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Abstract

Heterologous protein production using microbial hosts is a burgeoning field of biotechnology which
promises to revolutionize many sectors of industry. This rapid innovation has been largely fueled by
fundamental knowledge combined with improved genetic engineering tools. One of the most promising
workhorses for heterologous protein expression is the Gram-positive bacterium Bacillus subtilis, favored
for its capacity to secrete large amounts of protein. In this review the molecular mechanisms behind
protein secretion in B. subtilis are discussed. First, the two main protein secretion pathways of B.
subtilis, Sec and Tat, are discussed. Subsequently, chaperone activity and extracellular proteases, and
their effect on protein secretion are dealt with. The last part of this review looks at the ways these
components have been altered by molecular biologists in recent years in order to optimize B. subtilis as
a protein expression host. Together this will provide an overview of the accomplishments made with B.
subtilis as well as the challenges remaining.



Introduction

The industrial production of proteins has become very important for the pharmaceutical and nutrition
sectors of industry. Expression of heterologous proteins with the help of microbial hosts has driven
down costs and increased production capacity of many industrially useful proteins. Still, many proteins
have not been produced in sufficient quantities yet and increasing protein yields is a prospect that has
drawn a wide interest from experts in the field of biotechnology. In the past decades, advancing
microbiological knowledge has led to many successful attempts to increase heterologous protein
expression, but getting yields of heterologous protein as high as those obtainable for homologous
protein has remained largely elusive. Extracellular production of proteins reduces the purification steps
needed to get the protein of interest from the cells of the expression host. Because of this secretion of
heterologous proteins has largely been preferred over cytoplasmic production.

The Gram-positive bacterium Bacillus subtilis has been widely used for heterologous protein
production due to its high capacity for protein secretion, ranging from 20 to 25 g/L (van Dijl & Hecker,
2013). For a long time most heterologous protein expression was performed with Escherichia coli
because of its well established genetic engineering tools and status as bacterial model organism.
However, many proteins could not be expressed in E. coli (Terpe, 2006). Moreover, many genetic
sequences of heterologous proteins must be altered to match the codon bias of E. coli while B. subtilis
does not have such a pronounced codon bias (Luan & Yang, 2019). The biggest advantage of B. subtilis
over E. coli is that it does not produce lipopolysaccharides, which trigger immune responses in humans,
thereby making it suitable for the production of proteins destined for pharmaceutical or nutritional
products (van Tilburg et al., 2019).

Other protein expression hosts include eukaryotic cells, methylotrophic bacteria and other
members of the Bacillus genus. Among eukaryotic hosts, filamentous fungi are most widely used and
offer better folding and quality control of heterologous proteins. In addition they can perform certain
post-translational modifications, which are often essential for the functioning of eukaryotic proteins
(Nevalainen et al., 2005). Methylotrophic bacteria are cheap to grow and are capable of producing
significant quantities of protein, but have not been used to produce many proteins to date (Terpe,
2006). Bacillus megaterium has low protease activity, high plasmid stability and can grow on many
substrates. Although B. subtilis is quite proteolytic, strains have been engineered to have low protease
and high plasmid stability as well (Terpe, 2006).

Because B. subtilis is a well-established laboratory organism many genetic engineering tools are
available for improving heterologous protein production and secretion. The publication of the full
sequence of the B. subtilis genome proved to be an enormous boon to fundamental research on gene
expression and protein production and subsequent engineering efforts to improve these systems (Kunst
et al., 1997). More recently, the emergence of CRISPR/Cas9 as a cheap and efficient gene-editing tool
has made metabolic engineering of B. subtilis much easier (Hong et al., 2018). Low yields of proteins in
B. subtilis have been attributed to weak promoters, poor ribosome binding sequences and low plasmid
copy numbers (Song et al., 2016). The strong constitutive P43 and SPO bacteriophage promoters are the
most widely used promoters for increasing protein expression (Cui et al., 2018). Many more strong
promoters that are useful for heterologous protein expression have been found and engineered by
screening large libraries and placing promoters in tandem (Song et al., 2016; Cui et al., 2018). Optimizing



