CsgC (also
referred to as CsgH outside γ-proteobacteria), an 11 kDa periplasmic protein (Ham-
mar et al. 1995; Dueholm et al. 2012; Evans et al. 2015; Taylor et al. 2016). CsgC
is dispensable for curli assembly, and for long, the physiological role of the protein
remained obscure (Gibson et al. 2007; Taylor et al. 2011). A recent study showed the
protein protects bacterial cells from toxicity associated with an accidental periplas-
mic accumulation of curli subunits (Evans et al. 2015). It does so by inhibiting CsgA
and CsgB fiber formation at sub-stoichiometric concentrations. The crystal structure
of CsgC reveals a 7-stranded β-sandwich protein with a striking CxCmotif similar to
its structural homolog DsbD (Taylor et al. 2011). However, this CXC motif does not
appear to be involved in CsgC’s amyloid inhibitory activity, which relies on electro-
static interactionwith the curli subunits (Taylor et al. 2016). The exact mode of action
of the amyloid inhibitor remains unclear. Whilst Taylor and co-workers suggested
CsgC to act on an amyloid precursor (Taylor et al. 2016), a study that followed CsgA
fibrillation in presence of CsgC using atomic force microscopy indicated the protein
acts primarily by inhibiting fiber elongation, presumably by capping the fiber growth
poles (Sleutel et al. 2017). Strikingly, the inhibitor is also able to attenuate fibrillation
in other amyloids such as α-synuclein, albeit at higher concentrations (Evans et al.
2015).
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Fap Fibers

Fap is another functional bacterial amyloid system found in proteobacteria (β-, δ-, and
γ-proteobacteria). Although evolutionarily unrelated to curli, it too uses a dedicated
pathway for secretion and assembly of cell-surface localized amyloid fibers. Similar
to curli, Fap are part of the extracellular matrix of biofilm-associated cells, where
they increase colony hydrophobicity and stiffness to enhance survival under various
harsh environments (Zeng et al. 2015). Fap was initially identified in pathogenic and
non-pathogenic Pseudomonas species, and subsequently found in the genomes of
at least 39 additional genera of proteobacteria (Dueholm et al. 2010; Rouse et al.
2018a). The Fap pathway is encoded by the fapABCDEF operon, which includes
the structural fiber proteins (FapB, FapC and FapE), as well as the proteins required
for safe guidance across the periplasm (FapD, FapA) and secretion across the outer
membrane (FapF) (Dueholm et al. 2010). Fap components are exported to periplasm
via the SecYEG translocon where the signal sequence is cleaved off. Mature FapB,
FapC and FapE are then secreted through FapF, a trimeric outer membrane pore com-
posed of three 12-stranded β-barrels, each plugged by a 13-residue α-helix that join
into a periplasmic asymmetric triple coiled-coil via a 40–50-residue long flexible
connector (Rouse et al. 2017, 2018b). The N terminal coiled coil domain and helical
plug are thought to present a mechanism to regulate substrate transport, although
if and how the plugged channels are gated remains unknown. FapC is the major
structural component of the amyloid fiber, analogous to CsgA in curli. The pro-
tein is composed of three amyloid-prone pseudo-repeat regions of approximately 30
residues, interrupted by two linker regions (Bleem et al. 2018; Dueholm et al. 2010,
2013). FapB is a minor structural component of Fap, has shorter repeats compared to
FapC, and is proposed to act as nucleator, analogous to CsgB (Dueholm et al. 2010).
FapD and FapF are two periplasmic accessory proteins (Rouse et al. 2017, 2018b).
FapD is a C39-family protease that is proposed to play a key role in selectivity of the
FapF pore (Rouse et al. 2017). Deletion of FapD or mutation in its cysteine active site
resulted in the loss of FapC secretion, suggesting FapD is indeed a peptidase and has
a regulatory role (Rouse et al. 2017). FapA is speculated to be a periplasmic inhibitor
of Fap assembly, countering cytotoxic effects of premature amyloid polymerization
of FapC amyloid, similar to the role of CsgC in the curli system (Rouse et al. 2018a).

Type IV Secretion Pilus

Type IV secretion(T4SS) pili are the extracellular, tubular filaments of Type IV
secretion machineries, capable of transporting DNA, proteins and nucleoprotein
complexes in and out bacteria and archaea. These systems serve three major pur-
poses in the bacteria, (i) conjugation, (ii) DNA uptake (competence) and release,
and (iii) delivery of effector proteins (Grohmann et al. 2018). Conjugation is the
process by which a donor cell delivers genetic material (plasmids, Integrative and
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Conjugative Elements (ICEs)) into a recipient cell in a contact dependent manner
(Waksman 2019). Two well-known examples are the F plasmid transfer system (Tra
operon) in E. coli, mediating horizontal gene transfer and propagating antibiotic
resistance genes and the Ti plasmid injection system in Agrobacterium tumefaciens,
associated with crown gall disease in plant hosts. The second function of the type IV
secretion systems is DNA uptake, also known as bacterial competence (ComB sys-
tem in Helicobacter pylori) and release (Tra system in N. gonorrhoeae), for fitness,
pathogenicity and virulence of the species. A third group of T4SSs found in bacterial
pathogens functions to deliver protein effectors into eukaryotic host cells. Examples
include the VirB/VirD4 and Trw T4SSs in Bartonella species, and the Cag secretion
system in the gastrointestinal pathogen H. pylori, which mediates the injection of
the oncogenic effector protein CagA (Backert et al. 2017; Wagner and Dehio 2019).

Type IV secretion systems are broadly distributed and diverse in composition and
function. In this review, we will focus on the VirB/VirD4 T4SS of A. tumefaciens
and the F plasmid conjugative system of E. coli.

Architecture of Type IV Secretion Pili

Recent cryo-EM structures of F-family pili encoded by the pOX38 and pED208
conjugative plasmids have greatly enhanced our understanding of the build-up of
these surface appendages (Costa et al. 2016). In this chapter, we will use these
conjugative systems as the point of reference to describe the architecture of Type IV
secretion pili. However, T4SSs differ strongly in the composition and complexity of
their associated pili, as well as in the nature of the translocation substrates. Additional
structures will thus be needed to determine how representative the conjugative pilus
structures are for the architecture of Type IV secretion pili in general. F pili are
tubular appendages on the outer membrane responsible for conjugation. The F pilus
establishes contact between the donor and recipient cell and acts as a conduit for the
exchange of genetic material between the cells, in the form of ssDNA (Waksman
2019). The pili are composed of thousands of TraA subunits, which can assemble
and disassemble to extend or retract the appendage (Clarke et al. 2008a). Both the
pOX38 and pED208 conjugative pili are hollow cylinders of comparable dimension.
The pED208 encoded pilus is 87 Å thick with a lumenal diameter of 28 Å. Both
conjugative pili show as five-start helical filaments (Fig. 12.4). The pED208 pilus
shows twist angle of 28.2° and a rise of 12.1 Å, while the F pilus (encoded by pOX38)
is found two distinctive conformational populations, onewith twist of 27.9° and a rise
of 13.2 Å, and a second with a twist of 28.1° and rise of 12.5 Å. The conjugative pili
are homopolymers of the TraA pilin, which is a ~64 AA long peptide that folds into
an all helical structure comprising three helices (α1, α2, and α3). TraA is synthesized
as a pro-pilin with an unusual leader peptide of ~50 AA (Majdalani et al. 1996). The
pro-pilin is inserted into the inner membrane with the help of TraQ, a transmembrane
protein encoded by the F plasmid, in a process that requires ATP and proton motive
force. After its insertion, the 5.5 kDa leader peptide is cleaved off by the periplasmic
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Fig. 12.4 Structure and assembly pathway of conjugative Type IV secretion pili. The shown struc-
tures are a collage of different studies and systems. a Ribbon representation of the pED208 TraA
monomer (yellow) shown in isolation and docked into the cyoEM density of the pED208 F-pilus
(PDB entry: 5LEG; EMDB entry: EMD-4042; the TraA bound lipid is shown in red). CryoEM
structure of the R388 conjugative T4SS complex (green, EMDB entry: EMD-2567), and ribbon
representation of the TraI relaxase of the F/R1 plasmid (grey, PDB entry: 5N8O). b Segmented
cryoEM volume for the F conjugative pilus in side and top cross-sectional view (EMDB entry
EMD-4042). The individual filaments of the five-start helices are differentiated in colour. c Rib-
bon representation of the pED208 F-pilus shown in top view (PDB entry: 5LEG). d Segmented
cryoEM volume of the R388 conjugative T4SS complex (EMDB entry: EMD-2567) with a colour
assignment of the different components, making use of the Vir nomenclature

peptidase LepB, resulting in arrangement where the α2–α3 loop is pointing towards
the cytoplasm while N- and C-termini of α1 and α3 are in the periplasm (Majdalani
and Ippen-Ihler 1996). The N-terminus of mature TraA is then acetylated by TraX,
another protein encoded by the F plasmid (Maneewannakul et al. 1995).

A remarkable feature that has been discovered during helical reconstruction of the
conjugative pili is the a stoichiometric binding of a phospholipids by the TraA sub-
units. Mass spectrometry analysis confirmed these to be phosphatidylglycerol (PG)
species, primarily PG 32:1, PG33:1 and PG 34:1. Interestingly the cell membrane
also contains these two phospholipids. However, other constituents of the membrane
such as phosphatidylethanolamine (PE) and cardiolipin were absent, indicating TraA
pilin subunits might have special preference for PGs. The head groups of the lipids
are exposed to the lumen, whilst the acyl chains are completely buried between the
helical segments of the TraA subunits. This coating of the pilus lumen with phospho-
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lipid head groups makes it electronegative, which thought to help in transport of the
ssDNA.Mutation in the phospholipid binding sites (i.e. Y37V and A28F in pED208)
switched off pilus assembly at the membrane surface, suggesting that the lipids have
an additional role of maintaining integrity of the pilus assembly (Costa et al. 2016).
The bound lipidsmay also assist in insertion of the appendage into the hostmembrane
during establishment of initial contact, and may lower the energy barrier for subunit
extraction during retraction of conjugative pili (Clarke et al. 2008b) (Hospenthal
et al. 2017). Further studies are required to prove or disprove these speculative roles
of lipids in the pilus.

Structure and Mechanism of the Type IV Secretion Machinery

The assembly and disassembly of conjugative pili and other Type IV secretion pili, as
well as the passage of the secreted substrate depends on the trans-envelope spanning
TypeIV secretionmachinery.One of the canonical T4SS is the tDNA injecting system
in A. tumefaciens. The components of this system are arranged in two operons, the
VirB operon encoding 11 structural genes (VirB1–VirB11) and the VirD operon
encoding 4 (VirD1–VirD4) genes with regulatory and accessory functions. Although
different amongst species and from the type of system, a typical T4SS generally has
the following building blocks (i) the transmembrane secretion complex composed of
energy components (VirB4 and VirB11) and structural components (VirB3, VirB6,
and VirB8 in the IM, and VirB7, VirB9, and VirB10 in the outer membrane (OM)),
Hydrolase VirB1, (ii) the type 4 coupling protein(T4CP), (iii) the pilus (Waksman
2019).

X-ray structures of T4SS subcomplexes and the recent cryo-EM structure of the
nearly complete T4SS secretion complex of conjugative plasmid R388 has vastly
enhanced our understanding of the arrangement of various components in the 3
Mda complex (Low et al. 2014). It consists of an outer membrane embedded core
complex (OMC), an inner membrane core complex (IMC) with 2 barrel-like legs
inserting into the cytoplasm (Fig. 12.4). These components span the full Gram-
negative cell envelope, going from the cytoplasmic side of the inner membrane to
the extracellular side outer membrane, together forming the T4SS complex. The 1
Mda OMC is connected to the 2.6 Mda IMC through a connecting stalk. The OMC
is composed of 14 copies each of VirB7, VirB9 and VirB10 while the IMC is made
of 12 copies each of VirB3, VirB4, VirB5, VirB8 and 24 copies of VirB6. A segment
of VirB10 is inserted into the inner membrane likely to regulate the conformational
changes induced by variousATPases present in the innermembrane. TheOMCcan be
further divided into two layers, an outer membrane O layer and an Inner membrane
I layer (Marlovits et al. 2004; Rivera-Calzada et al. 2013). The O layer forms a
channel in the outer membrane that is composed of an α helical barrel, where each α

hairpin motif is contributed by 14 VirB10 units (Chandran et al. 2009). The IMC in
the periplasm is composed of two arches connected to two barrel-like leg structures
span the inner membrane and project into the cytoplasm. The leg like structures
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are made of 6 copies each of VirB4, an ATPase, constituting trimer of dimers (12
VirB4/TrwK subunits in total) (Low et al. 2014). VirB11, another ATPase, belonging
to the large family of AAA+ hexameric traffic ATPases is responsible for energising
the secretion process (Rashkova et al. 2000) along with VirB4. It is found embedded
in the cytoplasmic membrane and has nucleoside triphosphatase activity that gets
enhanced in the presence of lipids (Planet et al. 2001; Rivas et al. 1997). VirB11 of
H pylori and Brucella suis is reported to form double hexameric rings (Hare et al.
2006; Savvides et al. 2003; Yeo et al. 2000). Although it has been structurally well
characterized, its exact location in the assembled complex and its structure-function
relationship in it is not clear. VirD4 ATPase is the type IV coupling proteins (T4CP)
located between the two barrel like legs of the complex (Redzej et al. 2017). It recruits
the relaxosome processed substrates(DNA/protein) that is to be transported across
the secretion machinery (Cabeźn et al. 1997; Lang et al. 2010; Vergunst et al. 2000).
Two copies of VirD4 dimers are located opposite to each other in the cleft formed by
VirB4 hexamers in the cytoplasmic side of the inner membrane. As known from its
crystal structure (Gomis-Rüth et al. 2001). It has aN-terminal transmembrane domain
anchored to the cell membrane that provides stability to the cytoplasmic C terminal
domain. TheC terminal domain comprises of a catalyticDNAbinding domain(NDB)
and all helical α domain(AAD) (Chandran Darbari and Waksman 2015).

VirD4 can sense both intracellular and extracellular signal to regulate the open-
ing/closing of the T4SS machinery to allow exchange of substrates (Berry and
Christie 2011). It plays the crucial role of recruiting substrates for secretion through
the machinery. For translocation of DNA substrate it first undergoes pre-processing
by a relaxosome complex composed of 3–4 cytoplasmic proteins (Ilangovan et al.
2017) one of them being the relaxase. Relaxase is an enzyme that can execute two
activities namely trans-esterase and helicase. Two relaxase molecules attaches to the
origin of Transfer region (oriT ) of the plasmid DNA with the help of other proteins
of the relaxase complex. A first relaxase molecule makes a single strand nick in the
transfer strand of the plasmid DNA (T strand) at the nic site of the oriT with its
trans-esterase activity, and gets covalently linked to the free 5′ phosphate. A second
relaxase molecule then attaches to the 3′ end of the other strand and unwinds the
DNA by its helicase activity (Ilangovan et al. 2017). VirD4 subsequently captures
the transfer complex through the relaxase attached to the nic site (Atmakuri et al.
2004). Notably, several T4SSs such as that of Bartonella tribocorum, Brucella sp.,
and Bordetella pertussis lack ViD4, suggesting VirD4 might have a redundant role
in pilus biogenesis. The T4SS is thought be responsible for both pilus biogenesis
and conjugation, however mechanistic details of pilus biogenesis are still not clear.
Likely, after assembling the pilus it switches to DNA transfer mode (Ilangovan et al.
2017; Zechner et al. 2012). VirD4 and the relaxase complex remain in a dormant state
until some contact has been established with the recipient cell through the conjuga-
tion pilus. Upon contact the ATPases and the relaxases are activated which creates
a ssDNA bubble on the 3′ side exposing the nic site that is further processed by the
relaxase. The pathway of the transfer DNA through the secretion machinery, and the
mechanism of transfer into the recipient cell remain unknown in molecular detail.
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Sortase Mediated Pili of Gram-Positive Bacteria

Gram-positive bacteria lack the diderm cell envelope of Gram-negative bacteria, so
that secretion and attachment of pili to the cell surface can be expected to be funda-
mentally different. In these monoderm systems, pilus subunits are secreted through
the general secretory pathway, but require an alternative mechanism for polymeriza-
tion and attachment to the cell surface. Both these steps rely on the transpeptidation
activity a family of enzymes called sortases. Sortasemediated pili were first identified
in Gram-positive bacteria in 1968 (Yanagawa et al. 1968), however, their detailed
molecular characterization started relatively recently (Ton-That et al. 2004). They
lack homology to pili of Gram negative bacteria and are usually much thinner and
flexible (Hae et al. 2007). Sortase mediated pili are linear polymers of covalently
associated subunits, and are attached to the cell surface by covalent association to the
peptidoglycan layer. The intersubunit contacts and cell wall association are formed
by a transpeptidase reaction catalysed by surface-localized sortases. Typically, the
pili contain two to three subunit types, referred to as basal, backbone and auxiliary
pilins, each with their own specific function (Pansegrau and Bagnoli 2017). The
structural data available for sortase mediated pili from various bacterial species have
shown the presence of intramolecular isopeptide bonds in the pilins (Hae et al. 2007).
These isopeptide bonds are formed autocatalytically and are thought to be the func-
tional equivalent of disulphide bonds in other systems, i.e. providing extra stability
to the proteins by crosslinking (Kang and Baker 2009). Another interesting feature
of these systems is the formation of thioester bonds between the tip pilin and host
receptor proteins (Linke-Winnebeck et al. 2014; Pointon et al. 2010).

Pilus Architectures

The pili of Gram-positive bacteria are composed of two or three types ofmultidomain
pilins, called backbone pilin, basal pilin, and tip pilin. Corynebacterium diphtheria,
for example, has three distinct pilus systems, SpaABC,SpaDEF, andSpaHIG (Spa for
sortase-mediated pilus assembly), each with three distinct subunits. In these trimeric
systems SpaA, SpaD and SpaH are the major or the backbone pilins, while SpaB,
SpaE, SpaI, and SpaC, SpaF, SpaG are basal and tip pilins, respectively (Ton-That
and Schneewind 2003). The Spa operon model has been found conserved across
many other Gram-positive bacteria such as Streptococcus agalactiae, S. pyogenes,
S. pneumonia, Enterococcus faecalis, E. faecium, Bacillus cereus, and Actinomyces
naeslundii (Mandlik et al. 2008b). The structures of a large number of pilins have
now been studied, a detailed review of which can be found in (Krishnan 2015).
Despite having limited primary sequence homology most pilins have a similar core
tertiary structure. The pilins are modular multidomain proteins that are composed
of multiple immunoglobulin like β-sandwich domains, which can be grouped into
two main types: CnaA and CnaB domains. The CnaA domain was first identified
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Fig. 12.5 Schematic representation of sortase-mediated pilus assembly. aRepresentative structures
of adhesins and pilus subunits. From left to right: the tip pilin or pilus adhesin RrgA adhesin from S.
pneumoniae (blue, PDB entry: 2WW8), the basal pilin FctB (cyan, PDB entry: 3KLQ) and backbone
pilin Spy0128 (magenta, PDB entry: 3B2M) from S. pyogenes, and the sortase C of S. pneumoniae
(dark grey, PDB entry: 2W1J) and sortase A (red, PDB entry:1T2P) of S. aureus. b Schematic
diagram of sortase-mediated crosslinking and extension of Gram-positive pili (tip, backbone and
basal pilins are coloured as in (a). The SecYEG translocase is shown in grey (PDB entry 5AWW).
c Archetypical domain organization in tip, backbone and basal pilins

and coined in the ligand-binding region A of the collagen adhesin CNA of S. aureus
(Symersky et al. 1997). In addition to the CnaA and CnaB domains, the pilins can
also include a von Willebrand A (VWA)-like domain(vAPD) or thioester containing
adhesin pilin domain(TAPD) (Fig. 12.5).

Backbone pilins. The backbone pilins are the major pilin subunit forming the
Gram-positive pili, present in multiple tens to hundreds of copies. These subunits
generally consist of two to four CnaA or CnaB domains that form intramolecular
isopeptide bonds between the ε-amino group of a lysine and the carbonyl of a glu-
tamic or aspartic acid, or the amide group of an asparagine residue (Kang et al. 2007;
Kang and Baker 2011). These bonds are often made such that they link the first and
last β strand of the domains, thereby resulting in a tightly packed β sheet structure
with high thermal stability and protease resistance (Hae et al. 2007). The N termi-
nal domain of backbone pilins, called D1, often holds a YPKN motif, of which the
lysine is involved in the intermolecular transpeptide reaction during polymerization.
Backbone pilins of several Gram-positive bacteria have been structurally character-
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ized (Krishnan 2015), showing different architectures comprising pilins with two
domains like Spy012 of Streptococcus pyogenes (Kang et al. 2007), three domains
like SpaA from Corynebacterium diphtheriae (Kang et al. 2009), or 4 domains such
as in BcpA in Bacillus cereus (Budzik et al. 2009).

