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Abstract Proteases (PRs) catalyze the cleavage of peptide bonds by hydrolysis in
proteins and peptides playing crucial functions in organisms all over the phylo-
genetic tree. These enzymes are present in all types of bacteria and are involved in
critical processes such as acquisition of nutrients for growth and proliferation,
facilitation of dissemination, colonization and evasion of host immune defenses or
tissue damage during infection. Bacterial pathogens use their PRs to acquire or
activate the function of host PRs to help them in their growth or progression of
disease. Research into bacterial PRs and their substrates will allow the development
of novel PRs inhibiting compounds that could potentially be used to limit host
virulence or to block cell growth. The emergence resistances to traditional antibi-
otics have created clinical difficulties for nosocomial treatment on a global scale.
Thus the pharmacological development of new PRs inhibitors that target essential
proteins in the bacterial pathogen is of great interest, and it is the focus of this
review.

1 Introduction

Proteolytic enzymes also known as proteases (PRs), peptidases, or proteinases are
one of the largest functional groups of proteins, with more than 4000 members
actually described (Rawlings et al. 2012). PRs catalyze the cleavage of peptide
bonds by their hydrolysis in proteins and peptides playing crucial functions in
organisms all over the phylogenetic tree, starting from viruses, bacteria, protozoa,
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metazoa, fungi, and ending with plants and animals. PRs enzymes are extensively
applied in several sectors of industry and biotechnology (Rao et al. 1998; Kirk et al.
2002; Rani et al. 2012; Ray 2012). Therefore, several research applications require
the use of PRs, including peptide synthesis, digestion of unwanted proteins during
nucleic acid purification and the production of Klenow fragments, use of proteases
in cell culture experiments and in tissue dissociation, preparation of recombinant
antibody fragments for research, peptide sequencing, proteolytic digestion of pro-
teins in proteomics diagnostics and therapy, exploration of the structure–function
relationships by structural studies, and removal of affinity tags from fusion proteins
in recombinant protein techniques.

PRs are present in all types of bacteria and are involved in critical processes such
as acquisition of nutrients for growth and proliferation, facilitation of dissemination,
colonization and evasion of host immune defenses or tissue damage during infec-
tion (Miyoshi and Shinoda 1997; Travis and Potempa 2000). Bacteria produce a
variety of PRs and their roles in virulence factors of the various bacteria genera are
well known. Bacterial PRs have the ability to destroy important host defense
proteins, such as those present in the complement system, which is the main part of
a host’s innate immunity (Popadiak et al. 2007), as well as degrade the functional
and structural proteins present in the host organism (Maeda 1996). Besides, it
should be noted the ability of bacteria to use the PRs it produces to pass the
proteinaceous barriers present inside a host organism, which is a major part of
bacterial virulence. Bacterial pathogens use its PRs to acquire or activate the
function of host PRs to help in its growth or progression of disease (Lantz 1997).

Bacterial pathogens rely on proteolysis for variety of purposes during the
infection process and they are involved in the interruption of the cascade activation
pathways, disruption of cytokine network, excision of cell surface receptors, and
inactivation of host protease inhibitors (Maeda 1996; Miyoshi and Shinoda 1997;
Rice et al. 1999; Travis and Potempa 2000). Thus, the proteolysis phenomena have
been adopted by bacterial pathogens at multiple levels to ensure their success in
contact with the host. It goes without saying that bacterial PRs may represent very
attractive targets for the development of novel types of antibiotics (Travis and
Potempa 2000).

Bacterial PRs inhibition would presumably lead to the death of the invading
pathogen. Moreover, consider the specific role that bacterial PRs play in such
critical steps for the successful invasion of the host. Taking into account the con-
stant emergence of antibiotic resistance (Rolain et al. 2012; Bond 2015), it would be
extremely beneficial to develop bacterial PRs inhibitors as a second antibiotic
generation. Research into bacterial PRs and their substrates will allow the devel-
opment of novel PRs inhibiting compounds that could potentially be used to
limit the action of destructive PRs produced during the bacterial infection process
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(Zindel et al. 2013; Drag and Salvesen 2010). Though targeting PRs for creating
PRs inhibitors has proven to be a useful idea for therapeutic intervention against
pathogenic bacteria, utilizing these PRs or taking advantage of their functions to
help in drug delivery techniques has not been widely tried.

In a general way, the inhibitor binds to the enzyme and decreases its activity; the
classification of inhibitors is based on where and how such binding occurs, as well
as, the type of binding (Fersht 1985; Otto and Schirmeister 1997). PRs inhibitors as
enzymatic inhibitors bind either into the active site as active site-directed inhibitors
or at another site as allosteric inhibitors. An active site-directed inhibitor can either
bind covalently or noncovalently. Covalent inhibitors are electrophiles that are
attacked by the active site to form a covalent bond which prevents further enzy-
matic reactions. Noncovalent inhibitors must depend on other interactions in order
to remain in the binding site. Electrostatic interactions such as hydrogen bonds, salt
bridges, and pi–pi interactions between aryl groups are the most important for
protein recognition and binding with high specificity. Noncovalently bound inhi-
bitors are reversible and the enzyme can be reactivated. Covalently bound inhibitors
are either irreversible or reversible. Finally, the irreversible inhibitor reacts with the
active site and blocks further modifications (Fersht 1985; Gohlke and Klebe 2002).