transcription and translation of heterologous protein can be used as an alternative to optimizing
secretion pathways to improve heterologous protein expression but the former are beyond the scope of
this review. Another approach for creating expression host strains has been to knock out genes related
to sporulation, autolysis and proteolysis (Cui et al., 2018). Gene knock out technology has been used for
decades to create increasingly specialized strains for heterologous protein expression, starting with a
strain deficient in six extracellular proteases and having recently lead to optimized strains for the
production of specific proteins (Wu et al., 1991; Zhao et al., 2018). Recently developed systems have
optimized B. subtilis for pharmaceutical or nutritional purposes in an entirely different way. One study
made B. subtilis suitable for food-grade protein production by developing a stable plasmid that does not
rely on antibiotic resistance for screening. Using a genome-incorporated toxin and an antitoxin carried
by a plasmid that also contains a gene of interest, the plasmid remained present in the population for
over 100 division cycles (Yang et al., 2016). Another study employed biofilms produced by B. subtilis to
present antigens that can be used for medical purposes. The antigens were presented by fusing them to
the TasA protein without altering the morphology of the engineered cells (Vogt et al., 2018).

The most important trait of B. subtilis for heterologous protein production, its secretory
capacity, has also received much attention as an avenue for improving protein yields. The Sec-pathway
is the general protein secretion pathway and is most often used for heterologous protein secretion. The
pathway consists of the SecA ATPase and the SecYEG pore complex (Karamanou et al., 1999; Brundage
et al., 1990). Both SecA and SecYEG have been successfully engineered to improve protein expression
(Mulder et al., 2013; Kakeshita et al., 2010). Another protein secretion pathway, Tat, has been used
considerably less for protein secretion than Sec although it has the advantage of transporting fully
folded proteins. This reduces the chance of the protein being degraded by extracellular proteases,
thereby increasing protein yield. The Tat-pathway consists of the several different protein complexes:
TatAd, TatAdCd, TatAy and TatAyCy, which can transport proteins of different sizes (Barnett et al., 2007;
Barnett et al., 2008). Although B. subtilis has several other [ja] protein secretion pathways, these are
rarely used for heterologous protein expression.

This review aims to summarize the molecular mechanisms of the Sec and Tat secretion
pathways of B. subtilis and discuss how these mechanisms have been tweaked to increase expression
and secretion of heterologous proteins. Discussion of the secretion pathways will focus on the
translocation machinery, chaperones required for correct protein folding, and extracellular proteases
(Figure 1). Heterologous protein expression has also been increased by engineering autolysins,
prophages and cannibalism factors, but these will not be discussed in this review due to time
constraints.
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Figure 1. An overview of engineering targets for improving heterologous protein expression in B.
subtilis. This review focuses on signal peptides (2), translocation engineering (4), translocase
modifications (5) and protease engineering (6). From Cui et al. (2018).

Chapter 1. The Sec pathway

1.1 From ribosome to the translocation machinery

Much knowledge about the molecular mechanisms of protein secretion is obtained from studies on E.
coli. The proteins forming the Sec-translocation machinery of B. subtilis are similar to those in E. coli
although it lacks a SecB protein. The Sec pathway translocates unfolded proteins which are folded
extracellularly with the help of chaperones. The translocation process starts at the ribosome where the
protein to be secreted is translated and from which it emerges as a preprotein. After transcription and
translation of the genes of interest the preprotein must be guided to and through the Sec machinery to
be translocated to the extracellular medium. The Sec pathway is used by B. subtilis for most protein
secretion. Preproteins are tagged for secretion through the use of a signal peptide that is present at
their N-terminus. Most secretion signal peptides of B. subtilis are made up of a positively charged N-
domain, a hydrophobic core domain and a polar C-domain that ends with the consensus amino-acid
sequence AXA, where X can be any residue (von Heijne, 1985). The signal peptide is cleaved at the AXA
site after translocation into the extracellular medium by type | signal peptidases of the Sip family (Figure
2) (Tjalsma et al., 1998). This process turns the preprotein into the mature secreted protein. The signal
peptide is the first part of the protein emerging from the ribosome and can be bound by the SecA



