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ABSTRACT

Because the majority of bacterial species divide by binary fission, and do not have distinguishable somatic and germline
cells, they could be considered to be immortal. However, bacteria ‘age’ due to damage to vital cell components such as DNA
and proteins. DNA damage can often be repaired using efficient DNA repair mechanisms. However, many proteins have a
functional ‘shelf life’; some are short lived, while others are relatively stable. Specific degradation processes are built into
the life span of proteins whose activities are required to fulfil a specific function during a prescribed period of time (e.g. cell
cycle, differentiation process, stress response). In addition, proteins that are irreparably damaged or that have come to the
end of their functional life span need to be removed by quality control proteases. Other proteases are involved in
performing a variety of specific functions that can be broadly divided into three categories: processing, regulation and
feeding. This review presents a systematic account of the proteases of Bacillus subtilis and their activities. It reviews the
proteases found in, or associated with, the cytoplasm, the cell membrane, the cell wall and the external milieu. Where
known, the impacts of the deletion of particular proteases are discussed, particularly in relation to industrial applications.
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INTRODUCTION regulation—the activation or degradation of proteins that have
transitory functions; and (iii) feeding—the degradation of cel-
lular and environmental proteins as a source of amino acids
and peptides. In some cases, these functions and the proteins
involved overlap, as is best seen in the processing of aberrant
of misfolded proteins and the turnover of ribosomal proteins
during stationary phase. It is important to understand that cel-
lular proteins are not immortal but have a useful ‘shelf life’,
after which they are targeted for degradation. To this end, some

Five catalytic categories of proteases have been recognized in
bacteria: the serine, threonine, cysteine and aspartic proteases,
and metalloproteases in which metal ions play a central role
in catalysis (Barrett et al. 1998). However, Bacillus subtilis only
encodes serine, cysteine, aspartic and metallo-type proteases.
The proteases of B. subtilis perform a variety of specific func-
tions that can be divided into three broad categories: (i) qual-
ity control—the removal of misfolded or truncated proteins; (ii)
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proteins have a functionally short half-life, while others are rel-
atively stable. Specified degradation processes are built into the
life cycle of some proteins whose activities are required to fulfil
a specific function during a prescribed period of time (e.g. ComK:
Turgay et al. 1998). Other proteins may be damaged by reactive
oxygen or nitrogen species that are either generated endoge-
nously by oxidative respiration or exogenously from compounds
in the environment.

This review presents a systematic review of the proteases
and their activities in B. subtilis, from the inside to the out-
side of the cell. It reviews the proteases found in, or associated
with, the cytoplasm, the cell membrane, the cell wall and the
external milieu. However, it does not discuss proteases associ-
ated with the differential process leading to the formation of
endospores or the peptidases responsible for cell wall synthesis
and turnover. Where known, the impact of the deletion of par-
ticular proteases are discussed. An excellent review, specifically
of regulated proteolysis in B. subtilis, was published by Moliére
and Turgay (2013).

CELLULAR PROTEOSTASIS NETWORK

To avoid widespread misfolding, nascent protein chains are
directed to a cellular proteostasis network, consisting of chap-
erones and protease, that maintains a balanced proteome of
correctly folded proteins. However, because proteins are struc-
turally dynamic, endogenous and exogenous stresses can lead to
misfolding and other forms of damage. Consequently, the pro-
teostasis network also has the role of constantly surveying the
existing proteome to help maintain protein homeostasis (Cho
et al. 2015; Santra et al. 2017). The proteostasis network is com-
posed of a combination of decapping enzymes, chaperones and
proteases (Balchin et al. 2016) and therefore functions from the
cradle to the grave.

For newly born proteins, the cell has first to identify their
final destinations. During protein synthesis, individual aminoa-
cyl residues are added to the growing nascent peptide chain
within the peptidyl transferase centre (PTC) and emerge from
the ribosome via the nascent chain exit channel and exit port.
The exit channel is ~100 A in length and can accommodate a
peptide of 20-30 aminoacyl residues. While in the exit chan-
nel, folding is constrained, although it is wide enough (10-20 A)
to accommodate some secondary structures such as «-helices
(Balchin et al. 2016). In the case of cytoplasmic proteins, the for-
mation of tertiary structure begins towards the distal end of
the channel. The exit port itself can accommodate small single-
domain proteins (<50 residues) that are able to fold to com-
pletion before emerging fully from the ribosome. In the case
of multi-domain proteins, their N-terminal domains can fold
immediately outside the exit port, in most cases assisted by
chaperones such as the ribosome-associated trigger factor (TF)
(Stoller et al. 1995; Kaiser et al. 2006; Holtkamp et al. 2015).

The N-terminal residues of membrane and secreted pro-
teins are recognized early in nascent peptide chain synthe-
sis and direct their cognate proteins to the signal recogni-
tion particle (SRP) pathway (membrane proteins) or the Sec
or twin-arginine transporter (Tat)-mediated secretion pathways
(Blaudeck et al. 2001; Janda et al. 2010; Oh et al. 2011). The
SRP pathway brings about translational arrest and subsequent
cotranslational translocation of their protein cargo directly into
the membrane, aided by the YidC (YqjG) insertase/chaperone
protein. SecA-dependent secretory preproteins are posttransla-
tionally targeted to the membrane translocase in an essentially
non-folded secretion competent state, only finally folding into

their native configuration at the trans side of the cytoplasmic
membrane (Harwood and Cranenburg 2008). Substrates of the
Tat pathway are, however, folded and in some cases (e.g. Fe-S
cluster proteins) assembled prior to translocation, presumably
aided by cytoplasmic chaperones (Goosens et al. 2013).

In the case of cytoplasmic proteins, the rate of folding is con-
siderably faster than the rate of translation and, as a result,
folding is effectively cotranslational (O’Brien et al. 2011). Trig-
ger factor (~50 kDa), an abundant ATP-independent chaperone
with peptidyl-prolyl isomerase (PPlase) activity, engages its tar-
get proteins when they are ~110 amino acids in length (Oh
et al. 2011). This means that TF does not engage the mem-
brane and secretory proteins, which are identified much ear-
lier by their cognate recognition factors. TF has an elongated
three-domain structure that binds to hydrophobic stretches in
the nascent chains of most cytoplasmic proteins. TF slows the
rate of cotranslational folding but increases the yield of authen-
tically folded substrates (Kaiser et al. 2011; Cabrita et al. 2016).
There is also evidence that the presence of infrequently used
codons plays an important role in the process of cotranslational
folding by stalling or slowing the rate of translation at key points
in nascent chain synthesis to allow the individual domains of
multi-domain proteins to fold before the peptide of the next
domain emerges from the exit port (Yu et al. 2015). Controlling
the rate of synthesis and cotranslational folding therefore helps
prevent illegitimate inter-domain interactions and misfolding.

For the majority of proteins that are destined for the cyto-
plasm, but which are too large to fold within ribosome exit tun-
nel, chaperones of the proteostasis network (e.g. DnaK(JE) and
GroES/EL) interact with the nascent polypeptide chains as they
emerge from the ribosome and guide them along a productive
folding pathway (Hartl et al. 2011). Misfolding occurs when the
so-called off-pathway nascent proteins fail to be recognized by
the folding pathway. Off-pathway proteins can be the result from
endogenous or exogenous stresses (e.g. heat shock, over produc-
tion, high osmolarity, etc.) or, in the case of heterologous pro-
teins, because they are perceived as ‘foreign’ and not recognized
by the chaperone systems. A major function of the proteostasis
network is therefore to prevent aberrant and often irreversible
interactions from forming and to remove them if they do (Hartl
et al. 2011).

Chaperones can promote protein folding by partitioning non-
native states. ATP binding and hydrolysis is used to switch
between folding intermediates that are detected by the presence
of surface-exposed hydrophobic amino acid residues (Hartl et al.
2011). The interaction between folding intermediates and chap-
erones helps to block proteins from aggregating and reduces the
concentration of aggregation-prone molecules. Chaperones do
this by facilitating authentic folding that ensures that hydropho-
bic residues are located within the structure of the protein (Dob-
son 2004; Balchin et al. 2016).

About a third of proteins that cannot fold spontaneously
or with the help of TF are triaged and directed to either the
DnaK/DnaJ/GrpE or GroES/GroEL chaperone systems (Santra
et al. 2017). DnaK is an abundant protein that helps facili-
tate cotranslational folding, by reducing nonproductive inter-
domain interactions, a main cause of aggregate formation. Dnak
can either release its substrates, allowing them to refold sponta-
neously, or retain them in a folding competent state before pass-
ing them on to other chaperons. DnakK acts together with DnaJ
and GrpE also forming an ATPase cycle (as described for GroEL/ES
later).

GroEL is a multi-subunit chaperone that forms a nanocage
with two cavities (Hayer-Hartl et al. 2016). Each cavity consists



of a heptameric ring of ~57 kDa subunits. GroES forms a dome-
shaped heptameric ring of ~10 kDa subunits that binds to each
end of the GroEL cylinder, forming a cage that encapsulates the
substrate protein. Extensive conformational changes that both
enlarges the ring cavity and alters its physical properties from
hydrophobic to hydrophilic allow the substrate protein to fold,
driven by intramolecular rather than intermolecular interac-
tions. Ultimately, ATP hydrolysis brings about allosteric changes
that lead to the dissociation of GroES and the release of authen-
tically folded protein. Proteins that are still incompletely folded
or misfolded may be rebound and subjected to additional fold-
ing cycles. If these are unsuccessful, the aberrant proteins can
be removed by proteolysis.

