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Non-proteolytic functions of microbial proteases

increase pathological complexity
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Proteases are enzymes that catalyse hydrolysis of peptide bonds thereby controlling the shape,
size, function, composition, turnover and degradation of other proteins. In microbes, proteases
are often identified as important virulence factors and as such have been targets for novel drug
design. It is emerging that some proteases possess additional non-proteolytic functions that
play important roles in host epithelia adhesion, tissue invasion and in modulating immune
responses. These additional “moonlighting” functions have the potential to obfuscate data in-
terpretation and have implications for therapeutic design. Moonlighting enzymes comprise
a subcategory of multifunctional proteins that possess at least two distinct biological func-
tions on a single polypeptide chain. Presently, identifying moonlighting proteins relies heavily
on serendipitous empirical data with clues arising from proteins lacking signal peptides that
are localised to the cell surface. Here, we describe examples of microbial proteases with ad-
ditional non-proteolytic functions, including streptococcal pyrogenic exotoxin B, PepO and
C5a peptidases, mycoplasmal aminopeptidases, mycobacterial chaperones and viral papain-
like proteases. We explore how these non-proteolytic functions contribute to host cell adhesion,
modulate the coagulation pathway, assist in non-covalent folding of proteins, participate in
cell signalling, and increase substrate repertoire. We conclude by describing how proteomics
has aided in moonlighting protein discovery, focusing attention on potential moonlighters in
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microbial exoproteomes.
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1 Introduction

Proteases (also known as peptidases and proteinases) are
ubiquitous enzymes that cleave peptide bonds in polypep-
tide chains and profoundly influence protein shape, size,
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composition, localisation, turnover and degradation. The ef-
fects of such control include post-cleavage gain of function,
loss of function or switching between functions. Proteases
are thereby responsible for a multitude of physiological pro-
cesses in all organisms [1]. Classification of proteases is based
on the amino acid at the catalytic site for substrate hydroly-
sis, which can either be serine, cysteine, threonine, aspartic
or glutamic acid. For some proteases, the mode of action is
mediated through coordination with a metal ion, so they are
called metallopeptidases. Further classification is determined
by the location of the protease cleavage site: proteases cutting
at the amino terminus are called aminopeptidases, at the car-
boxyl terminus are called carboxypeptidases and towards the
centre are called endopeptidases. Though uncommon, some
proteases possess both endo- and exopeptidase function [2].
Microbial proteases have been implicated in prominent
pathological roles and are recognised as important viru-
lence factors. This has driven research aimed at developing
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inhibitors that target their catalytic sites [3] and proteomics
has been used to identify promising vaccine candidates
for significant human pathogens, including Streptococcus
pyogenes [4] and Plasmodium falciparum [5], and animal
pathogens, such as Vibrio harveyi [6]. The virulence modulat-
ing functions of proteases are to be expected, as hostimmune
effector and signalling molecules are often proteins or pep-
tides. However, as proteases often function within intricate
proteolytic networks, their exact targets and biological actions
are often difficult to ascertain or even predict.

Some proteases perform additional non-proteolytic ac-
tions, due to either the presence of extra functional do-
mains or alternative conformations. Proteases are macro-
molecules with a limited number of residues required for
catalysis. The remaining structure is generally made up
of non-catalytic domains, including sorting signals that di-
rect correct cellular localisation, autoinhibitory prodomains
to prevent premature activation and ancillary domains that
facilitate protein—protein interactions [7]. Alternative pro-
tease conformations may involve ligand binding, post-
translational modifications, changes in molecular environ-
ment or oligomerisation [8]. The changes to conformational
structure may also be facilitated by intrinsically disordered re-
gions, which provide structural malleability, permitting vari-
ous and often opposing functions to reside within the same
region [9].

Enzymes that have multiple activities, with each activity
dependent on cell localisation, substrate availability or inter-
actions with other proteins, are said to be “moonlighting”. A
moonlighting protein, by simplest definition, is a protein ca-
pable of performing two or more distinct biological functions
within a single polypeptide chain [9]. It has been hypothesised
that moonlighting functions arise from selective pressure on
an advantageous novel function [10], and may benefit an or-
ganism by increasing complexity without resorting to genome
expansion [11]. To differentiate moonlighters from other mul-
tifunctional proteins, bone fide members do not encompass
products of gene fusions, protein fragments, or splice variants
[8]- Thatis, whilst a proprotein can be cleaved to produce a pro-
tease and another functional unit, a moonlighting protease
can exert both functions without prior processing. Addition-
ally, moonlighting functions are not always conserved among
the same protein across different organisms [12]. Terminol-
ogy used to describe the presence of more than one catalytic
function in a protein molecule is not applied consistently
in the literature [11, 13, 14]. To clarify, bifunctional enzymes
have two or more catalytic sites that function independently
of each other; moonlighting proteins possess catalytic activ-
ity and an additional structural or regulatory function, while
promiscuous enzymes have a single catalytic domain capa-
ble of catalysing more than one chemical reaction. These
enzyme classifications are not exclusive — as some moon-
lighting proteases also have promiscuous and/or bifunctional
activities.

In bacteria, the majority of moonlighting proteins
identified have been cytosolic “housekeeping” proteins,
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including those involved in the glycolytic pathway and tri-
carboxylic acid cycle all of which have been reviewed exten-
sively [15-18]. These intracellular proteins demonstrate addi-
tional functions when secreted or localised to the cell surface,
and were originally termed anchorless or non-classically se-
creted proteins as translocation occurred in the absence of
any known signal peptide. The debate remains whether lysis
or a novel secretion mechanism is responsible for the pres-
ence of cytosolic proteins on the cell surface [19]. Regardless,
these proteins have frequently been shown to act as adhesins,
invasins, and modulators of host immune responses, thereby
playing important roles in colonisation, dissemination, and
avoiding immune clearance [16].

Identifying which proteins have moonlighting functions
has relied heavily on serendipitous empirical data [20]. Iden-
tification of additional functions of proteases and determi-
nation of their role in virulence remains a challenge. Such
knowledge has implications for host-pathogen interactions
and drug design strategies. Global methods for identifying
moonlighting proteins include bioinformatic analysis and
mass spectrometry. Bioinformatic analysis is better suited
to identifying proteins that have evolved new function via
the acquisition of additional domains rather than those that
have acquired it via conformational changes. This is be-
cause there are currently no reliable prediction algorithms
[21], no apparent moonlighting motifs [22] and no obvious
links to sequence homology between moonlighting and non-
moonlighting proteins of the same class and between species
[23]. Furthermore, a moonlighting function can be introduced
by as few as four amino acid substitutions [20]. Detailed ge-
nomic comparisons of high and low virulence isogenic bacte-
ria describe the accumulation of point mutations in surface
accessible proteins [16], suggesting that minor sequence vari-
ation may have profound implications for protein function,
including many moonlighting functions that are yet to be
described. Mass spectrometric and proteomic analyses have
been previously identified as key techniques in the search
for moonlighting proteins due to their ability to identify the
presence of a protein in varying cell types, locations and mul-
tiprotein complexes [24].

Bacterial moonlighting proteins with functions important
in virulence would be expected to be found within micro-
bial exoproteomes. There have been hundreds of microbial
surfaceome and secretome studies published to date. Many
report the presence of cytosolic proteins in extracellular frac-
tions, providing tantalising suggestions of possible moon-
lighting function. Microbial proteases have established roles
as virulence factors, yet the presence of traditionally cytoso-
lic proteases within exoproteomes has generally been over-
looked. Microbial proteases that have more than one function
additional to proteolytic activity will form the focus of this re-
view. Examples will be grouped into five main types of func-
tions that the proteases have as additional to their proteolytic
activity: adhesin, plasminogen-binding, chaperone (Cpn), re-
ceptor, and non-proteolytic catalysis. We will discuss how
these additional functions may contribute to pathogenesis
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and point to future research directions by highlighting other
potential moonlighters within microbial exoproteomes.

2 Proteases as virulence factors

Although their role was once thought to be limited to degrada-
tion of unneeded proteins, proteases are now known to be me-
diators of many pathological processes. In these roles, their
proteolytic function ranges from less specific cleavage events,
such as degradation of extracellular matrix (ECM) compo-
nents for nutrient acquisition [25], to precise cleavage events.
Through peptide bond cleavage many pathogens are capa-
ble of modulating host innate immune responses, including
disruption of cascade systems, such as complement, coagu-
lation and fibrinolysis, and inactivation of immunoglobulins,
cytokines, chemokines and antimicrobial peptides [26]. Addi-
tionally, some proteases can affect virulence directly by acting
as toxins [27] or indirectly through the processing of other vir-
ulence factors [28].

Pathogens indisputably utilise proteolysis to establish suc-
cessful infections and this has driven research into devel-
oping protease inhibitors as therapeutic agents. Efficacious
examples include human immunodeficiency virus aspartyl
protease inhibitors, which are used to prevent the progres-
sion of acquired immunodeficiency syndrome [29], and two
serine protease inhibitors used for the treatment of chronic
hepatitis C infections [30]. Like all surface accessible proteins,
extracellular proteases will be under selective pressure from
the host immune response and thus are likely to evolve faster
that proteins strictly residing within the cytosol. The viru-
lence attributes of proteases are not solely reliant on their
enzymatic capabilities and their role in pathogenesis may be
significantly underestimated. Moonlighting functions may
increase pathogenic complexity and impede current drug de-
sign strategies. The literature contains many examples of mi-
crobial proteases that demonstrate additional functions inde-
pendent of proteolysis, several of which have been described
specifically as “moonlighting” activities (Table 1).

