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Abstract

The looming antibiotic crisis has prompted the development of new strategies towards fighting
infection. Traditional antibiotics target bacterial processes essential for viability, whereas proposed
antivirulence approaches rely on the inhibition of factors that are required only for the initiation
and propagation of infection within a host. Although antivirulence compounds have yet to prove
their efficacy in the clinic, bacterial signal peptidase | (SPase) represents an attractive target in that
SPase inhibitors exhibit broad-spectrum antibiotic activity, but even at sub-MIC doses also impair
the secretion of essential virulence factors. The potential consequences of SPase inhibition on
bacterial virulence have not been thoroughly examined, and are explored within this review. In
addition, we review growing evidence that SPase has relevant biological functions outside of
mediating secretion, and discuss how the inhibition of these functions may be clinically
significant.
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1. Introduction

We are at risk of losing effective antibiotic therapies as resistance continues to rise at an
alarming rate.! Bacteria resistant to one or more antibiotics are currently responsible for at
least 50,000 deaths per year in Europe and the USA alone.2 However, the real threat of
antibiotic resistance lies ahead. Unless the current rates of resistance are checked, that
mortality rate could rise to 10 million worldwide per year by 2050.3 In addition to these
direct consequences, antibiotics are fundamental to all aspects of modern healthcare.
Prophylactic antibiotics are prescribed for most surgeries, without which such procedures
might be too risky to perform, and for treatments such as chemotherapy, which reduces
immune system defenses. Due to all of these factors, the World Health Organization has
identified antibiotic resistance as one of the three greatest threats to human health.*

Given the rise in antibiotic resistance, one might expect research into novel antibiotics to
grow in response, but just the opposite has occurred. Most major pharmaceutical companies
have reduced early development efforts or abandoned the field completely. According to a
recent Pew Charitable Trust analysis, only 5 of the top 50 pharmaceutical companies are
pursuing new antibiotics.® This can be attributed to the difficulty in simply developing a new
antibiotic and the lure of more profitable ventures. Antibiotics are only prescribed for a short
period of time, as opposed to medicines for chronic conditions such as diabetes or arthritis.
It costs around $2.6 billion and takes eight to fifteen years to fully develop a new
antibiotic.5-8 Only about one new antibiotic gains approval for every 16 candidates that enter
phase | clinical trials,® and even after approval it is possible that the clinical use of any new
antibiotic will be reserved for last-resort cases in an effort to stave off resistance, further
limiting potential returns on investment. As a result of reduced pharmaceutical interest, the
antibiotic pipeline has all but run dry. Only four new classes of antibiotics have been
introduced into the clinic in the last forty years (daptomycin, linezolid, fidaxomicin,
bedaquiline), and none of them have activity against Gram-negative pathogens.

It would appear that our system for generating new antibiotics is broken.10 This has sparked
a variety of proposals for alternative antibiotic strategies, including antivirulence
strategies.1! Antivirulence compounds attenuate virulence without directly killing bacteria,
and instead prevent processes that are essential for infection such as adhesion to host cells or
the production of toxins. The immune system can then clear these emasculated bacteria.
Some proponents of antivirulence strategies hypothesize that antivirulence compounds
would put less selective pressure on bacteria and mitigate the emergence of resistance that
has plagued traditional antibiotic therapy. Since there are no antivirulence drugs currently
approved to treat bacterial infections in the clinic, this hypothesis remains to be tested.

The cited advantages of antivirulence strategies are also their greatest flaws. Inherently,
antivirulence compounds will have a narrow spectrum of activity as virulence factors are
poorly conserved across bacterial species. Their use in the clinic would be extremely limited
in comparison to traditional broad-spectrum antibiotics, and thus in most cases are even less
attractive to the pharmaceutical industry for development.
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Type | signal peptidase (SPase) is an attractive target for therapeutic intervention because it
is essential, supporting the possibility that inhibitors would have broad spectrum
antibacterial activity, and because it is required for virulence. SPase is an essential part of the
secretion apparatus; its proteolytic activity is required to release proteins from their N-
terminal leader sequence, which remain membrane bound after the preprotein translocates
across the cytoplasmic membrane. The antivirulence effects of inhibiting SPase are expected
due to the many proteinaceous virulence factors that rely on SPase for processing into
functional forms. SPase inhibition results in the accumulation of unprocessed proteins in the
cytoplasmic membrane, which eventually causes it to lose its integrity and leads to cell
death.12:13 This suggests that secretion is significantly impaired before the concentration and
duration of exposure sufficient to kill cells is achieved. Indeed, /n vitro studies have
confirmed that even sub-MIC doses of arylomycin, a natural product SPase inhibitor,
drastically reduce the secretion of proteins including, as discussed below, many virulence
factors.14:15 Thus, treatment of infections with an SPase inhibitor may be able to kill
bacterial cells and, even at lower doses, reduce virulence. In this review, we will summarize
the current understanding of the role of SPase in virulence, as well as the potential
antivirulence consequences of its inhibition. Due to the overwhelming number of effectors
dependent on SPase for secretion, we will focus on those that highlight the diverse functions
of SPase and which are likely the most relevant to human health.