PROTEIN RECYCLING

Protein degradation is essential for the maintenance of protein
homeostasis, and the amino acids that are generated by degra-
dation are, for the most part, reused for the synthesis of new
proteins. This recycling process functions even during bacterial
growth and, as a result, protein synthesis and degradation are in
a dynamic equilibrium. However, when bacteria have consumed
the available amino acids and other nitrogen sources in the cul-
ture medium, protein turnover supports the synthesis of new
proteins that allows the cell to reconfigure its proteome to resist
stress or to differentiate into specific cell types (e.g. endospores,
motile cells, etc.). Consequently, protein turnover is critical for
the maintenance of viability during conditions of nutrient and
other stresses.

The ability to recycle the component subunits that are
present in otherwise stable macromolecules plays an impor-
tant role in cell survival. For example, ribosomes are normally
extremely stable macromolecular complexes but, under condi-
tions that lead to marked reductions in cell growth rate, the need
for large numbers of functional ribosomes decreases and they
become substrates for degradation and recycling (Okamura et al.
1973; Cohen and Kaplan 1977; Zundel et al. 2009; Akanuma et al.
2016). This is significant because ribosomes are the largest sin-
gle source of cellular proteins and, consequently, of recyclable
amino acids. As a result, under nutrient or other stress con-
ditions, entry into stationary phase is characterized by a rapid
decline in the number of active ribosomes, to the level that is
required for the maintenance of cell viability (Basturea, Zundel
and Deutscher 2011; Piir et al. 2011).

The decline in the number of ribosomes also coincides with
the appearance of translationally inactive 100S ribosomal parti-
cles, referred to a disomes. Disomes result from the dimerization
of 70S ribosomes and, being devoid of translational activity, are
often referred to as ‘hibernating ribosomes’ (Yoshida and Wada
2014; Shcherbakova et al. 2015). In Escherichia coli, the dimeriza-
tion of 70S ribosomes to form the 100S ribosome is directed by
two proteins, a short form of the ribosome modulation factor
(SRMF) and the hibernation promoting factor (Yoshida and Wada
2014; Gohara and Yap 2018). SRMF is found widely throughout
the y-proteobacteria, but less so in other groups of bacteria.
Instead, bacteria such as B. subtilis have a long form of the ribo-
some modulation factor that catalyses this interaction (Beckert
et al. 2017). Mutants that are unable to form or dissociate 100S
ribosomes are more susceptible to early death and consequently
both the formation and dissociation of 100S ribosomes require
tight temporal regulation to maintain viability.

In addition to disome formation, the absolute number of
ribosomes decreases rapidly during stationary phase, leaving a
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relatively small number of translating 70S ribosomes. The trig-
ger for ribosome degradation is the increase in free 30S and
50S ribosome subunits, resulting from the reduced translational
activity during nutrient starvation (Zundel et al. 2009). The free
ribosome subunits, with their exposed RNA interfaces, are sub-
strates for existing ribonucleases, since the synthesis of new
genes is not a requirement for degradation to proceed (Zundel
et al. 2009). In B. subtilis, while RNase II is responsible for rRNA
precursor maturation (DiChiara et al. 2016), RNase Y is responsi-
ble for rRNA degradation (Lehnik-Habrink et al. 2012; Segev et al.
2012). The ribosomal proteins released following rRNA degrada-
tion are themselves degraded by cellular proteases, as discussed
later.

Degrons

Degrons, proteolysis signal tags, have been identified at the N-
terminus, C-terminus and internal positions of bacterial pro-
teins. Degrons can either be incorporated within a native protein
sequence to specify the protein’s turnover rate or generated de
novo, either as result of proteolytic cleavage or during the prema-
ture release of a nascent polypeptide chain from the ribosome.
Proteins with degrons are generally degraded by ATP-dependent
proteases (see later). FtsH recognizes degrons directly. However,
Clp-like proteases use adaptor proteins to expand the classes
of substrates they recognize, as in the case of the ClpX adaptor
protein, which binds directly to the ‘ALAA’ motif located at the
C-terminal degron of SsrA-processed polypeptides (Moore and
Sauer 2007).

Protein stability is also determined by specific amino acid
residue at the extreme N-terminus of a protein (so-called N-
degrons), with fMet and Leu degrons being particular degrada-
tion signals in bacteria (Dougan et al. 2010; Varshavsky 2019). In
the case of the fMet degron, this is normally removed shortly
after a nascent peptide chain emerges from the ribosomal
exit tunnel. The nascent chain’s first interaction is with pep-
tide deformylase (PDF) and methionine aminopeptidase (MAP),
enzymes that oversee the removal of the N-terminal f-Met. This
occur once the chain is ~40 amino acids in length or at least
very shortly after. The fMet degron is designed to identify certain
non-native N-terminal sequences or structures, either because
they do not collapse rapidly enough in the non-native cellular
environment, or collapse into globules that impede deformyla-
tion of the N-terminal fMet by PDF. Proteins that retain the fMet
residue are then subject to proteolysis, probably by the FtsH, Lon
or ClpP-containing proteases (Sauer and Baker 2011; Piatkov et al.
2015).

Ribosomal stalling and the degradation of truncated
polypeptides

Ribosomes read and decode the genetic information encoded
by messenger RNA in the form of codons until a stop codon
is reached. Stop codons not only signal the end of the protein-
coding sequence but also serve as the binding sites for factors
that promote the release of the nascent polypeptide and the
recycling of the ribosome subunits for further rounds of transla-
tion. Messenger RNA molecules that lack appropriate termina-
tion signals, due to premature transcription termination, tran-
scription errors or the presence of rare codons, are unable to
bind release factors. This results in the accumulation of stalled
ribosomes that potentially leads to:
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* a significant loss of translational capacity, due to the seques-
tering of stalled ribosomes;

® the presence of aberrant mRNA molecules that, if not
promptly removed, could engage the ribosomal machinery in
additional futile translation cycles; and

* the presence of aberrant protein products that, if released,
might be deleterious for the cell.

Because stalled ribosomes and their peptide products reduce
the translational capacity of the cell and are ultimately lethal
(Bengtson and Joazeiro 2010), bacteria have evolved two widely
conserved mechanisms that mediate subunit recycling, tem-
plate mRNA degradation and nascent peptide chain proteol-
ysis (Moore and Sauer 2007; Janssen and Hayes 2012; Defe-
nouillére and Fromont-Racine 2017; Joazeiro 2017). These are the
trans-translation system, mediated by transfer messenger RNA
(tmRNA) and SmpB, and the stop-codon-independent peptide
release, mediated by the RqcH/YabO system (Fig. 1).

The SmpB/tmRNA system consists of the SmpB protein and
the RNA product of the ssrA gene that encodes a hybrid transfer-
messenger (tm)RNA molecule (Fig. 1). The tmRNA molecule con-
tains both a tRNA-like structure at its 5" end and an internal
reading frame encoding a 15-residue-long peptide ‘tag’ at its
3 end (Karzai et al. 2000; Wiegert and Schumann 2001). The
SmpB/tmRNA system recognizes and rescues stalled ribosomes
by removing the nascent peptide from the ribosome, allowing
the aberrant mRNA to be released and its subunits to disso-
ciated to reinitiate translational activity. It does this by shift-
ing the translation of the nascent peptide from the defective
mRNA molecule to the coding sequence encoded by the mes-
senger component of tmRNA. During this process, the tmRNA
binds to the empty ‘A’ site in the PTC of ribosomes stalled at
the 3’ end of aberrant mRNAs. The alanine-charged tRNA moi-
ety of tmRNA is then covalently bonded to the C-terminus of the
incomplete nascent-polypeptide, while the open reading frame
in its mRNA moiety allows the ribosome to resume translation,
to terminate appropriately and be released. The released peptide
has an in-frame C-terminal peptide proteolysis tag (i.e. degron)
and, consequentially, the aberrant mRNA molecules and their
aberrant/incomplete polypeptide product are targeted for degra-
dation (Moore and Sauer 2007; Janssen and Hayes 2012). In B.
subtilis, the translated tmRNA open reading frame encodes a
15-residue-long peptide degron (AGKTNSFNQNVALAA), the so-
called SsrA tag, that targets the peptide to the ClpXP protease
(Dulebohn et al. 2007; Moore and Sauer 2007; Janssen and Hayes
2012).

While the SmpB/tmRNA system is unique to eubacteria, the
ribosome-associated protein quality control (RQC) pathway is
present in all domains of life (Bradmann and Hegde 2016; Lytvy-
nenko et al. 2019). The RQC pathway provides an alternative
proteolytic pathway in which stalled ribosomes are split by
as yet unknown rescue factors, producing 50S subunits that
remain obstructed with peptidyl-tRNA (Burroughs and Aravind
2014). Recent work on B. subtilis has shown that RqcH and
YabO are functional components of the RQC pathway that sense
the incomplete peptide, allowing charged tRNA*®? to tag the
nascent chains with an untemplated C-terminal Ala tail (Lytvy-
nenko et al. 2019; Crowe-McAuliffe et al. 2020). YabO detects
50S-peptidyl-tRNA complexes by binding to peptidyl-tRNA at
the P-site, freeing the A-site for RqcH to deliver Ala-tRNAAR,
Cycles of YabO binding and dissociation drive the processivity
of alanine tailing (Crowe-McAuliffe et al. 2020), and the resulting
homopolymeric Ala peptide functions as a degron proteolysis

tag, targeting the peptide to the ClpXP protease for degradation
(Fig. 1).