2.1 Proteases with a role in adhesion

Adherence to the mucosal epithelium frequently marks the
first essential stage of infection and successful colonisa-
tion. This adherence is often facilitated by adhesive surface-
bound molecules called adhesins that bind to the ECM
covering mucosal cells. ECM typically comprises a hetero-
geneous mixture of glycoproteins, such as collagen, elastin,
fibronectin laminin, and glycosaminoglycans (GAGs) [31].
These molecules are targeted by microbial adhesins to aid
colonisation and invasion. There is also increasing evidence
suggesting that microbial binding of ECM molecules elic-
its more than just adhesion. For example, fibronectin not
only provides a bridge between the intracellular cytoskele-
ton and other ECM components, but is also involved in
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inflammation by augmenting chemotaxis and leucocyte func-
tion, cell signalling [32] and cell invasion [33]. Fibronectin-
binding proteins are known virulence factors in important
human pathogens, such as Staphylococcus aureus and group
A Streptococcus [32], and Campylobacter jejuni fibronectin-
binding proteins have been implicated in membrane ruffling
stimulation and consequent host cell invasion by activating
the epidermal growth factor pathway [34]. The co-localisation
of fibronectin and veterinary pathogen Mycoplasma hyopneu-
monige on the ciliated lining of the porcine respiratory tract
has also been demonstrated [35]. GAG binding is also as-
sociated with more than adhesion, including facilitating in-
tracellular survival in macrophages [36], and central nervous
system entry [37]. The importance of identifying microbial ad-
hesins is highlighted by the drive to implement anti-adhesion
methods as novel therapeutics against infections, particularly
within the context of ever increasing antibiotic resistance [38].

In addition to proteins with primary adhesin functions,
many examples of surface-associated moonlighting proteins
have also demonstrated adhesive interactions with ECM com-
ponents. It has been proposed that this redundant adhesive
activity of moonlighters is significant in host-microbe in-
teractions [8, 16]. The literature contains many examples of
cytosolic proteins, particularly metabolic enzymes that moon-
light on the cell surface, which may skew the perception of
moonlighting to consideration of only multifunctional pro-
teins found in atypical cellular compartments. Moreover, as
proteases typically feature on microbial cell surfaces, those
that are characteristically cytosolic may have been overlooked.
Here, we examine several proteases that exhibit adhesin func-
tions secondary to their proteolytic function.

Streptococcal pyrogenic exotoxin B (SpeB), also known as
streptopain, of S. pyogenes is a cysteine protease with a role as
a toxin that induces apoptosis and reduces phagocytic func-
tion in human monocytes. This important virulence factor is
also responsible for ‘strepadhesin’ activity, with capacity to
bind to thyroglobulin, asialofetuin and submaxillary mucin
[39]. SpeB also binds laminin, a major glycoprotein found
within mammalian basement membranes (BMs). Laminin is
targeted by many pathogens during the initial stages of ad-
herence and during tissue invasion [40]. Notably, experiments
using cysteine protease inhibitors and inactive forms of SpeB
have demonstrated that adhesion to glycoproteins was inde-
pendent of proteolytic function. These data suggested that
the adhesive motif and the substrate-binding site are distinct
entities [39]. SpeB adhesive properties are essential during
the initial stages of infection by group A Streptococcus; how-
ever, after systemic infection they become problematic due
to their affinity for a1l antitrypsin. SpeB binding of al an-
titrypsin mediates contact-system mediated bacterial killing,
so the protease is downregulated after dissemination into the
blood stream [41].

Plasminogen activator (Pla) of Yersinia pestis is another
multifunctional protease that binds ECM molecules. As its
name suggests, the protease can directly cleave plasminogen
at the Arg*®!-Val*®? bond, releasing the active serine protease
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plasmin. Plasmin is a proinflammatory agonist that dissolves
fibrin clots, activates collagenase and gelatinase precursors,
and degrades laminin [42]. Whilst laminin is not degraded by
Pla, the protease binds strongly to this BM protein [43]. Thus,
Pla-mediated laminin adhesion and plasminogen activation
work together to produce localised proteolysis at the mam-
malian BM, facilitating Y. pestis invasion. Pla also binds the
GAG heparan sulphate, and collagen [44], though the latter
has been contested [45]. Pla further mediates invasiveness by
utilising the lectin receptor DEC-205 to promote macrophage
uptake, thus leading to dissemination [46]. Pla also possess
some weak coagulase activity but whether this function plays
arolein Y. pestis pathogenesis has not been assessed [47].

The serine protease C5a peptidase of Streptococcus agalac-
tiae (group B streptococcus) is a cell wall anchored protease
with a highly specific catalytic function of degrading neu-
trophil chemotaxin C5a [48]. Whilst its proteolytic function
has been shown to lie within the N terminus, the protease
has two Arg-Gly-Asp motifs implicated in integrin binding
and the C-terminus possess three fibronectin type III do-
mains [49]. Group B streptococcus C5a peptidase has a high
affinity for fibronectin, an interaction shown to be biologically
significant as evidenced by streptococcal strains defective in
the expression of C5a peptidase having 50% less fibronectin-
binding capacity than wild type strain [50]. Furthermore, mice
immunised with C5a peptidase poorly colonise the lungs [51].

Dipeptidyl peptidase IV (DPPIV, also known as cluster
of differentiation 26) is a serine exopeptidase widely studied
in eukaryotes largely due to its role in tumour biology [52]
and in regulating blood glucose levels [53]. It is considered a
moonlighting protease as it exerts numerous additional func-
tions to proteolysis that are dependent on cell localisation.
These functions include acting as an adhesin, receptor, co-
stimulatory protein and a role in apoptosis [54]. The functions
of DPPIV in microbes, moonlighting or otherwise, are less
well established. However, DPPIV in P. gingivalis and Strepto-
coccus suis is known to function as an adhesin. In P. gingivalis,
DPPIV binds fibronectin and this interaction is required to
establish colonisation [55]. Fibronectin was not degraded by
DPPIV and its binding was evident even in proteolytic inactive
DPPIV mutants. Furthermore, binding fibronectin inhibited
fibroblast recruitment and it was suggested that this could
affect recovery from damage caused by inflammation [55].
Similarly, DPPIV in S. suis bound fibronectin and the inacti-
vation of the DPPIV gene caused a significant decrease in the
pathogens cellular adhesion ability and impaired virulence
[56]. In the same study, mice that were vaccinated with pu-
rified DPPIV and challenged with a virulent strain of S. suis
had a 100% survival rate after a week compared to a 100%
mortality in the unvaccinated control group.

The gingipains of P. gingivalis are a group of trypsin-like
cysteine proteases that contribute to periodontitis. The group
consists of a lysine-specific gingipain (Kgp) and two arginine-
specific gingipains, HRgpA and RgpB. Through their catalytic
activity all three proteases are responsible for major tissue
destruction and deregulation of immune cascade pathways,
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inducing inflammation and periodontal bone loss [57]. Inci-
dentally, the arginine gingipains exhibit both endo- and ex-
opeptidase functions [58]. HRgpA and Kgp also possess four
non-catalytic haemagglutinin/adhesin (HA) regions. These
structural domains together with the proteolytic active sites
work in concert to bind and degrade haemoglobin, which is
fundamental for both the growth and virulence of P. gingi-
valis [59]. The HA domain also has a high affinity for phos-
pholipids, fibrinogen, laminin, fibronectin and fibrin, and is
thought to contribute to the greater tissue destruction capac-
ity of HRgpA than RgpA [57]. As the HA regions enhance
proteolytic activity, the gingipains differ from the other ex-
amples provided above, which appear to bind substrates that
are not degraded by their protease function.

2.2 Proteases that bind plasminogen

The contact activation pathway of the coagulation cascade
is an important component of innate immunity. Following
contact activation by antigenic stimuli, a series of events oc-
curs that ultimately results in the deposition of a fibrin mesh
that captures invading pathogens and exposes them to bac-
tericidal peptides released from platelets and kinins [60, 61].
Once the infection has been cleared by leukocytes, the proen-
zyme plasminogen is cleaved by two serine proteases, tissue
plasminogen activator (tPA) and urokinase plasminogen ac-
tivator, to release serine protease plasmin, which degrades
the fibrin clot [62]. Despite this formidable defence system,
numerous bacteria have developed strategies to avoid fibrin
clot confinement and subsequent immune clearance. One
common mechanism involves the expression of surface pro-
teins that bind plasminogen. These recruit host plasmino-
gen to the cell surface and utilise host tPA and urokinase
plasminogen activator to induce localised plasmin activity,
thus facilitating fibrinolysis [60,63]. Interestingly, some of the
most extensively characterised plasminogen-binding proteins
have been cytosolic or glycolytic pathway proteins localised
to the cell surface by a yet unknown secretion mechanism
[63]. Several extracellular and intracellular proteases have
been shown to bind plasminogen, including endopeptidase O
(PepO) from Streptococcus pneumoniae, two aminopeptidases
from M. hyopneumoniae and DPPIV from Pseudomonas aerug-
inosa [64—66]. PepO from S. pneumoniae [65] and glutamyl
aminopeptidase [66] and leucine aminopeptidase (LAP) [67]
from M. hyopneumoniae were shown to bind plasminogen
in a dose-dependent manner and that bound plasminogen
was readily converted to plasmin in the presence of tPA.
Notably, in the absence of tPA, these proteases did not di-
rectly cleave plasminogen to release plasmin. Adhesion was
inhibited in the presence of a lysine analogue e-aminocaproic
acid indicating a reliance on surface-exposed lysine residues
for plasminogen binding [68]. Using a variety of comple-
menting methodologies, including immunofluorescence, en-
zymatic shaving and surface biotinylation, all three proteases
were found to be surface exposed despite the absence of any
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transmembrane domains, secretion motifs or signal peptides.
Additionally, both M. hyopneumoniae aminopeptidases bound
heparin, and the LAP also bound DNA, a moonlighting func-
tion shared with LAP from E. coli in which it has been linked
to site-specific recombination and transcriptional control of
the carAB operon [69]. PepO is a multifunctional adhesin by
additionally binding fibronectin, and the inactivation of the
pepO gene in S. pneumoniae was correlated with a significant
decrease in epithelial invasiveness [65].