According to the Nomenclature Committee of the International Union of
Biochemistry and Molecular Biology, PRs belong to the hydrolase class of enzymes
(EC 3) and are grouped into the subclass of the peptide hydrolases or peptidases
(EC 3.4) (Table 1). Depending on the reaction they catalyze, proteases are divided
into exopeptidases which specifically cleavage protein substrates from the carboxyl-
or amino-termini and endopeptidases which preferentially hydrolyse peptide bonds
in the inner regions of peptide chains. Aminopeptidases (Table 1) can liberate single
amino acids (EC 3.4.11), dipeptides (dipeptidyl peptidases, EC 3.4.14), or tripep-
tides (tripeptidyl peptidases EC 3.4.14) from the N-terminal end of their substrates.
Single amino acids can be released from dipeptide substrates by dipeptidases (EC
3.4.13) or from polypeptides by carboxypeptidases (EC 3.4.16, EC 2.4.17, EC
3.4.18) (Table 1), while peptidyl dipeptidases (EC 3.4.15) liberate dipeptides from
the C-terminal end of a polypeptide chain. Finally, as mentioned above,
endopeptidases (Table 1) cleave peptide bonds within and distant from the ends of a
polypeptide chain [serine endopeptidases (EC 3.4.21), cysteineendopeptidases (EC
3.4.22), asparticendopeptidases (EC 3.4.23), metalloendopeptidases (EC 3.4.24),
threonineendopeptidases (EC 3.4.25) and endopeptidases of unknown catalytic
mechanism (EC 3.4.99)]. Seventh catalytic types of PRs have been recognized
according to the nature of the catalytic residues [MEROPS—the peptidase database
(http://merops.sanger.ac.uk/) (Rawlings et al. 2010)]: serine—(first described in
1993), cysteine—(1993), aspartic—(1993), metallo—(1993), threonine—(1997),
glutamic acid—(2004), and asparagine-protease—(2010) (Kohei 2012).
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Table 1 General classification of proteases according to the recommendations of the
Nomenclature Committee of the International Union of Biochemistry and Molecular Biology on
the nomenclature and classification of enzymes by the reactions they catalyze (http://www.chem.
qmul.ac.uk/iubmb/enzyme/)

Protease Enzyme
commission
(EC) code

Mechanism

Aminopeptidases 3.4.11 Release N-terminal amino acid residues from
polypeptides and protein

Dipeptidases 3.4.13 Exopeptidases specific for dipeptides

Dipeptidyl peptidases and 3.4.14 Release of an N-terminal dipeptide from a
polypeptide

Tripeptidyl peptidases 3.4.14 Release of an N-terminal tripeptide from a
polypeptide

Peptidyl dipeptidases 3.4.15 Release of free C-terminus liberate a dipeptide

Serine-type
carboxypeptidases

3.4.16 Release of a single residue C-terminal from a
polypeptide and have an active center serine
involved in the catalytic process

Metallocarboxypeptidases 3.4.17 Release of a single residue C-terminal from a
polypeptide using a metal ion in the catalytic
mechanism

Cysteine-type
carboxypeptidases

3.4.18 Release of a single residue C-terminal from a
polypeptide and have a cysteine in the active
center

Omega peptidases 3.4.19 Remove terminal residues that are linked by
isopeptide bonds

Serine endopeptidases 3.4.21 Cleave internal bonds in polypeptide chains.
Have an active center serine involved in the
catalytic process

Cysteine endopeptidases 3.4.22 Cleave internal bonds in polypeptide chains.
Have a cysteine in the active center

Aspartic endopeptidases 3.4.23 Cleave internal bonds in polypeptide chains
having an aspartic acid residue for their
catalytic activity

Metalloendopeptidases 3.4.24 A metal ion (often, but not always, Zn2+) is
involved in the catalytic mechanism for
cleaving internal bonds in polypeptide chains

Threonine endopeptidases 3.4.25 Cleave internal bonds in polypeptide chains
having a threonine residue for their catalytic
activity

Endopeptidases of
unknown catalytic
mechanism

3.4.99 Acting on peptide bonds (peptide hydrolases)
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2 Bacterial PRs Functions and Their Inhibitors

2.1 Bacterial PRs for Growth and Proliferation

It is well known that during the process of bacterial cell division and growth, they
utilize several different PRs for the assembly and disassembly of the bacterial cell
wall (Humann and Lenz 2009). Peptidoglycan (PGN) synthesis and its hydrolysis
are processes required by almost all bacteria for growth; nevertheless, the involved
pathways for cell division and growth are function of the shape and Gram type of
the bacterium (Humann and Lenz 2009; Margolin 2009).

The structure of PGN in both Gram-positive and Gram-negative bacteria com-
prises repeating disaccharide backbones of N-acetylglucosamine (NAG) and β-
(1-4)-N-acetylmuramic acid (NAM) that are cross-linked by peptide stem chains
attached to the NAM residues (Fig. 1) (Bourhis and Werts 2007). PGN is concealed
by an outer membrane in Gram-negative bacteria, or by layers of proteins and
glycopolymers in Gram-positive bacteria (Fig. 2). During turnover of the bacterial
cell wall for bacterial growth and division, bacteria employ several classes of
PGN-hydrolyzing enzymes that participate in the assembly and disassembly of this
cell wall. Bacterial PGN-hydrolyzing enzymes degrade the PGN of the producing
organism or degrade intact bacterial cells.

These bacterial PRs are defined by their catalytic specificities and are classified
as autolysins. Two classes of enzymes are involved in the PGN glycan backbone
digestion: N-acetylmuramidases and N-acetylglucosaminidases. While the

Fig. 1 PGN biosynthesis and mode of action of β-lactam antibiotics. As illustrated, in absence of
β–lactam antibiotics, PBPs work in PGN biosynthesis creating a rigid cell wall. Nevertheless, in
the presence of β-lactam antibiotics, they bind to the transpeptidase site of PBP inhibiting cell wall
synthesis, resulting in a weakened cell wall which ends with bacterial death
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N-acetylmuramidases cleave PGN between the N-acetylglucosamine (NAG) and
β-(1-4)-N-acetylmuramic acid (NAM) bond upstream of NAM;
N-acetylglucosaminidases cleave the NAM–NAG bond.