Basal pilins. The basal pilins are responsible for anchoring of the pilus to the
peptidoglycan layer. They are the last to be incorporated into the pilus and along
with the housekeeping sortase (SrtF) act as the termination signal (Mandlik et al.
2008a). Basal pilins are often made of one to three CnaB type domains with or
without isopeptide bonds. Basal pilins have a conserved proline rich C terminal tail
that anchors to the cell wall (Fig. 12.5). The C terminal sorting motif of basal pilins
have a triple glycine (TG) motif which possibly is required for sortase specificity,
as demonstrated in L. rhamnosus GG (Douillard et al. 2014). The first basal pilin
structure to be reported was GBS52 (Krishnan et al. 2007). It has two CnaB like
domains linked head to tail through a hydrophobic interface. It has a IYPK pilin
motif, of which lysine is thought to be responsible for incorporation into the pilus
shaft by forming transpeptide bond with a corresponding backbone pilus C terminal.
The crystal structure of another basal pilin FctB reveals the C terminal proline rich
tail to fold into a polyproline-II helix (Linke et al. 2010). And again, FctB also has
a lysine in the last strand that is responsible for the transpeptide bond formation.
Interestingly, RrgC, a basal pilin of Streptococcus pneumoniae has three CnaB type
domains instead of two (Shaik et al. 2014). It has two isopeptide bonds in domain 2
and domain 3 and a short polyproline C terminal tail. In all the reported basal pilin
structures there is no isopeptide bond in the domain 1, presumably making it more
flexible, which might be a necessity for cell wall anchoring of the pilus.

Tip pilins. Tip pilins are responsible for adhesion of the pilin to various host
surfaces. These pilins are usually the largest among the pilus subunits, with 4
domains, which can include both CnaA and CnaB domains, as well as a special-
ized domain for adhesion: vAPD or TAPD, present at the pilus tip. CnaA and CnaB
domains provide support to the adhesive domain and connect it to the backbone
pilin (Fig. 12.5). The first tip pilin to be structurally characterized was RrgA (Izoré
et al. 2010). It has 4 domains with D3 being a vAPD domain that is located at the
tip and has adhesive properties. The D4 domain is responsible for connecting to
the pilus shaft. The typical vAPD domain consists of a six stranded β sheets sur-
rounded by α helices and resembles collagen-binding eukaryotic integrin I-domains
and theMIDAS-containing vWFA-like subdomains of complement convertases. The
MIDAS motif in RrgA is surrounded by two arm-like structures made of β hairpins
and long loops that are implicated in collagen and metal ion binding, and can pro-
vide a binding site for anionic extracellular matrix molecules. Similar to RrgA two
other tip pilins GBS104 (Krishnan et al. 2013) and Cpa (Linke-Winnebeck et al.
2014) have been partially characterized. Both have 4 domains, though while Cpa
differs markedly in term of supertertiary organisation of its domains and its adhesive
domain into Y shaped molecule with 2 thioester containing adhesion domains. The
Y shape is formed by the centrally located D2 connecting D1 and D3 that form the
binding arms and the D4 acts as the stalk. The adhesive domains, D1 and D3, share
a common fold comprising of a β sandwich in a helical bundle where the β sandwich
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contains the thioester binding domain. Apart from that, thioester bonds can be found
in adhesion domains of some tip pilins, e.g. Cpa from S. pyogenes. These bonds
are formed between the side chains of cysteine and glutamine and are believed to
mediate interaction with ligands present on the host cells.

Biogenesis and Secretion of Sortase Mediate Pili

Pilus biogenesis in Gram-positive bacteria is a biphasic process. A class of transpep-
tidases called sortases are responsible for biogenesis and housekeeping of the pili.
Gram-positive bacteria encode several sortase types, each with diverse roles. Based
on sequence homology, sortases have been classified into 6main classes, sortase A–F
(Spirig et al. 2011). Among these, class A and class C sortases are crucial from the
perspective of pilus biogenesis and maintenance. Class C sortases catalyse the cova-
lent linking reactions during initiation and elongation of pilus assembly (Budzik et al.
2007; Marraffini et al. 2006). Class A sortases are housekeeping enzymes that are
responsible for covalent linking of the pili to the peptidoglycan layer (Bradshaw et al.
2015). Apart from the above-mentioned classes, in some species (e.g. Corynebac-
terium diphtheriae) Class E sortases act as the housekeeping enzyme instead of Class
A (Comfort and Clubb 2004; Ton-That and Schneewind 2003). In general, substrates
of sortases are transported to the cell surface via the Sec translocon to eventually
get anchored in the cell membrane through its C-terminal part. The C-terminal part
contains a cell wall targeting signal sequence (CWSS), which consists of a pentapep-
tide sorting motif followed by a hydrophobic domain which precedes a positively
charged short chain (Schneewind andMissiakas 2014). The sortingmotif is generally
LPXTG that gets cleaved between threonine and glycine by a suitable sortase and
produces an acyl intermediate which later gets incorporated in the growing pili.

Proteins that are targets of sortases often have an N-terminal signal peptide and
C-terminal cell wall targeting signal sequence (CWSS) with LPXTGmotif. In pilins,
there is an additional conservedmotif in the N-terminal region with sequence YPKN,
also known as the pilin motif. After transport through the SecYEG translocon, the N-
terminal signal sequence gets cleaved off and the pre-pilin subunit gets inserted into
the cell membrane through the hydrophobic domain of the CWSS while the LPXTG
motif is exposed to the exterior. A sortase enzyme present on the cell membrane
recognizes the anchored pre-pilins through this LPXTGmotif. Upon recognition, the
cysteine of the TLXTC carries out a nucleophilic attack on the peptide bond between
threonine and glycine in the LPXTG motif to break the pre-pilin into two parts (i) a
thioester acyl intermediate containing the long N-terminal fragment and (ii) a short
C-terminal cleavage product that is released (Marraffini et al. 2006). The resultant
acyl intermediate forms a stable product by a nucleophilic substitution reaction, the
nucleophile for which is variable depending upon the respective sortase in action.
This nucleophile can either be an amine-containing residue in the peptide moiety
of a lipid II molecule (class A sortase), meso-2,6-diaminopimelic acid (mDap) in
the peptidoglycan cross-bridge (class A, D and E sortases), a lysine residue in a
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peptidoglycan cross-bridge (class B sortases), or a lysine residue that is part of the
“YPKN” motif of a pilin precursor (class C sortases and certain class B sortases)
(Frankel et al. 2005; Ton-That et al. 2004). The nucleophilic substitution marks the
completion of the transpeptidation reaction, which either results in elongation of
the polymerising pili or its covalent attachment to the peptidoglycan layer. These
two processes are catalysed by two classes of sortases, the Class C type sortase
for initiating and elongating the pilus and the housekeeping class A type sortase
for terminating and anchoring of pili to the cell wall. These reactions require that
both sortases and pilins are inserted in the cytoplasmic membrane. For this purpose,
the pilins have a C-terminal CWSS, whilst sortases have a transmembrane domain
in their N terminal regions (Schneewind and Missiakas 2014). The pilus assembly
reaction starts when the LPXTG motif of a tip pilin is recognized and cleaved by
a class C sortase present in the membrane. The resulting acyl intermediate then
undergoes nucleophilic attack by the ε amine group of a specific lysine residue in a
second pilus subunit, most often from the conserved YPKN motif in the N-terminus
of a backbone pilin, resulting in the formation of an isopeptide bond between the
tip pilin and the backbone pilin (Ton-That and Schneewind 2004). The backbone
pilin is recognized by a separate C type sortase, which catalyses the transpeptidation
reaction with subsequent backbone pilins until it reaches a termination signal by
transpeptidation to a basal pilin. The latter is recognized and coupled to a class A
sortase, which catalyses transpeptidation to the peptidoglycan precursor lipid II. In a
second group of organisms such as in Bacillus cereus there is no distinct basal pilin
(Budzik et al. 2007). In such cases the termination occurs when sortase A recognizes
a backbone pilin and gets coupled to it by cleaving the LPXTG motif. This happens
stochastically after a few rounds of polymerization. The acyl intermediate formed in
this transpeptidation reaction can only be resolved by a nucleophilic reactionwith the
N-terminal glycine of peptide side chains in lipid II molecules. Therefore, addition
of a sortase A coupled backbone pilin acts as the termination signal. As a final step,
the pilus filaments coupled to lipid II are then incorporated into the peptidoglycan
layer, resulting in their covalent attachment to the cell wall.
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Addendum on e-pili

Geobacter species such as Geobacter sulfurreducens possess micrometer long
conductive filaments or “nanowires” that mediate extracellular electron transport
(Reguera et al. 2005), and play a role in respiration (Malvankar et al. 2011) and
interspecific electron exchange (Summers et al. 2010). Nanowire-expressing bacte-
ria are associated with many important redox processes such as carbon and mineral
recycling in soil, metal corrosion, conversion of organic waste to methane and elec-
tricity (Malvankar and Lovley 2014). The molecular nature of these nanowires has
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been obscure, however, and for a long time they were considered to be composed of
Type IV pilus-like PilA subunits (Childers et al. 2002), with the conductive proper-
ties proposed to be coming from stacked aromatic residues in the pilus subunits, or
through association with the C-type cytochrome OmcS (Leang et al. 2013).

The recent cryoEM structures of isolated conductive pili or “e-pili” from G. sul-
furreducens have now revealed their unique structure, composition and electron trans-
port mechanism (Filman et al. 2018; Wang et al. 2019). This study showsGeobacter
e-pili are composed of a unique noncovalent linear polymer of the cytochromeOmcS
(Fig. 12.6). OmcSwas previously known to be essential for bacterial growth on insol-
uble electron acceptors such as Fe (III) oxide and electrodes, but had not been directly
implicated as the main nanowire component (Holmes et al. 2006; Mehta et al. 2005).
The structures show each OmcS subunit contains six stacked hemes that are placed
within 3.5–6 Å to each other in a trajectory that spans the length of the nanowire
and results in electric coupling within and across subunits. The hemes are found in
parallel pairs, each pair oriented perpendicular to the next. In the parallel arrange-
ment, the hemes are present within a range of 3.4–4.1 Å while in the perpendicular
arrangement they are within a range of 5.4–6.1 Å (Fig. 12.6). The parallel arrange-
ment is expected tomaximize electron couplingwhile the perpendicular arrangement
is thought to enhance the structural stability of the subunit. For each heme group,
two histidines situated axially form coordination bonds with the iron atom present
at the center, and the vinyl groups form covalent thioester bonds with cysteine. In
the filament, subunits associate in a head-to-tail arrangement, with each subunit in
contact with only one preceding and succeeding subunit, through an inter-subunit
contact comprising ~2,600 Å2 surface area. Histidine 16 of each subunit coordinates
an adjacent heme group present in the succeeding subunit. These inter-subunit coor-
dination bonds are proposed tomaximize the structural stability of the nanowire. This
cross-interface heme coordination is speculated to result from a domain swapping of
the C-terminal helix, a process that has been observed in induced cytochrome poly-
merization (Hirota et al. 2010; Wang et al. 2019). Little is known about the secretion
and in vivo assembly pathway of OmcS e-pili. Although it is now evident that PilA
is not the main structural subunit of the nanowires, previous genetic studies clearly
associate it with the presence of Geobacter’s e-pili and the secretion of OmcS to
the extracellular space (Liu et al. 2018; Richter et al. 2012). Deletion or mutation
of PilA leads to the absence of OmcS on the surface (Reguera et al. 2005) while
overexpression of PilA leads to overproduction of nanowires (Leang et al. 2013;
Summers et al. 2010). The cryoEM structures now clearly demonstrate PilA is not
found as a component of e-pili (Filman et al. 2018; Wang et al. 2019). Whether PilA
is found as an additional extracellular fiber or acts as a pseudopilus of a T2SS, and
where and how OmcS subunits polymerize and associate with the cell surface will
require further study.
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Fig. 12.6 a 3.7 Å cryo-EM map of Geobacter sulfurreducens e-pili or nanowires (EMD_9046).
b atomic model of OmcS subunits arranged in the e-pili (width 55 Å, PDB id: 6ef8), and c atomic
model of a single OmcS subunit, with its chain of six stacked heme groups shown in pink and the
iron atom in green
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Chapter 13
Cell Walls and Membranes
of Actinobacteria

Kathryn C. Rahlwes, Ian L. Sparks and Yasu S. Morita

Abstract Actinobacteria is a group of diverse bacteria. Most species in this class
of bacteria are filamentous aerobes found in soil, including the genus Streptomyces
perhaps best known for their fascinating capabilities of producing antibiotics. These
bacteria typically have a Gram-positive cell envelope, comprised of a plasma mem-
brane and a thick peptidoglycan layer. However, there is a notable exception of the
Corynebacteriales order, which has evolved a unique type of outer membrane likely
as a consequence of convergent evolution. In this chapter, wewill focus on the unique
cell envelope of this order. This cell envelope features the peptidoglycan layer that
is covalently modified by an additional layer of arabinogalactan. Furthermore, the
arabinogalactan layer provides the platform for the covalent attachment of mycolic
acids, some of the longest natural fatty acids that can contain ~100 carbon atoms per
molecule. Mycolic acids are thought to be the main component of the outer mem-
brane, which is composed of many additional lipids including trehalose dimycolate,
also known as the cord factor. Importantly, a subset of bacteria in the Corynebacteri-
ales order are pathogens of human and domestic animals, includingMycobacterium
tuberculosis. The surface coat of these pathogens are the first point of contact with
the host immune system, and we now know a number of host receptors specific to
molecular patterns exposed on the pathogen’s surface, highlighting the importance of
understanding how the cell envelope of Actinobacteria is structured and constructed.
This chapter describes the main structural and biosynthetic features of major compo-
nents found in the actinobacterial cell envelopes and highlights the key differences
between them.
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Introduction

Actinobacteria is a vast and variable class of bacteria. One unifying feature of this
class is the high GC content, generally ranging between 55 and 75%. A morpho-
logical feature traditionally used to classify Actinobacteria was filamentous growth,
but a phylogenetic analysis using 16S rRNA gene has revealed that this group is
much more morphologically diverse than it was previously thought. Their lifestyle
is also immensely diverse. Many are environmental species that live in soil and
aquatic environments where nutrient availability fluctuates. Streptomyces species,
for example, have the robust ability to grow using a wide variety of nutrients, car-
rying numerous genes for metabolic regulation, polysaccharide degradation, and
carbohydrate transport (Hodgson 2000; Bertram et al. 2004; Bentley et al. 2002).
In contrast, there are symbionts, such as the plant symbiont Frankia or the human
pathogen Mycobacterium tuberculosis, which have a limited number of membrane
transporters, implying more restricted strategies to acquire nutrients from the host
(Niederweis 2008; Normand et al. 2007). Another important feature of Actinobac-
teria is the Gram-positive cell wall. Most bacteria in the Actinobacteria class carry
typical monoderm cell envelope with a relatively thick peptidoglycan layer. How-
ever, some members, such as the well-knownMycobacterium species, have evolved
a diderm cell envelope (Fig. 13.1). Their unusual cell envelope structure makes Gram
staining unreliable and is more readily distinguished from the other envelope types
by acid-fast staining. This chapter discusses the cell envelope of Actinobacteria, one
of six classes within the Actinobacteria phylum (Gao and Gupta 2012). We will pri-
marily focus on the diderm cell envelope of the Corynebacteriales order and compare
with those from other orders within the Actinobacteria class.

Of theCorynebacteriales order,Mycobacterium andCorynebacterium are the best
studied genera mainly due to their medical and industrial importance. To name a
few,M. tuberculosis,Mycobacterium leprae,Mycobacterium bovis, andCorynebac-
terium diphtheriae are the etiologic agents of tuberculosis (TB), leprosy, bovine TB,
and diphtheria, respectively. Corynebacterium glutamicum is an industrial source
of producing glutamic acid. Other genera such as Nocardia, Rhodococcus, Gordo-
nia, and Tsukamurella also include some pathogenic species, which often infects
immunocompromised individuals. However, most species in this order are environ-
mental,with some species, such asRhodococcus olei, showingpotential industrial use
in degrading petroleum oil in contaminated soil (Chaudhary and Kim 2018). Even in
the genus ofMycobacterium where you find many pathogens, most species are non-
pathogenic. For instance,Mycobacterium smegmatis is a nonpathogenic saprophyte.
This species has become an established model for mycobacteria research because it
is a fast grower, in contrast to the slow-growing pathogenic species, andmany aspects
of cellular physiology, including the cell envelope structures, are comparable to the
pathogens.

Among infectious diseases caused by actinobacterial species, TB is the most
devastating, currently being one of the top ten causes of death worldwide. In 2017,
10 million people worldwide fell ill with the disease and 1.6 million died (World
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Fig. 13.1 Schematic of the cell envelopes ofMycobacterium,Corynebacterium, and Streptomyces.
Bars indicate the height of each layer drawn to scale. In M. smegmatis, the plasma membrane,
periplasmic space, peptidoglycan-arabinogalactan layer and outer membrane has a thickness of
~7, ~20, ~7 and ~7 nm (Zuber et al. 2008). For C. glutamicum, the peptidoglycan-arabinogalactan
layer is ~3 times thicker than that of M. smegmatis, and outer membrane thinner than that of M.
smegmatis, presumably due to short mycolic acids (Zuber et al. 2008). The thickness of each layer
within the peptidoglycan-arabinogalactan layer is unknown. For Streptomyces, there are no precise
estimates, but from published images, the peptidoglycan cell wall extends ~35 nm out from the
plasmamembrane, which appears comparable in thickness toMycobacterium andCorynebacterium
(Lerat et al. 2012; Yague et al. 2016; Celler et al. 2016)

Health Organization 2018). Additionally, estimated 1.7 billion people are latently
infected withM. tuberculosis and therefore may develop the disease in their lifetime.
Current regimens for the treatment of TB are combinations of the first-line drugs:
isoniazid, rifampin, pyrazinamide, and ethambutol, for at least six months. Among
them, isoniazid and ethambutol target the biosynthesis of cell envelope components,
making cell envelope biosynthesis a proven target of TB chemotherapy. Similar
to other microbial infections, the rise in multi-drug resistant M. tuberculosis is a
global concern. Understanding the diderm cell envelope ofM. tuberculosis and other
Corynebacteriales is important not only for the sake of the unique biology that has
evolved in this bacterial lineage, but also from the perspective of identifying novel
drug targets to treat the devastating diseases they cause.

The biosynthesis of cell envelope is a tightly regulated process, requiring tem-
poral and spatial controls. In this regard, certain similarities in the actinobacterial
cell growth and division are noteworthy. Rapid mechanical separation of daughter
cells is found in diverse lineages of Actinobacteria, including Micrococcus luteus,
Brachybacterium faecium, C. glutamicum,M. smegmatis, and Streptomyces venezue-
lae (Zhou et al. 2016, 2019), suggesting that this mechanism of cell separation is
widely conserved in Actinobacteria. From Streptomycetales to Corynebacteriales,
polar growth is another well-conserved feature (Daniel and Errington 2003; Thanky
et al. 2007;Ramos et al. 2003).Many proteins show specific subcellular localizations,
which are likely critical for the function of these proteins and the spatially coordi-
nated cell growth (Puffal et al. 2018). One prominent example is DivIVA, which
localizes to the polar ends of Mycobacterium, Corynebacterium, Brevibacterium,
and Streptomyces cells and helps to coordinate the polar cell envelope biosynthesis
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(Ramos et al. 2003; Flärdh 2003; Letek et al. 2008; Hempel et al. 2008; Nguyen
et al. 2007; Kang et al. 2008; Meniche et al. 2014; Donovan et al. 2012; Melzer et al.
2018). Spatial coordination is not only dictated by proteins. Plasma membrane has
recently been shown to be segregated into functional domains in mycobacteria, and
many cell envelope biosynthetic reactions are compartmentalized within the mem-
brane (Hayashi et al. 2016, 2018), further highlighting the intricate spatial controls.
More detailed review articles are available on spatial coordination and regulations of
actinobacterial cell division and polar envelope growth (Puffal et al. 2018; Donovan
and Bramkamp 2014; Logsdon and Aldridge 2018; Flärdh et al. 2012).