2.3 Proteases with Cpn functions

Molecular Cpns are proteins that assist in non-covalent fold-
ing or unfolding of other macromolecules. They often work
in conjunction with proteases to degrade malfunctioning pro-
teins by enabling greater substrate access by the protease. In
all organisms, collaborative protease activity and Cpn pro-
tein quality control is driven by ATPases associated with di-
verse cellular activities (AAA™). AAA™ proteins are a class of
Cpn-like ATPases involved in many vital cellular processes.
Through ATP hydrolysis AAA* proteins are able to generate
a mechanical force that enables the remodelling of bound
substrates [70]. In bacteria, AAA*-mediated protein degrada-
tion is usually performed by an AAA™ protein (such as ClpA
or ClpX) that binds and unfolds a target substrate and then
delivers it to a protease such as ClpP for proteolysis. There
are currently five known AAA*-containing degradation path-
ways, comprising ClpXP, ClpAP, HsIUV, FtsH and Lon. For
most systems, the AAA" domain and protease are encoded
on separate polypeptides; however, both are present within a
single polypeptide in FtsH and Lon [71]. Lon also possesses a
non-catalytic DNA-binding domain [72]. As many aspects of
both Lon and FtsH have been studied extensively, including
the mechanics behind their functions [70], only a summary
will be provided here.

Lon proteins are generally intracellular and are classified,
with some contention, as belonging to the S16 family of serine
proteases. Contention arises because the catalytic site is com-
posed of a Ser-Lys dyad as opposed to the classical Ser—His—
Asp triad typical of other serine proteases, and also because
traditional inhibitors of serine proteases poorly impede Lon
activity. Nevertheless, Lon plays multiple important roles in
cells. Firstly, Lon degrades aged, misfolded or aggregated pro-
teins [73]. In the genome-reduced mycoplasmas, Lon mimics
the function of the ClpXP proteolysis system. In most other
bacteria, ClpXP is responsible for the tmRNA-mediated aging
and ribosome rescue system that appends an ssrA tag to the
C-terminus of proteins targeted for proteolysis. Having lost
genes encoding ClpX and ClpP, the mycoplasmal Lon pro-
tease not only executes ssrA tagging, but does so in a more
efficient manner than typically seen for ClpXP [74].

Secondly, Lon plays an important role in various regula-
tory circuits by processing substrates involved in cell division,
capsule synthesis and DNA transcription [73]. Thirdly, Lon
acts in regulating virulence factors in pathogenic bacteria.
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For example, in Pseudomonas aeruginosa mutational analysis
has shown Lon to have roles in swimming motility, twitch-
ing motility, biofilm formation, antibiotic susceptibility, lung
colonisation and quorum sensing [75]. Regulation of viru-
lence gene expression relies on the site-specific DNA-binding
capability of Lon [76]. Virulence genes regulated by Lon in-
clude those carried on Salmonella pathogenicity island 1 [77]
and the hpmBA and zapA genes of Proteus mirabilis [78]. This
highlights the need to have a comprehensive understanding
of the multifunctional nature of some proteases.

FtsH (also known as high-frequency lysogenisation by
phage A or hflB) is the only membrane-bound protein clas-
sified as both an AAA™ and zinc-dependent metalloprotease
[79]. Due to this localisation, identified FtsH substrates are
both cytosolic and membrane bound. FtsH substrates include
components involved in the transcription of the heat shock
operon, protein translocation and membrane biosynthesis
[80]. In Streptomyces peucetius, FtsH exerts both Cpn and pro-
tease activities upon the DrrA and DrrB proteins, which form
an ABC-type permease involved in the export of antibiotics
[81].

The effects of fisH gene knockouts appear to differ dras-
tically between bacterial species. In E. coli, Bradyrhizobium
Japonicum and Helicobacter pylori fisH mutations are lethal, yet
in some bacteria they cause only mild growth impairments.
However, all mutations in fisH examined thus far have been
associated with increased susceptibility to heat shock and os-
motic stress [82].

Dual protease and Cpn function is not limited to members
of the AAA™ superfamily. High-temperature requirement A
(HtrA), also known as DegP, is a serine protease that is crucial
for protein homeostasis in bacteria. Like Lon and FtsH, HtrA
combines proteolytic and remodelling activities on a single
polypeptide chain. The switch between the two functions is
mediated by a structural loop covering the active sites and the
movement of this loop appears to be temperature dependent
[83]. HtrA is an important virulence factor in a number of
Gram positive and Gram negative bacteria, an effect that has
mainly been attributed to the protein’s role in protein quality
control and the heat shock response [84]. However, despite
traditionally being thought to be strictly periplasmic in Gram
negative bacteria, HtrA is in the growing list of proteins found
to be surface exposed or secreted via an unknown pathway.
On the surface, HtrA protease function has been linked to
dissemination in a number of pathogens by degrading the
cell junctional protein E-cadherin [85] and in the pathogen-
esis of Lyme disease by binding and degrading aggrecan, a
proteoglycan required for joint function [86].

One reason that molecular Cpns have been a focus of
moonlighting research is that despite traditionally thought to
be intracellular proteins, many are expressed extracellularly
and act as cell signalling proteins or in bacterial adherence
to host cells [87]. There is abundant evidence of Cpns func-
tioning as chemoattractants and cytokine modulators [88].
In prokaryotes, only four Cpns have thus far been shown
to communicate with host cells — Cpn 60 (also known as
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HSP60 and GroEL), Cpnl0 (HSP10), DnaK (HSP70) and
peptidyloprolyl isomerase [15]. Of particular interest is the
Cpn60.2 mycobacterial molecular Cpn, the first identified
Cpn with signalling properties [12]. Cpn60.2 moonlights as
an adhesin that facilitates alveolar macrophage entry by bind-
ing the transmembrane protein CD43 found on the surface
of several immune effector cells [89]. However, it has also be-
come apparent that not all Cpn60.2 proteins possess the same
moonlighting functions. A study using a murine asthma
model found that out of the five Cpn60 proteins from vari-
ous bacteria, only Cpn60.2 from Mycobacterium leprae had an
anti-inflammatory effect, despite 95% sequence identity with
the M. tuberculosis Cnp60.2, which was also tested [12]. Inhi-
bition of inflammation and hyper-responsiveness induced by
M. leprae Cpn60.2 may be linked to the fact that this Cpn is
the only Cpn60 protein with demonstrable proteolytic activ-
ity [90], since proteases are established modulators of innate
immune responses. The proteolytic activity is catalytically re-
lated to HslV, which is the protease counterpart in the HsIVU
AAA™ protein degradation system mentioned above.

Dual functioning protease/Cpns may be more common
than currently appreciated. One study illustrated that both
eukaryotic and prokaryotic aspartic proteases possess struc-
tural similarities to AAA™ by way of a double-{s barrel domain
at the N-terminus. This study also demonstrated that both
pepsin and human immunodeficiency virus 1 protease ex-
hibited inherent Cpn functions when their proteolytic action
was blocked [91].

2.4 Proteases that act as receptors

Proteolytic cleavage events are well known to activate or in-
activate various host receptor molecules and modulate host
immune responses to microbial invasion. Several proteases
are known to cleave protease-activated receptors, Toll-like re-
ceptors, receptors within the complement cascade and var-
ious cytokine receptors, thereby disrupting communication
within the innate immune system and its signalling path-
ways [60]. In contrast, there are considerably fewer published
examples of a protease functioning as a receptor.

However, some proteases are known to function as re-
ceptors for viruses on host cells. The coronaviridae are a
large family of viruses that can cause disease in both hu-
mans and other animals ranging from the common cold, the
recently discovered Middle East respiratory syndrome and se-
vere acute respiratory syndrome. Exopeptidases are the sole
identified class of receptors required for the process of attach-
ment and membrane fusion of coronaviruses within host
tissues [92]. The host cell receptor for severe acute respira-
tory syndrome is the metallocarboxypeptidase angiotensin-
converting enzyme 2. This receptor also binds the Human
(H) CoV-NL63 virus. Fibronectin-binding DPP4 is a receptor
for Middle East respiratory syndrome [92]. Perhaps the most
well-known example of a protease viral receptor is aminopep-
tidase N (also known as CD13), as it is targeted by a number
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of human, porcine, feline and canine CoVs, as well as porcine
transmissible gastroenteritis virus and feline infectious peri-
tonitis virus [93].