Another group of autolysins, N-acetylmuramyl-L-alanine amidases, separates the
PGN sugar backbones from the stem peptide chain concretely these enzymes cleave
between NAM and the first alanine of the peptide chain (Fournier and Philpott
2005; Scheurwater et al. 2007). Finally, the lytic transglycosylases cleave between
the N-acetylmuramic acid and N-acetylglucosamine sugar chains to facilitate cell
growth among other functions (Zahrl et al. 2005; Scheurwater et al. 2008;
Cloud-Hansen et al. 2008).

Bacilluis subtilis is the most studied microorganism in autolysin-related
research, since it is a nonpathogenic model system for investigating the roles of
autolysins in the cell wall metabolism (Smith et al. 2000). This knowledge, which
was obtained through the study of PGN fine structure, the analysis of multiply
inactivated mutants by sequencing of the entire B. subtilis genome, has become
possible to define the roles played by individual autolysins in a number of important
cellular processes (Rogers et al. 1984; Kunst et al. 1997; Smith et al. 1996). Cell
separation in B. subtilis relies on the activity of the autolysins LytF, LytE, and
CwlS.

All autolysins are cysteine proteases inside of the NlpC/p60 endopeptidase
family (Smith et al. 2000; Yamamoto et al. 2008). LytN is another autolysin pro-
duced by Staphylococcus aureus that works as amidase and endopeptidase during
the synthesis of PGN (Sugai et al. 1998). These bacterial PRs contribute to the

Fig. 2 Scheme of bacterial
cell wall composition in
Gram-positive and
Gram-negative bacteria
(Based on: Santos-Beneit
et al. 2014)
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release of the staphylococcal protein A (SpA) by removing amino sugars [i.e.,
NAM–NAG] from attached PGN (Becker et al. 2014). In a general way, autolysins
and in particular B. subtilis and S. aureus are essential for the synthesis of PGN
because its deletion in these microorganisms results in cell growth defects and
altered growth morphology (Hashimoto et al. 2012; Frankel and Schneewind 2012).

Penicillin-binding proteins (PBPs) are a distinct group of autolysins that play an
important role in cell morphology and viability. PBPs process D-amino acid bonds
during PGN synthesis (Wise and Park 1965) by the degradation of the D-alanine–D-
alanine bonds (Fig. 1). In addition, PPBs catalyze the terminal stages of PGN
synthesis by creating crossbridges between the stem peptides (Frère and Page
2014). Taking into account that not all of the PBPs produced by bacteria are
essential, as it was checked in an Escherichia coli mutant (Denome et al. 1999),
they are validated targets for the β-lactam antibiotics in the antibacterial therapy.

2.2 β-Lactam Antibiotics as Tools for Bacterial Growth
Inhibition

β-lactam antibiotics (cephalosporins, cephamycins, cephabacims, olivanic acids,
thienamycins, epithienamycins, monolactams (nocardicins and monobactams), and
clavams) (Fig. 3) are the most frequently prescribed antibiotics worldwide used to
treat bacterial infections (Fernández-Aguado et al. 2014).

The general antimicrobial mechanism of action of β-lactam antibiotics consists
of the inhibition of PGN biosynthesis, which weakens the bacterial cell wall during
the cellular division, leading to cytolysis and death. These antibiotics covalently
bind to the active site of PBPs (Fig. 1, detail), which catalyze the linking of PGN
molecules in bacteria in the last step of the bacterial cell wall biosynthesis. It is due
to the structural similarity between β-lactam antibiotics and the last two amino acids
(acyl-D-alanine-D-alanine) of the pentapeptide that links the PGN molecule.

PBP enzymes, including transglycosylases (PBP1 complex), transpeptidases
(PBP3), and carboxypeptidases (PBP4, PBP5, and PBP6) are irreversibly inhibited
by β-lactam antibiotics, no longer catalyzing the linking reaction. These covalent
complexes block the normal transpeptidation reaction inhibiting cell wall biosyn-
thesis. In addition, these antibiotics lead to cell stress responses by the activation of
bacterial cell wall hydrolases and autolysins, which result in bacterial cell lysis
(Tomasz 1979).

The activity of β-lactam antibiotics is initially higher against Gram-positive bac-
teria (Fig. 2). In these microorganisms, PBPs are located on the cytoplasmic mem-
brane exposed to the environment, unlike Gram-negative bacteria, where PBPs are
present in the periplasmic space protected by the external outer membrane, which acts
as a barrier for different molecules (Fig. 2). However, the incorporation of new
molecules to the penam and cephem nuclei has given rise to the synthesis of
semisynthetic antibiotics with a higher activity against Gram-negative microorgan-
isms. Currently, many used β-lactams have very broad spectrum activity against most
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Fig. 3 Chemical structure, classification, and family generic names of β-lactam antibiotics. β-
lactam ring is indicated in red
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aerobic and anaerobic Gram-positive and Gram-negative bacteria, as well as,
low-toxicity profiles making them popular first line antibiotics. Nevertheless, bacteria
have acquired resistance to β-lactams mainly through three different strategies: active
expulsion of β-lactams via efflux pumps, production of a specific β-lactamases, and
presence of low-affinity PBPs (Poole 2004; Worthington and Melander 2013).

The first β-lactam antibiotic to be discovered was penicillin in 1932 (Clutterbuck
et al. 1932) though it was not introduced to the clinic until the early 1940s. This
antibiotic discovery started by an accidental experiment performed by Sir
Alexander Fleming in his lab in 1928. Fleming evaluated the antimicrobial activity
generated by a fungus culture, later identified as Penicillium notatum that con-
taminated a Petri dish with Staphylococcus sp. (Fleming 1929).