INTRACELLULAR PROTEASES

In B. subtilis, 14 proteases have been identified as being located
and active in the cytoplasm of vegetative cells (Table 1). Only
one of these proteases, namely Prp responsible for processing
ribosomal protein 127, is essential (Wall et al. 2017). However,
defective mutants in some of the other proteases exhibit phe-
notypic traits that are likely to affect growth and productivity.
The intracellular proteases include: the AAA+ (ATPases associ-
ated with diverse cellular activities) proteolytic machines that
are key components of the cellular proteostasis network; pro-
teases such as LonA and IspA that are induced in response to
stresses that damage proteins (e.g. heat, oxidative stress) and
repressed in the presence of branched chain amino acids; pro-
teases that perform specific regulatory or processing functions.
Each of these proteases and their known activities are described
later.

AprX serine protease

AprX (48 kDa) is an intracellular serine protease with a pep-
tidase S8 domain that shows 33% identity to AprE (subtilisin
E), the major extracellular protease of B. subtilis (Valbuzzi et al.
1999). AprX is not essential for either growth or sporulation.
The aprX gene is 1326 bp in length and transcription analy-
sis indicates that it is expressed in stationary phase. Unlike
that of aprE, expression of aprX is not dependent on transition
state regulators such as DegU, DegQ, AbrB, SinR and Hpr, but is
instead a member of the LexA regulon, induced as part of the
SOS response. It is therefore likely to be involved in the degra-
dation of oxidatively damaged proteins. AprX has been detected
in the culture medium at late stationary phase, presumably the
result of autolysis. Consequently, deletion of the gene encod-
ing AprX reportedly reduces the degradation of secreted heterol-
ogous protein at the later stages of cultivation (Kodama et al.
2007).

Clp proteases

Bacillus subtilis encodes a number of Hsp100 family proteases,
namely Clp (ClpC, CIpE, ClpP, ClpQ, ClpX and ClpY), Lon (LonA
and LonB) and FtsH (Hayer-Hartl et al. 2016; Olivares et al. 2016,
2017). The Clp proteases are discussed in detail in this section
while the Lon and FtsH proteases are discussed in separate sec-
tions later.

Clp-controlled proteolysis plays a significant role in the B.
subtilis cellular proteostasis network, particularly under stress
conditions (Ogura and Wilkinson 2001; Erzberger and Berger
2006; Sauer and Baker 2011). Clp proteases form large barrel-
shaped hetero-oligomeric complexes that disassemble and then
degrade damaged, misfolded or aggregated proteins (Weber-Ban
et al. 1999; Wickner et al. 1999). The complexes consist of a hex-
americ ATPase unfoldase component and a proteolytic com-
ponent. The ATPase components are members of the AAA+
(ATPases associated with various cellular activities) protein fam-
ily (Neuwald et al. 1999).

Clp-mediated proteolysis is irreversible and therefore a com-
bination of sequence tags (e.g. degrons), adapter proteins and
Clp-complex architecture ensure the specificity of this degra-
dation machinery. The specific sequence tags and/or adaptor
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Figure 1. The processing and release of nascent peptide chains from stalled bacterial ribosomes in B. subtilis. The SmpB/tmRNA system tags the nascent peptide chain
with a 15-residue-long peptide degron, while the RqcH/YabO system generates an alanine tail. Both C-terminal extensions target the resulting peptides for degradation

by CIpXP.

proteins are necessary for the recognition, selection and prepa-
ration of substrate proteins for degradation by the AAA+ pro-
tease complexes. The synthesis and activity of adaptor proteins
can be regulated by a variety of mechanisms and input sig-
nals. For example, adaptor protein activity can be controlled by
sequestration, proteolysis, posttranslational modification or by
anti-adaptor proteins (Kirstein et al. 2009; Sauer and Baker 2011,
Battesti and Gottesman 2013; Kuhlmann and Chien 2017; Yeom
et al. 2017). In B. subtilis, MecA, YpbH and McsB are adaptor pro-
teins for ClpC, YjbH and CmpA for ClpX, and SmiA for LonA
(Kirstein et al. 2009; Mukherjee et al. 2015; Tan et al. 2015; Elsholz
et al. 2017). The adaptor proteins of ClpC not only recognize sub-
strate proteins, but also facilitate the activation of the ClpC hex-
amer, which in turn facilitates the subsequent formation of the
functional protease complex. In the absence of their substrates,
these adaptor proteins are themselves degraded, which leads to
the inactivation of ClpC-ClpP proteolytic complex. This regula-
tory mechanism is designed to curb the activity of the ClpCP pro-
tease when potential substrates are not present (Kirstein et al.
2006). A specific targeting mechanism for directing proteins to
the ClpC-ClpP complex has been identified in B. subtilis (Schmidt
et al. 2014; Trentini et al. 2016). This involves the phosphoryla-
tion of arginine residues by the McsB kinase. The docking site
for phosphoarginine is located in the amino-terminal domain of
the ClpC ATPase. Phosphoarginine therefore functions as a bona
fide degradation tag for the CIpC-CIpP protease, a tagging system
that is widely distributed across Gram-positive bacteria.

The unfoldase and protease components of the Clp com-
plexes work together in the presence of a suitable substrate.
An exposed segment of the substrate, often the degron tag,
binds to an axial pore in the unfoldase domain of the complex.
Because the axial entry pore is too narrow, even for small pro-
tein, the substrate needs to be dis-assembled and spooled into
the unfoldase compartment as a more or less unstructured pep-
tide strand (Fig. 2). This dis-assembly is mediated by the ATPase
components (ClpC, ClpE, ClpX or ClpY) that use the mechani-
cal energy generated by ATP binding and hydrolysis to facilitate
the translocation of the substrate into the unfoldase compart-
ment and thereafter the protease compartment (Horwich et al.
1999; Sauer and Baker 2011). Proteolysis is carried out by the
partner protease, ClpP or ClpQ. ClpP colocalizes with ClpC, CIpE
or ClpX, while ClpQ colocalizes with ClpY (Gottesman 1996; Gri-
maud et al. 1998; Wickner et al. 1999; Singh et al. 2000; Hartl et al.

2011; Mogk et al. 2011). In some instances, the unfoldase com-
ponents, uncoupled from their cognate protease component,
can function together with refolding chaperones to disassem-
bly misfolded or aggregated proteins to mediate their refolding
(Sauer and Baker 2011).

Clp proteins have important roles in many cellular processes,
including stress responses, competence, sporulation, motility,
swarming and biofilm formation. Consequently, mutations in
the genes encoding the Clp proteins show a variety of pheno-
types: clpC mutants reduce sporulation efficiency, show delayed
entry into sporulation, reduced stress tolerance (Kriiger et al.
1994; Turgay et al. 1997; Turgay et al. 2001; Meeske et al. 2016;
Moliere et al. 2016); clpP and clpX mutants are nonmotile and
show increased thermotolerance due to the increased stability
of Spx and thus increased expression of trxA; clpQ and clpY show
impaired swarming motility (Runde et al. 2014; Moliere et al.
2016). Deletion of the ClpXP complex improved the expression
levels of signal peptidases SipS, SipT, SipV and Lps, leading to
overproduction of the B. amyloliquefaciens «-amylase, AmyQ, in
B. subtilis (Pummi et al. 2002).

ImmA metalloprotease

The mobile genetic element ICEBs1 is an integrative and con-
jugative transposon found in B. subtilis. ICEBs1 gene expression
is repressed by ImmR, an Xre-type repressor of the immR-immA-
int operon (Bose et al. 2008; Bose and Grossman 2011). ImmR
repression is relieved by is cleavage by ImmA, a 19 kDa metallo-
protease that specifically targets this repressor. ImnmA-mediated
proteolysis of ImmR, leading to derepression of ICEBsl gene
expression, can be increased by: (i) increasing the amount of
ImmA and (ii) increasing the specific activity of ImmaA, as both
Rapl and RecA appear to do by an as yet unknown mechanism
(Bose and Grossman 2011). There is little evidence that deletions
in ImmA increase protein production.

IspA serine protease

IspA is a 34 kDa intracellular member of the subtilisin family of
serine proteases. As a member of the CodY regulon, its expres-
sion is repressed during growth in the presence of branched
chain amino acids (Barbieri et al. 2015). Originally thought to be
essential for sporulation, it is now thought that IspA plays a key
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Table 1. Intracellular proteases of B. subtilis.