It is not known whether microbial exopeptidases func-
tion as receptors for viruses. However, exopeptidase counter-
parts are found in the exoproteomes of a number of bacte-
ria including S. pneumoniae, Burkholderia pseudomalleli and
Moraxella catarrhalis (Table 2). Furthermore, synergism oc-
curs between viral and bacterial coinfections, particularly
in the respiratory tract [94]. Over the last ten years, it has
been established that viral infections aid bacteria colonisa-
tion and dissemination through various means, including
disrupting mucocilliary function [95], impairing immune ef-
fector cell function [96] and providing easy access to adhesin
targets and nutrients via epithelial damage [97]. As the res-
piratory tract is a reservoir to a number of pathobionts, one
hypothesis is that these microbes secrete potential viral pro-
tease receptors or chemoattractants to enhance their own
colonisation.

2.5 Proteases with additional catalytic functions

The potential for proteases to possess additional, unexpected
activities adds layers of complexity to our understanding of
physiological processes. Although there are several examples
of microbial proteases that catalyse reactions unrelated to
proteolysis, information about their biological significance is
scarce due to the intrinsic challenges faced when ascertaining
specificity, redundancies and natural substrates in complex
biological samples.

Site-directed mutagenesis, gene deletion studies and
molecular modelling have been key in identifying unusual
modes of action for proteases. For example, the papain-like
proteases (PLPs) from the viral families Coronaviridae and
Arterivirdae are responsible for processing the critical repli-
case polyprotein into its numerous functional units [98].
Structural similarities of PLPs to deubiquitinating enzymes
showed that PLPs not only function as deubiquitinating en-
zymes, but are also able to block induction of several en-
dogenous proinflammatory cytokines, including IFNB, CCL5
and CXCL10[98]. Another essential multifunctional viral pro-
tein is the hepatitis C virus NS3/4A, which possesses both
chymotrypsin-like serine protease and helicase activities in
two individual domains. As this protein is vital for viral propa-
gation, it has been the target for the small-molecule inhibitors
that have been commercially available for hepatitis C virus
treatment since 2011 [99].

For other multi-catalytic proteases, biological relevance is
less certain and studies often infer evolutionary and environ-
mental advantages to an affinity for several different types
of substrates. For example, there are enzymes that are able
to hydrolyse different types of bonds. An aminopeptidase
from the antibiotic-producing bacterium Streptomyces griseus
[100] and a prolidase from the marine bacterium Alteromonas
haloplanktis [101] are capable of cleaving amide, phosphoester
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Table 2. Examples of cytosolic/periplasmic proteases found in microbial exoproteomes

Protease NCBI locus Organism Reference Additional conversed
domains

Aminopeptidase | BB0366 Borrelia burgdorferi [126]

Aminopeptidase M XP_001682593 Leishmania major [127]

Aminopeptidase N AAK99510 Streptococcus pneumoniae [123]

ZP_01769994 Burkholderia pseudomallei [128]
ADG61634 Moraxella catarrhalis [129]

Aminopeptidase T NP_830199 Bacillus cereus [130]

Carboxypeptidase Q18AU1_CLOD6 Clostridium difficile [131] Aminoacylase 1

C-terminal processing peptidase BP0609 Bordetella pertussis [132]

ClpB BP1198 Bordetella pertussis [132] AAA+ ATPase

NP_371049 Staphylococcus aureus [133]
ClpC AAT29160 Bacillus anthracis [134] AAA* ATPase
ClpP BB2254 Bordetella bronchiseptica [132] AAA+ ATPase
ZP_21019400 Escherichia coli [133]
NP_371292 Staphylococcus aureus [133]

Collagenase YP_005053876 Filifactor alocis [136]

Deblocking aminopeptidase NP_834277 Bacillus cereus [130]

DPPIII XP_001687573 Leishmania major [127]

DPPIV BP0906 Bordetella pertussis [132]

AAL80949 Pyrococcus furiosus [137]
XP_001681251 Leishmania major [127]

DPPVII YP_004045754 Riemerella anatipestifer [138]

Endopeptidase O AAL00295 Streptococcus pneumoniae [123]

Glutamyl aminopeptidase AAL00485 Streptococcus pneumoniae [123]

HtrA OE7_04918 Haemophilus parasuis [139]

BP2434 Bordetella pertussis [132]
POCOVO Escherichia coli [140]
CAB13147 Bacillus subtilis [141]
CADO00819 Listeria monocytogenes [142]
? Brucella abortus [143]
BB0104 Borrelia burgdorferi [126]

L-Aminopeptidase bD-amidase/p-esterase YP_005055390 Filifactor alocis [136] Endo-type 6
aminohexanoate-
oligomer
hydrolase

Leucine aminopeptidase XP_001681531 Leishmania major [127]

Lon protease YP_005054101 Filifactor alocis [136] AAA* ATPase

Oligopeptidase F AAT30293/ AAT30449 Bacillus anthracis [134]

O-Sialoglycoprotein endopeptidase YP_005054583 Filifactor alocis [136] Molecular chaperone

Peptidase T NP_833858 Bacillus cereus [130]

CAB15918 Bacillus subtilis [141]
AAT33487 Bacillus anthracis [134]

Protease 1 PFPI_PYRFU Pyrococcus furiosus [137] Glutamine
aminotransferase

Protease HslV YP_513676 Francisella tularensis [144]

Pyroglutamyl peptidase YP_513002 Francisella tularensis [144]

Signal peptide peptidase A YP_514244 Francisella tularensis [144]

TAP POADA1 Escherichia coli [139]

Thermostable carboxypeptidase NP_831344 Bacillus cereus [130]

CBP1_PYRFU Pyrococcus furiosus [137]
XP_001686015 Leishmania major [127]
Thimet oligopeptidase XP_001684161 Leishmania major [127]
Transpeptidase ZP_21022097 Escherichia coli [135] Transglycosylase
Xaa-His dipeptidase NP_372275 Staphylococcus aureus [133]
Xaa-Pro aminopeptidase CBA64059/ CBA64694 Clostridium difficile [131] Creatinase
XP_003722629 Leishmania major [127] Prolidase

Zinc metallopeptidases BP1721 Bordetella pertussis [132] LysM
CD630_28300 Clostridium difficile [145] Acetylornithine
XP_001685175 Leishmania major [127] deacetylase
BB0627 Borrelia burgdorferi [126]

and phosphofluorinate bonds. This is interesting as the
mechanics behind peptide and ester hydrolysis are dissimilar
[100]. Another enzyme capable of mechanistically diverse
activities is the thioesterase I (TAP) of E. coli, which exhibits
thioesterase, arylesterase, esterase, lysophospholipase and
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serine protease activities [102]. However, despite an ability
to interact with a great number of different substrates, the
role of TAP in vivo is not yet well established. Finally, the
extremophilic bacterial species Deinococcus radiodurans,
Pyrococcus horikkoshii and Thermoanaerobacter tengcongensis
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all possess an enzyme that is both an aminoacylase (hy-
drolysing N-acetylated amino acids) and a carboxypeptidase.
It has been suggested that the role of these multifunc-
tional enzymes is in enabling peptidolytic growth in these
organisms [103].

3 Identification of moonlighting
proteases

Proteomic technologies have been at the forefront of ef-
forts to characterise the identities of proteins that reside on
the cell surface (surfaceome) or are secreted into the extra-
cellular milieu (secretome) for a wide range of pathogenic
Gram positive and Gram negative bacteria [18, 104]. These
hypothesis-free methods have identified the presence of a di-
verse range of proteins that are localised on the cell surface
or excreted into the extracellular milieu, regardless of trans-
port mechanisms (exoproteome). The presence of proteins
with well-defined enzymatic roles in the cytosol and their
detection in the exoproteome continues to challenge our un-
derstanding of the mechanisms that enable these proteins to
reach these extracellular sites and the role played by cell lysis
[15,19].

Generally, proteases need to be secreted or surface exposed
to function as virulence factors. Notably, several of the known
multifunctional proteases discussed in this review were ini-
tially predicted to be cytosolic proteins but were then found
to be surface exposed, a location typical of the largest group
of known moonlighting proteins [13]. Table 2 provides exam-
ples of typically cytosolic proteases found in recent microbial
exoproteomes.

One approach to identifying moonlighting proteases is to
evaluate extracellular proteolytic activity in the exoproteome
or via whole cell assays. Proteomic techniques including ter-
minal amine isotopic labelling of substrates [105] have re-
cently been developed [106] for the identification of prote-
olytic cleavage products and substrate, as well as proteomic
identification of cleavage sites [107], providing information
about protease cleavage site specificity.

Cell surface shaving with trypsin and other proteolytic en-
zymes and surface labelling of proteins with biotin are two
powerful methodologies for identifying surface-accessible
proteins. These approaches also detect potential moonlight-
ing proteins. Regardless of the many proteomic methodolo-
gies available for identification of surface-exposed and se-
creted proteins(reviewed in [108, 109]), careful controls are
necessary to estimate the role cell lysis has on the interpre-
tation of these datasets. Despite extensive efforts to develop
strategies to estimate cell lysis, it is difficult to determine if
a protein has a bona fide role on the cell surface. Ultimately,
alternative methods are required to confirm the surface lo-
cation of putative moonlighting proteins identified using the
high-throughput approaches described above.