protein to be guided to the rest of the Sec translocation machinery. Besides protein secretion, the Sec
translocation pathway is also used for insertion of membrane proteins. Membrane proteins do have a
signal sequence that is highly hydrophobic and is not cleaved by signal peptidase (von Heijne, 1985).

There are two modes of Sec translocation: co-translational and post-translational. Co-
translational translocation is mostly used for membrane proteins and therefore less relevant to the
production of heterologous proteins that are excreted into the extracellular medium. Post- translational
translocation is used almost solely for secretory proteins and is therefore the most interesting for
heterologous protein production.
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Figure 2. Sec signal peptide. The Sec signal peptide is divided into an N-domain, an H-domain and a C-
domain. The N-domain is positively charged, the H-domain is hydrophobic and the C-domain is polar
with an AXA cleavage site as the last three residues. From Freud| (2018).

Co-translational translocation is initiated by the signal recognition particle (SRP). The SRP
consists of the Ffh and HBsu proteins and a small cytoplasmic RNA (scRNA) that functions as a scaffold.
Ffh is a GTPase that can bind the scRNA to form a nucleoprotein that localizes to the cell membrane
(Honda et al., 1993; Nakamura et al., 1994). HBsu is a histone-like protein that binds to the scRNA
(Nakamura et al., 1999). This binding is specifically targeted to the secondary structure of the scRNA.
During co-translational translocation the SRP guides the ribosome and the nascent preprotein together
to the Sec machinery where the protein is translocated as it leaves the ribosome (Figure 3A). The SRP
binds to the L23 protein of the ribosome, near the exit tunnel where the nascent polypeptide emerges,
and binds to the signal peptide (Gu et al., 2003). The SRP complex has affinity for FtsY, a protein
receptor that is present at the cell membrane, and guides the entire ribosome nascent chain complex
(RNC) to this protein (Luirink et al., 1994). The FtsY protein associates with the Sec translocation pore
(see below) to guide the nascent polypeptide through this pore. FtsY itself also has GTPase activity,
which is required together with the GTPase activity of Ffh in the SRP to trigger the release of the
ribosome from the FtsY-SRP complex (Bahari et al., 2007). The RNC then associates with the Sec
translocation pore via the signal peptide of the nascent polypeptide to initiate its translocation. The
conformational changes in the GTPase domains of FtsY and Ffh upon binding of the RNC are required for
GTP hydrolysis and regulate the targeting of proteins to the membrane (Shan et al., 2017).

During post-translational translocation SecA binds the signal peptide of the preprotein and after
translation has been completed, guides the preprotein to the rest of the Sec translocation machinery
with the help of chaperones to keep the protein translation competent (Figure 3A). In Gram-negative
bacteria the SecB protein functions as a chaperone that guides the Sec-transported protein from the
ribosome to SecA. The latter subsequently transfers it to the rest of the Sec machinery for translocation
(Randall et al., 2005). The Sec pathway of B. subtilis does not have a SecB protein (Van der Sluis &
Driessen, 2006). The B. subtilis protein CsaA was suggested to fulfill the function of SecB as it is known to