Protein Activity Location Regulon Protein family Koo mutants?
AprX Alkaline serine protease Intracellular LexA, SigA Peptidase S8 BKE/BKK17260
ClpC AAA unfoldase, ATPase Intracellular— CtsR, SigM, SigA, ClpA/ClpB BKE/BKK00860
subunit of the ClpC-ClpP colocalization with SigB, SigF, Spx
protease, directs proteins ClpP
phosphorylated on arginine
residues to ClpP
CIpE AAA unfoldase, ATPase Intracellular— CtsR, SigA ClpA/ClpB BKE/BKK13700
subunit of the CIpE-ClpP colocalization with
protease (class III stress ClpP
gene)
ClpP ATP-dependent Clp serine Intracellular— Cts, SigA, SigB Peptidase S14 BKE/BKK34540
protease proteolytic subunit colocalization with
(class III heat-shock protein) ClpX
ClpQ Two-component Intracellular— Cody, SigA Peptidase T1B BKE/BKK16150
ATP-dependent serine colocalization with
protease ClpY
ClpX AAA unfoldase, Intracellular— Cts, SigA, SigB ClpX chaperone BKE/BKK28220
ATP-dependent Clp protease, colocalization with family
ATP-binding subunit (class ClpP
III heat-shock protein)
Clpy Two-component Intracellular— Cody, SigA ClpX chaperone BKE/BKK16160
ATP-dependent protease, colocalization with family
ATPase subunit ClpQ
ImmA A site-specific Intracellular ImmR Unknown BKE/BKK04810
metalloprotease that
degrades ImmR
IspA Serine protease—a major Intracellular Cody, SigA peptidase S8 BKE/BKK13190
component of the
degradome
LonA Class III heat-shock Intracellular— CtsR, SigA Peptidase S16 BKE/BKK28200
ATP-dependent serine nucleoid
protease
LonB Lon-like ATP-dependent Intracellular SigF Peptidase S16 BKE/BKK28210
serine protease involved
sporulation
MlpA Metallopeptidase, involved Intracellular Not known Peptidase M16 BKE/BKK16710
in regulation of protease
gene expression
Prp Cysteine Intracellular Stringent response Unknown None
protease—N-terminal
cleavage of ribosomal
protein L27
YpwA Carboxypeptidase, Intracellular Not known peptidase M32 BKE/BKK22080
metalloprotease

2Koo et al. (2017).

role in precise protein processing when the cell enters the sta-
tionary phase (Lee et al. 2004). A 2D gel electrophoresis analy-
sis of the intracellular proteome of IspA mutant indicates that,
among others, ClpC, EF-Tu, SpollE and XkdX are physiologically
relevant substrates of this protease (Lee et al. 2004).

There is little evidence that deletions in ispA increase recom-
binant protein production per se, except for a report that a mul-
tiply deleted strain DB431, with deficiencies in the aprE, npr, epr,
mpr, ispA and bpr genes leading to an approximate doubling of
the concentration of the single chain antibody scFv compared
with the wild-type strain (Lakowitz et al. 2018). However, it is not
possible to ascribe this increase specifically to a lack of IspA. It
should be noted that in the literature, the gene name ispA has
also been used for farnesyl pyrophosphate synthase, involved in

the methyl erythritol phosphate pathway, and for geranyltrans-
ferase, involved in peptidoglycan synthesis (synonym yqiD).

LonA/B ATP-dependent serine proteases

The Lon paralogues, LonA and LonB, are hexameric AAA+ pro-
teases, in which the ATPase domain and the protease domain
are present on a single polypeptide chain (cf. the two-component
Clp proteases). The proteolytic domains of LonA and LonB are
serine-lysine hydrolases, however, the intramolecular environ-
ments in which catalytic sites are located are different, due to
the presence of additional domains. LonA has an additional
domain at the N terminus while the additional domain in LonB
is within the AAA+ module. The extended N-terminal region of
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Figure 2. The Clp complex consists of unfolding and protease chambers that function together in the presence of a suitable substrate. The substrate, often with a
degron tag, binds to the axial pore in the unfoldase domain and is spooled into the unfoldase compartment by the ATPase components (ClpC, CIpE, ClpX or ClpY),
using energy from ATP binding and hydrolysis. From here, the unfolded substrate is channelled to the protease chamber where proteolysis is carried out by the partner

protease, ClpP or ClpQ.

LonA includes a domain referred to as HI(CC) (helical inserted
with a coiled-coil fragment). The HI(CC) domain is formed exclu-
sively by «-helices and reminiscent of the structure of the H1
domain of the first AAA+ module of ClpB chaperones (Rotanova
et al. 2019).

LonA is an 86 kDa adaptor regulated class IIl heat-shock ATP-
dependent serine protease, a member of the CtsR regulon. LonA
does not appear to have a significant role in the degradation
of misfolded proteins (Riethdorf et al. 1994; Schmidt et al. 1994;
Serrano et al. 2001), except perhaps under heat stress. This is
reflected in its different cellular location compared with Clp pro-
teases (Simmons et al. 2008).

LonA is involved in the switch from swimming to swarming
motility on surfaces, which is accompanied by the hyperflagel-
lation of the swarming cells (Kearns 2010). The transcriptional
activator SwrA determines the number of flagella in B. subtilis
cells (Mukherjee and Kearns 2014) and the transition from swim-
ming to swarming is controlled by the regulated proteolysis of
SwrA, which in swimming cells is targeted for degradation by
LonA and its adaptor protein SmiA (Mukherjee et al. 2015). As a
result, mutants in lonA show the presence of pre-differentiated
swarmer cells in liquid medium.

LonA is not upregulated in cells overproducing an insoluble
heterologous protein, namely PorA, an outer membrane protein
from Neisseria meningitidis (Jiirgen et al. 2001), and there is little
evidence in the literature that deletions in lonA increase heterol-
ogous protein production.

LonB is a member of the SigF regulon and is localized to the
forespore membrane early in sporulation and to the whole fore-
spore during later stages of the process (Serrano et al. 2001; Sim-
mons et al. 2008).

MIpA metalloprotease

MIpA is a 46 kDa metallopeptidase, a member of the peptidase
M16 family. There is evidence that MIpA is involved in the
regulation of extracellular protease gene expression, since
inactivation of the mlpA gene results in a fivefold increase in the
level of proteolytic activity in the growth medium (Bolhuis et al.
2000). Expression of the aprE promoter was strongly increased
in a AmlpA mutant, indicating that MIpA acts to negatively
regulate the expression aprE, independently of DegU, a key

regulator known to influence aprE transcription (Smith 1993).
MIpA may function either by binding to the upstream sequences
of the aprE gene, thereby acting as a repressor or by modulating
the activity of a transcriptional regulator of aprE through
proteolysis. However, the absence of a helix-turn-helix motif in
MIpA makes the latter more likely. This potentially interesting
observation appears not to have been followed up. While the
AmlpA mutant increases extracellular protease activity, and is
therefore likely to reduce the recovery of some extracellular
products, there is currently no evidence that the upregulation
of mlpA improves heterologous protein production.

Prp cysteine protease

Prp is a 12 kDa cysteine protease, required for N-terminal post-
translational cleavage of ribosomal protein L27. Prp is widely
conserved among bacteria encoding the L27 N-terminal exten-
sion (Wall et al. 2017). Prp is regulated as part of the strin-
gent response regulon that responds to nutrient starvation.
Prp is reported to be essential in Staphylococcus aureus (Wall
et al. 2017) and likely to be essential in B. subtilis since it
was not possible to generate a prp knockout mutant (Koo
et al. 2017).

YpwA metalloprotease

YpwA is a 58 kDa M32 family peptidase with carboxypeptidase
activity (Lee et al. 2009). It releases a C-terminal amino acid from
proteins with broad specificity, excepting for X-Pro (Lee et al.
2009). There is little evidence in the literature that deletions in
ypwA increase heterologous protein production.

MEMBRANE PROTEASES

In B. subtilis, 22 proteases have been identified as being active in
the cell membrane of vegetative cells (Table 2). None are essen-
tial for growth and there is little evidence that the deletion of
membrane or membrane-associated proteases impacts on the
production of heterologous protein, except for the HtrA-like ser-
ine proteases.
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ComC aspartic protease

ComC is a 26 kDa A24 family aspartic protease with prepilin
leader peptidase and N-methyltransferase activities. ComcC is a
member of the large ComK regulon that regulates competence
development (Mann et al. 2013). It is a late competence gene
and is required for the processing and translocation of type IV
prepilin-like competence proteins: ComGC, the main pilin com-
ponent and ComGD, ComGE and ComGG, the minor components
(Mann et al. 2013). ComC cleaves a -Gly-|-Phe- bond to release
an N-terminal, basic peptide of 5-8 residues from the prepilin,
and then N-methylates the resulting N-terminal phenylala-
nine group, using S-adenosyl-L-methionine as the methyl donor
(Chen et al. 2006). A second membrane located enzyme, BdbDC,
generates an intramolecular disulfide bond in ComGC prior to
pilin assembly. There is no evidence that deletions in comC affect
heterologous protein production.

CtpA, CtpB and DdcP serine proteases

CtpA (51 kDa peptidase S41la), CtpB (53 kDa, peptidase S41a)
and DdcP (39 kDa, peptidase S16) are carboxy-terminal pro-
cessing serine proteases. Although unrelated, CtpA and DdcP
are both DNA damage checkpoint recovery proteases. They are
membrane-associated proteins with an extracellular protease
domain. Deletion of the genes encoding CtpA and DdcP leads to
the accumulation of the DNA damage checkpoint protein YneA,
a small membrane bound inhibitor that delays cell division and
thereby provides a time frame during which damaged chro-
mosomes are repaired (Burby et al. 2018, 2019). CtpA and CtpB
specifically recognize a C-terminal tripeptide, X-Y-Z, in which
X is preferably Ala or Leu, Y is preferably Ala or Tyr, and Z is
preferably Ala. However, it cleaves at a variable distance from the
C-terminus. In contrast, DdcP (synonym YIbL) contains a trans-
membrane domain, a Lon protease domain and a PDZ domain
(Burby et al. 2018).

CtpB, a paralogue of CtpA, is located in the intracellular space
between the mother cell and the forespore. CtpB is a member
of the SigE and SigG regulons and is responsible for the cleav-
age and inactivation of SpoIVFA, an inhibitor of the metallopro-
tease SpolIVFB responsible for activating the sporulation specific
sigma factor, SigK (Sun et al. 2021). There is no evidence that
deletions in ctpA, ctpB or ddcP affect heterologous protein pro-
duction.