The degree to which cytosolic proteins are dismissed
seems to correspond to the type of analysis. For example, a
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surfaceome analysis implies proteins expressed at or specif-
ically bound to the cell surface, and this results in proteins
with annotated cytosolic functions being viewed as contam-
inants. The reporting of cytosolic proteins in surfaceome
analyses varies from none in a study where 28 proteins
were identified [110], to 17% cytosolic proteins reported us-
ing a false-positive control (50 proteins identified) [111], to
>50% cytosolic proteins reported using a combination of
methodologies [112]. Experiments cataloguing the exopro-
teome more often acknowledge the presence of cytosolic pro-
teins, with the caveat that cell lysis will occur in a popula-
tion of cells during the analysis and this constitutes a part
of the exoproteome. Furthermore, the exoproteome can be
interrogated using sera from infected animals or patients to
identify the immunoproteome, providing valuable biological
insights.

Recently, Solis et al. [113] addressed the issue of proteins
that are secreted into the extracellular milieu that have the
capacity to bind back to the cell surface as part of the sur-
faceome in S. aureus. Using cell surface shaving techniques
with false-positive controls coupled with iTRAQ labelling, a
scoring approach was proposed to calculate the probability
of a protein being surface-exposed by taking into account
the relative abundance of peptides identified in the shaved
and control datasets. This kind of analysis is a significant
move forward in the ability to identify geographical moon-
lighting proteins, although again there are caveats. Where
proteases are present at the cell surface (whether moon-
lighting or not), proteolytic processing of surface proteins
may occur, resulting in cleavage products, rather than in-
tact proteins, being variably present on the cell surface or
released into the extracellular milieu, and this may skew
attempts at quantitative normalisation analyses. This “exo-
processing” of proteins is akin to ectodomain shedding, a
common phenomenon in eukaryotes [114], and can be seen
in many pathogenic bacteria including Clostridium difficile
with surface layer protein A [115], and in M. hyopneumo-
niae with the P97 and P102 paralogous families of adhesins
[116-122].

An ideal workflow for characterising suspected moonlight-
ing proteins would include a series of orthogonal methods to
interrogate the identity of proteins on the cell surface, such
as trypsin shaving and surface biotinylation coupled with im-
munofluorescence microscopy. Functions could be inferred
by characterising the immunoproteome and applying affin-
ity chromatography using known host components (e.g. fi-
bronectin) as bait. Functions inferred by these methods would
require cloning and expression of the putative moonlighting
protein followed by detailed binding studies [123]. Whilst it
is not always feasible or practical to pursue these follow-up
investigations for each cytosolic protein identified in large-
scale proteomic analyses, there is good reason to focus re-
search efforts on microbial proteases in unusual locations:
proteolysis is central to a multitude of pathological processes
and several microbial proteases have now been shown to have
additional functions that are frequently linked to virulence. A
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full understanding of the pathogenic complexity of microbial
proteases can contribute to combating microbial-associated
disease.

The authors have declared no conflict of interest.

4

[1

[2

[3

[4

[5

[6

[7

8

[9

[10]

[11]

[12]

[13]

[14]

References

Barrett, A. J., Rawlings, N. D., Woessner, J. F, Handbook of
Proteolytic Enzymes, Elsevier Academic Press, San Diego
2004.

Turk, B., Targeting proteases: successes, failures and future
prospects. Nat. Rev. Drug Discov. 2006, 5, 785-799.

Schwarcz, S. K., Hsu, L. C., Vittinghoff, E., Katz, M. H., Impact
of protease inhibitors and other antiretroviral treatments
on acquired immunodeficiency syndrome survival in San
Francisco, California, 1987-1996. American J. Epidemiol.
2000, 152, 178-185.

Cleary, P. P, Matsuka, Y. V., Huynh, T., Lam, H., Olmsted, S.
B., Immunization with C5a peptidase from either group A or
B streptococci enhances clearance of group A streptococci
from intranasally infected mice. Vaccine 2004, 22, 4332-
4341.

Boyle, M. J., Wilson, D. W, Richards, J. S., Riglar, D. T. et al.,
Isolation of viable Plasmodium falciparum merozoites to
define erythrocyte invasion events and advance vaccine
and drug development. Proc. Natl. Acad. Sci. USA 2010,
107, 14378-14383.

Cheng, S., Zhang, W. W., Zhang, M., Sun, L., Evaluation of
the vaccine potential of a cytotoxic protease and a protec-
tive immunogen from a pathogenic Vibrio harveyi strain.
Vaccine 2010, 28, 1041-1047.

Lopez-Otin, C., Bond, J. S., Proteases: multifunctional en-
zymes in life and disease. J. Biol. Chem. 2008, 283, 30433-
30437.

Kainulainen, V., Korhonen, T. K., Dancing to another tune-
adhesive moonlighting proteins in bacteria. Biology 2014,
3,178-204.

Tompa, P, Szasz, C., Buday, L., Structural disorder throws
new light on moonlighting. Trends Biochem. Sci. 2005, 30,
484-489.

Copley, S. D., Moonlighting is mainstream: paradigm ad-
justment required. BioEssays2012, 34, 578-588.

Copley, S. D., Enzymes with extra talents: moonlighting
functions and catalytic promiscuity. Curr. Opin. Chem. Biol.
2003, 7, 265-272.

Henderson, B., Lund, P. A, Coates, A. R., Multiple moon-
lighting functions of mycobacterial molecular chaperones.
Tuberculosis 2010, 90, 119-124.

Jeffery, C. J., in: Henderson, B. (Ed.), Moonlighting cell
stress proteins in microbial infections Vol. 7, Springer,
Netherlands 2013, pp. 51-66.

Kline, K. A., Falker, S., Dahlberg, S., Normark, S., Henriques-

Normark, B., Bacterial adhesins in host-microbe interac-
tions. Cell Host Microbe 2009, 5, 580-592.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Proteomics 2015, 15, 1075-1088

Henderson, B., Martin, A., Bacterial moonlighting proteins
and bacterial virulence. Curr. Topics Microbiol. Immunol.
2013, 358, 155-213.

Wang, G., Xia, Y., Cui, J., Gu, Z. et al., The roles of moon-
lighting proteins in bacteria. Curr. Issues Mol. Biol. 2013,
16, 15-22.

Pancholi, V., Chhatwal, G. S., Housekeeping enzymes as vir-
ulence factors for pathogens. Int. J. Med. Microbiol. 2003,
293, 391-401.

Henderson, B., Martin, A., Bacterial virulence in the moon-
light: multitasking bacterial moonlighting proteins are vir-
ulence determinants in infectious disease. Infect. Immun.
2011, 79, 3476-3491.

Wang, G., Chen, H., Xia, Y., Cui, J. et al., How are the non-
classically secreted bacterial proteins released into the ex-
tracellular milieu? Curr. Microbiol. 2013, 67, 688-695.

Huberts, D. H., van der Klei, I. J., Moonlighting proteins:
an intriguing mode of multitasking. Biochim. Biophys. Acta
2010, 7803, 520-525.

Khan, 1., Chitale, M., Rayon, C., Kihara, D., Evaluation of
function predictions by PFP, ESG, and PSI-BLAST for moon-
lighting proteins. BMC Proc. 2012, 6, S5.

Babady, N. E., Pang, Y. P, Elpeleg, O., Isaya, G., Cryptic pro-
teolytic activity of dihydrolipoamide dehydrogenase. Proc.
Natl. Acad. Sci. USA 2007, 104, 6158-6163.

Zhao, B., Lei, L., Vassylyev, D. G., Lin, X. et al., Crystal struc-
ture of albaflavenone monooxygenase containing a moon-
lighting terpene synthase active site. J. Biol. Chem. 2009,
284, 36711-36719.

Jeffery, C. J., Mass spectrometry and the search for
moonlighting proteins. Mass Spectrom. Rev. 2005, 24,
772-782.

Wong, W., Wijeyewickrema, L. C., Kennan, R. M., Reeve,
S. B. et al., S1 pocket of a bacterially derived subtilisin-
like protease underpins effective tissue destruction. J. Biol.
Chem. 2011, 286, 42180-42187.

Travis, J., Potempa, J., Bacterial proteinases as targets
for the development of second-generation antibiotics.
Biochim. Biophy. Acta 2000, 1477, 35-50.

Tonello, E, Morante, S., Rossetto, O., Schiavo, G., Monte-
cucco, C., Tetanus and botulism neurotoxins: a novel group
of zinc-endopeptidases. Adv. Exp. Med. Biol. 1996, 389,
251-260.

Coutte, L., Antoine, R., Drobecq, H., Locht, C., Jacob-
Dubuisson, F, Subtilisin-like autotransporter serves as mat-
uration protease in a bacterial secretion pathway. EMBO J.
2001, 20, 5040-5048.

Gulick, R. M., Mellors, J. W., Havlir, D., Eron, J. J. et al., Treat-
ment with indinavir, zidovudine, and lamivudine in adults
with human immunodeficiency virus infection and prior an-
tiretroviral therapy. New Engl. J. Med. 1997, 337, 734-739.
Pearlman, B. L., Protease inhibitors for the treatment of
chronic hepatitis C genotype-1 infection: the new standard
of care. Lancet Infect. Dis. 2012, 12, 717-728.

Ofek, I., Sharon, N., Abraham, S. N., Bacterial Adhesion,
Springer, New York 2006, pp. 16-31.

www.proteomics-journal.com



Proteomics 2015, 15, 1075-1088

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

(401

[41]

[42]

[43]

[44]

[45]

Henderson, B., Nair, S., Pallas, J., Williams, M. A., Fi-
bronectin: a multidomain host adhesin targeted by bac-
terial fibronectin-binding proteins. FEMS Microbiol. Rev.
2011, 35, 147-200.