Penicillin (Fig. 3) and more specifically benzylpenicillin (penicillin G) is
obtained by submerged fermentation of industrial strains of the filamentous fungus
Penicillium chrysogenum, recently renamed as Penicillium rubens
(Fernández-Aguado et al. 2013, 2014). Nowadays, several reports indicated the
presence of a penicillin-resistant Staphylococcus aureus that produces enzymes that
inactivate the β-lactam antibiotic by hydrolyzing the β-lactam core (Jovetic et al.
2010). These enzymes are known as β-lactamases. Later in 1959, the isolation of
6-aminopenicillanic acid (6-APA) from the P. chrysogenum fermentation end
product [penicillin G or penicillin V (phenoxymethylpenicillin)] allowed the
development of numerous semisynthetic penicillins that are resistant to the
staphylococcal β-lactamases as a result of steric protection of the β-lactam ring.
Methicillin-susceptible S. aureus produces five kinds of PBPs: PBP1, PBP2,
PBP2B, PBP3, and PBP4, for which the genes have been cloned and sequenced
(Boyle-Vavra et al. 2003). Nevertheless, Staphylococci have developed another
mechanism for resistance to β-lactam antibiotics by the production of a new
penicillin-binding protein 2a (PBP2a). These bacterial strains have been designated
as methicillin-resistant S. aureus (MRSA), from 1960s to present. β-lactam resis-
tance in MRSA is primarily due to the expression of mecA gene which encodes the
low-affinity penicillin-binding protein PBP2 (Wu et al. 2001; Smith 2007).
Bioinformatic analysis of PBP2a protein revealed a clear similarity to those of the
shape-determining protein (PBP2) and septum forming (PBP3) of E. coli (Song
et al. 1987).

These beta-lactam resistance gene mecA of S. aureus is carried on a large mobile
genetic element known as SCCmec, which integrates it into the chromosome of
MRSA strains (Katayama et al. 2000; Ito et al. 2001; Jansen et al. 2006). The
mechanism of resistance of PBP2a producers is the outcome of the limited acces-
sibility of the antibiotics to the active site which results in a reduced rate constant
for acylation (3–4 orders of magnitude) as compared to other PBPs, and an
increased dissociation constant for the preacylation complex. In contrast to the low
accessibility of the PBP2a active site to β-lactam antibiotics, the native PGN
substrate is still able to access the active site. It is believed as a consequence of
conformational changes brought about by allosteric binding of PGN to the enzyme,
resulting in effective PGN cross-linking and subsequent cell wall viability (Fuda
et al. 2004, 2005; Worthington and Melander 2013).
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It could be considered that PBP2a is an essential element for the prevalence of
MRSA. Likewise in Streptococcus peneumoniae resistance to b-lactams is com-
monly caused by expression of a variety of low-affinity PBPs (Walsh 2003). These
β-lactam resistances have proliferated dramatically and have created clinical diffi-
culties for nosocomial treatment on a global scale. Strains of S. aureus exhibiting
either PBP2a production or β-lactamase (or both) have established a considerable
ecological niche among human pathogens which constitutes a serious health
problem.

Inside the β-lactam antibiotics cephalosporins (Fig. 3) are widely and success-
fully used in medicine in the treatment of different bacterial infections. The history
of cephalosporins started in 1945, when the filamentous fungus Cephalosporium
acremonium (renamed as Acremonium chrysogenum) was isolated by Giuseppe
Brotzu from the bay water at Cagliary (Italy) (Brotzu 1948). A. chrysogenum was
found to produce at least three types of antimicrobial compounds, which were
isolated and identified (Hamilton-Miller 2000). The first compounds isolated in
1949 were members of the cephalosporin P complex, tetracyclic triterpenes
chemically related to helvolic acid (fumigacin). Later the same year, a second
compound active against Gram-negative and Gram-positive bacteria, which was
penicillin with a D-α-aminoadipic side chain was isolated and named penicillin N.
Finally, the third compound isolated and identified in 1953 was cephalosporin C.
This antibiotic was active against Gram-negative and Gram-positive bacteria and it
was not hydrolyzed by penicillinase, a feature especially relevant due to the
appearance of penicillin-resistant bacteria. Cephalosporin C is produced by
Acremonium chrysogenum and a few other filamentous fungi (Ullán et al. 2002,
2007, 2010).

Early generations of semisynthetic cephalosporins improved their cellular pen-
etration to increase their spectrum of activity against Gram-negative pathogens and
to enhance their pharmacokinetics. Next generations have become increasingly
focused on combating β-lactam resistance also by chemical side chain modifications
on the cephem nucleus (Fig. 3). Actually, in their fifth generation, an extensive
search for cephalosporins with efficacy against MRSA bacteria has been made. As a
result of this search, new cephalosporin derivate drugs have been found like
ceftobiprole that inhibits MRSA at 1–2 mg/L under standard conditions (Livermore
2006; Zhanel et al. 2008).

Following this line, ceftaroline as cephalosporin has the ability to bind to PBP2a
to inhibit the bacterial growth of MRSA strains (Zhanel et al. 2009). Another novel
class of anti-MRSA semisynthetic-cephalosporins are propenylamide and
propenylsulfonamide cephalosporins that act against MRSA strains with minimum
inhibitory concentrations as low as 1 μg/mL (Pohlmann et al. 2010). However,
nowadays new resistances to ceftaroline and ceftobiprole cephalosporins have been
reported (Kelley et al. 2015; Chan et al. 2015; Schaumburg et al. 2015).