FtsH ATP-dependent metalloprotease

FtsH is a 71 kDa membrane-associated FtsH AAA+ ATPase fam-
ily metalloprotease that forms a hexameric barrel-like com-
plex with ATPase and protease domains. FtsH is involved in
cell division, sporulation initiation, biofilm formation, cell enve-
lope stress and heat shock (class III). FtsH appears to be directly
involved in protein quality control, since deletion of ftsH causes
pleiotropic effects, such as salt stress, defective biofilms and
heat sensitivity (Deuerling et al. 1995, 1997). FtsH has also been
shown to degrade tmRNA-tagged peptides (Herman et al. 1998;
Dulebohn et al. 2007) The FtsH protease is restricted to protein
substrates that are locally available and have low thermody-
namic stability and, as a result, FtsH appears to have a nar-
rower specificity than ClpXP and ClpAP (Herman et al. 2003). FtsH
recognizes an N-terminal degradation tag on the SpollE phos-
phatase, involved in the control of Sigma F activity. It is the dif-
ferential degradation of SpollE in the mother cell but not the fore
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spore that leads the accumulation of this protein in the latter
compartment.

The secretion of bulk exoproteins was severely impaired in
a ftsH null mutant after entry into stationary phase. While the
activity of «-amylase increased upon entry into stationary phase
in both the wild type and the ftsH mutant, the activity of subtil-
isin (AprE) was prevented at the level of transcription, presum-
ably due in part to the failure to synthesize appropriate amounts
of Spo0A in the ftsH null mutant (Deuerling et al. 1997).

The location of FtsH at the cytoplasmic membrane means
that it is well suited to the degradation of membrane proteins
and, in E. coli at least, three quarters of the substrates identi-
fied by in vivo trapping are located in this membrane (Arends
et al. 2016). A good example is that of SecY, a component of the
SecYEG protein translocase. When the concentration of SecY
was significantly higher than that of SecE or when SecE is under
expressed, the fraction of the SecY that is not interacted with
SecE is rapidly degraded. The role of FtsH in the degradation
of SecY has been identified by both in vivo substrate-trapping
and mutation analysis. Overproduction of SecY in a ftsH mutant
affected both cell growth and protein export, indicating that the
removal of uncomplexed SecY is important for optimal protein
export and membrane the integrity (Kihara et al. 1995). However,
it has not been established experimentally whether FtsH simi-
larly controls the level of SecY in B. subtilis.

HtpX metalloprotease

HtpX is a 33 kDa peptidase M48B family metalloprotease that
has been implicated in membrane protein quality control in
response to stress. Expression of the htpX gene is negatively con-
trolled by both Rok and the novel transcriptional regulator, YkrK.
However, its induction in response to heat stress appears to be
due to transient negative control mediated by SigB in a Rok- and
YkrK-independent manner (Lin et al. 2012). The activity of HtpX
partially overlap with that of FtsH (Sakoh et al. 2005; Marciniak
et al. 2012). While the absence of FtsH or HtpX alone does not
impair the viability at high temperatures, the absence of both
FtsH and HtpX caused a severe growth defect. This triple neg-
ative control at high temperatures may help to avoid uncon-
trolled and potentially detrimental over synthesis of HtpX (Lin
et al. 2012). While heat stress could be a factor in industrial fer-
menters, there is no evidence in the literature that deletions in
htpX affect heterologous protein production.

HtrA-like (HtrA, HtrB, HtrC) serine proteases

Bacillus subtilis encodes three peptidase S1C family HtrA-like
serine proteases, namely HtrA (48 kDa), HtrB (49 kDa) and
HtrC (43 kDa). All are membrane anchored with their protease
domains located on the trans side of the membrane. HtrA and
HtrB are protein quality control proteases that scan secretory
proteins at the membrane/wall interface and in the wall for
structural authenticity (Darmon et al. 2002; Pohl and Harwood
2010). Misfolded or slowly folding proteins are rapidly degraded
to prevent interference with cell-wall growth (Jensen et al. 2000;
Harwood and Cranenburgh 2008). Although the genes encod-
ing these proteases can be deleted individually without major
effects on cell physiology, strains in which both the htrA and htrB
genes are deleted exhibited a significant reduction in viability
and are prone to accumulating suppressor mutations (Darmon
et al. 2002). However, the htrA/htrB double mutant is more stable
in the absence of the seven extracellular ‘feeding proteases’ (see
later), for reasons that are not fully understood (Pohl et al. 2013).
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The importance of the HtrA and HtrB became apparent when
the expression of htrC was monitored. The absence of these pro-
teases leads to a marked increase in htrC expression, indicat-
ing that the accumulation of misfolded secretory proteins at the
membrane-wall interface interferes with cell-wall biosynthesis
and activates the wall stress-induced WalR operon, in which htrC
is located (Hyyryldinen et al. 2001; Noone et al. 2001; Pohl et al.
2013).

Increased levels of HtrA and HtrB produced are produced
at the end of exponential growth, possibly because they are
predicted to have chaperone activity (Antelmann et al. 2003),
although this has yet to be experimentally confirmed. However,
the production of these proteases is regulated by the CssR/CssS
two-component signal transduction system in response to
secretion stress and other stresses such as heat stress and the
presence of slowly folding or misfolded proteins. For example,
when the native xylanase (XynA) and the Geobacillus stearother-
mophilus «-amylase (AmyM) are overexpressed in B. subtilis from
identical expression vectors, the htrA gene was upregulated in
the latter but not the former (Cruz 2016; Ploss et al. 2016). It is not
clear why the production of an «-amylase from a related species
causes stress in B. subtilis under conditions when the native
protein does not. A possible explanation is that the kinetics
of a-amylase folding is slow following membrane translocation
and that the CssR-CssS regulatory pathway responds rapidly to
the presence of hydrophobic residues that would not normally
be exposed at the surface of an authentically folded protein
(Stephenson et al. 2000). Transcriptionally linking green fluores-
cent protein (GFP) (or similar reporters) to the htrA promoter and
inserting on to the chromosome at an ectopic location provides
a useful reporter system for identifying heterologous secretory
proteins that are not well tolerated by the B. subtilis secretion
pathway.

HtrC is a member of the WalR and Sigma G regulons. It is
anchored to the cytoplasmic membrane by a single domain, with
the protease moiety on the trans side of the membrane. HtrC is
also found at the inner spore membrane where it is responsi-
ble for the processing of the spore protein YpeB to a stable form
during the early stages of germination. The stable incorpora-
tion of SleB, a spore cortex-specific lytic enzyme, requires YpeB,
and evidence suggests that the two proteins interact within the
dormant spore to stabilize each other. In the absence of HtrC,
YpeB fails to stabilize during spore formation when its inter-
action partner was missing, indicating that other proteases are
involved in their degradation during sporulation (Bernhards et al.
2015). The htrC gene is also part of the walR-walK-walH-wall-walJ-
htrC operon and is therefore also likely to be induced in response
to cell wall stress sensor system, WalRK, as was predicted in the
case of the htrA/htrB double mutation mentioned earlier (Pohl
et al. 2013).

In summary, decreasing the level of HtrA-type quality con-
trol proteases generally result in growth defects that seem to
outweigh any potential benefits to enhancing protein secretion.
This is presumably because misfolded protein that accumulate
at the membrane/cell wall interface due to the absence of qual-
ity control are likely to interfere with cell wall biosynthesis and
therefore growth, resulting on the one hand in increased cell
lysis and, on the other, in the accumulation of suppressors (Dar-
mon et al. 2002).

LspA type II signal peptidase

LspA is a type II signal peptidase responsible for the removal
of signal peptides from lipid-modified preproteins (Pragai et al.

1997; Tjalsma et al. 1999). LspA is a 17.3 kDa A8 family aspar-
tate peptidase with four membrane-spanning «-helices and a
B-cradle located at the trans side of the membrane. It has a num-
ber of conserved aspartate and asparagine residues, with Asp111
and Asp129 likely to form the active site catalytic dyad (Voge-
ley et al. 2016). Lsp recognizes a conserved tetrapeptide recogni-
tion site, the Lipobox, at the C-termini of lipoprotein signal pep-
tides (Leu-Ala/Ser-Gly/Alaf3Cys). The g-Leu-g-Ile-g-Ser tripeptide
of globomycin mimics the first three residues of the LspA recog-
nition site, inhibiting its catalytic activity. Cleavage generates a
Cysresidue at the N terminus of the mature protein that is diacyl
modified to facilitate attachment to the trans side of the mem-
brane.

PrsW regulatory metalloprotease

PrsW is a 26k Da zinc-dependent metalloprotease responsi-
ble for the specific intramembrane proteolytic (RIP) cleavage of
the anti-sigma factor RsiW, that in turn moderates the activity
of the extracytoplasmic function (ECF) sigma factor W (SigW).
The resulting induction of the SigW regulon allows the cell to
adapt to the presence of membrane active peptides such as
polymyxin and D-cycloserine. PrsW-regulated intramembrane
proteolysis (RIP) removes 40 amino acids by cleaving between
residues Ala168 and Ser169 of the extracytoplasmic domain of
RsiW (Heinrich, Hein and Wiegert 2009; Heinrich and Wiegert
2009). Subsequent degradation takes place in the cytoplasm
by Clp peptidases. PrsW does not show obvious similarities to
other protease family proteins and instead shows similarities
to proteins in the Clusters of Orthologous Group (COG) 1266,
that share conserved sequence motifs with the eukaryotic type
II CAAX prenyl endopeptidase family proteins (Ellermeier and
Losick 2006), themselves part of a superfamily of membrane-
embedded metalloproteases (MEM-superfamily).