In this chapter, we focus primarily on the structure and biosynthesis of the acti-
nobacterial cell envelope (Fig. 13.1), starting with the innermost layer, plasma mem-
brane, followed by the peptidoglycan layer. In Corynebacteriales, the peptidoglycan
layer is covalently linked to an arabinogalactan layer, which is covalently linked to
a mycolic acid layer. Mycolic acids are long fatty acids and are a core component of
the outer membrane. While much less is known, we will also compare and contrast
the capsule layer of Actinobacteria.

Plasma Membrane

The plasma membrane is the fundamental innermost layer of the cell envelope. The
cryo-electronmicrograph ofmycobacterial plasmamembrane has indicated its thick-
ness to be about 7 nm (Zuber et al. 2008; Hoffmann et al. 2008). The major structural
components of the actinobacterial plasma membrane are glycerophospholipids. In
Actinobacteria in general, the core plasma membrane is composed of cardiolipin
(CL), phosphatidylglycerol (PG), phosphatidylethanolamine (PE), phosphatidyli-
nositol (PI), phosphatidylinositol mannosides (PIMs), and other less abundant lipids
such as ornithine lipids (OL), and menaquinones (Fig. 14.2a).

CLs and PGs

CL represents one of the most abundant plasma membrane components, constituting
roughly 10–50% of the total phospholipids in Actinobacteria (Jackson et al. 2000;
Yano et al. 1969; Nampoothiri et al. 2002; Kimura et al. 1967). It is generally con-
sidered a plasma membrane phospholipid, but a large amount of cell wall-associated
CL has been found in C. glutamicum (Bansal-Mutalik and Nikaido 2011). In non-
actinobacterial species, CL is typically synthesized by a CL synthase that facilitates
transesterification between two PG molecules, producing one CL and one glycerol.
In contrast, Actinobacteria use eukaryotic type CL synthase, which produces CL
from PG and CDP-diacylglycerol (CDP-DAG), a high-energy molecule that can
act as a donor of DAG (Sandoval-Calderon et al. 2009). The use of CDP-DAG
makes this reaction energetically favorable, and being consistent with this reaction
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kinetics, PG does not significantly accumulate in either Mycobacterium or Strepto-
myces (Jackson et al. 2000; Sandoval-Calderon et al. 2009; Hoischen et al. 1997;
Mathur et al. 1976; Zuneda et al. 1984; Lechevalier et al. 1977). This biosynthetic
approach is energeticallymore demanding for the cell, likely suggesting evolutionary
needs for these lineages of bacteria to have a high CL/PG ratio. While the physiolog-
ical reasons for this biosynthetic mechanism are unknown, CL is essential for hyphal
growth and spore formation in Streptomyces (Jyothikumar et al. 2012). Interestingly,
C. glutamicum does not possess the eukaryotic type CL synthase (Nampoothiri et al.
2002). Being consistent with the lack of the eukaryotic type enzyme, this organism
has a low CL/PG ratio (Bansal-Mutalik and Nikaido 2011).

Aminolipids

Aminolipids are widely found as a structural component of the plasmamembranes in
Actinobacteria, but their abundance can vary. For example, nitrogen-containing lipids
are not found in the protoplast ofM. luteus (Gilby et al. 1958). PE is often a dominant
phospholipid inActinobacteria, but corynebacteria cannot synthesize it (Brennan and
Lehane 1971). Two sequential enzymatic reactions synthesize PE: phosphatidylser-
ine synthase produces phosphatidylserine from serine andCDP-DAG, and then phos-
phatidylserine decarboxylase removes carbon dioxide from phosphatidylserine, pro-
ducing PE. These two enzymatic activities are differentially enriched in specific
membrane domains of M. smegmatis (Morita et al. 2005), although the significance
of this spatial segregation is unknown (see below for more details on membrane
compartmentalization).

Another class of aminolipids includes ornithine- and lysine-amide lipids, in
which a long-chain β-hydroxy-fatty acid acylates the α-amino group of ornithine
or lysine, and the β-hydroxy group of the long-chain fatty acid is further modi-
fied by another fatty acid. These phosphorus-free lipids have been detected in sev-
eral species of Mycobacterium and Streptomyces (Kimura et al. 1967; Kawanami
et al. 1968; Batrakov and Bergelson 1978; Laneelle et al. 1990). The precise func-
tion of these lipids remains unknown, but they are widespread in Gram-negative
bacteria and Actinobacteria (Vences-Guzman et al. 2012). In Streptomyces coeli-
color, ornithine-amide lipids accumulate during phosphorus starvation or sporula-
tion stages (Sandoval-Calderon et al. 2015). Under these conditions where ornithine-
amide lipids are abundant, the level of PE becomes negligible. It has been suggested
that ornithine-amide lipids are present in both the inner and the outer membranes in
Gram-negative bacteria. Therefore, it is possible that these lipids constitute the outer
membrane of mycobacteria as well.

Aminolipids can also be produced by amino acid modifications of glycerolipids.
M. tuberculosis produces lysinylated PG, and the deletion of the biosynthetic enzyme
LysX results in defective cell envelope integrity and less effective establishment
of infection in mice lungs (Maloney et al. 2009, 2011). A similar modification
can occur in Mycobacterium phlei, where DAG rather than PG is lysinylated
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(Lerouge et al. 1988). Similarly, C. glutamicum produces alanylated PG as well
as alanylated DAG, and their synthesis is tightly regulated with the synthesis and
trafficking of trehalose corynomycolates (Klatt et al. 2018).

Phosphatidylinositols and Mannolipids

PI is a rather unusual phospholipid species to be found in the Bacteria domain but
constitutes a significant fraction of the total phospholipids in Actinobacteria (Morita
et al. 2011). A fascinating feature of PI in eukaryotes is the versatile modifications of
the functional head group, inositol. For example, proteins and glycans are anchored to
the eukaryotic cell surface through glycosylphosphatidylinositols, playing numerous
critical roles on the cell surface. Furthermore, intracellular signaling and membrane
trafficking are mediated through phosphorylated PIs. Mycobacterial PI is also mod-
ified in similar ways, and the discovery of actinobacterial PIMs predates that of
eukaryotic glycosylphosphatidylinositol anchors (Kimura et al. 1967; Lee and Bal-
lou 1964; Ballou et al. 1963; Minnikin et al. 1977). The biosynthetic pathway starts
with the production of inositol 3-phosphate from glucose (Glc) 6-phosphate, medi-
ated by the inositol 3-phosphate synthase Ino1 (Haites et al. 2005; Movahedzadeh
et al. 2004). Being the first key enzyme, the expression of ino1 is tightly controlled
by the transcription factor IpsA, which senses the decreased cellular levels of inosi-
tol and activates the ino1 gene transcription (Baumgart et al. 2013). PI is produced
from inositol and CDP-diacylglycerol, and this energetically favorable reaction is
mediated by the PI synthase PgsA, which is an essential enzyme in M. smegmatis
(Jackson et al. 2000). In mycobacteria, the major PIM species are PIM2 and PIM6,
containing 2 and 6 mannose (Man) residues, respectively (Fig. 13.2a). These PIM
species can be modified by up to four fatty acids: one at the 6-OH of the Man residue
attached to the 6-OH of inositol ring, and another at the 3-OH of the inositol ring,
in addition to the DAG moiety of PI. AcPIM2 and AcPIM6 are the most abundant
PIM products inM. smegmatis grown under standard laboratory conditions, and they
have an additional fatty acid attached to the Man residue. AcPIM2 is synthesized by
sequential additions of Man residues mediated by PimA and PimB’ (Guerin et al.
2009; Lea-Smith et al. 2008; Kordulakova et al. 2002), followed by the acyl addition
to the Man residue mediated by PatA (Albesa-Jove et al. 2016; Kordulakova et al.
2003). There has been no report of AcPIM2 or AcPIM6 having the acyl modifica-
tion on the inositol ring instead of the Man acyl chain, indicating that the inositol
acylation occurs only after Man residue is acylated.

PimA and PimB’ areGDP-Man-dependent enzymes, suggesting that the reactions
take place on the cytoplasmic side of the plasma membrane. In contrast, the later
mannosylation steps to produce AcPIM6, lipomannan (LM) and lipoarabinoman-
nan (LAM) are dependent on a lipidic Man donor, which is known as polyprenol-
phosphate-Man (PPM). PPM is produced fromGDP-Man and polyprenol-phosphate
by a membrane-bound PPM synthase, Ppm1, in M. tuberculosis. Interestingly, in
other species of Mycobacterium such as M. smegmatis, Mycobacterium avium, and
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Fig. 13.2 Phospholipids of Actinobacteria. a Structures of major phospholipids. The acyl chain
compositions can vary. PG, phosphatidylglycerol; CL, cardiolipin; PE, phosphatidylethanolamine;
PI, phosphatidylinositol. AcPIM6 andAc2PIM6 are found inMycobacterium and not inCorynebac-
terium (see text for details). b Biosynthesis of polyprenol phosphate Man (PPM) and PIMs. The
questionmarks indicate currently undetermined or unconfirmed enzymes. The biosyntheses of PPM
and the early steps of PIM are proposed to take place in the IMD (Hayashi et al. 2016; Morita et al.
2005). c Biosynthesis of lipomannan (LM) and lipoarabinomannan (LAM). Polyprenol phosphate
Man (PPM) and decaprenol phosphate β-d-Araf (DPA) are the Man and Ara donors for LM and
LAM biosynthesis, respectively

M. leprae as well as in several Corynebacterium species, two genes encode sep-
arate domains of PPM synthase (Gurcha et al. 2002). Ppm synthase is essential
in mycobacteria (Rana et al. 2012), and its deletion in C. glutamicum results in a
reduced growth rate (Gibson et al. 2003), indicating the critical importance of surface
mannosylation. GDP-Man and PPM biosynthetic pathways are also conserved in the
genus Streptomyces and are important for proteinO-mannosylation (Wehmeier et al.
2009; Howlett et al. 2018). The disruption of these pathways in Streptomyces results
in increased antibiotic sensitivities, suggesting the roles of mannosylated proteins in
cell envelope integrity.
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The mannosyltransferase(s) that extends AcPIM2 to a more polar AcPIM4 is
currently unknown in mycobacteria. In corynebacteria, AcPIM2 is produced by a
similar pathway and is further elongated byMptB, a mannosyltransferase that is pre-
sumably a processive enzyme to create an α1,6 mannan chain (Mishra et al. 2008a).
Corynebacteria do not produce PIM6 species but do produce LM and LAM (Crellin
et al. 2013), and MptB is involved in the production of these more extensively man-
nosylated species (see below). The gene encoding the ortholog of corynebacterial
MptB was deleted in M. smegmatis, and the gene deletion showed no defects in
PIMs/LM/LAM synthesis (Mishra et al. 2008a), making it unclear if MptB is redun-
dantwith another enzyme inM. smegmatis, or if there is another enzyme thatmediates
the reaction in M. smegmatis.

A key mannosyltransferase that drives the synthesis of PIM6 species is PimE,
which adds the fifth Man to PIM4 using PPM as a Man donor (Fig. 13.2b). As
mentioned above, corynebacteria also produce PIM species, but lack PIM6. Being
consistent with this observation, there is no apparent ortholog of PimE in corynebac-
teria. LpqW, a lipoprotein, is suggested to be involved in regulating the AcPIM4
biosynthetic branch point in M. smegmatis (Kovacevic et al. 2006). When the lpqW
genewas deleted, theM. smegmatismutant became defective in producing LM/LAM
and growth was retarded. Suppressor mutants that restored rapid growth were iso-
lated from �lpqW, and all carried mutations in the pimE gene (Crellin et al. 2008).
The pimE mutation blocked the synthesis of AcPIM6 but allowed the increased pro-
duction of LM/LAM in �lpqW. These observations suggested that LpqW is a key
regulatory protein controlling the two alternative pathways, AcPIM6 or LM/LAM.
This proposed role of LpqW in M. smegmatis somewhat contradicts the fact that
LpqW is present in corynebacteria yet AcPIM6 is not produced in these bacteria.
Instead, LpqW is proposed as a regulatory protein essential for the activity of MptB
mannosyltransferase in C. glutamicum (Rainczuk et al. 2012).

Once the mannan chain of LM is extended to an intermediate length of 5–20
residues, another processive mannosyltransferase, MptA, elongates the α1,6 mannan
chain to a mature size of 21–34 residues (Kaur et al. 2007; Mishra et al. 2007). The
α1,6mannan backbone is decorated by α1,2mono-Man branches, and this reaction is
mediated by the α1,2 mannosyltransferase MptC (Kaur et al. 2006, 2008; Sena et al.
2010). Two proteins are involved in regulating mannan elongation: one membrane
protein encoded by the C. glutamicum NCgl2760 gene is proposed to play a role in
mannan elongation at, or immediately prior to the MptA-dependent elongation step
(Cashmore et al. 2017). The deletion of theM. smegmatis ortholog,MSMEG_0317,
was not possible, suggesting that it is an essential gene. This is somewhat surprising
as mptA is not an essential gene in M. smegmatis (Kaur et al. 2007; Fukuda et al.
2013). Another protein, termed LM elongation factor A (LmeA), is anM. smegmatis
periplasmic protein necessary for the α1,6 mannan elongation mediated by MptA
(Rahlwes et al. 2017). LmeA is not essential for in vitro growth, and genetic studies
suggested that MptA is epistatic to LmeA, but the precise function of this protein
remains unknown.

A single arabinan made of ~70 arabinofuranose (Araf ) residues is attached to the
mannan backbone of LAM (Kaur et al. 2014). It is composed of a linear α1,5 chain
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with α1,3 branches and terminated with a linear tetra-Araf or branched hexa-Araf
motif. Both of these terminal motifs end with the non-reducing β1,2 Araf residue.
The first arabinosyltransferase that primes the mannan chain is unknown. EmbC is
the processive α1,5 arabinosyltransferase that elongates the primed arabinose (Ara)
(Zhang et al. 2003; Shi et al. 2006) and is an essential enzyme in M. tuberculosis
(Goude et al. 2008) (Fig. 13.2c). AftC is an α1,3 arabinosyltransferase that creates
branching in LAM biosynthesis (Birch et al. 2008, 2010). AftB is the β1,2 arabi-
nosyltransferase, which forms the terminal motif (Jankute et al. 2017). Both AftC
and AftB are also involved in arabinogalactan biosynthesis (see below).

The presence of PI and mannolipid species beyond mycobacteria and corynebac-
teria becomes less well described. PIM1 and PIM2 are present in Streptomyces and
can comprise 2–21% of the main polar lipids in the plasma membrane (Kimura et al.
1967; Sandoval-Calderon et al. 2015; Nguyen and Kim 2015). While LAM is sug-
gested to be present in the outer membrane in mycobacteria, LAM can be produced
without the outer membrane: Corynebacterium otitidis (formerly Turicella otitidis),
which lack mycolic acids and therefore the mycolate-based outer membrane, has
the ability to synthesize LAM (Gilleron et al. 2005). Furthermore, Amycolatopsis
sulphurea and Lechevalieria aerocolonigenes, which belong to the order Pseudono-
cardiales (Gibson et al. 2005), do not possess the outer membrane but are known
to synthesize LAM. These observations suggest that PIMs/LM/LAM are plasma
membrane mannolipids, predating the evolution of the outer membrane.

What are the potential reasons for having these glycolipids in actinobacterial
plasmamembrane? The method of reverse micellar solution extraction indicated that
PIM species are found in the plasma membrane of mycobacteria and corynebacteria
(Bansal-Mutalik and Nikaido 2011, 2014). Our previous study in M. smegmatis is
consistentwith this notion because the deletion ofpimE, thefifthmannosyltransferase
of AcPIM6 biosynthesis, resulted in abnormal mesosome-like membrane accumula-
tion in the cytoplasm (Morita et al. 2006). Simultaneously, the pimE deletion mutant
becomes hypersensitive to various antibiotics as well as a low concentration of cop-
per, which is often included in standard mycobacterial growth media (Eagen et al.
2018). These observations suggest the importance of PimE in the structural integrity
of the plasma membrane. It remains unknown if the accumulation of AcPIM4 or the
lack of AcPIM6 in the pimE deletion mutant is toxic to the cell. One possibility is
that AcPIM6 plays a structural role in anchoring the plasma membrane to the pep-
tidoglycan layer, and the lack of anchoring results in destabilization of the plasma
membrane, leading to the invagination and mesosome formation. LAM is also sug-
gested to be a plasma membrane lipid in mycobacteria (Hunter et al. 1986), and
visualization of surface-exposed LAM using atomic force microscopy indicates that
LAM is not exposed on the cell surface unless outer membrane integrity is perturbed
by antibiotics (Alsteens et al. 2008). These observations are consistent with the idea
that LAM is anchored to the plasma membrane and glycan moiety intercalates the
cell wall peptidoglycan, similar to the functions of (lipo)teichoic acids in Gram-
positive bacteria (Weidenmaier and Peschel 2008) (see below for the discussion on
outer membrane LM/LAM).
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Although not PI-anchored, notable DAG-anchored mannolipids are also found in
Corynebacterium andMicrococcus.C. glutamicum produces twoLMspecies, termed
Cg-LM-A and Cg-LM-B, and DAG-anchored Cg-LM-B is more predominant than
the PI-anchored Cg-LM-A (Lea-Smith et al. 2008). Cg-LM-B carries 8–22 manno-
syl residues and is anchored to the plasma membrane by α-d-glucopyranosyluronic
acid DAG (Lea-Smith et al. 2008; Mishra et al. 2008a, b; Tatituri et al. 2007).
The biosynthetic pathway is distinct from that of PI-anchored Cg-LM-A, involv-
ing the first priming mannosyltransferase, MgtA, which transfers Man onto the α-
d-glucopyranosyluronic acid residue of the lipid precursor (Tatituri et al. 2007).
Once MgtA adds the first Man, the same PPM-dependent MptB and MptA that
produce Cg-LM-A extend the mannan chain (Mishra et al. 2008a). Micrococcus
also produces DAG-anchored mannosides: d-mannosyl- α1,3-DAG (Man1-DAG),
d-mannosyl- α1,3- d-mannosyl- α1,3-DAG (Man2-DAG) as well as much larger
DAG-anchored LM carrying ~50 Man residues (Scher and Lennarz 1969; Lennarz
and Talamo 1966; Pakkiri et al. 2004; Powell et al. 1975).Micrococcus species lack
lipoteichoic acids, and LM is suggested to play a structural role in the cell wall. The
biosynthetic pathway of theseMicrococcus LM is not fully understood, but the first
two mannoses are added using GDP-Man in the cytoplasmic side, and the Man2-
DAG is proposed to flip to the periplasmic side of the plasma membrane to serve
as the lipid anchor for further Man extension using PPM as the Man donor (Pakkiri
et al. 2004; Pakkiri and Waechter 2005).

Plasma Membrane Compartmentalization

In M. smegmatis, a lipid domain termed the intracellular membrane domain (IMD)
has been recently reported (Hayashi et al. 2016) and is suggested to form areas within
the plasma membrane that are spatially distinct from the conventional plasma mem-
brane. The IMD is enriched in metabolic enzymes, and many of them are involved in
cell envelope biosynthesis. Furthermore, the IMD localizes to the polar region where
the active elongation of the cell envelope takes place, suggesting that it is a strategic
positioning of membrane-associated enzymes to the locations where the biosynthetic
products are needed. Notably, the IMD is a dynamic entity which responds to envi-
ronmental stresses and repositions its subcellular localization from polar enrichment
during active growth to more sidewall localizations under stress exposure (Hayashi
et al. 2018). There aremany remaining questions in this research area: (1)what are the
molecular mechanisms of protein localization to specific plasma membrane regions?
(2) how are lipid intermediates able to translocate from one membrane domain to
another? (3) what is the molecular mechanism of lipid domain formation? (4) what is
the signaling mechanism for the spatial repositioning and how does the IMD relocate
its subcellular location? We have provided a more detailed overview of the spatial
control of the mycobacterial cell envelope in a recent review (Puffal et al. 2018).
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Peptidoglycan

Peptidoglycan is a mesh of carbohydrate polymers crosslinked by short peptide side
chains. It acts as an exoskeleton of bacteria, giving cells their shape and strength.
This is illustrated by the demonstration that the digestion of the peptidoglycan layer
results in the formation of spheroplasts in many rod-shaped bacteria, including Acti-
nobacteria such as corynebacteria and mycobacteria (Melzer et al. 2018; Verma et al.
1989; Udou et al. 1983). The peptidoglycan layer is composed of repeating units of
β1,4-linked N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc)
and tetrapeptides extending from MurNAc residues. Since the original proposal of
peptidoglycan types for taxonomic classification (Schleifer and Kandler 1972), the
amino acid composition of peptide stems has been widely used as a critical pheno-
typic feature for species identification in Actinobacteria. In general, the actinobac-
terial peptide stem comprises l-alanine-d-isoglutamine-l-diamino acid-d-alanine,
where the third position l-diamino acid varies in different lineages. For example, the
third position is meso-2,6-diaminopimelic acid (DAP) in mycobacteria and C. diph-
theriae (Petit et al. 1969; Kato et al. 1968), while other diamino acids, such as l-2,4-
diaminobutyrate, l, l-diaminopimelic acid, l-lysine and l-ornithine, or monoamino
acids, such as l-homoserine, are found in various species ofCorynebacterium, Strep-
tomyces, andBifidobacterium (Perkins andCummins 1964; Perkins 1971; Koch et al.
1970; Veerkamp 1971; Leyh-Bouille et al. 1970).