In addition to the classical β-lactam compounds, many nonconventional β-lac-
tam structures of scientific and industrial interest have been discovered and char-
acterized since 1970. As shown in Fig. 3, these nonconventional β-lactams contain
a β-lactam ring and they usually have a distinct bicyclic structure. The second ring
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in the molecule of clavulanic acid and other clavams is an oxazolidinic ring that
includes oxygen instead of the sulfur atom occurring in classical β-lactams. The
members of carbapenem family have a carbapenem ring containing a carbon atom
instead of sulfur. Carbapenem members attack a wide range of PBPs, have low
toxicity, and they are much more resistant to β-lactamases than the penicillins or
cephalosporins. Monolactams (nocardicins and monobactams) contain a mono-
cyclic structure (the β-lactam ring) and different side chains. Nonconventional
β-lactams are also inhibitors of PGN biosynthesis (monolactams), others are potent
β-lactamase inhibitors with weak antibiotic activity (clavulanic acid), or have
antifungal activity (some clavams) (Brakhage et al. 2005; Coulthurst et al. 2005).
β-lactamase inhibitors bind irreversibly to β-lactamases but do not have good
activity against PBPs. These β-lactam compounds are combined with β-lactams in
clinical treatments.

Besides fungi, some Gram-positive (actinomycetes such as Streptomyces cla-
vuligerus or Amycolatopsis lactamdurans) and Gram-negative bacteria (e.g.,
Lysobacter lactamgenus) also synthesize hydrophilic β-lactam structures including
cephalosporins (mainly as intermediates of biosynthetic pathways), cephamycins,
cephabacins, clavams, carbapenems, and monolactams (Liras 1999). Cephamycins
are 7-methoxy-cephalosporins active against penicillin-resistant bacteria.
Cephabacins contain a formylamino group at C-7 and an oligopeptide side chain at
C-3. The C-7 formylamino substituent of cephabacins and the C-7 metoxyl group of
cephamycins confer to these antibiotics their characteristic β-lactamase resistance.

2.3 Inhibition of PBPs by Non-β-Lactam Antibiotics

An alternative to β-lactam antibiotics, to impede bacterial growth by inhibition of
PBPs, are the noncovalent inhibitors. This way, Toney et al. (1998) developed a
methodology for the identification of several non-β-lactam inhibitors, which exhibit
IC50 values between 10 and 30 mM. Besides, the noncovalent inhibitors ary-
lalkylidene rhodanines and arylalkylidene iminothiazolidin-4-ones can interfere
with bacterial growth across the inhibition of PBPs (Zervosen et al. 2004).
Recently, Turk et al. (2011) found new noncovalent inhibitors of PBPs after car-
rying out a screening of more than 250 compounds. As a result, among others, these
authors identified a compound which inhibited PBP2a with a promising IC50 of
97 mM.

Other identified potential inhibitors of PBPs are the 4-quinolones (Shilabin et al.
2012) and the penicilloic acids (van Berkel et al. 2013). Inside this research line, a
new option that has emerged recently to treat systemic MRSA infection are the
biodegradable antimicrobial polycarbonates (Pascual et al. 2015; Cheng et al.
2015). Its antimicrobial mechanism is disrupting the bacterial membrane.

Studies involving FtsZ (Filamenting temperature sensitive mutant Z) indicated
that it is an essential protein required for cell division in prokaryotes. (Addinall and
Holland 2002). Tan et al. (2012) described that the combination of the FtsZ-specific
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inhibitor PC190723 and β-lactam antibiotics restored MRSA susceptibility to
β-lactams. These kinds of FtsZ inhibitors act synergistically with β-lactams.
Therefore, Merck has developed a patent for the combination of FtsZ inhibitors
with β-lactam antibiotics to target methicillin-resistant Staphylococcus epidermidis
and MRSA stains [Merck Sharp & Dohme Corp. WO2011112435 (2011)].
Nevertheless in general, vancomycin is the drug of choice to treat MRSA.

2.4 Role of PRs in Bacterial Virulence—PRs Inhibitors

In pathogenic bacteria, many secreted bacterial PRs are virulence factors that aid in
bacterial invasion into host cells by the degradation of host-associated proteins
(Table 2). During the infective process bacterial PRs involved in growth and pro-
liferation contribute to bacterial virulence indirectly since they are necessary to the
bacterium survival within the host environment.

There are several examples of targets of bacterial PRs such as coagulation
factors, fibrinogen, and fibrin. The degradation of these proteins that are involved in
blood clot formation in the host, may lead to disease states causing, among others,
disseminated intravascular coagulation and the formation of small blood clots in the
blood vessel (Imamura et al. 1997, 2001; Komori et al. 2001; Massimi et al. 2002).
The role of bacterial PRs in disseminated intravascular coagulation is based on the
experimental evidences obtained by Komori et al. (2001) who observed that
Pseudomonas aeruginosa LasA (elastase A) PRs together with its fibrinogenolytic
activity affects endothelial cells and destroys the basement membrane of blood
vessels to cause hemorrhage in mice.

Therefore, LasA enhances the virulence activity of the metalloendopeptidase
LasB (elastase) in the establishment of a P. aeruginosa infection. LasA (Table 2)
cleaves a wider range of glycine-containing proteins, including, glycine-rich syn-
thetic peptides, specific sequences present in elastin and tropoelastin-derived pen-
tapeptides. This metalloprotein endopeptidase known as LasA also enhances the
activity of several other host elastolytic proteases, including, human neutrophil
elastase, human leukocyte elastase, and other proteases (Hoge et al. 2010). During
the infective process the combination of both P. aeruginosa PRs LasA and LasB
result in the degradation of elastin that is a component of the connective tissue of
vertebrates that give them elastic properties (Morihara 1964; Kessler et al. 1997;
Cowell et al. 2003). The key role of LasB in pseudomonal virulence makes it a
potential target for the development of antimicrobial agents to attenuate virulence
processes without bactericidal action and to avoid the emergence of resistant
strains. This way, Cathcart et al. (2011) described the ability of N-
mercaptoacetyl-Phe-Tyr-amide (K(i) = 41 nM) to block the pseudomonal virulence
processes across the inhibition of LasB. Besides, diethylene triamine pentaacetic
acid (pentetic acid) suppresses elastase production by P. aeruginosa (Gi et al.
2014). The advantage of this compound resides in the fact that nowadays, it is
clinically used as a contrast agent for diagnostic imaging. Nevertheless,
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identification of new antimicrobial agents may not always result in clinical appli-
cation due to concerns associated with safety for use in the human body.