RasP regulatory metalloprotease

RasP is a 47 kDa regulatory metalloprotease that cleaves FtsL
(Bramkamp et al. 2006), involved in cell division, and anti-sigma
factors RsiV and RsiW (Ellermeier et al. 2006). Removing the anti-
sigma activities of RsiV and RsiW means that the cells are able
to conduct SigV- and SigW-activated RIP. RasP also appears to
have a role in controlling the amounts of the quality control
proteases HtrA and HtrB and in the degradation of signal pep-
tides following their release by signal peptide peptidases (Park
and Schumann 2015). RasP mutants are unable to activate SigW,
and therefore have defects in cell division.

The deletion of the gene encoding RasP led to elevated lev-
els of FtsL, HtrA and HtrB, but compromised the production of
a number of other membrane proteins (Bramkamp et al. 2006;
Zweers et al. 2009). The rasP deletion mutant also affected the
processing of the AmyQ «-amylase of Bacillus amyloliquefaciens,
AmyE of B. subtilis, AmyL of Bacillus licheniformis and the serine
protease BPN’ of B. amyloliquefaciens (Heinrich et al. 2008, 2009;
Neef et al. 2017). However, enhanced expression of rasP over-
comes the negative effects associated with the secretion of Prop-
erase (Danisco US Inc, Palo Alto, Ca, US), a subtilisin variant of
Bacillus clausii, and an engineered «-amylase from Paenibacillus
curdlanolyticus that belongs to the AmyAc family—in the latter
case, boosting production up to 10-fold (Neef et al. 2017). It there-
fore appears that in some contexts, manipulating the expression
of RasP can benefit the production of certain heterologous pro-
teins.



SipS,T,U,V,W type I signal peptidases

Strains of B. subtilis encode a number of type I signal pepti-
dases, some of which are plasmid encoded. However, B. sub-
tilis strain 168 encodes five type I signal peptidases, namely
SipS (21kDa), SipT (22kDa), SipU (21kDa), SipV (19kDa) and SipW
(21kDa), all of which are chromosomally encoded and members
of the peptidase S26 protein family. Their role is to cleave the
signal peptides of secretory preproteins to facilitate the release
of the mature protein from the membrane. They do this by rec-
ognizing an Ala-X-Ala motif at the signal peptidase recogni-
tion site, located at positions —3 to —1 relative to the start of
the mature protein. While SipS and SipT, SipU and SipV are P-
type signal peptidases, SipW is atypical, and more related to ER
(endoplasmic reticulum) type signal peptidases (Tjalsma et al.
1998). Although P-type I signal peptidases are serine proteases,
they are unusual in having a Ser-Lys dyad (Ser43 and Lys83 in
SipS) at the active site, rather than the more usual Ser-His-Asp
catalytic triad (Ekici et al. 2008).

SipS and SipT, SipU and SipV have overlapping substrate
specificities and are not individually essential. However, cell
lacking both SipS and SipT are not viable. SipW is more sub-
strate specific and is discussed separately later. SipS and SipT
are regarded as the major signal peptidases and are highly
expressed under all conditions. SipS is a member of the SigA
regulon and is upregulated in minimal medium during glucose
starved stationary phase. SipT is a member of the DegU regu-
lon, but is actually slightly down regulated in minimal medium
during glucose starvation. SipU and SipV are minor signal pep-
tidases and their expression is both lower and more variable.
SipU is a member of the SigA regulon and is down regulated dur-
ing sporulation and glucose starvation. SipV is a member of the
LexA regulon and its expression is increased in the presence of
hydrogen peroxide and diamide.

The ER-type SipW is a member of the RemA, SpoOA, AbrB,
LutR and SinR regulons. Site directed mutagenesis indicates that
the triad Ser47, His87 and Asp106 is essential for catalytic activ-
ity (Tjalsma et al. 2000). Unlike the P-type signal peptidases,
SipW is highly substrate specific. It is transcribed as part of the
tapA-sipW-tasA operon, and catalytically active SipW is required
for the incorporation of mature TasA into spores (Erskine et al.
2018). Moreover, SipW is a bifunctional protein since, in addition
to its role in TasA translocation, it was found to activate biofilm
matrix genes specifically when cells were on a solid surface. This
activity requires the presence of the C-terminal twenty amino
acid residues that, unlike the peptidase domain, is located on
the cis side of the cytoplasmic membrane (Terra et al. 2012).

SpolVFB

SpoIVFB is a spore mother cell intramembrane metallopro-
tease, a peptidase M50B family protein. It has a cystathionine
B-synthase domain that regulates access to its active site via
an adenine-based nucleotide. SpoIVFB is recruited to the outer
forespore membrane where it is responsible for activating the
sporulation-specific sigma factor, SigK, by removing its propep-
tide (Lu et al. 1995; Sun et al. 2021). SpoIVFB is controlled at the
both the transcriptional and translational level; it is a member of
the SpollID and SigE regulons and part of a complex regulatory
network that ensures its activity is tightly controlled. SpoIVFB
forms a ternary complex with SpoIVFA and BofA in which the
role of SpoIVFA is to help recruit BofA to the complex that, in
turn, inhibits the proteolytic activity of SpoIVFB. Consequently,
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degradation of BofA by CtpB (see earlier) activates SpoIVFB (Rud-
ner, Fawcett and Losick 1999; Rudner and Losick 2002).

SppA serine protease

SppA is a 37 kDa peptidase M48B family protein that cleaves the
remnant signal peptides within the membrane following signal
peptidase activity. SppA synthesis is controlled by the ECF sigma
factor, SigW, in response to cell envelope stress. SppA is essential
for the efficient translocation and processing of secretory pro-
teins. In a recent study, both nattokinase and «-amylase were
used to evaluate the functional activity of SppA in Bacillus licheni-
formis. Significant decreases in the concentrations of these pro-
teins were observed in a sppA-deficient strain, while the extra-
cellular yields of these proteins were increased in a strain over-
expressing SppA (Cai et al. 2017).

YhfN metalloprotease

YhfN is a 49 kDa peptidase M48B family metalloprotease.
TMHMM predicts YhfN to be a membrane protein with two loops
located on the trans side of the membrane. There is no relevant
information about the regulation or activity of this protease in
the published literature.

YqgP (GlpG, GluP) serine peptidase

YqgP (synonyms GlpG and GluP) is a 56 kDa intramembrane ser-
ine protease. It is a member of a group of rhomboid proteases
that cleave type-1 transmembrane domains using a catalytic
dyad composed of serine and histidine residues located on sep-
arate transmembrane domains. The yqgP gene is present in an
operon with yqgQ and glcK, the latter encoding glucokinase. In
the single study that looks at the activity of this protein (Mesak
et al. 2004), YqgP appears to have a role in glucose transport,
sporulation and cell division. The effects on glucose transport
are minor and could be due to polarity, while those on sporula-
tion are also minor and could be due to the cell division defect.
However, the effect on cell division itself appears to be signifi-
cant since the AyqgP mutants are filamentous (Mesak et al. 2004).

YqgP was recently shown to interact with FtsH and cleave
MgtE, a high-affinity magnesium transporter. This cleavage
takes place under conditions of low magnesium and high man-
ganese or zinc, protecting the cells from Mn?*/Zn?* toxicity
(Began et al. 2020). It also presents MgtE or its cleavage products
to FtsH for more extensive cleavage: while the proteolytic activ-
ity of YqgP is not needed for this activity, its unoccupied active
siteis essential. There is no evidence that deletions in yqgP affect
heterologous protein production.

YwhC metalloprotease

YwhCis a 25 kDa site-2 peptidase M50B family metalloprotease.
TMHMM predicts YWhC to be a membrane protein with three
loops located on the trans side of the membrane and two on the
cis side. There is no relevant information on this protease in the
published literature.

Extracellular proteases

Bacillus subtilis and its close relatives are major producers of
industrial enzymes, among which alkaline serine proteases are
of major commercial significance (Priest 1977; Harwood 1992).
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The main class of alkaline serine proteases isolated from B. sub-
tilis are known as subtilisins, although slightly different versions
of this protease have been purified from different isolates of B.
subtilis (e.g. Subtilisin Novo, Subtilisin BPN’, Subtilisin Carlsberg).
These enzymes were first purified in the 1960s and their cat-
alytic activities and structures have since been studied exten-
sively. Indeed, this group of enzymes was used as model proteins
for the development of protein engineering techniques, with
the objective of designing engineered variants with improved
stability and catalytic activity under a range of commercially
relevant environments (Thomas et al. 1985; Bryan 2000). The
main drivers were the development of so-called biological deter-
gents for the laundry market and the observation that the native
enzyme was rapidly inactivated by detergents at the high tem-
peratures involved. Proteases can also be classified on the basis
of: (i) pH, (ii) substrate specificity, (iii) similarity in action to well-
characterized enzymes such as trypsin, chymotrypsin and elas-
tase and (iv) active site amino acid residue and catalytic mech-
anism.

Bacillus subtilis encodes eight extracellular proteases, none of
which are essential for growth or viability (Table 3). Five of these
enzymes are serine proteases, the remaining three are metal-
loproteases. AprE (subtilisin) and NprE are the most abundant
proteases and are found in the culture medium during station-
ary phase where they contribute >95% of the extracellular prote-
olytic activity of B. subtilis. The remaining five extracellular pro-
teases (Bpr, Epr, Mpr, NprB, Vpr) and single wall-associated pro-
tease (WprA), are responsible for most of the remaining activity,
together with intracellular proteases release as a result of cell
lysis.