In contrast to the highly variable third position, the first position l-alanine is
almost invariable. Nonetheless, l-serine is found in this first position in some species
of the order Micrococcales (von Wintzingerode et al. 2001; Hamada et al. 2009),
and glycine substitutes the first position l-alanine inM. leprae (Draper et al. 1987).
Beyond this core structure, the glycan units and peptide stems are subject to additional
modifications, creating further variations in the peptidoglycan structure.

In addition to compositional differences, different types of peptide cross-linking
are found not only among various lineages of Actinobacteria but also within a sin-
gle species. The most common linkage is between the ω-amino group of the posi-
tion 3 diamino acid and the position 4 d-alanine, mediated by two conventional
penicillin-binding proteins (PBP1 and PBP2, encoded by ponA1 and ponA2 genes),
which catalyze the d,d-transpeptidase reaction. In addition to this 3-4 cross-linking,
mycobacteria and some species of Streptomyces and Corynebacterium insert the 3-3
cross-linking between two residues of diamino acid, catalyzed by l,d-transpeptidases
(Leyh-Bouille et al. 1970; Wietzerbin et al. 1974; Lavollay et al. 2009, 2011; Kumar
et al. 2012). In fact, this unusual 3-3 cross-linking is the predominant linkage found
in M. tuberculosis (Kumar et al. 2012; Lavollay et al. 2008). Consistent with the
abundance of the 3-3 cross-linking, the genomes ofM. tuberculosis andM. smegma-
tis respectively carry five and six homologs of l,d-transpeptidases that mediate this
reaction. Several of these play critical non-redundant roles in maintaining cell wall
integrity, antibiotic resistance, and the establishment of M. tuberculosis infection in
animal models (Gupta et al. 2010; Schoonmaker et al. 2014; Brammer Basta et al.
2015; Kieser et al. 2015; Sanders et al. 2014). In particular, genome-wide TnSeq
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analyses demonstrated that one of the l,d-transpeptidases, LdtB, and two penicillin-
binding proteins genetically interacts with distinct sets of genes, suggesting non-
redundant functions of these two peptide bridges (Kieser et al. 2015). In addition to
the genetic studies, recent cell biological analyses further revealed that cross-linking
by l,d-transpeptidases are particularly necessary for creating 3-3 crosslinking in the
aging cell wall along the sidewall while d,d-transpeptidases such as PBP1 and PBP2
are critical for polar elongation and repair of damaged sidewall peptidoglycan (Bara-
nowski et al. 2018; Garcia-Heredia et al. 2018). These recent studies reinforce the
concept that these enzymes play distinct roles. For more details of the peptidoglycan
structure, comprehensive reviews are available (Schleifer andKandler 1972; Vollmer
et al. 2008; Mainardi et al. 2008).

The biosynthesis of peptidoglycan in Actinobacteria is generally similar to the
evolutionarily conserved pathway found in other bacteria. It is separated into cyto-
plasmic and membrane steps: cytoplasmic enzymes make pentapeptidyl MurNAc,
and membrane-bound enzymes produce the polyprenol-linked peptidoglycan pre-
cursor lipid II on the cytoplasmic side of the plasma membrane (Fig. 13.3a). MurF is
the last enzyme of the cytoplasmic steps, mediating the UDP-MurNAc-tripeptide-d-
alanyl-d-alanine ligase. One of the MurF substrates, d-alanyl-d-alanine, is synthe-
sized by a d-alanine-d-alanine ligase. InMycobacterium and Streptomyces species,
this ligase belongs to the DdlA group (Noda et al. 2004). In contrast, Amycolatop-
sis orientalis, an actinobacterial species in the order Pseudonocardiales, uses VanA
group d-alanine-d-lactate ligase, producing a lipid II cappedwith d-lactate instead of
d-alanine (Marshall and Wright 1998). This bacterium is the producer of the antibi-
otic vancomycin, which binds the terminal d-alanine-d-alanine residue of lipid II to
prevent its utilization for peptidoglycan biosynthesis. This VanA-mediatedmodifica-
tion is a clever way for this bacterium to prevent its antibiotic product from inhibiting
its lipid II. The first membrane step is mediated by MraY, the polyprenyl transferase,
which conjugates pentapeptidyl MurNAc to a polyprenol phosphate. The resulting
intermediate, termed lipid I, is then modified by GlcNAc to become a complete pre-
cursor, lipid II, mediated by the GlcNAc transferase, MurG. MurJ is the proposed
flippase, which translocates lipid II from the cytoplasmic side to the periplasmic
side of the plasma membrane. PBP1 and PBP2 function as the trans-glycosylases
that transfer the de novo synthesized peptidoglycan subunit to the elongating chain,
and also as the d,d-transpeptidases to introduce the classical 3-4 peptide bridges
(Fig. 13.3a).

Given its structural importance, it is not surprising that many regulatory mecha-
nisms control the peptidoglycan biosynthesis. De novo synthesis of peptidoglycan
precursor starts in the cytoplasm, with the committing step mediated by MurA. This
enzyme, UDP-N-GlcNAc enolpyruvyl transferase, is regulated in response to nutri-
ent availability through physical interactions with a cytoplasmic regulator CwlM.
The serine/threonine kinase PknB phosphorylates CwlM, and this phosphorylated
form activates MurA (Boutte et al. 2016). Since PknB carries the extracellular
peptidoglycan-binding domain known as the PASTA domain, it seems that intra-
cytoplasmic MurA is regulated by sensing the periplasmic peptidoglycan biosyn-
thetic activities. CwlM orthologs are widely found in Actinobacteria, suggesting
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Fig. 13.3 Biosynthesis of peptidoglycan-arabinogalactan layer. aDe novo synthesis of peptidogly-
can. The pentapeptide compositions vary (see text for details). Remodeling of peptidoglycan layer
by hydrolases and l,d-transpeptidases is not shown (see text for details). The IMD association of
MurG is suggested from the proteomic analyses (Hayashi et al. 2016). b Biosynthesis of galactan.
The biosyntheses of galactan and arabinan (see panel c) are found in species of the Corynebac-
teriales order. The representative pathway in Mycobacterium is shown. UGM, UDP-Galp mutase.
c Biosynthesis of decaprenol-phosphate-β-d-Araf (DPA) and arabinan. pRpp, 5-phosphoribosyl-
1-pyrophosphate; DPPR, decaprenol-phosphate-5-β-d-phosphoribofuranose; DPR, decaprenol-
phosphate-β-d-ribofuranose. In M. tuberculosis, Rv3789 is a proposed DPA flippase (not shown).
InM. smegmatis, a DPPR phosphatase (DPPRP) candidate (MSMEG_6402), DprE1 and DprE2 are
suggested to associate with the IMD based on the proteomic analyses (Hayashi et al. 2016). The
biosynthesis of arabinan follows that of galactan (see panel b)

that this is a highly conserved regulatory mechanism (Boutte et al. 2016). Fur-
thermore, there are additional examples of potential regulations of peptidoglycan
biosynthesis by phosphorylation. MurC, which mediates the addition of l-alanine
onto UDP-MurNAc, is phosphorylated by the protein kinase PknA inC. glutamicum,
and the phosphorylation results in decreased enzymatic activity (Fiuza et al. 2008).
In M. tuberculosis, PknA phosphorylates the next enzyme in the pathway, MurD,
which mediates the addition of d-glutamate onto UDP-N-acetylmuramoyl-l-alanine
(Thakur and Chakraborti 2008). In addition to CwlM, PknB also phosphorylates
PBP1 in M. tuberculosis, and the phosphorylation plays a critical role in polar cell
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envelope elongation (Kieser et al. 2015). These observations collectively suggest
that phosphorylation by serine/threonine kinases is a critical mechanism of regulat-
ing peptidoglycan biosynthesis at multiple different steps. S. coelicolor possesses 34
putative serine/threonine kinases, and some of them carry the extracellular PASTA
peptidoglycan-binding domain (Petrickova 2003), suggesting that similar regulation
of peptidoglycan biosynthesis by phosphorylation of key enzymes may occur in
Streptomyces species.

Mycobacteria grow from the polar ends, and polar peptidoglycan synthesis sup-
ports cell elongation. When dividing, peptidoglycan synthesis is needed for the sep-
tum formation. Furthermore, sidewall peptidoglycan synthesis occurs in response to
cell wall damage (Garcia-Heredia et al. 2018). These observations indicated that the
synthesis of peptidoglycan is a controlled process likely requiring the coordination
of biosynthetic enzymes as well as hydrolyzing enzymes. RipA is a peptidoglycan
endopeptidase, which forms a complex with the peptidoglycan hydrolases RpfB and
RpfE (Hett et al. 2007, 2008), or with the biosynthetic enzyme PBP1 (Hett et al.
2010). When fluorescent protein-tagged M. tuberculosis RipA and RpfB are het-
erologously expressed in M. smegmatis, they localized to the septum (Hett et al.
2007), and these proteins are suggested in coordinating septum resolution and cell
separation (Chao et al. 2013). Being consistent with a known interaction with PBP1,
an M. smegmatis mutant lacking all four Rpf homologs showed a reduced level of
4-3 crosslinking (Ealand et al. 2018). Other peptidoglycan modifying enzymes also
play important roles. The peptidoglycan hydrolase, ChiZ (Rv2719c), is a protein in
the mycobacterial divisomal complex (Chauhan et al. 2006; Vadrevu et al. 2011).
Four peptidoglycan degrading amidases (Ami1-4) are present in the genomes of
M. tuberculosis and M. smegmatis (Machowski et al. 2014). One of them is CwlM
(Ami2), the above mentioned cytoplasmic regulator for which the amidase activity
is not essential (Boutte et al. 2016). Of the remaining three, Ami1 (MSMEG_6281)
is required for cell division (Senzani et al. 2017). Finally, DacB2 is a mycobacterial
enzyme that shows d,d-carboxypeptidase and d,d-endopeptidase activities, and is
proposed to play a role in converting the peptide bridges from 4-3 to 3-3 crosslinking
(Baranowski et al. 2018; Bansal et al. 2015). The recent discoveries of many pep-
tidoglycan hydrolyzing enzymes indicate the presence of complex mechanisms to
maintain the peptidoglycan integrity.

Do Actinobacteria produce teichoic acids, which are important structural com-
ponents of Gram-positive peptidoglycan layer? It is well established that teichoic,
teichuronic and teichulosonic acids are widespread in bacteria such as Strepto-
myces, Micrococcus, Propionibacterium, Kribbella, Catellatospora, and Actino-
planes (Tul’skaya et al. 2011; Naumova et al. 1980), which do not have mycolic
acid-based outer membrane (see below). Furthermore, lipoteichoic acids have been
reported in Streptomyces,Agromyces, andThermobifida species (Rahman et al. 2009;
Cot et al. 2011) (and references therein). These molecules appear to be absent in
bacteria that produce mycolic acid-based outer membrane. These mycolic acid-
producing bacteria are sometimes called “mycolata,” and are found in all known
families within the Corynebacteriales order: Corynebacteriaceae,Dietziaceae,Gor-
doniaceae, Mycobacteriaceae, Nocardiaceae, Segniliparaceae, Tsukamurellaceae,
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andWilliamsia. With a recent demonstration of the Gram-negative outer membrane
having a load-bearing function (Rojas et al. 2018), the evolution of the unique outer
membrane in mycolata bacteria (see below) might have provided an alternative load-
bearing function to the cell envelope and might have made teichoic acids and related
molecules unnecessary.

Arabinogalactan

The arabinogalactan layer is composed primarily of a galactose (Gal) polymer of
repeating β1,5- and β1,6-linked d-galactofuranose (Galf ) units, covalently modified
by stretches of α1,5-linked Araf residues which are branched by α1,3 branching sites
(Daffe et al. 1990; Jankute et al. 2015; Angala et al. 2014). The linear galactan chain
of the arabinogalactan is attached to the MurNAc residue of peptidoglycan through
the α-l-Rhap-α1,3-d-GlcNAc-1-phosphate linker (McNeil et al. 1990). This layer
is found in mycolata and is not known to be present in conventional Gram-positive
Actinobacteria such as Streptomyces or Micrococcus species. It is best-studied in
Mycobacterium andCorynebacterium species. In particular,C. glutamicum has been
a useful model for delineating the structure and biosynthesis of this layer because
arabinan biosynthesis is dispensable under laboratory growth conditions (Alderwick
et al. 2005). The complete absence of arabinan biosynthesis in Corynebacterium
results in a slower growing but viable mutant (Jankute et al. 2018). Even though the
general structures are similar among mycolata, there are some notable differences.
The galactan chain consists of ~30 residues in mycobacteria while it is much shorter
in corynebacteria (Daffe et al. 1990; Alderwick et al. 2005). More drastic differences
are found in Nocardia and Rhodococcus, in which galactan is primarily composed
of linear β1,5-d-Galf without the alternating β1,6 linkages (Daffe et al. 1993). Fur-
thermore, the Galf residues are partially modified by β1,6 mono-Glc side chains
in Nocardia or by β1,2- and β1,3-linked Galf residues in Rhodococcus. The ara-
binan portion of arabinogalactan is also differentially modified: galactosamine and
succinate in M. tuberculosis and some slow-growing mycobacteria (Bhamidi et al.
2008; Draper et al. 1997; Lee et al. 2006; Peng et al. 2012) or rhamnose (Rha) in
C. glutamicum (Alderwick et al. 2005). In some Corynebacterium species, arabino-
galactan can be additionallymodified by othermonosaccharides such asMan andGlc
(Abou-Zeid et al. 1982). The non-reducing termini of the arabinan moiety appear to
be the most complex in mycobacteria, consisting of the branching motif: Araf-β1,2-
Araf-α1,5-(Araf-β1,2-Araf-α1,3-)Araf-α1,5-Araf-α1-. Other mycolata bacteria tend
to have simpler terminal ends. For example, Nocardia species cap the non-reducing
ends of the arabinan residue by the linear motif: Araf-β1,2-Araf-α1,5-Araf-α1-.

Galactan biosynthesis starts from building the linker moiety on a decaprenol-
phosphate lipid. In mycobacteria, a homolog of WecA is the proposed first enzyme
that transfers GlcNAc-phosphate from UDP-GlcNAc to the polyprenol lipid, form-
ing an intermediate termed GL-1 (Jin et al. 2010). The deletion of the encoding
gene, MSMEG_4947, inM. smegmatis resulting in severe morphological changes is
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consistent with its role in the cell wall galactan biosynthesis. The rhamnosyltrans-
ferase WbbL adds l-rhamnopyranose (Rhap) from dTDP-Rhap to the GlcNAc
residue of GL-1, forming GL-2 (Mills et al. 2004). The Rhap donor, dTDP-Rhap,
is synthesized by sequential actions of four enzymes, RmlA-D, starting from dTTP
and d-Glc-α1-phosphate substrates (Ma et al. 2001; Li et al. 2006; Ma et al. 1997,
2002; Qu et al. 2007; Stern et al. 1999) (Fig. 13.3b).

The next step in the pathway is to prime the GL-2 with two Galf residues. The
donor of Galf is UDP-Galf, which is produced by the sequential actions of two
enzymes. The first enzyme, GalE1, is the UDP-Glc 4-epimerase, which epimerizes
UDP-glucopyranose (UDP-Glcp) to UDP-galactopyranose (UDP-Galp) (Weston
et al. 1997; Pardeshi et al. 2017). UDP-Galp is then converted to UDP-Galf by
an essential enzyme, UDP-Galp mutase (Weston et al. 1997; Pan et al. 2001), for
which the atomic resolution structurewas recently revealed (van Straaten et al. 2015).
GlfT1 is the galactosyltransferase responsible for adding the first two Galf residues
to GL-2 forming Galf-Galf-Rhap-GlcNAc-phosphate-decaprenol (GL-4) (Mikusova
et al. 2006; Alderwick et al. 2008; Belanova et al. 2008). GlfT2 is the processive
galactosyltransferase, which extends the galactan polymer (Szczepina et al. 2009;
Wheatley et al. 2012). A comparative study betweenMycobacterium andCorynebac-
terium showed that GlfT2 can dictate the chain length of galactan (Wesener et al.
2017). We and others have demonstrated that GlfT2 is enriched in the polar region
of mycobacterial cells and bound to the IMD (Meniche et al. 2014; Hayashi et al.
2016), where the enzyme perhaps coordinates and facilitates the spatially localized
biosynthesis of the galactan layer. Once the decaprenol-linked galactan precursor
is synthesized, it is flipped to the periplasmic side of the plasma membrane, and a
putative ABC transporter, composed of two proteins, Wzm and Wzt, is implicated
in this process (Dianiskova et al. 2011).

Once the decaprenol-linked galactan precursor is translocated to the periplas-
mic side, the galactan chain is modified by several arabinans. An earlier study
suggested that there are three arabinans attached in one galactan polymer (Alder-
wick et al. 2005), but a more recent study suggests that only two arabinan chains
are present per galactan (Bhamidi et al. 2011). The donor of Ara is decaprenol-
phosphate-β-d-Araf (DPA) (Alderwick et al. 2005; Lee et al. 1995, 1997; Wolucka
and de Hoffmann 1995; Wolucka et al. 1994; Xin et al. 1997). DPA biosynthe-
sis starts with UbiA, a 5-phospho-α-d-ribose-1-pyrophosphate:decaprenol phos-
phate 5-phosphoribosyltransferase, which produces decaprenol-phosphate-5-β-d-
phosphoribofuranose (DPPR) using 5-phosphoribosyl-1-pyrophosphate (pRpp) and
decaprenol phosphate as substrates (Scherman et al. 1995; Alderwick et al. 2011).
The deletion of ubiA gene in C. glutamicum results in the complete abrogation of
cell wall arabinan, suggesting that this enzyme is the sole enzyme that diverts pRpp
into the biosynthesis of arabinan (Alderwick et al. 2005). In M. tuberculosis, the
genome region spanning Rv3789-Rv3809c are dedicated to arabinan biosynthesis,
and a putative phosphorylase in this region, Rv3807c, is proposed to act as the next
enzyme, DPPR phosphatase, which forms decaprenol-phosphate-β-d-ribofuranose
(DPR). However, the deletion of the ortholog in M. smegmatis showed only a mild
impact on arabinan content of arabinogalactan (Jiang et al. 2011), suggesting that
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there are phosphatases that can surrogate the function of this enzyme. The third
and fourth enzymes in the DPA biosynthesis pathway are oxidoreductases: DprE1
oxidizes DPR to decaprenol-phosphate-2-keto-β-d-erythro-pentofuranose (DPK),
which is then reduced by DprE2 to DPA (Mikusova et al. 2005) (Fig. 13.3c). A
homolog of dprE2 is present in C. glutamicum, making it a redundant gene, and
this second gene is also present inM. tuberculosis (Rv2073c) (Meniche et al. 2008).
Inhibition of DprE1 results in the accumulation of DPR and kills M. tuberculo-
sis, validating this enzyme as a potential target of TB chemotherapy (Grover et al.
2014; Makarov et al. 2009). Since DprE2 is an NADH-dependent oxidoreductase
(Mikusova et al. 2005), it seems likely that biosynthetic enzymes upstream of DprE2
are active on the cytoplasmic side of the plasma membrane. DprE1 does not appear
to carry trans-membrane domains while DprE2 does (data not shown). Nonethe-
less, both have been identified as IMD-associated proteins by proteomic analysis
(Hayashi et al. 2016), likely suggesting a peripheral association of DprE1 with the
membrane domain. Once DPA is produced, it is flipped to the periplasmic side of
the plasma membrane, and Rv3789 has been proposed as the flippase candidate
(Larrouy-Maumus et al. 2012).