Sinha, B., Francois, P. P, Nusse, O., Foti, M. et al.,
Fibronectin-binding protein acts as Staphylococcus aureus
invasin via fibronectin bridging to integrin alphabbetal.
Cell. Microbiol. 1999, 1, 101-117.

Eucker, T. P, Konkel, M. E., The cooperative action of bacte-
rial fibronectin-binding proteins and secreted proteins pro-
mote maximal Campylobacter jejuni invasion of host cells
by stimulating membrane ruffling. Cell. Microbiol. 2012, 14,
226-238.

Raymond, B. B., Jenkins, C., Seymour, L. M., Tacchi, J.
L. et al., Proteolytic processing of the cilium adhesin
MHJ_0194 (P123) in Mycoplasma hyopneumoniae gener-
ates a functionally diverse array of cleavage fragments that
bind multiple host molecules. Cell. Microbiol. 2014. doi:
10.1111/cmi. 12377

Wadstrom, T, Ljungh, A., Glycosaminoglycan-binding mi-
crobial proteins in tissue adhesion and invasion: key events
in microbial pathogenicity. J. Med. Microbiol. 1999, 48, 223—-
233.

Chang, Y.C.,Wang, Z., Flax, L. A., Xu, D. et al., Glycosamino-
glycan binding facilitates entry of a bacterial pathogen into
central nervous systems. PLoS Pathog. 2011, 7, e1002082.

Cozens, D., Read, R. C., Anti-adhesion methods as novel
therapeutics for bacterial infections. Expert Rev. Anti-Infect.
Ther. 2012, 10, 1457-1468.

Hytonen, J., Haataja, S., Gerlach, D., Podbielski, A., Finne,
J., The SpeB virulence factor of Streptococcus pyogenes,
a multifunctional secreted and cell surface molecule with
strepadhesin, laminin-binding and cysteine protease activ-
ity. Mol. Microbiol. 2001, 39, 512-519.

Cameron, C. E., Brouwer, N. L., Tisch, L. M., Kuroiwa, J. M.,
Defining the interaction of the Treponema pallidum adhesin
Tp0751 with laminin. Infect. Immun. 2005, 73, 7485-7494.

Meinert Niclasen, L., Olsen, J. G., Dagil, R., Qing, Z. et al.,
Streptococcal pyogenic exotoxin B (SpeB) boosts the con-
tact system via binding of alpha-1 antitrypsin. Biochem. J.
2011, 434, 123-132.

Kukkonen, M., Korhonen, T. K., The omptin family of enter-
obacterial surface proteases/adhesins: from housekeeping
in Escherichia coli to systemic spread of Yersinia pestis. Int.
J. Med. Microbiol. 2004, 294, 7-14.

Lahteenmaki, K., Virkola, R., Saren, A., Emody, L., Ko-
rhonen, T. K., Expression of plasminogen activator pla of
Yersinia pestis enhances bacterial attachment to the mam-
malian extracellular matrix. Infect. Immun. 1998, 66, 5755-
5762.

Suomalainen, M., Haiko, J., Ramu, P, Lobo, L. et al., Using
every trick in the book: the Pla surface protease of Yersinia
pestis. Adv. Exp. Med. Biol. 2007, 603, 268-278.

Lobo, L. A., Adhesive properties of the purified plasmino-

gen activator Pla of Yersinia pestis. FEMS Microbiol. Lett.
2006, 262, 158-162.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[46]

[47]

[48]

[49]

[50]

(511

[52]

[63]

[54]

(55]

[56]

[57]

(58]

[59]

[60]

1085

Zhang, S. S., Park, C. G., Zhang, P, Bartra, S. S. et al.,
Plasminogen activator Pla of Yersinia pestis utilizes murine
DEC-205 (CD205) as a receptor to promote dissemination.
J. Biol. Chem. 2008, 283, 31511-31521.

Sodeinde, O. A., Sample, A. K., Brubaker, R. R., Goguen,
J. D., Plasminogen activator/coagulase gene of Yersinia
pestis is responsible for degradation of plasmid-encoded
outer membrane proteins. Infect. Immun. 1988, 56, 2749-
2752.

Bohnsack, J. F, Mollison, K. W., Buko, A. M., Ashworth, J.
C., Hill, H. R., Group B streptococci inactivate complement
component C5a by enzymic cleavage at the C-terminus.
Biochem. J. 1991, 273(Pt 3), 635-640.

Brown, C. K., Gu, Z. Y., Matsuka, Y. V., Purushothaman, S. S.
et al., Structure of the streptococcal cell wall C5a peptidase.
Proc. Natl. Acad. Sci. USA 2005, 102, 18391-18396.

Beckmann, C., Waggoner, J. D., Harris, T. O., Tamura, G. S.,
Rubens, C. E., Identification of novel adhesins from Group B
streptococci by use of phage display reveals that Cba pep-
tidase mediates fibronectin binding. Infect. Immun. 2002,
70, 2869-2876.

Cheng, Q., Debol, S., Lam, H., Eby, R. et al., Immuniza-
tion with Cha peptidase or peptidase-type Il polysaccharide
conjugate vaccines enhances clearance of group B Strep-
tococci from lungs of infected mice. Infect. Immun. 2002,
70, 6409-6415.

Havre, P A., Abe, M., Urasaki, Y., Ohnuma, K. et al., The
role of CD26/dipeptidyl peptidase IV in cancer. Front. Biosci.
2008, 13, 1634-1645.

Juillerat-Jeanneret, L., Dipeptidyl peptidase IV and its in-
hibitors: therapeutics for type 2 diabetes and what else? J.
Med. Chem. 2014, 57, 2197-2212.

Boonacker, E., van Noorden, C. J., The multifunctional or
moonlighting protein CD26/DPPIV. Eur. J. Cell Biol. 2003,
82,53-73.

Kumagai, Y., Yagishita, H., Yajima, A., Okamoto, T., Konishi,
K., Molecular mechanism for connective tissue destruc-
tion by dipeptidyl aminopeptidase IV produced by the pe-
riodontal pathogen Porphyromonas gingivalis. Infect. Im-
mun. 2005, 73, 2655-2664.

Ge, J., Feng, Y., Ji, H., Zhang, H. et al., Inactivation of dipep-
tidyl peptidase IV attenuates the virulence of Streptococcus
suis serotype 2 that causes streptococcal toxic shock syn-
drome. Curr. Microbiol. 2009, 59, 248-255.

Imamura, T., The role of gingipains in the pathogenesis of
periodontal disease. J. Periodontol. 2003, 74, 111-118.

Grenier, D., Gauthier, P, Plamondon, P, Nakayama, K.,
Mayrand, D., Studies on the aminopeptidase activities of
Porphyromonas gingivalis. Oral Microbiol. immunol. 2001,
16, 212-217.

Lewis, J. P, Dawson, J. A., Hannis, J. C., Muddiman, D.,
Macrina, E L., Hemoglobinase activity of the lysine gingi-
pain protease (Kgp) of Porphyromonas gingivalis W83. J.
Bacteriol. 1999, 181, 4905-4913.

Potempa, J., Pike, R. N., Corruption of innate immunity by
bacterial proteases. J. Innate Immun. 2009, 1, 70-87.

www.proteomics-journal.com



1086

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

© 201

V. M. Jarocki et al.

Frick, 1. M., Bjorck, L., Herwald, H., The dual role of the
contact system in bacterial infectious disease. Thromb.
haemost. 2007, 98, 497-502.

Degen, J. L., Bugge, T. H., Goguen, J. D., Fibrin and fibri-
nolysis in infection and host defense. J. Thromb. Haemost.
2007, 5, 24-31.

Sanderson-Smith, M. L., De Oliveira, D. M., Ranson, M.,
McArthur, J. D., Bacterial plasminogen receptors: media-
tors of a multifaceted relationship. J. Biomed. Biotechnol.
2012, 2012, 272148.

Hoge, R., Pelzer, A., Rosenau, F, Wilhelm, S., in: Mendez-
Vilas, A. (Ed.), Current Reseach, Technology and Education
in Applied Microbiology and Microbial Biotechnology, For-
matex, Badajoz, Spain 2010, pp. 383-395.

Agarwal, V., Kuchipudi, A., Fulde, M., Riesbeck, K. et al.,
Streptococcus pneumoniae endopeptidase O (PepO) is a
multifunctional plasminogen- and fibronectin-binding pro-
tein, facilitating evasion of innate immunity and invasion
of host cells. J. Biol. Chemi. 2013, 288, 6849-6863.

Robinson, M. W., Buchtmann, K. A., Jenkins, C., Tacchi, J.
L., et al., MHJ_0125 is an M42 glutamyl aminopeptidase
that moonlights as a multifunctional adhesin on the sur-
face of Mycoplasma hyopneumoniae. Open Biol. 2013, 3,
130017.

Jarocki, V. M., Santos, J., Tacchi, J. L., Raymond, B. B. A. et
al., MHJ_0461 is a multifunctional leucine aminopeptidase
on the surface of Mycoplasma hyopneumoniae. Open Biol.,
4, 140175.

Hochschwender, S. M., Laursen, R. A., The lysine binding
sites of human plasminogen. Evidence for a critical trypto-
phan in the binding site of kringle 4. J. Biol. Chem. 1981,
256,11172-11176.