bind to SecA (Miiller et al., 2000b). Additionally, CsaA suppressed protein export defects in an E. coli
strain lacking SecB and suppressed the heat sensitivity of E. coli strains lacking the intracellular
chaperones DnaK, Dnal or GrpE. This indicates that CsaA also acts as a chaperone, helping proteins to
fold correctly (Mdller et al., 2000a). Recently, E. coli SecA was found to interact with the L23 protein of
the ribosome, near the exit tunnel where nascent polypeptides emerge, to guide the nascent protein to
the Sec translocon. This suggests that SecA can bind to preproteins while they are being translated
(Huber et al., 2011). Thus, contrary to earlier beliefs, the components of the post-translational pathway
interact with the protein to be secreted during translation.
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Figure 3. Post-translational and co-translational Sec translocation. (A) Targeting of the preprotein to
the Sec translocation machinery. The left part shows co-translational translocation via SRP. The
ribosome is guided to the Sec translocon through binding of SRP to FtsY. The right part shows post-
translational translocation via SecA or SecB. In B. subtilis SecB does not exist and SecA functions to guide
the preprotein to the Sec translocation machinery. (B) Translocation of the preprotein. The left part
shows insertion of an integral membrane protein by the SecYEG translocation pore. The right part shows
hydrolysis of ATP by SecA, which powers translocation of the preprotein through the SecYEG
translocation pore with the help of SecDFYajC. After translocation the signal peptide is cleaved off by a
type-l signal peptidase. SP: signal peptide. Adapted from Chatzi et al. (2013).

1.2 Components of the Sec translocation machinery
The core B. subtilis Sec translocation machinery consists of three proteins and an additional four non-
essential proteins. Besides targeting preproteins to the Sec translocation machinery, SecA functions as



an ATPase that couples ATP hydrolysis to the translocation of proteins (Figure 3B) (Karamanou et al.,
1999). Binding of preproteins to the protein binding domain of SecA is required for the ATPase function
(Karamanou et al., 2007). Electron cryo-microscopy of E. coli Sec proteins has elucidated the structure of
the Sec translocon in ever greater detail, thereby providing clues to the mechanism behind Sec protein
translocation (Ma et al., 2019). SecA has two nucleotide binding domains (NBD) at its N-terminus. NBD1
and NBD2 are required for the binding and hydrolysis of ATP (Sianidis et al., 2001; Hunt et al., 2002).
SecA also contains a two-helix finger (THF) domain and a clamp domain. The THF binds the preprotein
and reaches through the translocation pore while the clamp positions the preprotein above the pore
(Erlandson et al., 2008; Banerjee et al., 2017). SecA can be inserted in the membrane and subsequently
deinserted. This cycle is what drives preprotein translocation. Preprotein binding to membrane-inserted
SecA leads to ATP hydrolysis and deinsertion of SecA. The preprotein is then released from SecA, having
translocated 20-30 amino acid residues and then SecA reinserts into the membrane, resetting the cycle
(Economou & Wickner, 1994). The proton motive force greatly speeds up the translocation of
preproteins during the part of the cycle where the protein and ATP are not bound to SecA (Schiebel et
al., 1991). For a long time there were two competing models of the mechanism by which SecA
translocates preproteins. The Brownian ratchet model posited that the binding of ATP to SecA opens the
translocation pore. The preprotein can then diffuse through the channel and subsequent ATP hydrolysis
closes the channel and prevents the preprotein from diffusing back (Allen et al., 2016). The power stroke
model, also called push-and-slide, posits that ATP binding causes the THF to push the preprotein
through the channel. Subsequent ATP hydrolysis retracts the finger to its original position while the
clamp keeps the preprotein from sliding back (Bauer et al., 2014). Recent single-molecule FRET
experiments have shown that the power stroke model is used by SecA (Catipovic et al., 2019).