Using DPA as the Ara donor, coordinated actions of multiple arabinosyltrans-
ferases, which belong to the GT-C glycosyltransferase superfamily, drive the biosyn-
thesis of arabinan on the periplasmic side of the plasma membrane. The first enzyme
that primes the galactan chain with Ara is AftA (Alderwick et al. 2006). In C. glu-
tamicum, the next enzyme that extends the α1,5 Ara chain of the core arabinan is
Emb (Alderwick et al. 2005). The homologs in mycobacteria, EmbA and EmbB,
are proposed to function redundantly in the core α1,5 arabinan synthesis (Alderwick
et al. 2005; Escuyer et al. 2001). Notably, these enzymes, EmbB in particular, are
the targets of the frontline drug ethambutol (Takayama and Kilburn 1989; Mikusova
et al. 1995; Telenti et al. 1997; Lety et al. 1997; Belanger et al. 1996). The α1,3
branching is mediated by the arabinosyltransferase, AftC, which plays a role in both
arabinogalactan and LAM biosynthesis in mycobacteria (Birch et al. 2008, 2010).
AftD was initially proposed as α1,3 branching enzyme in mycobacteria (Skovierova
et al. 2009), but a more recent study suggests that it is a processive α1,5 arabinosyl-
transferase, which extends the α1,3 branching Ara primed by AftC (Alderwick et al.
2018). Finally, AftB adds the terminal β1,2 capping (Seidel et al. 2007).When aftB is
deleted, mycoloylation sites on arabinogalactan are severely reduced (BouRaad et al.
2010). Nevertheless, the aftB deletion mutant can still produce an outer membrane,
although the stability of the outer membrane becomes significantly compromised.

Once arabinan is synthesized onto the galactan polymer, the arabinogalactan
complex is attached to the 6-OH of MurNAc residues in the peptidoglycan glycan
chain (Fig. 13.3c). The enzymes that mediate this reaction are the LytR-CpsA-Psr
(LCP) phosphotransferases, which are variably termed CpsA1/CpsA2, LcpA/LcpB,
or Lcp1/CpsA by different groups (Wang et al. 2015; Harrison et al. 2016; Baumgart
et al. 2016; Grzegorzewicz et al. 2016). CpsA1 is widely conserved and appears to
play a primary role in arabinogalactan anchoring. In contrast, CpsA2 is not found
in fast-growing species ofMycobacterium and is implicated in processes associated
with the host-pathogen interaction (Koster et al. 2017).
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Outer Membrane

The outer membrane (OM) , also known as the mycomembrane, is a mycolic acid-
rich pseudo-bilayer of lipids. It has 7 nm thickness as determined by cryo-electron
microscopy in mycobacteria (Zuber et al. 2008; Hoffmann et al. 2008; Sani et al.
2010). In a proposed model, the inner leaflet of the OM is composed primarily of
mycolic acids, which are covalently attached by an ester linkage to the non-reducing
end of arabinan. The outer leaflet of the OM is comprised of diverse lipid species.
Some of these extractable outermembrane lipids are conserved throughoutmycolata.
For instance, the OM of both Corynebacterium andMycobacterium likely consist of
trehalose di(coryno)mycolates, free mycolic acids and fatty acids (Bansal-Mutalik
andNikaido 2011, 2014). In contrast, other lipids such as glycopeptidolipids (GPLs),
phthiocerol dimycocerosates (PDIMs) and phenolic glycolipids (PGLs) are specific
to certain species within mycolata. Some of the major outer membrane lipids are
highlighted below.

Mycolic Acids

Mycolic acids are long α-alkyl β-hydroxy fatty acids with the meromycolic acid
carbon backbone ranging from C18 to C76 and the alkyl side chain ranging from
C24 to C26. Comprehensive surveys of the mycolata from the 1980s demonstrated
that the length of the mycolic acids varies significantly among species (Collins et al.
1982; Goodfellow et al. 1982). Additional modifications such as cyclopropane rings,
double bonds, and methylations further add diversity to the structures of mycolic
acids (Marrakchi et al. 2014; Minnikin et al. 2015; Quemard 2016). Because of the
structural variety, mycolic acid structures have been used for taxonomic purposes.
For instance, Corynebacterium produces some of the shortest mycolic acids, rang-
ing from C22 to C36 (Collins et al. 1982; Welby-Gieusse et al. 1970). In contrast,
recent studies revealed that Segniliparus rotundus produces the longest mycolic acid
(C100), which is perhaps the longest fatty acyl chain currently known (Hong et al.
2012; Laneelle et al. 2013).Mycobacterium produces relatively long mycolic acids,
typically ranging fromC60 toC90 (Barry et al. 1998).However,Hoyosella altamiren-
sis andHoyosella subflava, two recently discovered environmental cocci that belong
to theMycobacteriaceae family and are closely related to theMycobacterium genus,
produce relatively short mycolic acids, ranging from C30 to C36 (Laneelle et al.
2012).

In mycobacteria, mycolic acid biosynthesis is initiated by type I and type II
fatty acid synthases (FAS-I and FAS-II) (Fig. 13.4). FAS-I is a large multifunc-
tional enzyme that utilizes acetyl-CoA and malonyl-CoA to create short chain
fatty acyl-CoAs (C16–C18 and C24–C26) (Brindley et al. 1969). The longer of
the two distinct pools of the products are then carboxylated, and the carboxyacyl-
CoA serves as the donor of the alkyl side chain for the mycolic acid synthesis.
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Fig. 13.4 Biosynthesis of mycolic acids. The chain length of mycolic acids can vary dramatically
among mycolata bacteria. Further modifications of mycolic acids can also vary among species. For
example, cyclopropane, methoxy, keto, and hydroxy modifications are found in M. tuberculosis,
while epoxy and methyl modifications are found in M. smegmatis. Representative structures are
shown. Biosynthesis of trehalose monomycolate (TMM) and trehalose dimycolate (TDM) is coor-
dinated in conjunction with the biosynthesis of mycolic acid and its attachments to the arabinan
layer

Next, β-ketoacyl-acyl carrier protein (ACP) synthase III (FabH) condenses malonyl-
ACP and acyl-CoA produced by the FAS-I enzyme, producing β-ketoacyl-ACP. The
FAS-II elongates the fatty acyl chain of β-ketoacyl-ACP to produce fully elongated
acyl-ACPs (Odriozola et al. 1977; Bloch 1977; Slayden and Barry 2002). As men-
tioned above, Corynebacterium produces the shortest mycolic acids, and being con-
sistent with this observation, C. glutamicum lacks the FAS-II elongation system.
Instead, its genome encodes two FAS-I genes (fasA and fasB) with FasA playing
the dominant role (Radmacher et al. 2005). In contrast to FAS-I being a single
polypeptide carrying multiple catalytic domains, the FAS-II system is composed of
several separate enzymes. First, MabA, the β-ketoacyl-ACP reductase, reduces the
β-keto moiety of the β-ketoacyl-ACP. Second, dimeric β-hydroxyacyl-ACP dehy-
dratases, HadBA/HadBC, dehydrate the product of MabA reaction, β-hydroxyacyl-
ACP. Third, the resultant enoyl-ACP is reduced by trans-2-enoyl-ACP reductase,
InhA. Finally, the fully saturated acyl-ACP is elongated by the β-ketoacyl-ACP syn-
thases, KasA or KasB, using malonyl-ACP (Marrakchi et al. 2014; Duan et al. 2014).

Why are there two different heterodimers of β-hydroxyacyl-ACP dehydratases?
HadB is proposed as the catalytic component (Biswas et al. 2015), implying that
HadA and HadC play non-catalytic roles within the heterodimers HadBA and
HadBC. Interestingly, HadC is mutated in an avirulent strain of M. tuberculosis
(Lee et al. 2008; Zheng et al. 2008), and targeted gene disruptions inM. tuberculosis
and M. smegmatis demonstrated changes in mycolic acid profile, and attenuation
of virulence in the case of M. tuberculosis (Slama et al. 2016; Jamet et al. 2015).
It is proposed that HadBA is the dehydratase in the early stage of meromycolic
acyl chain elongation and HadBC mediates the late elongation steps. Furthermore,
another recent study in M. smegmatis revealed an additional dehydratase, termed
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HadD, which is involved in α- and epoxy-mycolic acid biosynthesis (Lefebvre et al.
2018).HadD is conserved inMycobacterium genus, includingM. leprae, but is absent
in other genera of mycolata, suggesting that it is involved in specific steps found in
mycobacteria.

Acyl-ACPs, produced by the FAS II, are modified by cyclopropane synthases and
methyltransferases, resulting in meromycolates (Crellin et al. 2013; Marrakchi et al.
2014; Minnikin et al. 2015). Meromycolates are then activated to meromycoloyl-
AMP by the fatty acyl-AMP ligase FadD32. Next, meromycoloyl-AMP is loaded
onto Pks13, which condenses the meromycoloyl-AMP with carboxyacyl-CoA, and
covalently links the resulting α-alkyl β-ketoacyl chain to the C-terminal ACP domain
ofPks13 (Leger et al. 2009;Gavalda et al. 2009). Pks13has an acyltransferase activity,
which transfers the α-alkyl β-ketoacyl chain onto a trehalose, releasing the mono-
α-alkyl β-ketoacyl trehalose (Gavalda et al. 2014). The released product is then
reduced by CmrA to produce trehalose monomycolate (TMM) (Lea-Smith et al.
2007; Bhatt et al. 2008). In C. glutamicum, the TMM equivalent, namely trehalose
monocorynomycolate (TMCM), is transiently acetylated by the acetyl transferase
TmaA, and this acetylation is critical for the translocation of TMCM across the
plasma membrane (Yamaryo-Botte et al. 2014). Acetylated TMCM is transported
through the plasmamembrane by the transporterMmpL3 (Grzegorzewicz et al. 2012;
Varela et al. 2012; Xu et al. 2017; Li et al. 2016). TmaA is conserved inmycobacteria,
suggesting that TmaA-mediated acetylation is a conserved mechanism of licensing
mature TMM/TMCM for transport. Finally, Ag85 transfers mycolic acid from TMM
to either another TMM molecule to produce TDM, or to the arabinan layer of the
cell wall to create mycoloyl arabinogalactan peptidoglycan cell wall (Belisle et al.
1997; Backus et al. 2014) (Fig. 13.4).

Trehalolipids

Trehalolipids are bio-surfactants, which are important for bacteria to emulsify and
utilize hydrophobic molecules. Rhodococcus species are prominent trehalolipid pro-
ducers, and its production is induced when Rhodococcus is grown in the presence of
hydrophobic molecules such as alkanes (Yakimov et al. 1999; Lang and Philp 1998).
The capability of Rhodococcus species to produce trehalolipid surfactants attracts
considerable interest in industrial applications, especially in oil recovery and oil spill
treatment (Pacheco et al. 2010; Liu and Liu 2011). Structurally diverse variants of
trehalolipids, which Rhodococcus can produce, include: mycoloylated trehaloses,
such as TMM, TDM, and trehalose trimycolates (Niescher et al. 2006), and various
forms of acylated trehalose, in which the acyl chains are generally shorter straight
chain fatty acids (Singer et al. 1990; Philp et al. 2002; Uchida et al. 1989; Tuleva
et al. 2008; Tokumoto et al. 2009; White et al. 2013; Espuny et al. 1995). Other
mycolata bacteria, such as Nocardia farcinica and several species of Tsukamurella,
are also known to produce tetraacyl or diacyl trehalose, respectively (Christova et al.
2015; Pasciak et al. 2010; Kugler et al. 2014; Vollbrecht et al. 1998). However, tre-
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Fig. 13.5 Structures of trehalose-containing lipids. SL-1, a sulfolipid species; DAT, diacyltre-
halose; PAT, pentaacyltrehalose; TMM, trehalosemonomycolate; TDM, trehalose dimycolate; LOS,
lipooligosaccharide. Fatty acid structures vary. Ester linkages and someunsaturated bonds are abbre-
viated. See text for additional structural variations

halolipids are not restricted to mycolata.M. luteus and Arthrobacter species produce
trehalose tetraester (Tuleva et al. 2009; Passeri et al. 1991). These bacteria belong
to the Micrococcales order, and exhibit a more typical Gram-positive cell wall with-
out the outer membrane, suggesting that the presence of the outer membrane is not
a prerequisite of producing trehalolipids. Rather, we wonder if the production of
trehalolipid surfactants allowed the evolution of the outer membrane in mycolata.

Biosynthesis of trehalolipids has been studied more extensively in pathogenic
Mycobacterium species than in other mycolata bacteria. In addition to TMM and
TDM, bacteria that belong to the M. tuberculosis complex produce diacyl, triacyl
and pentaacyl trehalose (DAT, TAT, and PAT) (Fig. 13.5). A unique feature of these
mycobacterial trehalolipids is the extensive methyl branching of fatty acyl moieties.
Mycolipenic acid is one such fatty acid, which is tri-methylated with one unsaturated
bond. Mycolipenoyl modification of trehalose is only found in the M. tuberculosis
complex such as M. tuberculosis, M. bovis, and Mycobacterium africanum. Other
Mycobacterium species, such as Mycobacterium fortuitum, do produce acyl tre-
haloses, but the acyl chains are not multi-methylated (Ariza et al. 1994; Lopez-Marin
et al. 1994). The polyketide synthase Msl3 synthesizes mycolipenic and mycosanoic
acids, and the activation and loading of the fatty acid substrate are mediated by the
fatty acid ligase FadD21 (Dubey et al. 2002; Rousseau et al. 2003; Belardinelli et al.
2014). Similarly, another polyketide synthase Msl5 produces a minor monomethyl
branched unsaturated C16–C20 fatty acid found in acyl trehaloses (Dubey et al.
2003). Once fatty acids are made, PapA3 mediates the acyltransferase reactions
using trehalose as the acceptor (Hatzios et al. 2009). It has been proposed that PapA3
can successively transfer fatty acyl groups to the 2- and 3-positions of trehalose at
least in vitro. The acyltransferase Chp2 then mediates the last three acylation events
to produce PAT (Belardinelli et al. 2014; Touchette et al. 2014). MmpL10 is the
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proposed plasma membrane flippase for the translocation of acyl trehalose species
(Belardinelli et al. 2014; Touchette et al. 2014).

Sulfolipids are trehalolipids that are sulfonated at the 2-position of trehalose
(Fig. 13.5) (Middlebrook et al. 1959; Goren 1970). The most abundant species is
a tetra-acylated species known as SL-1, in which three acyl groups at the 6, 3′
and 6′-positions are hepta- or octa-methyl phthioceranic acids or hydroxyphthio-
ceranic acids and one acyl group at the 2′-position is either palmitic or stearic acid.
The biosynthesis starts with the sulfotransferase Sft0, a widely conserved protein
in mycolata, which transfers sulfate from 3′-phosphoadenosine-5′-phosphosulfate to
trehalose (Mougous et al. 2004). The second step is mediated by the acyltransferase
PapA2, which transfers a straight chain fatty acid, palmitate or stearate, from its CoA
donor substrate to the 2′-position of trehalose 2-sulfate, producing the monoacyl
intermediate termed SL659 (Kumar et al. 2007). The third step is another acyltrans-
ferase reaction, in which PapA1 transfers (hydroxy) phthioceranoyl group from the
polyketide synthase Pks2 to the 3′-position of trehalose residue of SL659 forming
the diacyl intermediate SL1278 (Kumar et al. 2007; Sirakova et al. 2001; Bhatt et al.
2007). FadD23 is the proposed fatty acyl AMP ligase involved in Pks2-mediated
(hydroxy)phthioceranoyl biosynthesis (Gokhale et al. 2007). Similar to the role of
Chp2 for PAT synthesis, the acyltransferase Chp1 adds the remaining acyl groups
at the 6- and 6′-positions of trehalose (Seeliger et al. 2011). The product, SL-1,
is translocated across the plasma membrane, and MmpL8 and Sap are implicated
in this process (Seeliger et al. 2011; Domenech et al. 2004; Converse et al. 2003).
Precise functions of sulfolipids remain unknown, but these lipids are implicated in
host-pathogen interactions and the establishment of infection (Angala et al. 2014;
Schelle and Bertozzi 2006; Daffe et al. 2014).

Lipooligosaccharides (LOSs) are another type of trehalolipids found inMycobac-
terium species, including M. smegmatis, Mycobacterium kansasii, M. marium, and
Mycobacterium canettii (Hunter et al. 1983; Saadat and Ballou 1983; Daffe et al.
1991). LOSs play critical roles in colony morphology, biofilm formation, motility,
as well as immune modulation during host infection (Alibaud et al. 2014; Rombouts
et al. 2009; Ren et al. 2007; Sarkar et al. 2011; van der Woude et al. 2012). The core
structure of LOS is similar to other acyl trehaloses in that trehalose is modified with
either straight chain or branched chain fatty acids. The feature of LOS that distin-
guishes it from other trehalolipids is the additional glycan modification of the acyl
trehalose core. The glycan structures vary among different Mycobacterium species.
For example, M. smegmatis LOS consists primarily of Glcp (Fig. 13.5), whereas
M. kansasii, Mycobacterium gastri, and Mycobacterium marinum produce several
differentLOSspecies containingRhap, xylopyranose andN-acyl kanosamine in addi-
tion to Glcp (Saadat and Ballou 1983; Rombouts et al. 2009, 2010, 2011; Gilleron
et al. 1993; Hunter et al. 1984). The biosynthesis of LOSs is not fully understood.
Similar to other trehalolipid biosynthesis, the core acyl trehalose synthesis requires
specific polyketide synthases such as Pks5 and Pks5.1, fatty acyl-AMP ligases such
as FadD25, and acyltransferases such as PapA4 and PapA3 (Rombouts et al. 2011;
Etienne et al. 2009). Glycosyltransferases presumably transfer glycans to the acyl



13 Cell Walls and Membranes of Actinobacteria 439

trehalose core, but only a few genes have been experimentally validated (Ren et al.
2007; Sarkar et al. 2011; Burguiere et al. 2005; Chen et al. 2015; Nataraj et al. 2015).

Mannolipids

As discussed above, PIMs, LM, and LAM are at least partially present in the plasma
membrane. Nevertheless, substantial evidence also suggests that these molecules
are anchored to the outer membrane of mycolata bacteria as well. First, the major-
ity of LM/LAM was accessible to surface biotinylation in M. bovis BCG (Pitarque
et al. 2008). Second, only residual amounts of LM/LAM remain in the spheroplast
of M. smegmatis (Dhiman et al. 2011). These data both suggest that the majority
of LM/LAM could be in the outer membrane. Furthermore, LAM from pathogenic
mycobacteria is capped with α1,2 Man residues, which are an epitope recognized
by host lectins (Ishikawa et al. 2017; Kallenius et al. 2016; Turner and Torrelles
2018). Although host cell receptors can function to detect cell fragments rather
than intact cells, the diverse repertoire of host immune molecules to identify these
molecules may be more consistent with the concept that these molecules are exposed
on the surface of mycobacterial cells. Finally, as detailed in the Capsules and Extra-
cellular Polysaccharides section, mannan and arabinomannan are components of
mycobacterial capsule. While the biosynthetic relationship between LM/LAM and
mannan/arabinomannan is not established, there must be a mechanism to transport
either lipidated or delipidated glycans across the cell wall and outermembrane. There
have been studies suggesting that the lipoprotein LprG plays a role in this process
(Drage et al. 2010; Alonso et al. 2017). However, there is also compelling evidence
suggesting that LprG is involved in triacylglycerol trafficking, and acts in a more
complex way by physically interacting with two other lipoproteins, LppK and LppI,
as well as Ag85A (Touchette et al. 2017; Martinot et al. 2016).