Strater, N., Sherratt, D. J., Colloms, S. D., X-ray structure of
aminopeptidase A from Escherichia coli and a model for the
nucleoprotein complex in Xer site-specific recombination.
EMBO J. 1999, 18, 4513-4522.

Mogk, A., Haslberger, T., Tessarz, P, Bukau, B.,, Common
and specific mechanisms of AAA+ proteins involved in pro-
tein quality control. Biochem. Soc. Trans. 2008, 36, 120-
125.

Hanson, P. I., Whiteheart, S. W., AAA+ proteins: have en-
gine, will work. Nat. Rev. Mol. Cell Biol. 2005, 6, 519-
529.

Chin, D. T., Goff, S. A., Webster, T., Smith, T.,Goldberg, A. L.,
Sequence of the lon gene in Escherichia coli. J. Biol. Chem.
1988, 263, 11718-11728.

Chandu, D., Nandi, D., Comparative genomics and func-
tional roles of the ATP-dependent proteases Lon and Clp
during cytosolic protein degradation. Res. Microbiol. 2004,
155,710-719.

Ge, Z., Karzai, A. W., Co-evolution of multipartite interac-
tions between an extended tmRNA tag and a robust Lon
protease in Mycoplasma. Mol. Microbiol. 2009, 74, 1083-
1099.

Breidenstein, E. B., Janot, L., Strehmel, J., Fernandez, L.
et al., The Lon protease is essential for full virulence in
Pseudomonas aeruginosa. PloS One 2012, 7, e49123.

4 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

Proteomics 2015, 15, 1075-1088

Fu, G. K., Smith, M. J., Markovitz, D. M., Bacterial protease
Lon is a site-specific DNA-binding protein. J. Biol. Chem.
1997, 272, 534-538.

Takaya, A., Tomoyasu, T, Tokumitsu, A., Morioka, M.,
Yamamoto, T, The ATP-dependent Lon protease of
Salmonella enterica Serovar Typhimurium regulates in-
vasion and expression of genes carried on Salmonella
Pathogenicity Island 1. J. Bacteriol. 2002, 184, 224-232.

Clemmer, K. M., Rather, P. N., The Lon protease regulates
swarming motility and virulence gene expression in Pro-
teus mirabilis. J. Med. Microbiol. 2008, 57, 931-937.

Shotland, Y., Teff, D., Koby, S., Kobiler, O., Oppenheim, A.
B., Characterization of a conserved alpha-helical, coiled-coil
motif at the C-terminal domain of the ATP-dependent FtsH
(HfIB) protease of Escherichia coli. J. Mol. Biol. 2000, 299,
953-964.

Narberhaus, F, Obrist, M., Fuhrer, F, Langklotz, S., Degra-
dation of cytoplasmic substrates by FtsH, a membrane-
anchored protease with many talents. Res. Microbiol. 2009,
160, 652-659.

Li, W., Rao, D. K., Kaur, P, Dual role of the metalloprotease
FtsH in biogenesis of the DrrAB drug transporter. J. Biol.
Chem. 2013, 288, 11854-11864.

Langklotz, S., Baumann, U., Narberhaus, F, Structure and
function of the bacterial AAA protease FtsH. Biochim. Bio-
phys. Acta 2012, 1823, 40-48.

Jeffery, C. J., Molecular mechanisms for multitasking: re-
cent crystal structures of moonlighting proteins. Curr. Opin.
Struct. Biol. 2004, 14, 663-668.

Cole, J. N., Aquilina, J. A., Hains, P. G., Henningham, A.
et al., Role of group A Streptococcus HtrA in the maturation
of SpeB protease. Proteomics 2007, 7, 4488-4498.

Hoy, B., Geppert, T, Boehm, M., Reisen, F et al., Dis-
tinct roles of secreted HtrA proteases from gram-negative
pathogens in cleaving the junctional protein and tumor
suppressor E-cadherin. J. Biol. Chem. 2012, 287, 10115-
10120.

Russell, T. M., Johnson, B. J., Lyme disease spirochaetes
possess an aggrecan-binding protease with aggrecanase
activity. Mol. Microbiol. 2013, 90, 228-240.

Henderson, B., Fares, M. A, Lund, P. A., Chaperonin 60: a
paradoxical, evolutionarily conserved protein family with
multiple moonlighting functions. Biol. Rev. Camb. Philos.
Soc. 2013, 88, 955-987.

Henderson, B. Pockley, A., G.,, A. G., Molecular Chaperones
and Cell Signalling, Cambridge University Press, New York,
USA 2005.

Hickey, T. B., Thorson, L. M., Speert, D. P, Daffe, M., Stokes,
R. W., Mycobacterium tuberculosis Cpn60.2 and DnaK are
located on the bacterial surface, where Cpn60.2 facilitates
efficient bacterial association with macrophages. Infect. Im-
mun. 2009, 77, 3389-3401.

Portaro, FE C., Hayashi, M. A., De Arauz, L. J., Palma, M.
S. et al.,, The Mycobacterium leprae hsp65 displays pro-
teolytic activity. Mutagenesis studies indicate that the M.
leprae hsp65 proteolytic activity is catalytically related to
the HsIVU protease. Biochemistry 2002, 41, 7400-7406.

www.proteomics-journal.com



Proteomics 2015, 15, 1075-1088

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

Hulko, M., Lupas, A. N., Martin, J., Inherent chaperone-like
activity of aspartic proteases reveals a distant evolution-
ary relation to double-psi barrel domains of AAA-ATPases.
Protein Sci. 2007, 16, 644-653.

Bosch, B. J., Smits, S. L., Haagmans, B. L., Membrane ec-
topeptidases targeted by human coronaviruses. Curr. Opin.
Virol. 2014, 6C, 55-60.

Mina-Osorio, P, The moonlighting enzyme CD13: old and
new functions to target. Trends Mol. Med. 2008, 14, 361-
371.

Bosch, A. A., Biesbroek, G., Trzcinski, K., Sanders, E. A.,
Bogaert, D., Viral and bacterial interactions in the upper
respiratory tract. PLoS Pathog. 2013, 9, e1003057.

Pittet, L. A., Hall-Stoodley, L., Rutkowski, M. R., Harmsen, A.
G., Influenza virus infection decreases tracheal mucociliary
velocity and clearance of Streptococcus pneumoniae. Am.
J. Respir. Cell Mol. Biol. 2010, 42, 450-460.

Astry, C. L., Jakab, G. J., Influenza virus-induced immune
complexes suppress alveolar macrophage phagocytosis. J.
Virol. 1984, 50, 287-292.

McCullers, J. A., The co-pathogenesis of influenza viruses
with bacteria in the lung. Nat. Rev. Microbiol. 2014, 12, 252—
262.

Mielech, A. M., Chen, Y., Mesecar, A. D., Baker, S. C.,
Nidovirus papain-like proteases: multifunctional enzymes
with protease, deubiquitinating and delSGylating activities.
Virus Res. 2014, 194, 184-190.

Bush, C. O., Pokrovskii, M. V., Saito, R., Morganelli, P. et al.,
A small-molecule inhibitor of hepatitis C virus infectivity.
Antimicrob. Agents Chemother. 2014, 58, 386-396.

Ercan, A., Park, H. I., Ming, L. J., A “moonlighting” dizinc
aminopeptidase from Streptomyces griseus: mechanisms
for peptide hydrolysis and the 4x10(10)-fold acceleration
of the alternative phosphodiester hydrolysis. Biochemistry
2006, 45, 13779-13793.

Cheng, T, Liu, L., Wang, B., Wu, J. et al., Nucleotide se-
quence of a gene encoding an organophosphorus nerve
agent degrading enzyme from Alteromonas haloplanktis.
J. Ind. Microbiol. Biotechnol. 1997, 18, 49-55.

Lee, Y.-L., Lee, L.-C., Shaw, J.-E, Multifunctional en-
zyme thioesterase l|/protease l/lysophospholipase L1 of
Escherichia coli shows exquisite structure for its sub-
strate preferences. Biocatal. Agric. Biotechnol. 2012, 1, 95—
104.

Lin, L. L., Chen, M. H., Chien, H. C., Kan, S. C. et al., Charac-
terization of a bifunctional aminoacylase/carboxypeptidase
from radioresistant bacterium Deinococcus radiodurans
R1. J. Biotechnol. 2007, 128, 322-334.

Wu, S., Brown, R. N., Payne, S. H., Meng, D. et al., Top-
down characterization of the post-translationally modified
intact periplasmic proteome from the bacterium Novosph-
ingobium aromaticivorans. Int. J. Proteomics 2013, 2013,
279590.

Kleifeld, O., Doucet, A., auf dem Keller, U., Prudova, A. et al.,
Isotopic labeling of terminal amines in complex samples
identifies protein N-termini and protease cleavage prod-
ucts. Nat. Biotechnol. 2010, 28, 281-288.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

1087

Becker-Pauly, C., Broder, C., Prox, J., Koudelka, T., Tholey,
A., Mapping orphan proteases by proteomics: meprin met-
alloproteases deciphered as potential therapeutic targets.
Proteomics Clin. Appl. 2014, 8, 382-388.

Schilling, O., Overall, C. M., Proteome-derived, database-
searchable peptide libraries for identifying protease cleav-
age sites. Nat. Biotechnol. 2008, 26, 685-694.

Solis, N., Cordwell, S. J., Current methodologies for pro-
teomics of bacterial surface-exposed and cell envelope pro-
teins. Proteomics 2011, 11, 3169-3189.