AprE alkaline serine protease

AprE (39 kDa), or subtilisin, is the major extracellular protease
produced by B. subtilis and is the protease that has been most
widely exploited commercially. Its regulation is extraordinarily
complex since it is regulated as part of the SinR, ScoC, AbrB,
DegU, CodY and SigA regulons (Barbieri et al. 2016). A discus-
sion of its complex regulation is beyond the scope of the current
report, except to say that, like a number of other extracellular
enzymes, its expression is upregulated in the DegU" mutant of
the DegS-DegU two-component system (Olmos et al. 1997; Mader
et al. 2002; Cairns, Hobley and Stanely-Wall 2014). The DegS-
DegU system is responsible for regulating a number of tran-
sition phase processes in addition to extracellular degradative
enzymes, including competence development and the switch
between swimming and biofilm formation. The DegU" muta-
tion stabilizes the phosphorylated form of the response regula-
tor (DegU-P), and the resulting overproduction of certain extra-
cellular degradative enzymes is widely used in their commercial
production.

While the native AprE enzyme was of commercial value
for the degradation of proteinaceous stains, its susceptibility
to detergents and temperature limited its commercial appli-
cation. As a result, variants of the enzyme were screened
for improved operational characteristics. The resulting struc-
ture/activity studies on the variants resulted in the use of AprE
as a model for the development the tools for engineering pro-
teins with improved characteristics (e.g. temperature tolerance,
detergent resistance and modified substrate specificity; Bryan
2000). AprE was the first B. subtilis protease gene to be cloned
and sequenced (Stahl and Ferrari 1984; Wong et al. 1984; Wong
and Doi 1986). The primary translation product of the aprE gene

is a 381 residue prepropeptide, consisting of a 29-residue sig-
nal peptide, a 77-residue propeptide and a 275-residue mature
protein. The Class I propeptide of AprE is essential for its rapid
posttranslocational folding (Yabuta et al. 2002). It functions by
overcoming the large kinetic barriers in the productive fold-
ing pathway and is a potent inhibitor of the enzyme’s activity
(Yabuta et al. 2001). During the translocation of the prepropro-
tein across the membrane, the signal peptide is removed in the
usual manner by a Type I signal peptidase, during or immedi-
ately following translocation. The propeptide then accelerates
post-translocational folding by stabilizing an intermediate com-
plex that provides the nucleus for folding (Gallagher et al. 1995;
Wang et al. 1998). Once proAprE is folded, the propeptide tem-
porally inhibits its proteolytic activity (Fu et al. 2000). Full sub-
tilisin activity is only achieved after proteolytic self-cleavage
and the subsequent degradation of the propeptide (Yabuta et al.
2001). In the absence of the propeptide, the protein is trapped
in a molten globular-like intermediate folding state (Wang et al.
1998). Propeptide catalysed folding and propeptide removal are
necessary for subtilisin to pass through the cell wall, presum-
ably because exposed hydrophobic residues can interact with
cell wall components (Power et al. 1986). Although propeptides
are intrinsic intramolecular chaperones, they can be provided
extrinsically to catalyse the folding of their cognate mature pro-
tein in vitro in both an intra and intermolecular fashion.

Subtilisin E has two calcium binding sites, the high-affinity
Cal site and the low-affinity Ca2 site. The Cal site is conserved
in various subtilisin-like proteases and is important for stability.
This site is not formed in Pro-subtilisin E, because the structural
rearrangement of the N-terminal region of the subtilisin domain
upon autoprocessing is necessary for the formation of this site.
As a result, Pro-subtilisin E is not fully folded (Vévodova et al.
2010; Uehara et al. 2013).

Bpr serine bacillopeptidase F

Bpr, referred to as bacillopeptidase F, is initially synthesized as
a 154 kDa prepropeptide. However, the details of the synthesis
and processing of the B. subtilis version of this enzyme in the
literature are ambiguous, with reports of two forms (33000 and
50000 kDa) being secreted by B. subtilis 168 after the end of expo-
nential growth. Initial DNA sequence analysis suggested bacil-
lopeptidase F is synthesized as a prepropeptide of 96 kDa and
processed at both the amino and carboxyl termini to generate
variants with molecular masses that range from 80 to 40 kDa
(Sloma et al. 1990). A clearer picture arises from studies on the
bacillopeptidase F from Bacillus amyloliquefaciens, a close relative
of B. subtilis (Kwon et al. 2011). The B. amyloliquefaciens bpr gene
encodes a 1431 residue prepropeptide with a calculated mass
of 155 kDa, with a 71% identity to the similarly sized primary
product of the B. subtilis enzyme. The first 30 residues are pre-
dicted to encode a signal peptide and the following 166 residues
a propeptide. The expected mass of the mature protein was
133 kDa. However, when the gene was cloned and expressed in
a strain of B. subtilis lacking bpr and five other extracellular pro-
tease genes, proteins of 90, 55 and 40 kDa were detected in the
culture medium, suggestive of further processing at both the N-
and C-termini of the protein (Kwon et al. 2011). It is not clear
if some or all of these bpr products have protease activity and
their precise roles are unknown excepting for their contribution
to feeding protease activity.

Bpr is a member of the DegU regulon and the regulatory
region of bpr contains three direct repeats of a DegU-binding



Table 3. The extracellular and wall-associated proteases of B. subtilis.
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Protein Activity Location Regulon Protein family Koo mutants?

AprE Major serine protease Extracellular SinR, ScoC, AbrB DegU, Peptidase S8 BKE/BKK10300
subtilisin E—feeding Cody, SigA
protease

Bpr Minor serine Extracellular DegU Peptidase S8 BKE/BKK15300
bacillopeptidase F

Epr Minor serine Extracellular SinR, SocC, Spo0A, Peptidase S8 BKE/BKK38400
protease—control of SigD, DegU
swarming motility

Mpr Minor metalloprotease Extracellular CodY Peptidase S1B BKE/BKK02240

NprB Minor Neutral Extracellular DegU Peptidase M4 BKE/BKK11100
metalloprotease
B—facilitates the YIT toxin

NprE Major neutral Extracellular SooC, AbrB, CodY Peptidase M4 BKE/BKK14700
metalloprotease—feeding
protease

Vpr Minor serine Extracellular CodyY, PhoP, LexA, Peptidase S8 BKE/BKK38090
protease—processing DnaA, SigH
protease

WprA Serine protease—quality Extracellular cell CcpA, YvrHb, SigA Peptidase S8 BKE/BKK10770

control protease wall associated

2Koo et al. 2017.

consensus sequence. Like a number of other extracellular pro-
teases, Bpr transcription of the bpr promoter is upregulated in a
DegU" mutant and, over time, during biofilm formation (Veen-
ing et al. 2008; Marlow et al. 2014).

Epr serine protease

Epr is a minor extracellular serine protease with a mass of
70 kDa. It is a member of the SinR, ScoC, Spo0OA, DegU and SigD
regulons and is suggested to play a role in the DegU-mediated
control of swarming motility. However, more recent evidence
suggests that Epr is not exclusive to this role and several other
extracellular proteases appear to perform the same function
(Connelly et al. 2004). The epr gene encodes a primary product
of 645 amino acids that is partially homologous to both sub-
tilisin (AprE) and the major intracellular serine protease (IspA).
Deletion analysis indicates that the C-terminal 240 amino acids
of Epr are not necessary for activity and this is consistent with
finding of active forms of the enzyme with apparent molecu-
lar masses of 34 and 40 kDa. The C-terminal region exhibits
several unusual features, including a high abundance of lysine
residues and the presence of a partially homologous sequence
of 44 amino acids that is directly repeated five times (Sloma et al.
1988). This suggests that at least a portion of the synthesized Epr
is retained in the negatively charged cell wall.

Epr is involved in cell-to-cell communication. Bacillus subtilis
uses peptide signals for communication, such as the Phr pen-
tapeptides that are secreted with short ‘pro’ domains that are
cleaved to produce the active signalling peptide. One such Phr
pentapeptide is the competence and sporulation factor (CSF),
which is formed from the inactive proCSF precursor by cleav-
age with Epr, as well as AprE and another minor serine pro-
tease, Vpr. The processed form of CSF is a secreted ERGMT pen-
tapeptide thatis transported into the cell by an oligopeptide per-
mease when the peptide reaches a critical concentration in the
environment. Once in the cytoplasm, CSF stimulates the quo-
rum response and sporulation by antagonizing RapC and RapB
activity (Lanigan-Gerdes et al. 2007). Finally, Epr, together with

WprA, are responsible for the degradation of FlgM, a SigD spe-
cific anti-sigma factor that is secreted from the cell using the
flagellar export apparatus (Calvo and Kearns 2015).

Mpr metalloprotease

Mpr is a 34 kDa metalloprotease and a negatively regulated
member of the CodY regulon. Mpr is synthesized as a pre-
propeptide (32 kDa) that is subsequently processed to the active
form (28 kDa) by removal of the signal and pro-peptide moi-
eties. While many B. subtilis extracellular proteases appear to
be activated by autoprocessing, Mpr is an exception. This is
due to its high substrate specificity for a glutamate residue
as a P1 cleavage site and the absence of this residue at the
Mpr propeptide cleavage site (Park et al. 2004). Analysis of Mpr
processing, using defined protease-deficient mutants, indicates
that bacillopeptidase F (Bpr) is required for pro-Mpr processing.
Pro-Mpr remains unprocessed in a bpr-deficient mutant and its
glutamate-specific proteolytic activity is not activated.

