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Abstract Proteases are essential for the proliferation and
growth of bacteria, and are also known to contribute to bacte-
rial virulence. This makes them interesting candidates as
diagnostic and therapeutic targets for infectious diseases. In
this review, the authors discuss the most recent developments
and potential applications for bacterial proteases in the diag-
nosis and treatment of bacterial infections. Current and future
bacterial protease targets are described and their limitations
outlined.

Introduction

Proteases are one of the largest functional groups of proteins,
with more than 4,000 members currently described [1]. They
are involved in many processes, including homeostasis, the
establishment of infection and nutrient acquisition. However,
it is the importance of bacterial proteases in viability and
pathogenicity that make bacterial proteases particularly inter-
esting candidates for diagnostic and therapeutic purposes, not
least because many of these enzymes are secreted into the
surrounding micro-environment of the bacterium, making
them accessible for detection. Indeed, several recent publica-
tions have shown that proteolytic activity can be detected
using specific peptide substrates coupled to fluorogenic or
chromogenic labels, and that such substrates could potentially

provide a rapid and simple technique for the detection of
protease-secreting bacteria [2]. Further, the development of
bacterial protease-related and simple detection and virulence
monitoring devices could potentially allow rapid and cheap
monitoring of patient-specific changes to bacterial virulence
over time, possibly leading to personalised medical treatment
regimens. Finally, research into bacterial proteases and their
substrates will allow the development of novel protease-
inhibiting compounds that could potentially be used to limit
the action of destructive proteases secreted by bacteria during
clinical infections [3, 4].

Bacterial proteases: mode of action

Proliferation and growth

Bacteria are known to utilise several different proteases that
participate in the assembly and disassembly of the bacterial
cell wall during the process of bacterial growth and cell
division [5]. The pathways involved in these processes depend
on both the shape and Gram type of the bacterium [6]; how-
ever, peptidoglycan (PGN) synthesis and hydrolysis is a pro-
cess required by almost all bacteria for growth [5]. During
turnover of the bacterial cell wall, several PGN-hydrolysing
enzymes (autolysins) are produced (Fig. 1). Two classes of
enzymes function to digest the glycan backbone; the N-
acetylmuramidases and theN-acetylglucosaminidases. Anoth-
er group of autolysins are the enzymes which degrade the
bond between the glycan backbone and the stem peptide.
These enzymes separate the sugar backbone from the PGN
stem peptide and are members of the class of N-
acetylmuramyl-L-alanine amidases. Further digestion of the
PGN requires cleavage between the amino acids present in the
PGN stem peptide by several (D- and L-amino acid
recognising) carboxy- and endopeptidases [5]. Importantly,
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because PGN is unique to bacteria, these D-amino acid pro-
cessing autolysins are found exclusively in bacteria.

The most studied micro-organism in autolysin-related re-
search is Bacillus subtilis. During the process of bacterial
replication in B. subtilis, cell separation relies on the activity
of the autolysins LytF, LytE and CwlS, all three of which are
cysteine proteases and members of the NlpC/p60 endopepti-
dase family [7, 8]. Another autolysin, LytN, is a protease
produced by Staphylococcus aureus, which functions as an
amidase and endopeptidase during the synthesis of PGN [9].
The importance of autolysins in PGN synthesis has been
demonstrated by the fact that deletion of these endopeptidases
in B. subtilis or S. aureus results in cell growth defects and an
altered growth morphology [10, 11].

Penicillin-binding proteins (PBPs) are a distinct group of
autolysins which process D-amino acid bonds during PGN syn-
thesis [12]. PBPs recognise and degrade the D-alanine–D-alanine
bonds present in PGN and catalyse the terminal stages of PGN
synthesis by creating cross-bridges between the stem peptides
[1]. Though PBPs play an important role in cell morphology and
viability, not all of the PBPs produced by bacteria are essential.
For example, an Escherichia coli mutant lacking eight out of its
12 PBPs still remains viable, whereas deletion of the proteases
PBP1a and PBP1b is lethal to the organism [13].