2. SPase and the arylomycin family of natural products

By far, the most common route for protein secretion is the general secretory (Sec) pathway.
Proteins designated for this route of secretion are translated with a specific motif at their N-
terminus known as the signal (or leader) peptide.1® Typically conserved features of signal
peptides include several positively charged residues at the N-terminus, a stretch of lipophilic
residues, and a downstream polar cleavage site, which is commonly A-X-A. Before the
protein achieves its mature form, the Sec machinery recognizes the signal peptide and
translocates the pre-protein across the cytoplasmic membrane, during which time the
lipophilic region of the signal peptide becomes embedded in the cytoplasmic membrane
(Figure 1). SPase then cleaves the signal peptide to release the protein. SPase also functions
at the terminal step of the Twin-Arginine Translocase (Tat) pathway. The Tat pathway is
functionally similar to the Sec pathway, but it recognizes signal peptides containing a highly
conserved R-R motif, and its pre-protein cargo fold prior to translocation across the
cytoplasmic membrane. It is worth noting that two other signal peptidases exist: type Il
signal peptidase processes lipoproteins and type Il signal peptidase (also known as type IV
prepilin peptidase) specifically processes type IV prepilins and type 1V prepilin-like
proteins. Unless required for clarity, we will refer to type | signal peptides that are processed
by SPase simply as “signal peptides.”

Several classes of inhibitors exist for SPase.1” Krisynomycin18 and the arylomycin
family1%-21 represent natural product inhibitors, whereas 55 penems,22:23 peptide substrate
mimics,24-26 and a B-aminoketone? are synthetic inhibitors. Of these, the arylomycins have
been the most developed as potential therapeutics.28 While arylomycins have activity against
a variety of Gram-positive and Gram-negative bacteria, mutations within SPase that ablate a
hydrogen bond limit their spectrum. Interestingly, it has been demonstrated that restoring the
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hydrogen bond sensitizes an even wider spectrum of bacterial species to the arylomycins,
including the Gram-negative pathogens Escherichia coliand Pseudomonas aeruginosa.®
This suggests that the arylomycin scaffold is a small increase in affinity away from
becoming broad-spectrum SPase inhibitors. Derivatization efforts to impart them with this
affinity have already led to compounds with broader spectrum and more potent activity.30

3. Virulence factors of Gram-positive bacteria

Gram-positive bacteria rely on Sec for the secretion of most virulence factors. Some Gram-
positive bacteria also possess an accessory Sec system consisting of at least an additional
SecA homolog (SecA2),3132 as well as the Tat pathway.33-37 While each of these constitute
different pathways across the cytoplasmic membrane, SPase functions unilaterally at their
terminal step. As a result, the role of SPase in secretion of Gram-positive virulence factors is
relatively well-defined. Only a few exceptions to Sec-dependent secretion exist, including
type 1V,38-43 type VI11,32-34.36:44 and flagella biosynthesis, the substrates of which lack N-
terminal signal peptides.334% The central importance of SPase is highlighted in in vivo
studies of Listeria monocytogenes infection. As is common with Gram-positive bacteria, the
genome of L. monocytogenes includes three separate SPase genes (SipX; SipY, and Sip2)
that each play distinct roles in virulence. Deletion of sjpX results in a 100-fold reduction of
virulence, whereas deletion of sjpZresults in an almost complete loss of infectivity in a
mouse model.#6 Other Gram-positive bacteria may encode one (e.g. Staphylococcus aureus
and Mycobacterium tuberculosis) to as many as 7 (Bacillus cereus) SPases. When only a
single SPase is encoded, it is essential for viability.*’