Glycopeptidolipids

Glycopeptidolipids (GPLs) are found in the nontuberculousMycobacterium species,
such asM. smegmatis, M. avium,Mycobacterium intracellulare, andMycobacterium
abscessus and are important virulence factors for the pathogenic species (Schorey
and Sweet 2008; Gutierrez et al. 2018; Mukherjee and Chatterji 2012). The defects
in GPL biosynthesis results in compromised cell envelope integrity and abnormali-
ties in growth, biofilm formation and sliding motility among others, suggesting their
critical roles as a component of the outer membrane (Recht et al. 2000; Recht and
Kolter 2001; Zanfardino et al. 2016). GPLs have a common core structure consist-
ing of three parts: a mono-unsaturated 3-hydroxy/methoxy C26–C34 acyl chain,
a d-phenylalanyl-d-allo-threonyl-d-alanyl-l-alaninol tetrapeptide, and two carbo-
hydrate modifications, a 6-deoxy-α-l-talose linked to the d-allo-threonine residue
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and an α-l-Rha linked to l-alaninol (Fig. 13.6a). GPLs can be further glycosy-
lated, and these glycan residues are additionally methylated to give rise to serotype-
specific GPLs (Chatterjee and Khoo 2001). During the biosynthesis of GPLs, mono-
unsaturated 3-hydroxy/methoxy acyl chain is synthesized by the actions of the acyl-
CoA dehydrogenase FadE5, the polyketide synthase Pks, and O-methyltransferase
Fmt (Jeevarajah et al. 2002; Sonden et al. 2005; Jeevarajah et al. 2004). Fmt is pro-
posed to convert 3-hydroxy to 3 methoxy during the acyl chain synthesis. Mps1
and Mps2 are the nonribosomal peptide synthases that produce the tetrapeptide core
(Sonden et al. 2005; Billman-Jacobe et al. 1999). PapA3, an acyltransferase involved
in acyl trehalose biosynthesis inM. tuberculosis, is proposed to transfer the acyl chain
bound to Pks to the tetrapeptide in nontuberculous mycobacteria (Ripoll et al. 2007).
Gtf1 and Gtf2 are the 6-deoxytalosyltransferases and rhamnosyltransferase involved
in the synthesis of the core glycan residues, respectively (Miyamoto et al. 2006).
Additional rhamnosyltransferases, fucosyltransferases and glucosyltransferases, as
well as glycan O-methyltransferases and O-acetyltransferase, produce serotype-
specific GPLs (Recht and Kolter 2001; Jeevarajah et al. 2004; Miyamoto et al. 2006;
Patterson et al. 2000;Miyamoto et al. 2007, 2008, 2010;Maslow et al. 2003; Eckstein
et al. 1998; Naka et al. 2011; Fujiwara et al. 2007; Nakata et al. 2008). Once syn-
thesized, GPLs are transported to the outer membrane by the actions of MmpL4a/b,
Gap, and MmpS4 (Sonden et al. 2005; Medjahed and Reyrat 2009; Nessar et al.
2011; Bernut et al. 2016) (Fig. 13.6b).

GPLs are specific to certain species of Mycobacterium, but structurally different
types of GPLs have been reported from other bacteria in the Corynebacteriales order.
Gordonia hydrophobica produces a mono-glucosylated N-acyl tridecapeptide, in
which the beta-hydroxy residue of the fatty acid is interlinked to the C-terminus of
the peptide chain, forming a cyclic lactone ring (Moormann et al. 1997). Related
molecules are also found in Rhodococcus erythropolis (Koronelli 1988).

Mycocerosyl Lipids

Phthiocerol dimycocerosates (PDIMs) arewaxy lipids, inwhich a phthiocerol (a long
(C33-C41) carbon chain β-diol) is esterified with two poly-methylated fatty acids
called mycocerosic acids (Fig. 13.6a). PDIMs are found in pathogenic Mycobac-
terium, such as M. tuberculosis, M. bovis, and M. leprae (Daffe et al. 2014; Daffe
and Laneelle 1988). Instead of mycocerosic acids, some species such as Mycobac-
terium ulcerans and M. marinum utilize phthioceranic acids, in which the chirality
of the methyl branches are L configurations instead of D configurations found in
mycocerosic acids. PDIMs are essential forM. tuberculosis to establish infection in
animal models (Goren et al. 1974; Cox et al. 1999; Camacho et al. 1999), and the
molecular mechanisms governing the host-pathogen interaction are actively inves-
tigated (Arbues et al. 2014). The PDIM synthesis is proposed to take place in four
distinct stages (Trivedi et al. 2005) (Fig. 13.6c). First, FadD26, a fatty acyl-AMP lig-
ase, activates long-chain fatty acids to fatty acyl-AMP and transfers the acyl moiety
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Fig. 13.6 Biosynthesis of glycopeptidolipids and mycocerosyl lipids. a Structures of glycopepti-
dolipids (GPLs) , phthiocerol dimycocerosates (PDIMs) and phenolic glycolipids (PGLs) . The
structure of the core (nonspecific) GPL is shown. GPLs are modified by additional glycosylation,
methylation and acetylation that result in a variety of serotypes,most well characterized inM. avium.
The red line indicates the peptide backbone. Significant variations are also found in PDIMs and
PGLs, and representative structures are shown. Fucose and rhamnose in PGLs are often methylated
(not shown). b Biosynthesis of GPL. Gtf, glycosyltransferases; Rmt, O-methyltransferases; Atf,
O-acetyltransferase. The IMD association of Gtf1-3 and Rmt2-4 is suggested from the proteomic
analyses (Hayashi et al. 2016). c Biosynthesis of PDIMs and PGLs. Acyl-CoA is synthesized
from FAS I. PKR, phthiodiolone ketoreductase; PMT, phthiotriol methyltransferase; p-HBA, p-
hydroxybenzoic acid. PGLs are likely exported through the same machinery as that for PDIMs.
Some structural details are abbreviated for simplicity
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to the polyketide synthase PpsA for the synthesis of phthiocerol moiety (Trivedi et al.
2004, 2005; Camacho et al. 2001; Azad et al. 1997). PpsA and the next enzyme PpsB
lack the dehydratase and the enoylreductase domains, allowing the formation of the
β-diol structure of phthiocerol. Second, additional polyketide synthases PpsC, PpsD
and PpsE continue the chain extension of phthiocerol using malonyl-CoA or methyl
malonyl-CoA as the hydrocarbon donor. TesA is a thioesterase, which interacts with
PpsE (Rao and Ranganathan 2004), and is proposed to release the phthiodiolone
product upon completion of the synthesis (Waddell et al. 2005; Chavadi et al. 2011).
Structural variations are introduced by phthiodiolone ketoreductases and phthiotriol
methyltransferases (Pérez et al. 2004a; Onwueme et al. 2005; Simeone et al. 2007)
to produce mature phthiocerol. Third, FadD28 activates and transfer a fatty acid
onto the mycocerosic acid synthase Mas, which elongates the fatty acyl substrate
with methyl malonyl-CoA to produce poly-methylated mycoserosic acids (Cox et al.
1999; Trivedi et al. 2005; Simeone et al. 2010; Rainwater and Kolattukudy 1985;
Azad et al. 1996; Mathur and Kolattukudy 1992; Rainwater and Kolattukudy 1983;
Fitzmaurice and Kolattukudy 1997, 1998). In contrast to modular polyketide syn-
thases PpsA-E, Mas is an iterative polyketide synthase, which can extend the methyl
branched carbon chain by multiple rounds of the elongation reaction. Finally, myco-
cerosic acids are transferred onto the diol of phthiocerol by the acyl transferase PapA5
(Trivedi et al. 2005; Onwueme et al. 2004). PapA5 is proposed to directly transfer
the mycoserosic acid attached to Mas to the hydroxyl groups of phthiocerol.

Once PDIMs are synthesized, they are transported to the outermembrane.MmpL7
is a transporter of the RND permease superfamily and DrrABC are homologous to
ABC transporters. Both of these putative transporters are proposed to function as
PDIM transporters (Cox et al. 1999; Camacho et al. 2001; Waddell et al. 2005;
Choudhuri et al. 2002). MmpL7 has been suggested to interact with PpsE, the last
enzyme of the modular phthiocerol biosynthesis (Jain and Cox 2005), which may
play a role in efficient transport of newly synthesized PDIMs across the plasma
membrane. LppX is a β-barrel protein proposed to translocate PDIM across the
outer membrane (Sulzenbacher et al. 2006).

PGLs are structurally related to PDIMs. PGLs harbor a phenolphthiocerol instead
of a phthiocerol, and the phenolic residue is further modified by carbohydrates
(Fig. 13.6a). The synthesis of the phenolphthiocerol moiety is similar to that of
phthiocerol. However, before being loaded onto PpsA, a fatty acid must first be mod-
ified to p-hydroxyphenylalkanoate. The production of p-hydroxyphenylalkanoate
is achieved by two enzymes. First, the fatty acyl-AMP ligase FadD22, which is
specifically involved in PGL biosynthesis, activates p-hydroxybenzoic acid to form
p-hydroxybenzoyl-AMP and transfers the p-hydroxybenzoyl moiety onto Pks15/1
(Simeone et al. 2010; Ferreras et al. 2008). Second, Pks15/1 extends the acyl chain
by using 8–9 molecules of malonyl-CoA as the carbon donor. The product, p-
hydroxyphenylalkanoate, is released from Pks15/1 and loaded onto PpsA by another
fatty acyl-AMP ligase, FadD29 (Simeone et al. 2010). Once loaded onto PpsA, the
biosynthesis of PGLs is the same as that of PDIMs except that the final product of the
PapA5 reaction is further glycosylated to become PGLs (Pérez et al. 2004b). PGLs
are involved in many aspects of host-pathogen interaction, including macrophage
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recruitment in zebrafish infection model of M. marinum, the escape of M. marinum
from macrophages, inhibition of pro-inflammatory cytokines and Th1 response by
M. tuberculosis, and nerve damage in leprosy patients (Cambier et al. 2014, 2017;
Madigan et al. 2017; Reed et al. 2004; Ordway et al. 2007).

Capsules and Exopolysaccharides

Bacterial capsules surround the cell envelope and play a part in a variety of pro-
cesses including biofilm development, protection from the environment, and patho-
genesis. Capsules are typically constructed of secreted polysaccharides that adhere
to the cell surface, though other macromolecules may also be present within this
matrix. Released polysaccharides that do not form an adherent glycocalyx are
called exopolysaccharides. Though they are not capsular under observed conditions,
exopolysaccharides may share common functions and biosynthetic pathways to cap-
sules. Actinobacterial capsules and exopolysaccharides are varied in structure and
function, though some commonality between taxa is evident.

Mycobacterial capsules have attracted far more research interest than those of
other Actinobacteria. The mycobacterial capsule is a loose, non-covalently attached
layer with a thickness ranging from negligible to 40 nm in vitro (Sani et al. 2010).
In pathogenic mycobacteria, capsules can be seen in vivo by electron microscopy as
a 50–100 nm thick electron transparent zone (ETZ) surrounding the phagocytized
bacilli between the envelope of the bacteria and the host material (Chapman et al.
1959). This ETZ remains stable in the phagosome during infection, but degrades
quickly from phagocytized dead cells, implying mycobacteria actively maintain this
structure within macrophages (Frehel et al. 1986). Electron-dense material, assumed
to be host-derived, can be seen excluded to the outer boundary of the ETZ within
these phagosomes, indicating that the capsule layer prevents the diffusion of host
macromolecules (Daffe and Etienne 1999). Furthermore, the capsule layer of M.
bovis BCG plays roles in binding human monocyte-derived macrophages and damp-
ening cytokine response (Sani et al. 2010). While the function of capsules is evident
in pathogenesis, a less extensive but similar structure is also observed by electron
microscopy in non-pathogenic species (Daffe and Draper 1998). For example, non-
pathogenic M. smegmatis has a thinner capsule than the high capsule producing
pathogensM. marinum, M. bovis, andM. tuberculosis (Sani et al. 2010). In addition
to thickness, mycobacterial capsules can differ in composition. Though all are com-
posed of glycans and protein, the ratio of glycan/protein comprising the capsule can
vary between species. Capsular material derived from the slow-growing M. gastri
and M. kansasii contains up to 95% carbohydrate, while capsules of fast-growing
M. phlei andM. smegmatis are highly proteinaceous.M. avium has a more balanced
mix of protein and carbohydrate within their capsules (Lemassu et al. 1996).

Mycobacterial capsular glycans consist primarily of three types of neutral polysac-
charides: α-glucan, arabinomannan, and mannan. The α-glucan is the most abundant
species and consists of α1,4-d-Glc polymer with extensive α1,6-d-Glc branching
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(Lemassu and Daffe 1994; Ortalo-Magne et al. 1995). These extracellular α-glucans
are >100 kDa in size, which is 1,000 times smaller than structurally related cyto-
plasmic α-glucans (Lemassu and Daffe 1994). The α-glucans are recognized by host
receptors, complement receptor 3 and DC-SIGN, and play a role in survival within
the host (Geurtsen et al. 2009; Stokes et al. 2004; Sambou et al. 2008; Cywes et al.
1997). The structure of arabinomannan and mannan are identical or near-identical
to that of the carbohydrate moieties of LAM and LM, which are described above
(Lemassu and Daffe 1994; Ortalo-Magne et al. 1995; Maes et al. 2007). The arabino-
mannan has an approximate mass of 13 kDa, while the mannan has an approximate
mass of 4 kDa. Due to the structural similarities, arabinomannan and mannan are
presumed to be derived from LAM and LM, respectively (Maes et al. 2007). Because
of its structural similarity to LAM, it is reasonable to speculate that capsular arabino-
mannan shares functionality with LAM, such as the ability to bind to macrophages.
Although over 90% of capsule glycans are neutral, there are small amounts of phos-
phorylated species of mannan and arabinomannan bearing a negative charge in the
mycobacterial capsule (Maes et al. 2007).

In addition to glycans and glycolipids, many proteins are embedded within the
mycobacterial capsular matrix (Sani et al. 2010). Many of these capsular proteins are
transported to the capsule via secretion systems such as the type VII secretion sys-
tem ESX-1. Among the various substrates of ESX-1 are T cell antigens that promote
the escape of engulfedM. tuberculosis from phagosome into the cytosol (Sani et al.
2010; van der Wel et al. 2007). Capsular proteins in some Mycobacterium species
appear to be cytoplasmic proteins, as they lack secretion signals (Daffe and Etienne
1999). Themechanism for their transport to the capsule thus seems to be independent
of the general secretory pathway, but this mechanism remains unknown. The ESX-5
secretion system also appears to support capsular maintenance through transport of
key capsular proteins such as PPE10, without which the capsule has altered com-
position and physical/morphological properties (Ates et al. 2016). Capsule defects
caused by ESX-5 deficiency result in reduced pathogenicity in a zebrafish model of
tuberculosis, once again implicating the capsule in pathogenesis.

Other mycolata organisms also produce capsules and extracellular polysaccha-
rides. Corynebacterium, one of the closest genera to Mycobacterium, possesses an
outer layer similar to the mycobacterial capsule. This 35–40 nm thick carbohydrate-
rich outer layer is composed mostly of neutral polymers of Ara (10–20%), Man
(20–35%), and Glc (50–70%) (Puech et al. 2001). Lectins with specificity to Glc-
NAc, N-acetyl-d-galactosamine, d-Gal, and sialic acid bind to the corynebacterial
surface possibly implicating these carbohydrates as additional capsule constituents
(Mattos-Guaraldi et al. 1999). Glucan is the major polysaccharide, and comes in two
apparent masses, 110 and 1.7 kDa, inCorynebacterium xerosis. Arabinomannan size
distribution is also bimodal with a 13 kDa and a 1 kDa species (Puech et al. 2001).
The smaller glucans and arabinomannans are notable, being absent in mycobacte-
rial capsules. Proteins are generally minor components of corynebacterial capsules,
accounting for less than 10% of the dry weight of the capsular material. However,
some strains of C. glutamicum have an outermost paracrystalline S-layer composed
almost exclusively of one protein, PS2, which appears to associate with the outer
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membrane through hydrophobic interactions (Chami et al. 1997; Peyret et al. 1993).
The gene encoding PS2 is located on a chromosomal island, suggesting that a hori-
zontal gene transfer event led to the development of the proteinaceous surface layer
in these C. glutamicum strains (Hansmeier et al. 2006).

Rhodococcus equi expresses an immunogenic and antigenically varied 50–100 nm
thick polysaccharide-rich capsule layer, which confers a mucoid appearance when
grown on nutrient agar (Sydor et al. 2008). The antigenic capsular polysaccharide of
one of the 27 identified R. equi serovars is made up of equal amounts of d-Glc, d-
Gal, d-glucuronic acid, 4-O-(1-carboxyethyl)-d-Man, and pyruvic acid (Severn and
Richards 1992). FbpA, a homolog of themycobacterial mycoloyltransferaseAg85, is
important for maintaining the integrity of this capsule in Rhodococcus, implying an
importance for the mycolic acid layer in capsule stability (Sydor et al. 2008). How-
ever, capsule deficiency by the disruption of this gene does not impair pathogenicity,
implying that the capsule is not a major virulence factor in Rhodococcus (Sydor et al.
2008).

Another mycolata genus, Gordonia, like mycobacteria, forms biofilms that are
held together by amatrix of bacterially derivedmacromolecules, and therefore highly
suggestive of capsule and exopolysaccharide production (Linos et al. 2000). Gordo-
nia polyisoprenivorans and another Gordonia strain Y-102 produce exopolysaccha-
rides (Kondo et al. 2000). The acidic polysaccharide from Y-102, termed gordonan,
has amolecularweight of about 5,000 kDa and a repeating [-3-4-O-(1-carboxyethyl)-
Manp-β1,4-d-GlcAp-β1,4-d-Glcp-β1-] trisaccharide structure. A nearly identical
exopolysaccharide with GlcAp in α configuration is reported in Gordonia rubriper-
tincta (formerly Mycobacterium lacticolum) (Kochetkov et al. 1979). Notably, the
antigenic capsular polysaccharides of R. equi referred to above also share similar
sugar composition, namely 4-O-(1-carboxyethyl)-d-Man, d-Glc, and d-glucuronic
acid residues (Severn and Richards 1992).

Exopolysaccharides have also been described in Actinobacteria outside of the
mycolata, and some of thesemay form capsular polysaccharide surface layers.While
there is no direct evidence for capsular structures, Streptomyces species do secrete
exopolysaccharides into their environment (Selim et al. 2018;Wang et al. 2003). One
example is ebosin, composed of Gal, Ara, Man, fucose, xylose, Rha, galacturonic
acid, andGlc (Wang et al. 2003). The biosynthesis of ebosin remains sketchy, but car-
bohydrates are proposed tobebuilt on a lipid-linkedprecursor (Wanget al. 2003).Bifi-
dobacterium is also a notable producer of exopolysaccharides. Exopolysaccharides
produced by this genera are thought to facilitate numerous beneficial interactions for
the host including immune modulation, host protection, and antagonizing pathogens
(Castro-Bravo et al. 2018; Hidalgo-Cantabrana et al. 2014). The soil bacterium Bre-
vibacterium otitidis also produces exopolysaccharides, which are ~127 kDa in size,
containing Ara, Man, Glc, and mannouronic acid (Asker and Shawky 2010). While
this is not an exhaustive review, their ubiquity and structural/compositional variation
suggest that capsules have many critical functions for Actinobacteria beyond their
traditionally defined role in pathogenesis. These extracellular materials likely pro-
vide a convenient yet non-essential and modifiable matrix to modulate interactions
with diverse environments.
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Conclusions and Outlook

While there have been leaps and bounds in understanding the structure and biosynthe-
sis of the actinobacterial cell envelope, there are still numerous questions remaining.
With the medical importance of Mycobacterium species, the cell envelope biosyn-
thesis in this genus will continue to be an important focus of future research. Given
the successful uses of ethambutol and isoniazid as frontline anti-TB drugs, it would
not be surprising to find many more drug targets from cell envelope biosynthetic
pathways. Indeed, the mycolic acid transporter MmpL3 is emerging as a promising
target for chemotherapy against nontuberculousmycobacteria diseases (Viljoen et al.
2017; Li et al. 2018; Kozikowski et al. 2017). It will also continue to be exciting to
discover many more lipids and glycans from Actinobacteria. One recent prominent
example is a discovery inM. abscessus of a glycosyl diacylated nonadecyl diol alco-
hol, which is transported by MmpL8 ortholog in this bacterium (Dubois et al. 2018).
We also have a limited understanding of spatiotemporal regulation of cell envelope
biosynthesis. At the transcriptional and post-transcriptional levels, cells must have
mechanisms to sense and respond to environmental changes. Polar restricted growth
of many rod-shaped bacteria within the Actinobacteria class implies tight spatial
subcellular regulation as well. Finally, how mycolata build this unique diderm cell
envelope continues to be enigmatic. Such a complexmacromolecular assembly seems
like a highly demanding task, and yet mycolata are highly successful bacteria found
in diverse environmental niches. An insight that both mycobacterial arabinogalactan
andGram-positivewall teichoic acids are similarly linked to the peptidoglycanmakes
us wonder how mycolata evolved this unique outer membrane. Continued research
on the diverse repertoire of Actinobacteria will bring an in-depth understanding of
how these amazing bacteria evolved their cell envelope and succeeded in their own
way.
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Chapter 14
Archaeal Cell Walls

Andreas Klingl, Carolin Pickl and Jennifer Flechsler

Abstract The cell wall of archaea, as of any other prokaryote, is surrounding the cell
outside the cytoplasmic membrane and is mediating the interaction with the environ-
ment. In this regard, it can be involved in cell shape maintenance, protection against
virus, heat, acidity or alkalinity. Throughout the formation of pore like structures,
it can resemble a micro sieve and thereby enable or disable transport processes. In
some cases, cell wall components can make up more than 10% of the whole cellular
protein. So far, a great variety of different cell envelope structures and compounds
have be found and described in detail. From all archaeal cell walls described so far,
the most common structure is the S-layer. Other archaeal cell wall structures are
pseudomurein, methanochondroitin, glutaminylglycan, sulfated heteropolysaccha-
rides and protein sheaths and they are sometimes associated with additional proteins
and protein complexes like the STABLE protease or the bindosome. Recent advances
in electron microscopy also illustrated the presence of an outer(most) cellular mem-
brane within several archaeal groups, comparable to the Gram-negative cell wall
within bacteria. Each new cell wall structure that can be investigated in detail and
that can be assigned with a specific function helps us to understand, how the earliest
cells on earth might have looked like.