Other than SecA, SecY and SecE are the only essential proteins of the Sec translation machinery
(Brundage et al., 1990). SecY and SecE form a membrane pore complex with SecG and together
translocate the protein with the energy provided by SecA. SecY and SecE are integral membrane
proteins with 10 and 1 transmembrane domain(s), respectively (Jeong et al., 1993; Nakamura et al.,
1990). Electron cryo-microscopy experiments have shown that the SecY protein forms an hourglass-
shaped pore that contains a constricting ring, a plug and a lateral gate (van den Berg et al., 2004; Egea &
Stroud, 2010). The ring and the plug prevent small solutes from leaking out when there is no
polypeptide in the channel (Li et al., 2007; Park & Rapoport, 2011). Preventing membrane leakage
through the Sec pore is so important that other segments of SecY will form a plug if the original plug is
deleted (Li et al., 2007). The lateral gate opens during co-translational translocation to insert proteins
into the membrane (Stroud & Egea, 2010). The SecY protein was shown to be vulnerable to breakdown
by the membrane-bound protease FtsH. The SecE protein binds to SecY and thereby prevents the
degradation of SecY by FtsH in E. coli (Taura et al., 1993). Since FtsH is also present in B. subtilis as well it
is expected that B. subtilis SecE has the same role in Sec translocation (Lysenko et al., 1997). SecY and
SecA form punctate clusters on the cell membrane, which are arranged in larger helical patterns. SecA
localization is directed by anionic membrane lipids (Campo et al., 2004). SecY localization on the other
hand, is directed by the interaction between SecY and FloT. FloT is a flotillin, a protein which inserts into
the cell membrane with hydrophobic loops and oligomerizes to form microdomains (Bach & Bramkamp,
2013)

The other components of the B. subtilis Sec translation machinery, SecD, SecF, SecG and YajC,



are not essential but do improve the rates of protein translocation by SecY, Seck and SecA. SecG is an
integral membrane protein that can adopt two topologies. The transition of SecG between these
topologies has a low energetic cost, is coupled to the membrane insertion cycle of SecA (Nishiyama et
al., 1996) and decreases the energetic barrier of SecA insertion and deinsertion. This energetic barrier is
most difficult to overcome when little thermal energy is present and secG mutants are therefore
sensitive to low temperatures. A SecA mutant, secA36, designed to suppress a mutation in SecY that
prevents SecA insertion, did not exhibit reduced viability when exposed to a low temperature (20 °C)
and SecG was knocked out. SecA36 of this mutant allows for membrane insertion in the absence of
SecG, whereas the wild type SecA does not. These results show that SecG increases the rate of SecA
insertion (Matsumoto et al., 1998). Additionally, when ATP concentrations are low, SecG is essential for
protein secretion at 37 °C when combined with either wild type SecA or SecA36.

SecD and SecF are separate proteins in many prokaryotes but are fused together in B. subtilis
(Bolhuis et al., 1998). SecDF is an integral membrane protein and was shown to increase the secretion
capacity of the cell. SecDF was also hypothesized to release mature proteins from the membrane into
the extracellular medium, because E. coli SecD is known to do so (Matsuyama et al., 1993). However,
SecDF depletion did not lead to an accumulation of mature proteins on the membrane of B. subtilis,
indicating that release of mature proteins is not a function of B. subtilis SecDF (Bolhuis et al., 1998). The
exact mechanism through which SecDF increases protein secretion capacity is not entirely clear. SecDF
was shown to have structural similarities to secondary solute transporters, which led to the hypothesis
that it clears misfolded proteins that jam the Sec translocon and accumulate during high protein
secretion (Bolhuis et al., 1998). Another hypothesis assumes that SecDF is responsible for stimulating
protein translocation via the proton motive force. This supposition is based on the finding that E. coli
SecD and SecF are required to maintain the proton motive force in inverted membrane vesicles
(Arkowitz & Wickner, 1994). The third hypothesis is that SecDF is required for assembly of the
translocation complex. Recently crystal structures of SecDF have lent weight to the idea that SecDF uses
the proton motive force to stimulate protein translocation (Tsukazaki et al., 2011). However, the
mechanism through which this occurs has to date not been definitively established (Tsukazaki, 2018)