After signal peptide cleavage, SPase substrates in Gram-positive bacteria are either
covalently anchored to the cell wall via sortases or released into the environment,44:48-50
While no cell wall anchored proteins have been identified that are exported via Tat, the
contribution of Tat-secreted, free virulence factors has been demonstrated in a variety of
bacteria.32:35:37.51 For example, bioinformatics studies predict that M. tuberculosis encodes
31 Tat substrates, of which 18 have been experimentally confirmed and a number of which
are known to contribute directly to virulence, including the phospholipase C enzymes, PIcA
and PIcB, and the B-lactamase BlaC.5223 SecA2 contributes virulence factors to both the
cell wall and external environment 355455

As opposed to SecA2 and Tat, the analysis of the general Sec-mediated secretome has been
complicated due to the essentiality of SPase. Substrates have primarily been identified
simply by analyzing proteins in the media of bacterial cultures. To reduce the potentially
confounding contribution of contamination due to cell lysis, the identified proteins may be
further delimited to those with /n silico-predicted SPase cleavage sites.>® This approach has
been applied extensively to staphylococcal and streptococcal species.>” One analysis of the
secretome of S. aureus USA300 identified 174 proteins, ~52% of which were predicted to be
authentic SPase substrates.>8 Analysis of the secretomes of Streptococcus agalactiae,
Streptococcus pneumoniae and Streptococcus gordoniirevealed 8, 42 and 72 SPase
substrates, respectively.59-81 However, the presence of a predicted SPase cleavage site does
not demonstrate actual processing, and thus Ravipaty and Reilly identified 59 proteins in the
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media fraction of growing S. aureus COL, which by MS were shown to have processed N-
termini, suggesting that they had been processed at predicted SPase cleavage sites.52

We have employed arylomycins to more directly identify proteins whose secretion into the
media is dependent on SPase. Importantly, this approach can unambiguously identify SPase
substrates because only authentic substrates will show a dose-dependent decrease with
addition of the SPase inhibitor. With this approach we have characterized the SPase-
dependent secretome of two staphylococci pathogens, Staphylococcus aureus™® and
Staphylococcus epidermidis.** We identified 11 S. epidermidis proteins and 47 S. aureus
proteins whose presence in the media fraction was inversely correlated with the arylomycin
dose. Among the SPase secretome are many known virulence factors such as membrane
damaging toxins, cell wall attached proteins for immune evasion, proteases that cleave host
factors, and coagulases that promote prothrombin activation and may lead to protection from
phagocytosis.

Surface-associated SPase substrates also play a vital role in the pathogenesis of Gram-
positive bacteria. Gram-positive pathogens such as Actinomyces spp.,%3 B. cereus,5*
Corneybacterium diphtheriae,®> Enterococcus spp.,56 Lactobacillus rhamnosus®’ S.
agalactiae,%8 Streptococcus gallolyticus® S. pneumoniae,’® and Streptococcus pyogenes’™
all secrete pilin components that have an N-terminal signal peptides with a predicted SPase
cleavage site (as well as a C-terminal sortase signal for processing and attachment to the cell
wall).42.72 pjli in general are important for adherence to host cells, although they serve other
functions in specific bacteria. For example, deletion mutants of Enterococcus faecalis that
are unable to form pili show attenuated virulence in a rat model due to the resulting
reduction in biofilm formation.%6 Biofilms in general can have severe consequences in
treating pathogenic bacteria as they can facilitate surface adherence and provide protection
from the host immune system, and SPase is also directly involved in this process. In S.
aureus, which along with S. epidermidis is responsible for the majority of biofilm-associated
infections involving indwelling medical devices,”3~76 biofilm formation relies heavily on
cell wall anchored proteins including biofilm-associated protein (Bap), fibronectin-binding
proteins A/B (FnbpA/B), clumping factor B (CIfB), protein A (Spa), serine-aspartate repeat
protein C (SdrC), and surface proteins C and G (SasC and SasG). Unlike S. aureus, the
pathogenicity of S. epidermidis relies almost solely on its ability to form biofilms.”377 In S.
epidermidis, autolysin E (AtlE), accumulation-associated protein (AAP), Bap, extracellular
matrix protein (Ebh), and the surface protein SSP1, have all been implicated in biofilm
formation, and each are predicted to be SPase substrates. Finally, SPase is involved in the
formation of the S-layer,>*5 which is a crystalline-like array of proteins, glycoprotein, or
both that coat the surface of the cell. It is perhaps best characterized in Bacillus anthracis
and Clostridium difficile. Deletion of bs/A, which encodes a component of the B. anthracis
S-layer results in at least a 100-fold increase in the LDs in a guinea pig model.”8