2.4.1 Lethal Factor Inhibitors

Bacillus anthracis is a spore-forming bacterium that secretes, among others, the
metalloendopectidase known as lethal factor (LF) (Table 2). This toxin is lethal to
the host through disruption of signaling pathways, cell destruction, and circulatory
shock. Treatment against B. anthracis must be given early after infection, delay of
treatment reduces survival of infected patients because antibiotics can eliminate an
anthrax infection but not combat the LF-mediated toxemia that persists even after
the bacteria have been eliminated by antibiotics. The discovery of efficient LF
inhibitors can increase the probability of host survival by blocking late stage effects
of LF in post-exposure anthrax cases (Forino et al. 2005). Thus Shoop et al. (2005)
described a hydroxamate LF inhibitor that can be administrated with conventional
antibiotics to treat the anthrax infectious disease. Hydroxamate chelates the Zn++

from the LF active site resulting in reduced protease activity of LF in the
mitogen-activated protein kinase (MAPK) cleavage assay (Li et al. 2012). Other LF
inhibitors are the catecholate siderophores enterobactin and the cationic polyamine
from salmon sperm, protamine. However, protamine, exhibits the best results in the
LF inhibition assays (Thomas and Castignetti 2009). In the same research line,
Dell’Aica et al. (2004) described that the green tea polyphenols
epigallocatechin-3-gallate and catechin gallate also inhibit the LF and show reduced
MAPK kinase cleavage activity. Benzylamine-derived inhibitors, PT8420 and
PT8541 are also LF inhibitors, provide protection against B. anthracis in combi-
nation with other treatments (Moayeri et al. 2013).

Another target of LF inhibitors is the LF exocites which contribute to the
catalysis process and participate in the efficient binding of substrate at other points
of the active site. Their inhibition action results in an LF conformational alteration
and, therefore, in a reduction of LF activity. As result, Bannwarth et al. (2012)
screened a library of LF exosites inhibitors, which allowed the identification and
evaluation of the depsidone stictic acid as a possible inhibitor. Lethal toxin (LT) is
the combination of LF and protective antigen, it has been reported that the orga-
nogold compound auranofin inhibited LT-mediated toxicity in mouse macrophages.
Auranofin, due to its anti-inflammatory activity, acts downstream of MAPKK
cleavage by inhibiting the caspase-1 activation (Newman et al. 2011).

2.4.2 Periodontium Infective Process, Gingipain Inhibitors

Another target of bacterial PRs virulence factors are the proteins of the host con-
nective tissue. A clear example is the periodontium infective process by
Porphyromonas gingivalis, where the proteolytic activity of the secreted gingipains
results in periodontal connective tissue destruction as a result of host protein
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degradation (Potempa et al. 2000). The gingipain family of P. gingivalis comprises
three related cysteineendopeptidases that hydrolyze peptide bonds at the carbonyl
groups of lysine (Lys-Xaa) and arginine (Arg-Xaa) residues. The Lys-specific
gingipain, Lys-gingipain (Kgp), is encoded by the kgp gene; whereas the homol-
ogous arginine-specific gingipains, RgpA and RgpB, are products of two related
genes rgpA and rgpB (Fitzpatrick et al. 2009). Proteolytic activities of these PRs
play a fundamental role in the attachment and colonization, acquisition of nutrients,
evasion of host defense and tissue invasion, and dissemination of P. gingivalis (Guo
et al. 2010).

Discovery and characterization of gingipain inhibitors could prevent or slow
down the progression of this dental disease. In a review article of Olsen and
Potempa (2014) described a battery of gingipain inhibitors that include gingipain
N-terminal prodomains, synthetic compounds, inhibitors from natural sources,
antibiotics, antiseptics, antibodies, and bacteria. The use of nonpathogenic bacteria
as antagonists of pathogenic bacteria to combat tooth decay, deserves special
mention. Thus, Tenorio et al. (2011) isolated and identified 19 bacterial strains from
the subgingival plaque from 20 patients who were diagnosed as having periodon-
titis. Some of the identified isolates decreased the gingipain activity and interfering
with the growth of P. gingivalis in vitro. Besides, Camelo-Castillo et al. (2014)
isolated and identified several bacterial strains from the supragingival dental plaque
from adult individuals who had never suffered dental caries. Two of these isolates
[Streptococcus dentisani Str. 7746 (CECT83135, DSM 27089) and Streptococcus
dentisani Str. 7747T (CECT 8312T, DSM 27088)] are considered for these authors
as potential probiotics for human oral health.

2.4.3 Immune System PRs Inhibitors

Another virulence factor of some pathogenic bacterial PRs is its role in the “escape
response” to several host defense mechanisms (Potempa and Pike 2009). Pathogens
cause immunosuppression in their infected host that shows depressed immune
responses to antigens in general, including those of the infecting pathogen. Thus,
the contact system (also known as the intrinsic pathway of coagulation or the
kallikrein/kinin system) of host delivers antimicrobial peptides (AMPs) derived
from kininogen and traps bacteria in the thrombus. Furthermore, the bradykinin
peptide causes spreading of macrophages and induces an influx of neutrophils into
the surrounding host tissue (Frick et al. 2007).

Immunoglobulins (Igs) play a key role in the immune defense system of humans.
Igs recognize, in a specific way, the invading microorganisms and mediating their
killing by professional phagocytes or the complement system, or both. Igs consist
of antigen-recognizing Fab (fragment antigen-binding) regions, which are linked
through a flexible hinge region with the constant Fc (fragment crystallizable)
effector region (von Pawel-Rammingen and Björck 2003).