The protein YajC of B. subtilis forms a complex with SecDF but its function has not been clarified
yet (Taura et al., 1994). Thus far, research has focused on the function of SecDFYajC but not on the
individual function of YajC (Schulze et al., 2014; Komar et al., 2016). It was shown to be dispensable in
the wild type translocation machinery but it could suppress the secretion defects caused by a mutation
in secY, secY®1 (Taura et al., 1994). This suggests that YajC interacts with SecY but the interaction is not
essential in most cases. The SecDFYac) complex interacts with the SecYEG complex to form a
hexatrimeric holoenzyme SecYEGDFYajC. SecDFYajC was shown to have a function similar to SecgG,
facilitating the insertion of SecA into the cell membrane. In experiments measuring the translocation of
the Sec-targeted preprotein proOmpA out of inverted membrane vesicles, the translocation rate was
not dependent on the presence of SecDFYacl in strains expressing SecG. However, in AsecG strains the
presence of SecDFYacl increased the translocation rate of proOmpA (Duong & Wickner, 1997).



Chapter 2. The Tat pathway

2.1 From the ribosome to the translocation machinery

The Tat pathway is has a narrower substrate range but has received significant attention for
biotechnological purposes because it transports folded preproteins. Transporting folded preproteins
instead of unfolded proteins, the latter of which are then folded in the extracellular medium, decreases
the risk of protein degradation by extracellular proteases (Delisa et al., 2003). This advantageous trait of
the Tat secretion pathway compensates for one of its disadvantages, namely its narrow substrate range.
Since the preproteins fold on their own in the cytosol the Tat translocation machinery does not interact
with the ribosome to guide nascent polypeptide chains to the translocation pore, such as happens in the
Sec pathway (see above). Instead, the fully folded preproteins interact with a docking complex on the
membrane through their signal peptide and are then transferred through the translocation pore into the
extracellular medium. The signal peptide is then cleaved by a signal peptidase outside the cell (Figure 4).

Folding
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Figure 4. Protein translocation via the Tat pathway. Preproteins are folded before translocation and
contain a twin arginine motif. The Tat signal peptide is recognized by TatC and TatB, which together
transfer the preprotein to the translocation pore made up of a variable number of TatA subunits. In B.
subtilis the function of TatB is fulfilled by the TatA protein. From Freud! (2018).

The Tat pathway derives its name from the twin arginine motif that defines the signal peptide for the Tat
pathway. The signal peptide of preproteins that are secreted via the Tat pathway has a similar overall
structure with a positively charged N-terminal domain, a hydrophobic core and a polar C-terminal
domain with an AXA consensus cleavage site. The twin arginine motif is located in the N-terminal
domain of the signal peptide and has the consensus sequence (S/T)-R-R-x-F-L-K, where the x is a
hydrophobic residue (Berks, 1996). The arginine residues are always present in this motif while the



other residues are present in more than 50% of Tat signal peptides (Figure 5). Additionally, the
hydrophobic core of the Tat signal peptide sequence is less hydrophobic than that of the Sec signal
peptide (Cristobal et al. 1999). Moreover, positive residues in the c-domain are also required to avoid
targeting of Tat substrates to the Sec pathway (Blaudeck et al., 2003). However, there are also cases of
Tat-secreted proteins without a Tat signal peptide but instead hitchhike with other proteins that do have
the Tat signal peptide (Rodrigue et al., 1999)
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Figure 5. The Tat signal peptide. The Tat signal peptide has a structure similar to that of the Sec signal
peptide, with an N-domain, hydrophobic core and C-domain. Differences between the two are
pinpointed in the figure. The Tat signal sequence prevents protein translocation via the Sec pathway
with a twin arginine motif, the presence of a less hydrophobic core region and a positively charged C-
domain. From Freudl| (2018).