While type VII secretion systems likely function independently of SPase,334% SPase may
influence flagellar assembly and type IV secretion systems (T4SSs), as components of the
translocation machinery itself are predicted to require SPase processing.”%89 For example,
the T4SS mediates the direct transfer of proteins into target cells, but is perhaps best known
for its role in the direct transfer of DNA, as this has been implicated as a primary means by
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which bacteria acquire foreign DNA leading to antibiotic resistance. Unlike Gram-negative
bacteria, which use pili to establish the required cell-to-cell contact, Gram-positive bacteria
mediate cell-to-cell contact via cell surface adhesions. One of the best studied Gram-positive
T4SSs is encoded on the plasmid pCF10 and includes three cell wall proteins, PrgA, PrgB
and PrgC, which are all encoded with SPase cleavage sites and sortase signal sequences.8!
PrgB has been demonstrated to mediate attachment to bacteria and host cells in £. faecalis,
and mutants of prgB show reduced plasmid transfer. It should be noted that many plasmid-
based T4SSs do not appear to encode dedicated cell wall proteins, and it is unclear how
surface contact is achieved. One possibility is that genome-encoded cell wall proteins play a
role in mediating contact, although this has yet to be explored

4. A direct role for SPase in Gram-negative virulence

Unlike Gram-positive bacteria, Gram-negative bacteria typically encode only a single SPase.
In addition, its substrates must transverse two membranes to exert their effects on their
environment. Several widespread types of secretion systems have evolved to execute this
task, and as a result the secretion systems of Gram-negative bacteria are both more diverse
and more elaborate than their Gram-positive counterparts (Table 1). Secretion is either a
one-step or two-step process. Sec-independent systems transport substrates directly from the
cytoplasm to the external environment in a single step. Sec-dependent systems rely on Sec or
Tat to translocate substrates into the periplasm, after which additional machinery is
necessary for secretion past the outer membrane. Type I, V, VIII, and the chaperone/usher
secretion systems are Sec-dependent (Figure 2). As such, pre-proteins secreted via these
pathways invariably contain an N-terminal signal peptide, and signal peptidase processing is
necessary to complete the process of secretion. It is through these secretion systems that
SPase directly facilitates virulence in Gram-negative pathogens.

4.1. A variety of functions for type Il secretion

The type 1l secretion system (T2SS) is referred to as the main terminal branch of the Sec
pathway in Gram-negative bacteria, and has been reviewed extensively.82:83 Its machinery,
or secreton, is composed of at least twelve proteins that form a pilus-like structure spanning
both membranes.84 After SPase processing, T2SS substrates in the periplasm enter the
secreton and are then transported across the outer membrane. The T2SS was first discovered
in Klebsiella pneumoniae,®® although its role in virulence was not well explored until
subsequent work with model organisms such as £. coli;8® Legionella pneumophila8’ P,
aeruginosa,88:89 and Vibrio cholera® elucidated the varied and vital roles of T2SS-
dependent virulence factors. The genes encoding a complete or nearly complete T2SS are
present in a wide variety of bacteria,8? suggesting that the lessons learned from these model
organisms are applicable to a broader understanding of bacterial virulence.

T2SS-dependent virulence factors generally function as toxins and degradative enzymes.
Prominent examples include the heat-labile enterotoxins of V/ c/ioleraand enterotoxigenic £.
coli (ETEC).21.92 These toxins are responsible for the potentially lethal diarrhea associated
with cholera®394 and ETEC infection, of which there are millions of reported cases and
hundreds of thousands of deaths annually.95:96 A aeruginosa also produces an ADP-
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ribosylating toxin, exotoxin A, and it is this pathogen’s most toxic compound by weight, the
LDsg for which is only 1 pg/ml in mice.%” £ aeruginosa provides an example of the variety
of T2SS-dependent virulence factors that can be found within a single organism such as
protease, %8 phospholipase,? lipase, 100101 DNAse, 102 elastase,193.104 and phosphatase®®
enzymes.