NprB neutral metalloprotease

NprB, neutral metalloprotease B, is a 37 kDa metalloprotease
with a role in biofilm-associated toxin sensitivity. It is a par-
alogue of NprE but produced at lower concentrations. NprB is
synthesized as an 89 kDa prepropeptide with a 28-residue sig-
nal peptide and a 195-residue propeptide. NprB is a member of
the DegU regulon.

Bacillus subtilis produces a biofilm-associated toxin (YIT), the
product of the yitM gene, and an antitoxin, the product of the
yitQ gene. The YIT toxin attacks toxin-sensitive competitor cells
by passing through the protective barriers of the biofilm and
does so with the assistance of NprB (Kobayashi and Ikemoto
2019). YIT toxin resistance is mediated by a combination of YitQ
and SigW and in their absence, but in the presence of NprB,
YIT inhibits biofilm formation. The role of NprB in this pro-
cess is not clear, since it is not involved in YIT toxin production
and the toxin is not a NprB substrate. Instead, since the biofilm
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matrix is responsible for the increased tolerance of its cells to
antibiotics and toxins, it is suggested that NprB facilitates the
migration of the YIT toxin through the polysaccharide/protein
biofilm matrix. It is likely to do this by degrading a proteinaceous
component of the biofilm, comprising the fibrous TasA protein
and the hydrophobin-like BslA protein that forms a hydrophobic
coating around the biofilm (Brandani et al. 2015; Arnaouteli et al.
2021). Since fibres of TasA are generally resistant to extracellular
proteases (Erskine et al. 2018), it is likely that NprE facilitates the
permeation of the YIT toxin through the biofilm matrix of toxin-
sensitive cells by degradation of BslA. This is, in part at least,
confirmed by the absence of a requirement for NprB in a AbslA
mutant (Kobayashi and Ikemoto 2019).

NprE neutral metalloprotease A

NprE is a 56 kDa metalloprotease and a paralogue of NrpB. It
differs from NprB mainly on the basis of is regulation, being
repressed as a member of the ScoB, AbrB and CodY regulons
(Barbieri et al. 2016). NprE is produced as a prepropeptide precur-
sor with a 27-residue signal peptide and a 194-residue propep-
tide, meaning that the mature protein is 300 residues in length.
NprE is second only to AprE as one of the major proteases found
in the stationary phase culture medium. Deletions in the genes
encoding NprE and AprE reduce the protease activity of the cul-
ture medium by 95% (Karamura and Doi 1984) and these genes
are routinely inactivated in industrial production strains. The
nprE gene is monocistronic, and consequently it is frequently
used for the insertion of expression cassettes encoding heterol-
ogous proteins.

Vpr serine protease

Vpr is a minor extracellular protease with an initial mass of
85 kDa. PreproVpr is 806 amino acids in length, with a 28-residue
signal sequence and a 132-residue propeptide. The Vpr pro-
tein has a predicted molecular weight of 68 kDa with a long C-
terminal region; however, the mature protein isolated from the
culture medium has an apparent molecular weight of 28 kDa,
suggesting that Vpr undergoes maturation by C-terminal pro-
cessing (Sloma et al. 1991). Vpr is a member of the CodY, PhoP,
LexA and DnaA regulons, indicating that it is induced under
specific environmental conditions such as phosphate starvation
(Allenby et al. 2005). The vpr gene is expressed from a SigH pro-
moter and repressed by CodY. In a CodY mutant, Vpr expression
increased 30- to 50-fold and, as a result, becomes a major com-
ponent of the extracellular proteome (Barbieri et al. 2015).

Vpr, together with Epr, is responsible for the specific process-
ing of TapA, involved in TasA biofilm fibre formation (Earl et al.
2020) by processing of two quorum sensing peptides, CSF and
PhrA (Lanigan-Gerdes et al. 2007); Vpr, together with WprA, is
also involved in the activation of the peptide antibiotic (lantibi-
otic), subtilin (Corvey et al. 2003).

WprA serine protease

WprA is a wall-associated serine protease. The WprA protease
domain has 28.5% identity to subtilisin and displays a broad sub-
strate specificity. WprA and subtilisin A have similar pH profiles,
showing optimal activity near pH 7.5 for substrates with Met,
Gln or Lys residues at P1. The primary product of the wprA gene
is a 96-kDa prepropeptide that is processed into two previously
identified cell wall proteins, namely, CWBP52 and CWBP23. The
processing of the WprA precursor during secretion accompanies

the targeting of CWBP23 propeptide and CWBP52 protease to the
cell wall (Margot and Karamata 1996; Stephenson and Harwood
1998). This processing is analogous to the maturation of another
B. subtilis cell-wall-bound protein, namely the WapA, involved
in cell contact-dependent growth inhibition (Koskiniemi et al.
2013).

Deletion of the wprA gene increases the yield of «-amylase
production by ~50% (Stephenson and Harwood 1998). It is
proposed that WprA, like that of the HtrA-like membrane-
associated proteases, is a quality control protease, clearing mis-
folded or slowly folding secretory proteins from the cell mem-
brane/wall interface and the wall itself, thereby avoiding inter-
ference with cell wall synthesis and cell elongation (Sarvas et al.
2004; Harwood and Cranenburgh 2008). WprA also appears to
have a role in controlling the levels of extracytoplasmic pro-
tein folding catalysts (e.g. PrsA, HtrA and HtrB) and autolysins
(Stephenson et al. 1999; Krishnappa et al. 2014). Together with
Epr, WprA is also responsible for the degradation of FlgM, a SigD
specific anti-sigma factor that is secreted from the cell via the
Type 3 flagellar export apparatus (Calvo and Kearns 2015).

Engineering extracellular protease-deficient strains

Generally speaking, the native extracellular proteins synthe-
sized by B. subtilis, when correctly folded (i.e. not subjected to
heat or other stresses during synthesis), are little affected by the
presence of the eight extracellular proteases. It is assumed that
their coevolution has avoided the presence of surface-exposed
protease-sensitive sites. There are exceptions, and these relate
to the activities of specific proteases that control or process
specific co-expressed extracellular proteins (e.g. degradation of
BslA by NprB, the processing of TapA by Vpr and the processing
of CSF and PhrA by Epr and Vpr). With heterologous proteins,
the situation is highly variable and dependent on the charac-
teristics of the protein itself. For example, in its native host, B.
licheniformis, virtually 100% of the synthesized a-amylase AmyL
is recovered in the culture medium. However, when this enzyme
is synthesized in B. subtilis strain 168, only ~25% of the ini-
tially synthesized enzyme is recovered in the culture medium,
where it is stable in the presence of the extracellular proteases
(Stephenson and Harwood 1998; Stephenson et al. 1998; Jensen
et al. 2000). When engineered versions of AmyL were generated,
the amount of synthesized enzyme that was recovered in the
culture medium was even lower (~5%), but was similarly sta-
ble in the presence of the extracellular proteases. It was shown
that AmyL and its variants were successfully secreted but were
rapidly degraded at the membrane/cell wall interface by the
wall and membrane located quality control proteases WprA,
HtrA and HtrB. A combination of experimental evidence indi-
cated that it was their rate of folding post-translocation that
was the main factor involved in their degradation (Stephenson
et al. 1998). Factors that influence the rate of folding, such as the
upregulation of PrsA (Kontinen and Sarvas 1993) and the absence
teichoic acid alanylation (Hyyrylainen et al. 2000), both improve
the recovery of certain heterologous proteins from the culture
medium.

In many cases, however, the presence of so many, often abun-
dant, proteases in the culture medium has limited the use of B.
subtilis for the production of heterologous proteins. Given that
B. subtilis has a secretion capacity that can lead to the accu-
mulation of a target protein at levels in excess of 20 g/L of
culture, numerous research groups and companies have devel-
oped strains in which some or all of these proteases have been
deleted. One of the pioneers of protease-negative strains was



Alan Sloma and colleagues (Sloma et al. 1989). In subsequent
years, various protease-deficient strains have been developed
and a full account of these is beyond the scope of this report.
Some of the developed extracellular protease negative mutants
have been generated by classical mutation approaches (Wu et al.
1991; Jeong et al. 2018), others by using precise nucleotide to
nucleotide precision techniques (Pohlet al. 2013; Zhao et al. 2019).
While deleting extracellular proteases can facilitate increases in
the yields of heterologous proteins, it should be borne in mind
that in addition to their roles in degrading environmental pro-
teins as a source of carbon and nitrogen, some of these proteases
play roles in quality control, cell signalling and protein process-
ing (Krishnappa et al. 2013; Pohl et al. 2013).

SUMMARY

Bacillus subtilis encodes a wide range of proteases and these
are located within the cytoplasm, the cell membrane, the cell
wall and the external milieu. In most cases, these proteases
are not essential, but their deletion is likely to affect the abil-
ity of this bacterium to compete in its natural environment.
However, the deletion of these proteases often has less impact
on this bacterium’s growth characteristics in the laboratory or
when designed specifically to improve the yield of secreted het-
erologous proteins. In many cases, individual proteases perform
specific processing functions that, for example, help to con-
trol specific aspects of metabolism and cellular behaviour. Oth-
ers of these proteases are important for protein quality control,
degrading misfolded protein that might otherwise interfere with
cell growth and physiology. As a result, there are still no ideal
strains for producing and secreting all types of heterologous pro-
teins, and suitable strains still need to be evaluated on a case-
by-case basis. Bottlenecks in secretory protein production can
occur at all stages in the secretion pathway from intracellular
misfolding, translocase blockage and rapid degradation at the
membrane/cell wall interface and in the culture medium—the
latter not only by extracellular proteases but also cytoplasmic
and membrane proteases released by cell lysis, particularly in
post-exponential cultures.
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