Virulence

Secreted bacterial proteases may degrade host-associated pro-
teins, thereby playing a direct role in bacterial virulence
(Table 1). Alternatively, bacterial proteases involved in
growth and proliferation may actually contribute to bacterial
virulence indirectly, by facilitating survival of the bacterium
within the host environment. As examples, host proteins

involved in blood clot formation, such as fibrinogen, fibrin
and coagulation factors, are a common target of bacterial pro-
teases [14–17]. Further, the degradation of these proteins by
bacterial proteases may lead to disease states such as dissemi-
nated intravascular coagulation (DIC), the formation of small
blood clots in the blood vessel. This condition frequently occurs
in patients with sepsis [18]. The role of bacterial proteases in
DIC is supported by the findings of Komori et al., who ob-
served that the fibrinogenolytic activity of the Pseudomonas
aeruginosa LasA protease induces haemorrhagic tendency in
mice [16]. In addition, several bacterial proteolytic virulence
factors can target host connective tissue proteins. Infection of
the periodontium, for example in infections related to the
presence of Porphyromonas gingivalis, is characterised by
destruction of the periodontal connective tissue as a result of
host protein degradation by P. gingivalis-associated gingipains
[19]. Additionally, the P. aeruginosa-specific proteases LasA
and LasB can directly attack host tissue by degrading elastin, a
component of the connective tissue [20, 21].

Many bacteria produce proteases involved in the “es-
cape response” to various host defence mechanisms [22].
One of the defence systems targeted by bacterial proteases
is the kallikrein/kinin contact activation system. When
activated on the bacterial cell surface, the kallikrein/
kinin contact activation system delivers antimicrobial
peptides derived from kininogen and traps bacteria in
the thrombus, while the major effector peptide, bradyki-
nin, stimulates macrophages and induces an influx of
neutrophils into the surrounding host tissue [23]. Cysteine
pro teases produced by S. aureus ( s taphopains
SspA/B) and P. gingivalis (gingipains) degrade kininogen,
which leads directly to the release of kinin [24]. The kinin
released upon proteolytic degradation by these bacterial

Fig. 1 Peptidoglycan hydrolases (autolysins) involved in peptidoglycan
biosynthesis. (a) The Lys type and (b) the DAP type of peptidoglycan
(PGN) are shown. The arrows indicate the cleavage sites of PGN hydro-
lytic proteases: 1=N-acetylmuramidase; 2=N-acetylglucosamidase; 3=

N-acetylmuramyl-L-alanine amidases; 4=other endopeptidases; 5=endo-
peptidases of the NlpC/p60 family, e.g. CwlS; and 6=carboxy- and trans-
peptidases, such as those of the penicillin-binding proteins (PBP) family
[3]
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proteases induces vascular permeability and are assumed
to promote an influx of plasma-containing nutrients into
the site of infection. Additionally, invasion of the systemic
circulation by P. aeruginosa can be facilitated by bradykinin
generated by pseudomonal proteases [25].

Several bacterial proteases are able to inactivate antimicro-
bial peptides (AMPs) produced by the host. For example, the
P. aeruginosa LasB protease and P. gingivalis gingipain R are
able to degrade human AMP LL-37, an important component
of the innate immune system [26, 27]. Other host proteins that
are cleaved and inactivated by bacterial proteases include
cytokines and chemokines, the communication signals of the
innate and acquired immune system [28–32]. The interaction
between bacteria and these host communication signals plays
an important role in bacterial pathogenicity. Disturbance of the
communication network by bacterial proteases may affect the
clinical outcome of disease. Interestingly, it has been observed
that degradation of human RANTES and MCP-1 by the
P. aeruginosa LasB protease is accompanied by a loss of
chemotactic activity, which suggests that P. aeruginosa may
alter the relative amounts of critical immunomodulatory cyto-
kines in the airway. This mechanism may contribute to the
pathophysiology observed in P. aeruginosa-associated lung
disease [32]. However, due to the complexity of the various

cytokine/chemokine functions and interactions, it is difficult
to extrapolate the effect of bacterial proteases on these com-
munication signals in vitro to the situation in infected tissue.