In vivo studies of mutants deficient in type Il secretion have demonstrated a direct role for
this secretion system in virulence. Mutation of the prepilin peptidase of V/ cholera, which is
necessary for the assembly of the secreton, abolished the production of cholera toxin and
resulted in a 100-fold increase in the inoculum LDsg in an infant mouse cholera model.%1
Introducing a similar mutation in L. pneumophila resulted in a severe defect in its ability to
survive and proliferate in the lungs of mice.105 Subsequent studies determined specific
virulence factors secreted by L. pneumophila and established a role for the T2SS in
intracellular infection and immune system evasion.196-108 £ aeryginosa requires mutations
in both type Il and type 111 secretion to be rendered avirulent; either secretion system is
sufficient to cause bacterial cell death in a murine model of lung infection.109

Mutational analyses of the T2SS has also led to surprises, such as the identification of the
Shiga toxin of enterohemorrhagic £. coli (EHEC) as a Tat substrate despite the lack of the
characteristic R-R motif of Tat substrates,110 and evidence that pyoverdine-mediated iron
uptake in P, aeruginosa is dependent on SPase processing of pyoverdine biosynthetic
genes.111 Although the T2SS mutants of 2 aeruginosa are still virulent in a murine lung
infection model, pyoverdine was shown to be absolutely essential for infection using a
burned mouse model.112 This demonstrates that the T2SS works in tandem with other
systems to promote virulence, and that the importance of specific virulence factors may be
dependent on the context of infection. Many T2SS-dependent virulence factors have been
identified outside of these model organisms, and the established role for type Il secretion in
the diverse and sometimes essential aspects of virulence merits further exploration.

4.2. Other SPase-dependent secretion systems

Not all virulence factors in Gram-negative bacteria require complicated machinery for
translocation across the outer membrane, and the type V secretion systems (T5SSs) are the
simplest. Type Va secretion systems (autotransporters) encode a passenger domain, a -
barrel domain, and typically a type | signal peptide, all within a single polypeptide. After
signal peptide cleavage, the B-barrel forms a pore in the outer membrane and translocates the
attached passenger domain.113:114 Other subcategories of type V secretion, such as type Vb
(two-partner), vary in the organization of these domains and do not necessarily encode all
components on a single polypeptide chain.115-117 Genetic analysis has identified over 700
autotransporters in Gram-negative bacteria and shows that they are nearly ubiquitous among
Proteobacteria.118 Because of the mechanism of the T5SS, it is not possible to totally inhibit
type V secretion in an organism by altering a single gene, as it is with secretion systems that
use conserved machinery to translocate their substrates. Therefore, the study of T5SSs has
been limited to the functions of specific virulence factors. A well-studied example is the
IgA1 protease, 19 which inhibits human immunoglobulin Al and has been implicated in
colonization at mucosal surfaces.119120 Other prominent proteins secreted via the T5SS
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include IcsA (VirG),121.122 vacuolating cytotoxin VacA,123 the Haemophilus influenzae Hap
adhesin, 124 pertactin,125 and members of the large group of serine protease autotransporters

of the Enterobacteriacea (SPATEs).126-132 These effectors play clear roles in processes such
as adhesion, proteolysis, biofilm formation, toxicity, and immune system evasion.

The chaperone-usher (C/U) pathway, which relies on SPase processing for all of its
substrates, is responsible for the assembly of at least 30 different types of surface fibers that
are vital for the initial stage of infection for pathogens such as £. coli133134 Acinetobacter
baumannii 3> Salmonella enterica serovars,}36-138 Yersinja species, 139140 H. jnfluenzae 14t
P, aeruginosa**2 Bordetella pertussis**3 K. pneumoniae,** and Proteus mirabilis 145146
These surface fibers function to provide adhesion to host cells, evade the immune response,
and contribute to biofilm formation. £. coli express P and type | pili, perhaps the best studied
structures of this class.14” The C/U pathway also assembles the F1 antigen of Y/ pestisand
the haemagglutinating pilus of H. influenzae, which aid in resistance to phagocytic cells and
colonization of the respiratory tract, respectively.148.149 Curli fibers are another surface fiber
involved in virulence functions such as biofilm formation, immune modulation, and
colonization. They are secreted independently of the C/U system, and instead secreted via
the Sec-dependent type VII1 secretion system (T8SS).190:151