Streptopain [also called streptococcal pyogenic exotoxin B (speB), SCP] is a
cysteine protease encoded by the speB gene in the Gram-positive bacterial pathogen
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Streptococcus pyogenes (Elliott 1945). The enzyme is secreted as a zymogen and
autocatalyzes cleavage into the mature SpeB. It is involved in host–pathogen
interactions and increases the invasive action of S. pyogenes by hydrolysis of
human fibronectin and vitronectin (Kapur et al. 1993). SpeB prevents normal
functions of the human immune system by cleavage of M proteins and C5a pep-
tidases. SpeB cleaves the human antibody IgG between residues Gly236 and
Gly237 and also other antibodies, such as IgA, IgD, IgE, and IgM (von
Pawel-Rammingen and Björck 2003). S. pyogenes also secretes the cysteine pro-
tease IdeS (also called IgG-degrading enzyme of S. pyogenes or Mac-1), distinct
from streptopain, which cleaves human IgG in the hinge region with a high degree
of specificity (von Pawel-Rammingen et al. 2002). IdeS is secreted by S. pyogenes
as a mature enzyme of 339 residues and cleaves IgG antibodies bound to bacterial
surface structures, thereby inhibiting the killing of pathogen by phagocytic cells.
Degradation of IgG by IdeS and SpeB could be complementary under certain
conditions (Fig. 4).

Fig. 4 Schematic picture showing the action of IdeS and SpeB secreted by S. pyogenes against
human IgG antibodies (adapted from von Pawel-Rammingen and Björck 2003) (1) Y-shaped IgG
binds to bacterial surface proteins and M surface proteins. Fab (fragment antigen–binding)
fragments bound to specific bacterial surface proteins and Fc (fragment crystallizable) fragments
bound by M proteins. (2) S. pyogenes secretes IdeS. (3) IdeS cleavages IgG in the hinge region
(indicated by red arrows). (4) Unbound Fab and Fc fragments are released. (5) Secretion of SpeB.
(6) SpeB degrades bacterial/M surface proteins (indicated by blue arrows). (7) Complexes of
bacterial/M surface proteins and Fc and Fab fragments of IgG are released
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Already nowadays IdeS has potential medical applications to block arthritis
development induced by IgG due to its PRs activity against this immunoglobulin
(Nandakumar et al. 2007). Studies in rabbits revealed that IdeS due to its highly
selective degradation of IgG, may be used as an immunosuppressant drug used to
prevent rejection after renal transplantation. In addition, autoimmune conditions
where IgG labels endogenous compounds as pathogenic may be treated by IdeS
injected into the circulatory system (Johansson et al. 2008).

Other examples of Igs degradation capacity are, among others, the pathogenic
bacteria Neisseria spp., Streptococcus pneumoniae, Ureaplasma urealyticum, and
Haemophilus influenza that secrete IgA1 proteases (degrade the heavy chain of
human IgA1 in the hinge region) to avoid the host defense mechanisms at sites of
infection and to promote disease. These bacterial PRs interfere with the protective
functions of the principal mediator of specific immunity on mucosal surfaces, and
especially in the upper respiratory tract (Plaut 1983; Poulsen et al. 1998).
Gingipains (mentioned above) and staphopains (A and B) are cysteineendopepti-
dases produced by P. gingivalis and S. aureus, respectively (Table 2). Both bac-
terial PRs degrade kininogen to produce kinin which induces vascular permeability
and promote an influx of plasma-containing nutrients into the site of infection
(Imamura et al. 2005). In addition, it is well known that invasion of the systemic
circulation by P. aeruginosa across the pseudomonal extracellular PRs production
facilitates septicemia as well as toxemia through activation of the
bradykinin-generating cascade (Sakata et al. 1996).

S. aureus produces the staphylococcal PRs inhibitors staphostatin A and B,
respectively. Similar to the cystatins, the staphostatins interact specifically with
their target PRs forming tight and stable noncovalent complexes, staphostatin A
with staphopain A and staphostatin B with staphopain B. (Rzychon et al. 2003).
The squamous cell carcinoma antigen (SCCA) 1 is an epithelial-derived serpin that
inhibit the staphopains in an efficient way (Kantyka et al. 2011). Kantyka and
Potempa (2011) indicated that the high association rate constant (k(ass)) for inhi-
bitory complex formation (1.9 × 104 and 5.8 × 104 M−1 s−1 for staphopain A and
staphopain B interaction with SCCA1, respectively) argues that SCCA1 can restrain
staphopain activity in vivo at epithelial sites colonized by S. aureus.

Production of AMPs and proteins is an important means of host defense in
eukaryotes against bacterial pathogens. In fact they are an important part of the
innate immune system of all complex organisms as well as some microbes, with
antibacterial, antifungal, antiparasitic, and antiviral activity (Jenssen et al. 2006;
Guilhelmelli et al. 2013). For example, the antimicrobial activity of the human
AMP LL-37 (member of the cathelicidin family of AMPs of the innate immune
system) is mediated by disruption of the target cell lipid bilayer via toroidal pore
formation, leading to osmotic lysis and cell death (Henzler-Wildman et al. 2004).
Nevertheless, several bacterial PRs can inactivate these AMPs by their degradation.
In this way, the human pathogens Proteus mirabilis, Group A Streptococci and
Enterococcus faecalis have been demonstrated to target and inactivate LL-37
thought PRs secretion (Kindrachuk et al. 2010). Likewise, gingipain R of
P. gingivalis and LasB of P. aeruginosa are able to degrade the AMP LL-37
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(Schmidtchen et al. 2002; Carlisle et al. 2009). Furthermore, S. aureus can cleave
and inactivate LL-37 in a time- and concentration-dependent manner by the pro-
duction of the metalloproteinase aureolysin (Sieprawska-Lupa et al. 2004).