In summary, proteolytic bacterial virulence factors
secreted at the site of infection can lead directly to
host tissue destruction, haemorrhagic tendency and/or
impaired clearance of the infection by the host
immune system. Therefore, during infection of the
host, the expression and secretion of proteases
may provide bacteria with an evolutionary advantage
over non-protease-secreting bacteria.

Bacterial proteases as diagnostic markers

Proteases are often secreted into the microbial environment
and are, therefore, well suited for use as markers for the
diagnosis of bacterial infections. Further, the relative ease of
protease detection may enhance their potential as a diagnostic
tool for detecting and monitoring bacterial infections.

Detection of proteolytic activity

Protease detection can be carried out by using different
protein substrates and monitoring either disappearance of the

Table 1 The most well-
characterised bacterial proteolytic
virulence factors and their
(known) targets

a Adapted from Potempa and Pike
[22]

AMP antimicrobial peptide,
MAPK mitogen-activated protein
kinase

Protease name Catalytic type Targetsa Micro-organism

Lethal factor (LF) Metallo MAPK kinase B. anthracis

Staphopain A (SspA) Cysteine Kininogen

AMPs (cathelicidins)

S. aureus

Staphopain B (SspB) Cysteine Kininogen

Fibronectin

Fibrinogen

S. aureus

Staphylolysin (LasA
protease)

Metallo Elastin

Fibrinogen

P. aeruginosa

Elastase (LasB protease) Metallo Elastin

AMPs (LL-37)

Chemokines (RANTES, MCP-1)

Cytokines (IL-6, IFN-γ)

P. aeruginosa

Gingipain R (Rgp) Cysteine Kininogen

Coagulation factors (IX, X)

AMPs (LL-37, histatin-5, dermaseptin,
brevinin etc.)

Chemokines (IL-8)

Cytokines (IL-1β, IL-6, IL-12, TNF-α, IFN-γ
etc.)

P. gingivalis

Gingipain K (Kgp) Cysteine Neurotensin

Haemoglobulin

Bradykinin

Chemokines (IL-8)

Cytokines (TNF-α)

P. gingivalis

Botulinum neurotoxins
(BoNT)

Metallo Synaptobrevin C. botulinum
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substrate or appearance of the cleavage product [33]. Natural
substrates currently used in the measurement of in vitro
bacterial protease activity include skimmed milk, casein, fi-
brin, elastin and gelatin. These substrates are added to bacte-
rial solid growth media to detect overall protease activity.
Cleavage of the substrate is indicated by the formation of
clear halos around the colonies grown on the agar. A more
specific approach to measure protease activity is the use of
synthetic, colourimetric or fluorometric labelled peptide sub-
strates which match the recognition sequence of the protease
of interest [33, 34]. Depending on the labels attached to the
peptide substrate, a read-out is performed using a spectropho-
tometer or fluorimeter. Most of the commercial kits available
are based on the detection of proteolytic activity using peptide
substrates. The use of peptide substrates enables proteolytic
activity to be qualitatively and quantitatively measured in a
relatively easy manner, and can also be adapted to high-
throughput applications, e.g. for use in peptide-screening li-
braries [35–38].

Limitations of current detection approaches

The applicability of the above-mentioned substrates for the
detection of bacterial proteolytic activity in clinical material
has been explored by several research groups [38–40].
However, a persistent problem inherent in all of the existing
techniques described is the non-specific cleavage of the
substrates by unrelated bacterial and host proteases. This
phenomenon seriously limits the detection of bacterial-
specific proteolytic activity directly within clinical samples.
Currently, this problem is circumvented by changing the
read-out method or by the isolation of the microbial prote-
ases of interest prior to their detection. For example, Boyer
et al. developed a 24-amino-acid-containing FRET substrate
for the detection of the proteolytic activity of anthrax lethal
factor (LF), which is secreted by Bacillus anthracis [39].
Here, a confirmatory step using MALDI-TOF-based peptide
detection was utilised to confirm if the cleavage pattern
obtained was indeed related to LF-specific proteolytic cleav-
age. In another example, BonT (a Clostridium botulinum
proteolytic virulence factor) was first pre-isolated by Dun-
ning et al., using antibody-coated magnetic beads in order to
isolate the BonT protease [40]. In general, the lack of speci-
ficity of peptide substrates, in combination with the relatively
low sensitivity of existing methods for proteolytic enzyme
detection, and labourious read-out mechanisms, has seri-
ously limited the utilisation of protease detection in bac-
terial diagnostics and therapeutics.