The T4SS of Gram-positive bacteria have only been shown to o function in the context of
conjugation, but Gram-negative T4SSs possess a number of structural differences that also
allow them to function in effector translocation and release/uptake systems.152 The
substrates of the T4SS generally do not contain a signal peptide, and are processed
independently of SPase. The only exception with clear clinical relevance is the pertussis
toxin of B. pertussis, for which signal peptide processing is required for secretion,193-155
This bacterium is well known as the causative agent of whooping cough, and the pertussis
toxin is responsible for most of the symptoms.138 At the genetic level, mutation of the
pertussis toxin gene has been shown to increase the LDs three orders of magnitude
compared to wild-type B. pertussisin a mouse model.157 Clearly, it is an essential virulence
factor for this bacterium.

5. SPase processes components of multimeric secretion systems

The substrates of type I, 111, (usually) 1V, and VI secretion systems, as well as the type 1V
pilin system (T4PS), do not contain N-terminal signal peptides. Instead, their substrates
possess other secretion signals to direct them to the appropriate secretion machinery and out
of the cell in a single step. Because Sec components do not directly process the substrates of
these secretion systems, they are commonly referred to as “Sec-Independent.” However,
from our perspective this is misleading. While these one-step secretion systems have adapted
to bypass the periplasm, integral components of the secretion machinery itself must be
exported into the periplasm for proper localization (Table 1). As a result, these secretion
systems rely on the Sec machinery for biogenesis. Specifically, many of the protein
complexes that form outer membrane channels, as well as other components that at some
point enter the periplasm, contain signal peptides, highlighting a greater role for SPase in
virulence than is often appreciated (Figure 3).
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Type | secretion systems (ABC transporters) are the simplest of the Sec-ndependent
secretion systems. They are composed of three proteins: an inner membrane ATPase, a
membrane fusion protein (MFP) spanning the periplasmic space, and an outer membrane
protein (OMP). These OMPs form a p-barrel structure and are structurally similar to the
outer membrane components of T5SSs. The proper localization of OMPs depends on their
encoded signal peptide.161-163 ToIC is the prototypical example of an OMP that functions as
part of the T1SS, and contains a signal peptide.164165 As s typical of OMPs, TolC can be
recruited by multiple ATPase/MFP complexes to form functional type | secretion machines
including HIyA and CvaC in E. colialone. Virulence factors exported via T1SSs include a-
hemolysin and others in the repeats-in-toxin (RTX) family, proteases, lipases, adhesins, S-
layer proteins, and siderophores.166:167 |n addition to the secretion of virulence factors,
OMPs such as porins and outer membrane components of efflux pumps play a major role in
resistance to most antibiotics.188 Inhibition of porin localization to the OM could actually
decrease antibiotic susceptibility.16 Conversely, efflux pump inhibitors are being explored
as antibiotic adjuvants. The AcrAB-TolC and MexAB-OprM from E. coliand P, aeruginosa,
respectively, are the best studied of these efflux pumps. Unlike other mechanisms of
antibiotic resistance, these pumps are polyspecific, meaning that they confer resistance to
multiple classes of antibiotics. The role of efflux pumps in multidrug resistance has been
reviewed recently,168.170

SPase plays an essential role in the assembly of multiple secretion systems through the
processing of secretins, which are large, multimeric proteins that localize to the OM.
Secretins are found within T2SSs, T3SSs, and T4PSs. Depending on the organism and the
specific secretion system, they are synthesized with either a type | or type Il signal peptide.
The structure and function of secretins within the context of these complex secretion
systems has been reviewed recently.17