Keywords S-layer · Pseudomurein · Methanochondroitin · Glutaminylglycan ·
Halomucin · Outer(most) cellular membrane

Introduction to Archaeal Cell Envelopes

Archaea represent the third major lineage or “domain” next to the bacteria and
eukaryotes (Woese et al. 1990), and recent studies even suggest, that the eukaryotes
might as well be a side branch of the archaea (e.g. Spang et al. 2015). The S-layer was
suggested to be the predominant and most ancient archaeal cell envelope structure
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within the archaea since their discovery and first descriptions of archaeal cell walls
(Figs. 14.1a and 14.2a; Albers and Meyer 2011). Especially within those organisms
that are described as so-called extremophiles, the S-layer, a surface protein forming
paracrystalline 2D crystal lattices with p1-, p2-, p3-, p4- and p6-symmetry, in the
majority of cases seems to be an absolute necessity for growth and viability in general
(Sleytr et al. 2007; Pum and Sleytr 2014). For example, the Sulfolobales thrive
optimally at temperatures between 65 and 75 °C and a pH around 2. This means,
they are able to grow in hot sulfuric acid and the only protection barrier between
outside and the cytoplasm is the S-layer with a characteristic p3-symmetry. Also, the
current record holder for the highest growth temperature at 113 °C,Pyrolobus fumarii
(Blöchl et al. 1997), is surrounded by an S-layer with, in this case, p4-symmetry.
In general, it is thought that the environmental conditions like high temperature,
anoxia or low pH in which these extremophilic microorganisms can grow resemble
the situation on earth when the first living cells developed. Therefore, the organisms
that inhabit those biotopes today might look quite similar to the first living cells.
At the moment, it is still an accepted theory, that the S-layer was the first archaeal
cell wall that developed (Albers and Meyer 2011). However, in recent years, an
increasing number of archaeal cell envelopes have been described differently from S-
layers, pseudomurein, methanochondroitin, and protein sheaths (Table 14.1). These
distinct outermost layers include single and double membranes, polysaccharides,
and mucous layers (Albers and Meyer 2011). Remarkably, two microorganisms not
exhibiting an S-layer or any other solid cell wall rank among the extremophiles,
and they seem to have adapted to their extreme environments without the support
of a protecting S-layer: Ferroplasma acidiphilum (Golyshina and Timmis 2005) and
Thermoplasma spp. (Darland et al. 1970). In the following section, we elucidate
archaea with different cell envelopes, and their living conditions.

Archaea with One Membrane

Despite living under extreme conditions (e.g. low pH values of 1–2 and at 60 °C),
Ferroplasma acidiphilum (Golyshina and Timmis 2005) and Thermoplasma spp.
(Darland et al. 1970) do not have a cell wall at all (Figs. 14.1b and 14.2b). Being
bounded by only a single membrane, these organisms exhibit a pleomorphic cell
shape. Cells of Thermoplasma acidophilum were proposed to preserve their intact-
ness via mannose-rich glycoproteins and lipoglycans anchored in the plasma mem-
brane, forming a protective glycocalix at the cell surface (Yang andHaug 1979; Smith
1984; Langworthy 1972; Albers and Meyer 2011). Membranes of Ferroplasma aci-
damanus were reported to contain tetraether lipids forming stable monolayer mem-
branes instead of bilayermembranes, enabling the cells to live in acidic environments
(Gulik et al. 1988;Macalady et al. 2004). The stability of thesemonolayermembranes
is mainly caused by their higher resistance to hydrolysis. Additionally, effective pro-
ton pumps and acid stable membrane proteins might also play an important role in
this regard.
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Fig. 14.1 Schematic drawing of different cell wall types. a As it could be shown for all Sulfolobus
species so far, the majority of archaea described so far exhibit an S-layer as the only cell wall com-
pound outside of the cytoplasmic membrane. In hyperthermophiles, the membrane often consists of
tetraether lipids and less often diether lipids. bNo cell wall at all could be found for Thermoplasma
and Ferroplasma. The cytoplasm is surrounded by the cytoplasmic membrane alone, which is con-
sisting of tetraether lipids. c A Gram-negative cell wall architecture with cytoplasmic membrane,
periplasm containing the peptidoglycan and an outermembranewith lipopolysaccharide (LPS) from
inside to outside is shown. It was thought to be restricted to bacteria but recent findings concern-
ing “Candidatus Altiarchaeum hamiconexum” points to quite similar cell wall architecture in this
archaeon (Probst et al. 2014). d Ignicoccus hospitalis represents a special case with an energized
outer cellular membrane and a large intermembrane compartment. The inner membrane mainly
consists of tetraether lipids. The major protein found in the outer membrane is Ihomp1
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Fig. 14.2 Transmission electron micrographs of selected archaeal cell wall types. a The Sulfolobus
metallicus cell reveals the typical S-layer, which is superimposing the cytoplasmic membrane and
thereby forming a pseudoperiplasm. b Thermoplasma acidophilum does not have a cell wall and is
surrounded by a single cytoplasmic membrane. The image was kindly provided by Tairo Oshima,
Professor Emeritus of Tokyo Institute of Technology, Japan. c The special case of Ignicoccus
hospitalis, depicting a cytoplasmic membrane (CM) and the energized outer cellular membrane
(OCM),which are both enclosing the intermembrane compartment (IMC).A smallerNanoarchaeum
equitans cell at the bottom, which has an S-layer, is attached to the much larger Ignicoccus cell.
d The image of “CandidatusAltiarchaeum hamiconexum” (SM1 euryarchaeon) illustrates a double
membrane. At higher magnification (small inset) the inner and outer membrane and the periplasm
are clearly discernable. c and d Reproduced from Perras et al. (2014). Scale bars: 100 nm (d),
200 nm (a) and 500 nm (b, c). CM, cytoplasmic membrane; Cy, Cytoplasm; IMC intermembrane
compartment; N, Nanoarchaeum equitans; OCM, outer cellular membrane; SL, S-layer

Archaea with Double Membranes

Microorganisms exhibiting double membranes as outermost structures can be found
in different phyla of the domain of the archaea. Interestingly, the double-membraned
archaea described so far in the literature, all have in common the close interaction
with other microorganisms (Klingl 2014; Perras et al. 2014). The architecture of
double-membraned archaea is reminiscent of the cell envelope of Gram-negative
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Table 14.1 Overview of the cell wall organization of archaea showing their major components and
representative genera and species

Cell wall organization Component Organism

SL
CM

Methanococcus, Halobacterium,
Pyrodictium, Sulfolobus,
Thermoproteus

PS
SL
CM

Methanospirillum

GC
CM + LP

Thermoplasma

MC
SL
CM

Methanosarcina

PM, HP, GG
CM

Methanobacterium,
Methanosphaera,
Methanobrevibacter, Halococcus,
Natronococcus

SL
PM
CM

Methanothermus, Methanopyrus

OCM
CM

Ignicoccus, SM1 Euryarchaeon,
ARMAN cells

CM cytoplasmic membrane, GC glycocalyx, GG glutaminylglycan, HP heteropolysaccharide, LP
lipoglycans,MC methanochondroitin,OCM outermost cellular membrane or outer membrane, PM
pseudomurein, PS protein sheath, SL S-layer. Based on Klingl (2014) and König (2001)

bacteria (Fig. 1c; Silhavy et al. 2010; Klingl 2014). The Gram-negative cell envelope
briefly consists of three layers, namely the outer membrane, the peptidoglycan layer
and the inner membrane (Silhavy et al. 2010). The outer membrane is a bilayer con-
sisting of an inner leaflet containing phospholipids and an outer leaflet containing
glycolipids (e.g. lipopolysaccharides) (Kamio andNikaido 1976; Silhavy et al. 2010).
In addition, the outer membrane contains two main classes of outer membrane pro-
teins, which are mainly β-barrel proteins and lipoproteins (Silhavy et al. 2010). In
contrast, the inner membrane forms a phospholipid bilayer (Silhavy et al. 2010).
The periplasm is an aqueous compartment, which is enclosed by the inner- and
the outer membrane (Mitchell 1961; Silhavy et al. 2010). In Gram-negative bac-
teria, the periplasmic space occupies approximately 10% of the total cell volume,
and it contains a thin peptidoglycan layer, and soluble proteins such as hydrolytic
enzymes. These are important for initial substrate degradation, binding proteins that
are involved in transportation of substances, and receptors for chemotaxis (Ruiz
et al. 2006; Klingl 2014). Although very similar at the first glance, archaeal double
membranes are different from the Gram-negative cell envelope in regard to biochem-
ical composition, and function of the different compartments. In archaea the space
between inner and outer layer is referred to as pseudoperiplasmic space, filled with
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pseudo-periplasm. Since more and more archaea with double membranes have been
described in the last years, it is unclear whether this cell wall anatomy is a general
feature of many archaea, or it is an exception within the archaea (Perras et al. 2014).

The best-known example of double membrane archaea is the Crenarchaeon Ignic-
occus hospitalis, a hyperthermophile growing optimally at 90 °C (Figs. 14.1d and
14.2c; Paper et al. 2007). It was isolated from a hydrothermal submarine vent system
at the Kolbensey Ridge, situated north of Iceland (Paper et al. 2007). In the origi-
nal sample, very tiny cocci were also found, directly attached to the cell surface of
Ignicoccus hospitalis. These tiny cocci are referred to as Nanoarchaeum equitans
(Paper et al. 2007). N. equitans is not able to grow in pure culture and is strictly
dependent on its host I. hospitalis (Jahn et al. 2008). The attachment of N. equi-
tans usually occurs in those areas on the surface of I. hospitalis, where the distance
between the inner membrane (IM) and the outermost cellular membrane (OCM)
has a minimum (Heimerl et al. 2017). In these areas the distance is just 20–50 nm
compared to 200–500 nm on the opposite side of the host cell (Heimerl et al. 2017)
I. hospitalis is a strictly anaerobic microorganism that uses elemental sulfur as a
substrate. As boundaries, it features two membranes, namely an inner and an outer
cellular membrane (Näther and Rachel 2004; Huber et al. 2012). The inner mem-
brane consists of archaeol and caldarchaeol forming a tetraether monolayer, and the
outer membrane consists of archaeol (Rachel et al. 2002; Burghardt et al. 2008).
The most abundant protein of the outer membrane is Ihomp1 that forms oligomeric
pore complexes (Burghardt et al. 2007). The pores formed by Ihomp1 have an inner
diameter of about 2 nm and they may be involved in the interaction with N. equitans
but no specific transport function could be demonstrated so far. A striking feature of
Ignicoccus is the fact that the A1AO ATP synthase and the H2:sulfur oxidoreductase
are located in the outer cellular membrane, not at the inner membrane, leading to an
energized outer membrane (Küper et al. 2010). Similar to Gram-negative bacteria,
Ignicoccus exhibits a pseudoperiplasmic space between the two outer layers, which
is, in this special case, termed inter-membrane compartment. The inter-membrane
compartment occupies up to 40% of the total cell volume, and according to recent
studies contains a complex tubular vesicular endomembrane system originating from
the cytoplasm (Heimerl et al. 2017). The inner membrane system and the outer mem-
brane system seem to interact via cylindrical shaped structures of an outer diameter
of 100 nm and with a length of 50–100 nm underneath the outer cellular mem-
brane (Heimerl et al. 2017). In addition, a filamentous matrix that putatively serves
as cytoskeleton was described to be accommodated in the intermembrane compart-
ment (Heimerl et al. 2017). Closely associated with the outermost cellular membrane
(OCM), the acetyl-CoA-synthetase, catalyzing the first step of the carbon fixation
pathway in Ignicoccus hospitalis, was the first enzyme to be located in the inter-
membrane compartment (Mayer et al. 2012). Given the ultrastructural data and the
location of the archaeal ATP synthase, a structural and functional compartmental-
ization of the cell becomes apparent (Küper et al. 2010). DNA and ribosomes are
located in the cytoplasm, while energy is generated at the outer cellular membrane
(Küper et al. 2010; Huber et al. 2012). From these findings, it remains plausible that
more metabolic processes might take place in the inter-membrane compartment. In
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addition to I. hospitalis, two further Ignicoccus species (I. islandicus and I. pacificus)
and one other Ignicoccus isolate with unknown species have been described, so far,
exhibiting the same ultrastructure and potentially the same structural and functional
compartmentalized character (Huber et al. 2000, 2012).

Further archaea featuring a double membrane are the ARMAN archaea (archaeal
Richmond Mine acidophilic nanoorganisms). ARMAN archaea are ultrasmall and
low abundance microorganisms that thrive in acidic environments at a pH around
1.5 (Comolli et al. 2009). With cell volumes of 0.009–0.04 μm3, they are close
to the theoretical lower limit for life (Comolli et al. 2009). As I. hospitalis, some
ARMAN archaea directly attach to representatives of the Thermoplasmatales via
their double membranes (Comolli and Banfield 2014). 3D cryotomography analysis
of biofilms containing ARMAN archaea revealed an inner and an outer membrane,
but no S-layer (Comolli and Banfield 2014). Dark contrasted structures of 5–8 nm in
diameterwere detected in the periplasmic space, connectedwith the cytoplasmvia the
inner membrane (Comolli and Banfield 2014). In accordance with the predominant
metabolisms of microorganisms in these environments, these structures could most
probably be cytochromes (Comolli and Banfield 2014). Remarkably, an interspecies
connection between ARMAN archaea and members of the Thermoplasmatales was
observed to bemediated by “synapse-like” structures between the cytoplasmic spaces
(Comolli and Banfield 2014).

The yet uncultivated archaeum “Candidatus Altiarchaeum hamiconnexum” (also
known as SM1Euryarchaeum) inhabits low temperature biotopes (Moissl et al. 2005;
Perras et al. 2015). The archaeum grows in a biofilm, either as pure biofilm or in com-
munity with a bacterial sulfur reducer (Perras et al. 2014). Regarding ultrastructure,
the SM1 Euryarchaeum is of coccoid shape with an average cell diameter of 0.6 μm
(Probst et al. 2014). The cells also possess an inner and an outer membrane (5–6 nm
thickness each) with a periplasmic space of 25 nm in between them (Fig. 14.2d; Hen-
neberger et al. 2006; Perras et al. 2014). Neither particles, nor elongated structures
were found in that compartment (Perras et al. 2014). Another remarkable ultrastruc-
tural feature of these archaea is their cell surface appendages that seem to span
through both membranes (Perras et al. 2014). These pili-like structures are called
“hami” (latin: anchor) and consist of a central and a distal part (Moissl et al. 2005).
The central part contains barbwire-like prickles, and the distal part terminates in
hook-shaped structure. Hundreds of these cell appendages were detected per cell,
enabling the archaeum to adhere to surfaces, or to hami of other cells (Perras et al.
2014). Interestingly, the amino acid sequence of the major hamus subunit protein did
not show similarities to any known proteins involved in cell appendage formation.
Instead, it showed similarities to archaeal S-layer proteins (Perras et al. 2015).

Another representative having a double membrane is Methanomassiliicoccus
luminyensis. The organism was isolated from human faeces, and is coccoid shaped
with an average cell diameter of 850 nm.M. luminyensis is an obligatory anaerobic,
and mesophilic microorganism. In addition to a cytoplasmic membrane, electron
microscopy revealed an electron dense layer, most likely representing an outer mem-
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brane. A thick transparent layer was described, possibly outlining the periplasm
(Dridi et al. 2012; Klingl 2014). Similar results with a cell wall showing two mem-
branes could also be obtained for two other methanogenic isolates from termite guts,
provisionally named “Candidatus Methanoplasma termitum” (Lang et al. 2015).

S-Layer

With the exception of archaea that are just surrounded by a cytoplasmic membrane
without an additional cell wall (Figs. 14.1b and 14.2b), the surface layer or S-layer
represents the simplest and most frequently found cell wall variation (Figs. 14.1a
and 14.2a; Rodrigues-Oliveira et al. 2017).

The earliest studies dealing with S-layer proteins described these structures
in Halobacterium salinarum and Haloferax volcanii (Houwink 1956; Mescher
and Strominger 1976a,b; Lechner and Sumper 1987; Sumper et al. 1990; Sumper
and Wieland 1995) or Halococcus (Brown and Cho 1970). In addition, hey
could also be shown in methanogens like Methanosarcina (Kandler and Hippe
1977), the Methanococcus species Methanococcus vannielii and Methanococcus
thermolithotrophicus (Koval and Jarrell 1987; Nußer and König 1987) and in
Methanothermus fervidus (Kandler and König 1993; Kärcher et al. 1993). Interest-
ingly, the first described glycoprotein in prokaryotes was the glycosylated S-layer
protein of H. salinarum (Mescher and Strominger 1976a, b). Several other studies
supported the fact that S-layer proteins are usually highly glycosylated with an
abundance of sometimes more than 30% of the total protein mass caused by the
glycan side chains (Kandler and König 1998; König et al. 2007; Veith et al. 2009;
Albers and Meyer 2011; Klingl 2014). It is thereby thought that the high sugar
content prevents the proteins from degradation and increases their stability in
halophilic and otherwise extremophilic environments like high temperature and
acidity (Fig. 14.3c, d; Yurist-Doutsch et al. 2008; Jarrell et al. 2014).

The S-layer protein automatically arranges in a 2-dimensional and regularly
arranged pseudocrystal on the cell surface in an entropically driven process (Sleytr
et al. 1988; Eichler 2003; Sleytr et al. 2007). It is themost abundant cell wall variant of
all archaea described so far, especially within the Crenarchaea, but can also be found
in various bacterial species including cyanobacteria (Rachel et al. 1997). This S-layer
can be composed of one major (glyco)protein (large subunit), which also includes
an amino acid stretch that forms the anchor in the membrane or pseudoperiplasmic
murein. Sometimes, the S-layer is formed by two proteins where the anchor is rep-
resented the second smaller protein, the small subunit (Veith et al. 2009). The major
S-layer protein, which can range in protein mass from 40 to 325 kDa, is forming a 2D
pseudo-crystalline array with a distinct symmetry on the cell surface (Kandler and
König 1985; Beveridge and Graham 1991; Baumeister and Lembcke 1992; Messner
and Sleytr 1992; Kandler and König 1993; Sumper and Wieland 1995; König et al.
2007; Veith et al. 2009; Albers and Meyer 2011; Klingl et al. 2013; Klingl 2014).
Together with the stalk-like anchoring structure, the S-layer array is superimposing
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Fig. 14.3 Overview about S-layer and symmetry types. a The scheme illustrates the number of
protein subunits that constitute the central crystal unit of an S-layer. There are either one, two,
three, four or six, which lead to p1-, p2-, p3-, p4- or p6-symmetry, respectively. Reproduced from
Klingl (2014). b The stripe-like p2-symmetry S-layer of the rod-shaped Gram-negative bacterium
Acidithiobacillus sp. HV2/2 is shown. Reproduced from Klingl (2007). c Several freeze-fractured
and freeze-etched Nitrososphaera viennensis cells lying close to each other shown. Two cells are
cross-sectioned and the cytoplasm is exposed. This replica technique clearly depicts the regular
S-layer pattern. N. viennensis is the only non-Sulfolobus archaeon described so far that has a p3-
symmetry S-layer (Stieglmeier et al. 2014). d The S-layer of the coccoid Ignisphaera aggregans, a
hyperthermophile growing optimally at 92 to 95 °C, has p6-symmetry. The cell also shows several
cell appendages, most likely representing archaeal flagella. e Overview of the cell shown in (d).
Scale bars: 500 nm (b–d) and 1000 nm (e)
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the cytoplasmic membrane and thereby forming a quasi-periplasmic space between
cytoplasmic membrane and S-layer in contrast to (pseudo)periplasm, which is the
space between inner and outer membrane. This quasi-periplasm can be in extreme
cases up to 70 nm wide as shown for Staphylothermus marinus (Peters et al. 1995,
1996). In the latter case, the long stalks that are anchoring the S-layer are called
tetrabrachion.