Chirality: a proposed solution towards bacterial specificity

Objects are described as chiral if their mirror image cannot be
superimposed on the original, with the mirror images of a

chiral molecule being referred to as optical isomers or enan-
tiomers [41]. With the exception of glycine, all of the standard
amino acids present in proteins possess an asymmetric carbon
atom that can occur in two different configurations or optical
isomers, named levorotary (L) and dextrorotary (D) [42].
While L-amino acids represent the vast majority of amino
acids found in natural proteins, D-amino acids are far less
common. In humans, D-amino-acid-containing proteins are
rare, and are only found and processed in the brain [43].
However, as previously mentioned, a natural source in which
large quantities of D-amino acids are found is the bacteria-
specific PGN layer of the bacterial cell wall [3]. Therefore, D-
amino acids are potentially useful in the design of FRET
peptide substrates that could be used for the specific detection
of bacterial proteolytic activity. In theory, the inclusion of D-
amino acids into peptide substrates could lead to a decrease in
non-specific cleavage by non-bacterial proteases, potentially
enabling the direct measurement of bacterial proteolytic ac-
tivity within clinical samples. Indeed, in a recent article, it was
observed that short, D-amino-acid-containing peptide sub-
strates tended to be cleaved by bacterial proteases involved
in housekeeping processes and not by eukaryotic proteases or
bacterial proteolytic virulence factors [44]. In addition, the
presence of a D-amino acid in a peptide substrate abolished
degradation of the substrate by human serum.

The actual applicability of D-amino-acid-containing pep-
tide substrates in the diagnosis of bacterial infections was
evaluated for P. gingivalis-related periodontitis. It was ob-
served that the presence of D-amino acids in the peptide
increased the specificity of the substrate for the detection of
P. gingivalis in both saliva and patient-derived paper points
[45, 46]. This research shows that the introduction of D-amino
acids into peptide substrates may, indeed, be a valuable addi-
tion for improving the specificity of peptides for bacterial
detection purposes.

Bacterial proteases as therapeutic targets

The growing prevalence of antibiotic-resistant bacteria under-
scores the need to discover novel treatment strategies and new
bacterial targets for antimicrobial agents. One such novel
target currently under investigation is the inhibition of bacte-
rial proteases. The importance of bacterial proteases in bacte-
rial viability and virulence makes them suitable targets for the
development of novel antibacterial agents. Depending on the
function of the protease targeted, the inhibition of bacterial
proteolytic activity could lead to impaired growth, decreased
virulence or an increase in susceptibility to antimicrobial
agents. In fact, the effectiveness of therapies based on proteo-
lytic inhibition has already been demonstrated in viral infec-
tions, e.g. in the treatment of hepatitis C and HIV-related
infections. Infections related to these organisms are currently
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treated by (competitive) protease inhibitors or drug combina-
tions which include protease inhibitors [47, 48].

Antimicrobial

Many proteases produced by bacteria are essential for PGN
biosynthesis. For this reason, proteases involved in PGN
synthesis are potential targets for antimicrobial therapy. Pre-
viously, studies towards the development of antimicrobial
therapies targeting PGN synthesis have predominantly fo-
cused on inhibition of the PBP cross-linking proteases
[49–51]. These D-alanine-D-alanine carboxy peptidases are
essential for bacterial growth and are present in all PGN-
containing bacteria. The activity of PBPs is effectively
inhibited by almost all currently used beta-lactam antibiotics.
The effectiveness of PBP inhibitors in the treatment of bacte-
rial infections has already been proven, as beta-lactam antibi-
otics are widely used to treat a broad spectrum of bacterial
infections. However, novel PBP inhibitors are currently being
developed in response to the rapid emergence of extended-
spectrum beta-lactamase (ESBL) resistance [49, 52].