The T3SS is a multimeric structure known as the injectisome that allows pathogens to inject
virulence factors directly into host cells. Its assembly, which is covered in an excellent
review, 158 begins with a Sec-mediated phase in which the export apparatus, membrane ring,
and supramembrane ring localize to the cytoplasmic membrane, and the outer-membrane
ring localizes to the outer membrane. SPase processing is not required for IM components,
but the secretin SctC does have a signal peptide that is necessary for localization.172 The
closely related flagellar type 111 secretion system (fT3SS) shares many similar components,
including the proteins of the P and L rings, Flgl and FlgH, which localize to the
peptidoglycan and outer membrane, respectively. Although FlgH is likely processed by type
|1 signal peptidase, SPase does process Flgl.173:174 Interestingly, SPase processing is also
required for fully functional FliP, which is an essential component of the fT3SS that contains
several transmembrane regions after its signal peptide and localizes to the IM.7980 The
T2SS and T4PS, which are structurally similar and share a common evolutionary
origin,175-177 assemble in a similar fashion to the T3SS and the fT3SS.84 The secretin PilQ
localizes to the outer membrane early in biogenesis and acts as a scaffold for further
assembly, although some components of the IM localize independently.178 In the case of
type IV pili, TsaP is another component of the OM pore that is likely dependent on SPase
processing.17® Depending on the specific organism, the secretin of the T2SS may rely on the
type 11 signal peptidase for processing.180-182
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The T4PS, non-flagellar T3SS, and the fT3SS all play an integral role in pathogenicity.
Their study in model organisms such as E. coli, P. aeruginosa, and species of Yersinia,
Salmonella, Shigella, Bordetella, Vibrio, and Chlamydia have elucidated a variety of
functions including toxicity, adherence, immune system evasion, biofilm formation, cellular
invasion, motility, and DNA uptake.183.184 The contributions to virulence of the fT3SS,
which secretes its own set of effectors in addition to assembling flagella, have been reviewed
elsewhere.185 In several cases, T3SS-deficient bacterial strains show a defect or a complete
absence of infectivity.183 The same is true of bacteria lacking Type IV pili.93:186.187

In addition to virulence, SPase inhibition has implications for the spread of antibiotic
resistance. The T4SS secretes virulence factors in diverse pathogens such as L.
pneumophila, 188189 H. pylori 190191 Bartonella spp,192:193 and and is responsible for the
spread of antibiotic resistance genes within clinical settings.194 Therefore, inhibiting type IV
secretion could have profound implications from a therapeutic standpoint. With the
exception of BPE123 and pertussin toxin, the T4SS secretes substrates that lack a signal
peptide. The structure and nomenclature of T4SS subgroups have been reviewed recently.3°
Typically, the nomenclature is borrowed from the Agrobacterium tumefaciencs Ti-plasmid
encoded VirB/D4 T4SS, which is composed of VirB1 through VirB11 and VirD4. Both the
VirB/D4 system and the E. coli plasmid pKM101- or R388-encoded T4SS are well-studied
models of the T4SS in general. From these model systems, it is evident that VirB7, VirB9,
and VirB10 associate at the outer membrane. Although VirB7 is processed by signal
peptidase I, VirB9 contains a type | signal peptide and shows modest similarity to secretins
of the T3SS, T2SS, and T4PS.195.196 For T4SSs, the VirB7/B9/B10 complex serves as a
scaffold to initiate biogenesis of the secretion machinery, suggesting that inhibition of SPase
would ablate formation of the T4SS entirely. Interestingly, the hydrolase VirB1 and the pilus
components VirB2 and VirB5 are predicted SPase substrates.2®’ Multiple components of the
F-like T4SS also contain putative signal peptides.198

6. Implications of non-canonical SPase substrates

SPase was originally discovered as part of Sec, and its study has historically focused on the
characterization of this function, leading to the implicit assumption, pervasive in the
literature, that SPase only processes proteins with N-terminal signal peptides. However,
recent evidence indicates that SPase also processes proteins at internal (non-canonical) sites
that otherwise retain many of the features of a canonical signal peptide (Figure 4).

Increasing doses of arylomycin added to cultures of S. aureus resulted in a decrease in the
levels of the extracellular domains of LtaS and OatA in the media.1# LtaS and OatA are
proteins with five transmembrane segments that function in the synthesis of lipoteichoic acid
and lysozyme resistance, respectively. The mRNA levels of these two genes were unaffected
by arylomycin treatment, but MS analysis revealed that the proteins had been cleaved at an
internal site downstream of the transmembrane domain. When the requirement for an N-
terminal location is relaxed, the SignalP program predicts a viable signal-peptide-like
sequence within this region of the protein, suggesting that SPase processes these proteins at
a non-canonical internal site, which has been independently confirmed.>6:199 |_taS and
BlaR1 were shown to be SPase substrates in S. aureus in a similar manner, and the internal
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processing of Lta$S has likewise been confirmed.199 Importantly, BlaR1 is essential for
sensing p-lactam antibiotics and inducing resistance via p-lactamase production. This is
highly suggestive that SPase plays a role in this clinically relevant process.