Brown, K. J., Formolo, C. A., Seol, H., Marathi, R. L. et al.,
Advances in the proteomic investigation of the cell secre-
tome. Expert Rev. Proteomics 2012, 9, 337-345.

Rodriguez-Ortega, M. J., Luque, |., Tarradas, C., Barcena, J.
A., Overcoming function annotation errors in the Gram-
positive pathogen Streptococcus suis by a proteomics-
driven approach. BMC Genomics 2008, 9, 588.

Solis, N., Larsen, M. R., Cordwell, S. J., Improved accuracy
of cell surface shaving proteomics in Staphylococcus au-
reus using a false-positive control. Proteomics 2010, 10,
2037-2049.

Hempel, K., Herbst, E A., Moche, M., Hecker, M., Becher,
D., Quantitative proteomic view on secreted, cell surface-
associated, and cytoplasmic proteins of the methicillin-
resistant human pathogen Staphylococcus aureus under
iron-limited conditions. J. Proteome Res. 2011, 10, 1657-
1666.

Solis, N., Parker, B. L., Kwong, S. M., Robinson, G. et al.,
Staphylococcus aureus surface proteins involved in adap-
tation to oxacillin identified using a novel cell shaving ap-
proach. J. Proteome Res. 2014, 13, 2954-2972.

Shirakabe, K., Shibagaki, Y., Yoshimura, A., Koyasu, S., Hat-
tori, S., A proteomic approach for the elucidation of the
specificity of ectodomain shedding. J. Proteomics 2014, 98,
233-243.

Merrigan, M. M., Venugopal, A., Roxas, J. L., Anwar, F et al.,
Surface-layer protein A (SIpA) is a major contributor to
host-cell adherence of Clostridium difficile. PloS One 2013,
8, €78404.

Raymond, B. B., Tacchi, J. L., Jarocki, V. M., Minion, E
C. et al.,, P159 from Mycoplasma hyopneumoniae binds
porcine cilia and heparin and is cleaved in a manner akin
to ectodomain shedding. J. Proteome Res. 2013, 12, 5891-
5903.

Tacchi, J. L., Raymond, B. B., Jarocki, V. M., Berry, I. J. et al.,
Cilium adhesin P216 (MHJ_0493) is a target of ectodomain
shedding and aminopeptidase activity on the surface of
Mycoplasma hyopneumoniae. J. Proteome Res. 2014, 13,
2920-2930.

Wilton, J., Jenkins, C., Cordwell, S. J., Falconer, L. et al.,
Mhp493 (P216) is a proteolytically processed, cilium and
heparin binding protein of Mycoplasma hyopneumoniae.
Mol. Microbiol. 2009, 71, 566-582.

Djordjevic, S. P, Cordwell, S. J., Djordjevic, M. A., Wilton,
J., Minion, E C., Proteolytic processing of the Mycoplasma
hyopneumoniae cilium adhesin. Infect. Immun. 2004, 72,
2791-2802.

www.proteomics-journal.com



1088

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

V. M. Jarocki et al.

Bogema, D. R., Scott, N. E., Padula, M. P, Tacchi, J. L.
et al., Sequence TTKF downward arrow QE defines the
site of proteolytic cleavage in Mhp683 protein, a novel
glycosaminoglycan and cilium adhesin of Mycoplasma hy-
opneumoniae. J. Biol. Chem. 2011, 286, 41217-41229.

Bogema, D. R., Deutscher, A. T., Woolley, L. K., Seymour, L.
M. et al., Characterization of cleavage events in the multi-
functional cilium adhesin Mhp684 (P146) reveals a mecha-
nism by which Mycoplasma hyopneumoniae regulates sur-
face topography. mBio 2012, 3, e00282-11.

Seymour, L. M., Jenkins, C., Deutscher, A. T., Raymond, B.
B. et al., Mhp182 (P102) binds fibronectin and contributes
to the recruitment of plasmin(ogen) to the Mycoplasma
hyopneumoniae cell surface. Cell. Microbiol. 2012, 14, 81—
94.

Choi, C. W,, Lee, Y. G., Kwon, S. 0., Kim, H. Y. et al., Anal-
ysis of Streptococcus pneumoniae secreted antigens by
immuno-proteomic approach. Diagn. Microbiol. Infect. Dis.
2012, 72, 318-327.

Clais, S., Boulet, G., Kerstens, M., Horemans, T. et al., Im-
portance of biofilm formation and dipeptidyl peptidase IV
for the pathogenicity of clinical Porphyromonas gingivalis
isolates. Pathog. Dis. 2014, 70, 408-413.

Beran, R. K., Pyle, A. M., Hepatitis C viral NS3-4A protease
activity is enhanced by the NS3 helicase. J. Biol. Chem.
2008, 283, 29929-29937.

Gesslbauer, B., Poljak, A., Handwerker, C., Schuler, W. et al.,
Comparative membrane proteome analysis of three Borre-
lia species. Proteomics 2012, 12, 845-858.

Silverman, J. M., Chan, S. K., Robinson, D. P, Dwyer, D. M.
et al., Proteomic analysis of the secretome of Leishmania
donovani. Genome Biol. 2008, 9, R35.

Vellasamy, K. M., Mariappan, V., Hashim, O. H., Vadivelu, J.,
Identification of immunoreactive secretory proteins from
the stationary phase culture of Burkholderia pseudomallei.
Electrophoresis 2011, 32, 310-320.

Schaar, V., de Vries, S. P, Perez Vidakovics, M. L., Bootsma,
H. J. et al., Multicomponent Moraxella catarrhalis outer
membrane vesicles induce an inflammatory response and
are internalized by human epithelial cells. Cell. Microbiol.
2011, 13, 432-449.

Ghosh, N., Goel, A. K., Alam, S. |., Exoproteome analysis
of a novel strain of Bacillus cereus implicated in disease
resembling cutaneous anthrax. Infect. Genet. Evol. 2014,
22,1-11.

Boetzkes, A., Felkel, K. W., Zeiser, J., Jochim, N. et al., Se-
cretome analysis of Clostridium difficile strains. Arch. Mi-
crobiol. 2012, 194, 675-687.

Tefon, B. E., Maass, S., Ozcengiz, E., Becher, D. et al., Acom-
prehensive analysis of Bordetella pertussis surface pro-

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

Proteomics 2015, 15, 1075-1088

teome and identification of new immunogenic proteins.
Vaccine 2011, 29, 3583-3595.

Pocsfalvi, G., Cacace, G., Cuccurullo, M., Serluca, G. et al.,
Proteomic analysis of exoproteins expressed by enterotox-
igenic Staphylococcus aureus strains. Proteomics 2008, 8,
2462-2476.

Walz, A., Mujer, C. V., Connolly, J. P, Alefantis, T. et al., Bacil-
lus anthracis secretome time course under host-simulated
conditions and identification of immunogenic proteins.
Proteome Sci. 2007, 5, 11.

Aguilera, L., Toloza, L., Gimenez, R., Odena, A. et al., Pro-
teomic analysis of outer membrane vesicles from the pro-
biotic strain Escherichia coli Nissle 1917. Proteomics 2014,
14, 222-229.

Aruni, A.W., Roy, F, Sandberg, L., Fletcher, H. M., Proteome
variation among Filifactor alocis strains. Proteomics 2012,
12, 3343-3364.

Schmid, G., Mathiesen, G., Arntzen, M. O., Eijsink, V. G.,
Thomm, M., Experimental and computational analysis of
the secretome of the hyperthermophilic archaeon Pyrococ-
cus furiosus. Extremophiles 2013, 17, 921-930.

Hu, Q., Ding, C., Tu, J., Wang, X. et al., Immunoproteomics
analysis of whole cell bacterial proteins of Riemerella
anatipestifer. Vet. Microbiol. 2012, 157, 428-438.

Wei, X., Cao, S., Zhang, L., Wen, X. et al., Com-
parative proteome analysis of the extracellular pro-
teins of two Haemophilus parasuis strains Nagasaki and
SW114. Biochem. Biophys. Res. Commun. 2014, 446, 997-
1001.

Xia, X. X., Han, M. J., Lee, S. Y., Yoo, J. S., Comparison
of the extracellular proteomes of Escherichia coli B and K-
12 strains during high cell density cultivation. Proteomics
2008, 8, 2089-2103.

Tjalsma, H., Lambooy, L., Hermans, P. W., Swinkels, D. W.,
Shedding & shaving: disclosure of proteomic expressions
on a bacterial face. Proteomics 2008, 8, 1415-1428.

Schaumburg, J., Diekmann, O., Hagendorff, P, Bergmann,
S. et al., The cell wall subproteome of Listeria monocyto-
genes. Proteomics 2004, 4, 2991-3006.

Jain, S., Kumar, S., Dohre, S., Afley, P. et al., Identification
of a protective protein from stationary-phase exoproteome
of Brucella abortus. Pathog. Dis. 2014, 70, 75-83.

Konecna, K., Hernychova, L., Reichelova, M., Lenco, J. et al.,
Comparative proteomic profiling of culture filtrate proteins
of less and highly virulent Francisella tularensis strains.
Proteomics 2010, 70, 4501-4511.

Cafardi, V., Biagini, M., Martinelli, M., Leuzzi, R. et al., Iden-
tification of a novel zinc metalloprotease through a global
analysis of Clostridium difficile extracellular proteins. PloS
One 2013, 8, €81306.

www.proteomics-journal.com