In addition to PBPs, other autolysins may also be potential
targets for the development of protease-inhibiting antibiotics.
In a recent publication by Singh et al., three new E. coli
autolysins were identified [53]. Two of these proteases belong
to the family of NlpC/p60 cysteine peptidases, while the other
is a member of the lysostaphin family of proteins that cleave
peptide cross-bridges. The researchers observed that a mutant
lacking these autolysins underwent rapid lysis upon a shift to
growth-restrictive conditions, indicating the potential of these
proteases as antimicrobial targets. In addition, it was shown
that the inhibition of cysteine protease activity leads to im-
paired bacterial growth [4, 54]. This is possibly due to a
decrease in autolysin activity, similar to the activity of the
NlpC/p60 protease.

Anti-virulence

In addition to the inhibition of bacterial viability, protease
inhibitors can also be used to decrease bacterial virulence by
targeting the proteolytic virulence factors secreted by bacteria.
The inhibition of virulence was recently established as an
antimicrobial strategy, with, for example, research currently
ongoing into the development of anti-virulence proteins for
LF, a toxin secreted by B. anthracis with protease activity
[55–57]. Such anti-virulence treatment is necessary because of
the limited efficacy of antibiotics in treating infections related
to this organism. These efforts have led to the discovery of a
diverse range of LF-inhibiting compounds, including an an-
thrax LF inhibitor found by Newman et al., which decreased
the toxicity of LF to mouse macrophages and protected
against LF-related activation of the Nlrp1b inflammasome
in vitro [58]. In addition, studies on P. aeruginosa protease

LasB inhibitors are currently being performed [59, 60]. Re-
cently, Cathcart et al. developed a potent inhibitor for the LasB
protease and studied its ability to block virulence processes. It
was demonstrated that the compound could completely block
the action of LasB against protein targets, biofilm formation
and immune modulation [60]. Thus, the inhibition of LasB
activity may reduce pseudomonal pathogenicity and has the
potential for combination with conventional antibiotic treat-
ments. Another group of proteases which have been exten-
sively investigated in research towards protease inhibitors are
the P. gingivalis-specific gingipains [61, 62]. The compound
DX-9065a was found to be a strong inhibitor of gingipain R
(Rgp) activity and its pro-inflammatory effects in vitro [63]. In
addition, DX-9065a partially inhibited the growth of
P. gingivalis, which may be related to the fact that Rgp also
degrades host proteins as a source of nutrition [64]. Therefore,
as well as exerting anti-virulence effects, the inhibition of
bacterial proteolytic virulence factors may also reduce bacte-
rial viability.

Conclusions

The rapid detection and initiation of appropriate treatment for
microbial infections is usually associated with an improved
clinical outcome. Although the sensitivity of bacterial
protease-based diagnosis is currently lower than that of
genomic-based amplification techniques, e.g. polymerase
chain reaction (PCR), D-amino-acid-containing peptide sub-
strates have the potential to be developed for use as a supple-
mental, cheap and rapid diagnostic tool for bacteria-related
infections. However, it should be noted that the ability of
proteases to cleave a particular peptide substrate depends on
a number of environmental factors, including pH, temperature
and protease stimulators/inhibitors present in the surrounding
environment. In addition, the sensitivity of proteolytic
substrate-based detection technologies may depend on the
variety and concentration of the proteases secreted by bacterial
pathogens. In turn, this is affected by the availability of
bacterial nutrients, the growth phase of the bacterium and
the presence of other organisms in the micro-environment.
However, the possibility of developing inexpensive diagnos-
tics and novel protease inhibitors means that research will
continue in this rapidly moving field of microbiology.
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