The central crystal unit of S-layer arrays consists of two, three, four or six subunits,
which leads to p2-, p3-, p4- or p6-symmetry, respectively (Fig. 14.3a; Klingl 2014).
The lattice constants of the 2D crystals range between 11 and 30 nm (Messner and
Sleytr 1992; König et al. 2007). The symmetry and center-to-center spacing were
sometimes found tobegenus specific, as it could be shown for theSulfolobales (König
et al. 2007; Klingl et al. 2011). All representatives that were described so far had
glycosylated S-layers with p3-symmetry and lattice constants around 21 nm (König
et al. 2007; Veith et al. 2009). There is just one documented case of an archaeon
outside the Sulfolobales that is covered with a p3-symmetry S-layer: Nitrososphaera
viennensis (Fig. 14.3c), which belongs to the recently described Thaumarchaeota
(Stieglmeier et al. 2014). Something similar could be shown for p2-symmetry within
the bacterial genus Acidithiobacillus (Fig. 14.3b; Klingl et al. 2011).

A unique character within many Thermococcus species is the fact, that many of
them are not just surrounded by one S-layer but by a double S-layer (Miroshnichenko
et al. 1998; Kostyukova et al. 1999; Atomi et al. 2004; Gorlas et al. 2014), e.g.
Thermococcus stetteri shows two 5 nm thick layers of glycoproteins atop of each
other, separated by a translucent 10–12 nm space (Gongadze et al. 1993; Rodrigues-
Oliveira et al. 2017).

The high stability of the proteins against degradation like hydrolysis under dif-
ferent harsh environmental conditions directly leads to possible functions of S-layer
proteins like the protection from the environment (Engelhardt and Peters 1998). For
some crenarchaea like the Sulfolobales, the S-layer together with the cytoplasmic
membrane has to withstand pH 2 and temperatures of 60–80 °C (Veith et al. 2009).
This temperature and acid stability might be the result of a high content of charged
amino acids and ionic interactions between cell wall moieties (Haney et al. 1999). As
a prime example of stability, the S-layer proteins of Thermoproteus tenax and Ther-
mofilum pendens have to be mentioned. The S-layer sacculus of these two organisms
can be boiled at 100 °C for 30 min in 2% SDS (sodium dodecyl sulfate) without
any hint of degradation (König and Stetter 1986; Wildhaber and Baumeister 1987;
König et al. 2007). A clear counterexample to the high stability S-layer proteins
of crenarchaea are the surface layers that can be found in most euryarchaea, e.g.
Archaeoglobus fulgidus, which are labile and tend to disintegrate and are therefore
difficult to isolate (König et al. 2007). In this regard, the euryarchaeon Picrophilus
is an exception with a relatively stable S-layer protein, although the stability might
just be a side effect of its resistance to acidity.

Further functions of S-layer proteins are the sustainment of cell integrity in alter-
nating osmotic conditions (osmoprotection) aswell asmaintaining or at least support-
ing cell shape (Engelhardt 2007a, b; Klingl et al. 2011). Other potential functions of
S-layers could be that they play a role as molecular sieves or that they are generating
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an additional cellular compartment similar to the periplasm in Gram-negative bac-
teria. The space between the cytoplasmic membrane and the umbrella-like envelope
formed by the S-layer is therefore named quasiperiplasm. There is some evidence
that the S-layer could be involved in cell attachment but it is more likely that this abil-
ity has to be attributed to cell appendages like flagella or pili like it could be shown
for Acidithiobacillus (Klingl et al. 2011). Taking into account in which extreme
environments like Sulfolobus species are thriving, it can even be speculated that the
S-layer represents a natural protection layer against virus, prohibiting the attachment
or entrance of such potentially dangerous particles.

Regarding the large amount of information on S-layer proteins ofMethanococcus
species (Akça et al. 2002), mesophilic and thermophilic archaea in particular (Claus
et al. 2002) and S-layers in general (Claus et al. 2001, 2005; König et al. 2007; Albers
and Meyer 2011), it is surprising that we are still lacking a clear proof for a distinct
function of S-layer proteins. But the fact that S-layer proteins can make up more
than 10% of the whole cellular protein is a strong indication that they are there for a
certain reason.

Finally it should be mentioned, that cell appendages like hami might have more in
commonwith S-layers than originally thought, although not crystallizing in a regular
2D lattice (Perras et al. 2015). This automatic arrangement in regular lattices is one of
themajor characteristics that defines a protein as S-layer. Otherwise, it is just a simple
amorphous protein layer or sheath. Some obvious parallels exist between the S-
layer stalks of Staphylothermus marinus and the hami of “Candidatus Altiarchaeum
hamiconexum” (SM1 euryarchaeon) but the inability of the latter structure to form
2D crystals just corroborate these differentiation problems.

Cell Wall Structures of Methanogenic Archaea

Methanogens, which belong to the euryarchaeal kingdom, are divided into 5 orders:
Methanobacteriales, Methanococcales, Methanomicrobiales, Methanosarcinales
and Methanopyrales (Ferry and Kastead 2007). They represent a very diverse group
within the archaeal domain, showing a great variety in phylogeny, physiology
and morphology. This variety is also reflected in the structure and composition of
the methanogenetic cell wall, including pseudomurein (Fig. 14.4a, c) and specific
S-Layers as well as methanochondroitin (Fig. 14.4b) or proteinaceous sheaths
(König et al. 2010).

Pseudomurein

The cell wall of most bacterial species contains the peptidoglycan murein, a poly-
mer consisting of sugars and amino acids, forming a netlike layer outside the cell
(Schleifer and Kandler 1972). Due to structural similarities like the construction of
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Fig. 14.4 a Proposed biosynthesis pathway of the archaeal peptidoglycan homologue pseudo-
murein according to König et al. (1994). It depicts the stepwise formation of the glycan backbone
and the peptide cross-linker and ends up with the end product pseudomurein (bottom panel a).
bModel of the biosynthesis pathway of the methanogenic cell wall compound methanochondroitin
(bottom, panel b) via its building blocksUDP-GalNAc andUDP-GlcA (König et al. 1994). cThe rod
shaped pseudomurein sacculus ofMethanothermobacter thermautotrophicus. Due to its high stabil-
ity against detergents and harsh mechanical treatment, it remains intact after complete degradation
of other cell wall components. Udp, undecaprenyl. Scale bar: 500 nm (c)

approximately 50% glycan and 50% peptide, the cell wall ofMethanobacteriales and
Methanopyrales was named pseudomurein (Fig. 14.3a; Kandler and König 1978).
This term may be distracting, although there are similarities between these two
structures. Actually, a common origin of murein and pseudomurein is unlikely, as
the datasets of all pseudomurein expressing methanogens showed no indication for
homologue genes or pathways that would indicate this (Hartmann and König 1990).
Together with the fact that both show differences in cell wall chemistry, a convergent
evolution of both polymers seems more likely (König et al. 2010; Steenbakkers et al.
2006).

Pseudomurein is one of the largest known biomolecules found in nature, form-
ing huge molecules that enfold the whole cell with a thickness of approximately
15–20 nm (Kandler and König 1993). It is responsible for the maintenance of the
cell shape and may also have protective functions because of its high stability.
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Pseudomurein is built up from chains of disaccharides that are cross-linked via
peptide subunits. In general, the glycan strand is built up by alternating units of
β(1→3)-linked N-acetyl-d-glucosamine and N-acetyl-l-talosaminuronic acid. The
glycan strands their selves are, in turn, cross-linked by peptide subunits that are com-
posed of L-amino acids (in most cases glutamic acid, alanine, lysine) exclusively.
The lack of d-amino acids, the use of N-acetyl-l-talosaminuronic acid instead of N-
acetyl-muramic acid, the β(1→4)-linkage to N-acetylglucosamine and the increased
occurrence of α- and ε-peptide bonds represent the main differences to the bac-
terial murein (Leps et al. 1984a,b; Kandler and König 1978, König and Kandler
1979; König et al. 1983). As the linkage between the two glycan components is
β(1→3) there is the possibility of a replacement of N-acetyl-glucosamine by N-
acetyl-galactosamine.

The first step in the biosynthesis of the glycan moiety is the epimerization and
oxidation of UDP-N-acetyl-d-galactosamine to UDP-N-acetyl-L-talosaminuronic
acid via UDP-N-acetyl-d-altrosaminuroic acid as an intermediate. In a next step
UDP-N-acetyl-d-glucosamine is linked toUDP-N-acetyl-l-talosaminuronic acid via
β(1→3)-glycosidic linkage, forming a disaccharide as repeating unit of the glycan
strand. Simultaneously, anUDP-activated pentapeptide is formedwhich derives from
Nα-P-glutamic acid that is converted to Nα-UDP-glutamic acid (Fig. 14.3a). After
this, the amino acids alanine, lysine and glutamate are linked to Nα-UDP-glutamic
acid at the expense of ATP before the pentapeptide is linked to the disaccharide (Hart-
mann et al. 1990). The resulting molecule is transferred to undecaprenylphosphate
and added to the growing glycan strand.

It is an interesting fact that, to date, no archaeal or bacterial enzyme is known
that cleaves the β(1→3) glycosidic bond of pseudomurein, whereas lots of bacte-
rial cell wall hydrolases are able to break the β(1→4) glycosidic bond of murein.
There are just two archaeal enzymes known that are able to split the peptide link-
ages of pseudomurein, the pseudomurein isopeptidases PeiW and PeiP, cleaving the
isopeptide bond between l-lysine and l-alanine (Kiener et al. 1987; Luo et al. 2002;
Visweswaran et al. 2010).

Methanochondroitin

Methanochondroitin is exclusively found in aggregated cells of Methanosarcina
spp. where the methanochondroitin layer represents the shape maintaining struc-
ture (Kreisl and Kandler 1986). By increasing osmolarity, concentrations of divalent
cations like Ca2+ or Mg2+ or during nutrient deficiencies it is possible to completely
disaggregate the cells, withMethanosarcina barkeri showing for example a 20-fold
decrease of glucuronic acid, a major component of the methanochondroitin layer
(Sowers et al. 1993; Boone and Mah 1987). However, methanochondroitin is not the
only cell wall structure in Methanosarcina, as some species also possess an addi-
tional S-Layer between their cytoplasmic membrane and the methanochondroitin
layer (Francoleon et al. 2009; Arbing et al. 2012).
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Structurally, methanochondroitin is built from proteoglycans, with the trimer
[→)β-d-GlcA-(1→3)-β-d-GalNAc-(1→4)-β-d-GalNAc-(1→]n as the fundamental
glycan structure (Fig. 14.3b). This structure is arranged to a fibrillar polymer and
builds up an either compact or loose matrix (Kreisl and Kandler 1986). Because of
its similarity to the eukaryotic chondroitin sulfate, a main component of cartilage-
tissue, this structure was named methanochondroitin, although the structures differ
in two main features compared to chondroitin: the absence of sulphate residues in
methanochondroitin and a different molar ratio of GalNAc to GlcA (Levene and La
Forge 1913). Similar structures can also be found within the bacteria, for example
the cell wall component teichuronic acid [d-GlcA-(1→3)-GalNAc-(1→4)-]23–25 in
Bacillus licheniformis (Hughes and Thurman 1970).

In the first step, UDP-GalNAc and UDP-GlcA form UDP-N-acetylchondrosine
that forms with an additional unit of UDP-GalNAc the repeating unit of
methanochondroitin. This is linked to undecaprenol, a lipid carrier transferring the
trisaccharide trough the cytoplasmic membrane where the polymerization of the
growing glycan chain takes place (Hartmann and König 1991).

Proteinaceous Sheaths

One of the most striking cell wall structures within the methanogens are the pro-
teinaceous sheaths found inMethanospirillum hungatei andMethanosaeta concilii.
Both organisms form long filamentous chains, consisting of single cells arranged
one after another (Zeikus and Bowen 1975; Beveridge et al. 1986). Each individual
cell is surrounded by an inner cell wall, which is also involved in septal formation.
An amorphous granular layer builds the inner cell wall inM. concilii, whereas inM.
hungatei this inner cell wall was identified as an S-Layer showing a p6-symmetry
(Firtel et al. 1993). Two unglycosylated proteins, a 110 kDa and a 114 kDa protein,
form this S-Layer. There is another thin layer covering the plasma membrane, which
has no influence on cell shape, as cells lose their rod-shape character when the outer
sheath was removed (Beveridge et al. 1986; Sprott et al. 1979).

Besides the inner cell wall, M. hungatei and M. concilii possess an additional
outermost sheath, arranged in a paracrystalline manner that surrounds the whole
arrangement of cells. This outermost layer is not a coherent structure and therefore
not a classical cell wall in a strict sense, as it is interrupted by so called spacer plugs
that isolate the individual cells from each other. It was shown that the sheaths are built
by stacked hoop-like structures, which can be separated under reducing conditions
(Sprott et al. 1986; Patel et al. 1986).

The outermost sheath ofM. hungatei andM. concilii can be isolated by classical
cell wall isolation techniques and display a high stability against detergents, com-
mon proteases and chaotropic agents. In M. hungatei, the isolated sheath is built by
amino acids and neutral sugars, whereasM. concilii showed a more complex amino
acid pattern with glucose and mannose as the predominate sugar components (Sprott
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and McKellar 1980; Kandler and König 1978). Southam and Beveridge expanded
the knowledge on the sheath composition of M. hungatei by the discovery of two
different polypeptide groups: one that is soluble in sodium dodecyl sulfate (SDS)-
β-mercaptoethanol (β-ME)-EDTA and includes polypeptides with masses from 10
to 40 kDa (building 74% of sheath’s mass), and a phenol-soluble group represent-
ing approximately 19% of the sheath’s mass. Therefore, they concluded a trilaminar
structure of the sheath with phenol-soluble polypeptides that are surrounded by SDS-
β-ME-EDTA soluble polypeptides. In this structure, the phenol-soluble polypeptides
should convey rigidity to cells whereas the SDS-β-ME-EDTA soluble ones are nec-
essary for the sheaths resilience (Southam and Beveridge 1991, 1992).

The outermost sheaths serve as a micro sieve and are responsible for the rod-
shaped morphology. Moreover, they provide protection against protozoan grazing
and the cellular turgor pressure while allowing the release of products like methane
or the uptake of substances like H2, CO2 or acetate (Walsby 1994).

In 2015, Dueholm et al. could demonstrate that the sheath ofMethanosaeta ther-
mophila is morphologically similar to those of M. hungatei and M. concilii. They
identified MspA (~60 kDa) as the major sheath protein. It was the first descrip-
tion of an archaeal with an amyloidogenic character and could therefore explain the
enormous resistance of the sheath coincidentally with elastic properties that allow
diffusible substrates to penetrate.

Two layered cell walls:Methanothermus and Methanopyrus
In transmission electron micrographs of the hyperthermophilic methanogens,
Methanothermus fervidus and Methanopyrus kandleri, a double-layered cell enve-
lope is visible (König et al. 2007). InM. fervidus, it consists of a pseudomurein layer
covered by an S-layer with 6-fold symmetry (König et al. 2007). The arrangement
inM. kandleri is quite similar although the outer layer does not reveal regular lattice
pattern and is therefore not described as a typical S-layer (König et al. 2007).

Further Types of Cell Envelopes and Connected Elements

The cell envelope of Halococcus morrhuae is an inflexible, electron dense layer
of 50–60 nm in width (Kocur et al. 1972). Biochemical investigations showed
the cell wall to be composed of a highly sulfated heteropolysaccharide including
glucose, mannose, galactose, glucuronic acid, galacturonic acid, glucosamine, and
galosamunronic acid (Steber and Schleifer 1975; Schleifer et al. 1982; König et al.
2010). In addition, this heteropolysaccharide contains N-acetylated amino sugars
(Schleifer et al. 1982; König et al. 2010). Furthermore, the cell wall was proposed to
contain glycine that bridges amino groups of glucosamines and the carboxyl group of
uronic or gulosaminouronic acid residues in the glycan strands (Steber and Schleifer
1979; König et al. 2010). A similar cell wall composition, but with different molar
ratios of the cell wall components, was described forHalococcus salifodinae, another
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halophilic Archaeum isolated from a Permian rock salt deposit in Austria (Legat et al.
2013).

Natronococcus occultus is a haloalkalophilic organism growing optimally at pH
values of 8.5–10 and in hypersaline environments containing 3.5M salt (Tindall et al.
1984; König et al. 2010). In accordance with its extreme environment, the archaeum
possesses a very unique cell envelope among archaea composed of a glutaminylgly-
can polymer (König et al. 2010; Albers and Meyer 2011). Similar cell wall polymers
can be found among the Bacillus species Sporosarcina halophile and Planococcus
halophilus (Niemetz et al. 1997; Klingl 2014). In contrast to bacteria, the archaeal
version of the polymer is glycosylated, consisting of about 60 monomers with the
glutamic acid residues linked via a U-carboxylic group (König et al. 2007; Klingl
2014). Furthermore, the cell wall polymer of Natronococcus occultus, which has no
equivalent in bacteria, comprises l-glutamate, N-acetyl-d-glucosamine, N-acetyl-d-
galactosamine, d-galacturonic acid, d-glucuronic acid, and d-glucose in a ratio of
5:7:1:8:0.5:0.3 (Niemetz et al. 1997; König et al. 2010).

Haloquadratum walsbyi, a member of the Halobacteriales exhibits one (strain
C23), or two (strain HBSQ001) S-layers, depending on the strain (Burns et al. 2007).
The organism inhabits extremely salty environments. According to genomic data,
the cells were predicted to develop a poly-U-glutamate capsule (Bolhuis et al. 2006;
Albers andMeyer 2011). A specific characteristic of H. walsbyi is the highly unusual
cell shape: almost perfect quadrate flattened cells (Bolhuis et al. 2006). Another fea-
ture is the secretion of halomucin, a very large protein (927 kDa), which is highly
similar to mammalian mucin (Hollingsworth and Swanson 2004; König et al. 2010).
It was suggested to surround the cells as an aqueous shield and to protect the cells
against their extremely salty environmental conditions (König et al. 2010). Further-
more, it might play a role in defense against halophages (Zenke et al. 2015). Recently,
it was shown that halomucin is in fact only loosely associatedwith the cells, instead of
totally surrounding the cells as a closed outermost layer (Zenke et al. 2015). Despite
this loose association, it was proposed that halomucin could still fulfill its protecting
functions (Zenke et al. 2015).

In addition, it should be mentioned that cell walls like the S-layer can be in
contact and interact with other proteins. One such example is the STABLE protease
of Staphylothermus marinus, which is associated with the long stalks of the S-layer
(Peters et al. 1995). The so-called bindosome was described as a component of the
cell envelope ofSulfolobus solfataricuswas described, representing amajor complex,
which is involved in sugar binding and uptake in the thermoacidophilic archaeon and
apparently interacts with the S-layer of S. solfataricus (Zolghadr et al. 2011). It is
likely that further extracellular enzymes and metabolism-relevant proteins that are
associated with the S-layer or another cell wall component (Matuschek et al. 1994)
and will be found and described in detail in the future.
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Conclusion

This overview of archaeal cell wall types shows its great variety and sometimes also
complexity. It often seems to be specifically adapted to the respective environment
like the cellwalls of halophilic, thermophilic or acidophilic archaea.Thehigh stability
of the respective cell wall compound under the usual growth condition of these
archaea seems to be a prerequisite for their adaptation. Future experiments will
therefore deal with the question, how the cell wall of the first living cells on earth
might have looked like. This will not only deliver an answer, which archaeal cell
wall architecture developed first but it will also give us a better understanding of the
origin of life in general.
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