Other targets of these bacterial PRs are cytokines and chemokines that play an
essential role in regulating both immunity adaptive and innate systems. The
interaction between bacterial PRs and these small proteins made by host cells in the
immune system disturb the communication network in the host which affects the
bacterial pathogenicity (Mikolajczyk-Pawlinska et al. 1998; Baba et al. 2002;
Leidal et al. 2003; Matheson et al. 2006; Sheets et al. 2008). For example, during
the infective process of the human host by P. aeruginosa in lung disease, LasB PRs
degrade RANTES and MCP-1 resulting in a loss of chemotactic activity, which
suggests that this pathogen may alter the relative amounts of critical
immunomodulatory cytokines in the airway (Leidal et al. 2003).

Nevertheless, further research into interaction between bacterial PRs and these
host immune communication signals is necessary to extrapolate the in vitro
experimental results to the situation in infected tissue. In summary, for the patho-
genic bacteria the secretion of bacterial PRs at the site of infection is essential to
progress in the infective process of the host, giving them an evolutionary advantage
over non-protease-secreting bacteria.

3 Plants as Source of Bacterial PRs Inhibitors

Relying on the fact that PRs play an important role in the protection of plant tissues
from pest and pathogen attack; Rakashanda et al. (2012) isolated the serine PRs
inhibitor LC-pi I from the seeds of the plant Lavatera cashmeriana. This PRs
inhibitor showed strong antibacterial activity against the pathogenic bacteria
Klebsiella pneumoniae and P. aeruginosa. These kinds of bacteria can cause uri-
nary tract infection, pneumonia, and septicemia in humans. Besides, the Soap Nut
Trypsin inhibitor isolated from Sapindus trifoliatus exhibited antibacterial activity
against B. subtilis, S. aureus, E. coli, and Proteus vulgaris (Rachel et al. 2013).

As mentioned above B. anthracis produces de metalloendopeptidase LF during
the invective process. The plant derivate curcumin (diferuloylmethane) and its
chemically modified 4-phenylaminocarbonylbis-demethoxycurcumin inhibit LF by
both increasing its substrate affinity and decreasing its catalytic capacity (Antonelli
et al. 2014). Curcumin is the yellow pigment associated with the curry spice of the
curcuminoid family that was originally isolated from the Indian spice turmeric
(Curcumin longa) being an important component in the daily diet of several Asian
countries.

Another source of plant PRs inhibitors is Coccinia grandis, which have
antibacterial activity by killing or inhibiting the growth of B. subtillis [minimal
bactericidal concentration (MBC) of 1.25 mg⁄mL; minimal inhibitory concentration
(MIC) of 1 mg⁄mL], S. aureus (MBC of 1.2 mg⁄mL; MIC of 1 mg⁄mL), E. coli
(MBC of 1 mg⁄mL; MIC of 0.63 mg⁄mL), P. vulgaris (MBC of 0.5 mg⁄mL; MIC of
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0.2 mg⁄mL), and K. pneumoniae (MBC of 0.5 mg⁄mL; MIC of 0.01 mg⁄mL)
(Satheesh and Murugan 2011). The authors purified and isolated the PRs inhibitor
and proposed that the mechanisms of action of this natural compound would be the
formation of a channel in the bacterial cell membrane that will originate the cell
death as a result of the out of the cellular contents.

Finally, in the Brassica chinensis seed there is a napin-like polypeptide with
trypsin inhibitor activity. This compound inhibits the bacterial growth of
Pseudomonas fluorescens [concentration that inhibits bacterial growth by 50 %
(IC50) of 66 μM], Bacillus megaterium (IC50 of 215 μM), Mycobacterium phlei
(IC50 of 146 μM), Bacillus cereus (IC50 of 222 μM), and B. subtilis (IC50 of
236 μM) (Ngai and Ng 2004). It becomes clear that further research with these
natural PRs inhibitors is necessary to elucidate both its mechanism of action and its
possible application from a pharmacological point of view.

4 Conclusions and Future Perspectives

It is well known that animals and plants have been developed defense mechanisms
against pathogenic microorganisms (fungi, bacteria, and viruses) by biochemical
compounds production. Between these biochemical compounds there is a produc-
tion of proteins and other metabolites, which inhibit bacterial pathogen-secreted
proteins by different mechanisms. They are known as bacterial PRs inhibitors that
in some cases could limit host virulence or, in others, should block cell growth.

Targeting virulence proteins with PRs inhibitors to prevent colonization of the
host and enable removal of bacteria by the host immune system represents an
amazing opportunity to develop new antimicrobial compounds with novel mech-
anisms of action. Unlike classical antibiotics, it is expected a reduction of the risk of
development of resistant strains in a clinical setting. The inhibition of virulence
pathways will apply only a mild evolutionary pressure since these pathways are not
essential for normal bacterial growth (Rasko and Sperandio 2010).

In fact, MRSA strains, as mentioned previously, or even the totally
drug-resistant Mycobacterium tuberculosis (Velayati et al. 2009) make necessary
the discovery, that is, a development of new antibiotics to combat these resistances.
Nowadays, in the market there are several PRs inhibitors for the treatment of a
range of diseases. For example, telaprevir (Incivek; Vertex Pharmaceuticals) and
boceprevir (Victrelis; Merck) are PRs inhibitors that target the hepatitis C virus
(HCV) NS3-4A protease2,3 (Vermehren and Sarrazin 2011). Another example of
PRs inhibitor is the oral anticoagulant rivaroxaban (marketed as Xarelto by Bayer)
that inhibits the factor Xa in the coagulation cascade (Eriksson et al. 2008).
Nevertheless, this class of enzymes has not yet been exploited in the treatment of
bacterial infections notwithstanding the pharmaceutical successes with the
above-mentioned PRs modulators.
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