It is likely that SPase functions in this hon-canonical manner in bacteria outside of the
Staphylococci. Proteolysis at or within the cytoplasmic membrane has been observed in
many different processes, and SPase appears ideally suited for this activity.200-202 For
instance, the phosphoglycerol transferase of £. coli has been shown to contain a putative
internal SPase cleavage site.2%1 Bioinformatics analysis of £. co/i (TMHMM and SignalP
programs) predicts that 27 polytopic membrane proteins are encoded with such sites.203
Clearly, the role of SPase in processing non-canonical substrates remains underexplored.
Further studies may reveal additional therapeutically interesting roles, adding to the possible
effects of SPase inhibition.

7. Conclusions

Targeting virulence is an attractive concept, but one that is in practice unlikely to be pursued
due to the limited spectrum of activity expected for the resulting therapeutics. This is
because the limited spectrum would result in fewer opportunities for use, and since
antivirulence therapies are unlikely to be less expensive to develop than traditional
antibiotics, they provide even less financial incentive to the pharmaceutical industry.
However, SPase inhibitors are fundamentally unlike antivirulence compounds that target a
single virulence factor. SPase is essential for viability and simultaneously functions as a
global virulence determinant. As a result, it is likely that compounds that inhibit it should
have both broad-spectrum antibacterial and broad-spectrum antivirulence activity. This
strategy, inhibiting an essential protein that is also required for virulence, likely represents
the only feasible route to the development of compounds with broad-spectrum antivirulence
activity. As discussed in this review, SPase is required to directly or indirectly process a wide
variety of virulence factors involved in processes such as biofilm formation, motility,
adherence, immune evasion, pili formation, host degradation, and cellular invasion in a
number of the most notorious human pathogens. Because SPase is required for the proper
localization of antibiotic efflux pumps, biogenesis of the cell wall (a common target of other
antibiotics),294-207 secretion of antibiotic-degrading enzymes, and processing of machinery
involved in lateral gene transfer, SPase inhibition could also have a profound impact on the
efficacy of other antibiotics and the spread of resistance. Finally, the recent discovery that
SPase processes non-canonical substrates suggest that the full consequences of its inhibition
remain underexplored. There may be much more to the inhibition of SPase than meets the
eye.
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Figure 1.
Cleavage of the signal peptide (shown in cyan) from the encoded pre-protein completes

secretion across the cytoplasmic membrane. Components shown are the (1) unfolded pre-
protein, (2) SPase, (3) Sec translocon, (4) translocated pre-protein, and (5) secreted mature
protein.
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Figure 2.
Gram-negative SPase-dependent secretion systems: type Il (blue), Type V (substrate’s p-

barrel domain is shown in red before and after insertion into the OM), type VIII (purple)
chaperone/usher (yellow). The Sec translocon and SPase are shown in green and light
purple, respectively. Signal peptides are shown in cyan. OM: outer membrane; CM:
cytoplasmic membrane
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T1SS T4PS T35S T4sS T6SS

Figure 3.
Sec-independent secretion systems. Components of the secretion machinery that require

SPase for processing are highhlighted in yellow and labeled. Grey components lack
identifiable type I signal peptides. VirB9 forms a complex with VirB7 (not labeled). The
T6SS is the only identified system without a component that depends on SPase. Detailed
discussion of the structure and biogenesis of these secretion systems can be found
elsewhere.39158-160 H\M: host membrane; OM: outer membrane; CM: cytoplasmic
membrane.
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Figure 4.
Canonical (left) and non-canonical (right) signal peptides (cyan). Cleavage sites are

indicated with an arrow.
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Summary of secretion systems in Gram-negative bacteria and the role of SPase in their biogenesis and

function

Table 1

System  Sec-dependent substrates?

Machinery requires SPase processing?

T1SS
T2SS
T3SS
T4SS
T5SS
T6SS
T8SS
ciu

T4PS

No
Yes
No
Rarely
Yes
No
Yes
Yes
No

Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
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