2.2 Components of the Tat translocation machinery

The Tat pathway is conserved in Gram-negative bacteria, Gram-positive bacteria and the thylakoids of
chloroplasts in plants. The B. subtilis Tat pathway consists of three different versions of the TatA protein
and two vesions of TatC (Figure 6B). This is significantly different from the Tat pathway of Gram-
negative bacteria and the plant thylakoids, which contain a TatA-like TatB protein that is involved in
substrate recognition. Gram-negative bacterial and thylakoidal Tat-translocation machinery also
contains only one type of TatA and TatC (Figure 6A). E. coli and thylakoid TatB and TatC form a docking
complex which can recognize the twin arginine motif of the Tat signal peptides. After docking TatB
recruits a varying number of TatA proteins which form a translocation pore. This produces a fully
functional TatABC translocase (Bolhuis et al., 2001). The TatA proteins of B. subtilis can fulfill the
functions of both TatA and TatB from Gram-negative and thylakoidal Tat translocase. This was first
proposed based on the finding that the B. subtilis Tat-translocon can function without TatB and later
confirmed by showing that B. subtilis TatAd can complement E. coli mutants without TatA or TatB
(Jongbloed et al., 2004; Barnett et al., 2008). After the translocase is assembled E. coli and thylakoid
TatB transfers the preprotein from the docking complex to the translocation pore. This process requires
the proton motive force and is the rate limiting step of Tat translocation (Alami et al., 2003; Whitaker et
al., 2012). The Tat translocation pathway is very different from that of all other protein translocation
pathways in that it does not require the hydrolysis of GTP or ATP to function. Instead, in E. coli the
electrical gradient across the cytoplasmic membrane was shown to be the driving force of Tat
translocation (Bageshwar & Musser, 2007). In thylakoids both the electrical gradient and pH gradient



across the thylakoid membrane contribute to the translocation of proteins (Braun et al., 2007). In E. coli
the proton motive force drives TatA oligomerization in combination with substrate recognition (Alcock
et al., 2013). When the preprotein is transferred to the translocation pore, TatA controls the preprotein
for proper folding and is capable of rejecting any protein that is misfolded (Matos et al., 2008). Properly
folded preproteins are then translocated to the extracellular medium after which the signal peptide is
cleaved a signal peptidase.

E. coli

B. subtilis

Figure 6. The Tat proteins of E. coli and B. subtilis. E. coli contains TatC, TatA and TatA-like TatB
proteins. B. subtilis has three TatA protein variants and two TatC protein versions. TatAy and TatCy, and
TatAd and TatCd form separate TatAC translocons. Adapted from Sargent (2007).

The three TatA proteins of B. subtilis are TatAd, TatAy and TatAc, and the two TatC proteins are TatCd
and TatCy. TatAd and TatCd associate to form the TatAdCd complex while TatAy and TatCy form the
TatAyCy complex (Figure 6B). Only the TatAdCd complex was shown to be essential for expression of
Tat-preprotein PhoD, indicating that TatAdCd and TatAyCy have different substrates (Jongbloed et al.,
2000). The TatAdCd complex has a narrower range of substrates than TatAyCy. However, overexpressed
TatAd is capable of replacing TatAy and overexpressed TatAdCd shows an increased acceptance of many
Tat proteins (Eijlander et al., 2009b). TatAd and TatAy also exist as homo-oligomeric complexes. The
TatAdCd complex has a size of 230 kDa while the oligomeric TatAd complex has a size of 270 kDa. These
complexes have discrete sizes, which differs from the E. coli TatABC complex as that can adopt a wide
range of sizes which depends on the number of TatA subunits that form the translocation pore (Barnett
et al., 2007; Gohlke et al., 2005). The variation in the sizes of the Tat complexes allows the Tat
translocation machinery to secrete proteins of various sizes. The TatAyCy complex is smaller than
TatAdCd, which has a size of 200 kDa (Barnett et al., 2008). Similar to TatAdCd, the TatAyCy complex is
relatively homogenous in size. Interestingly, although TatAdCd and TatAyCy of B. subtilis have different
morphologies from that of E. coli TatABC the three complexes are able to secrete similar proteins
(Barnett et al., 2008). This suggests that the TatAC complexes of B. subtilis can alter their size to
accommodate proteins of different sizes and are less rigid than originally thought.

The function of the TatAc protein was elucidated more recently. TatAc was shown to partially



alleviate growth defects of strains with mutated TatAy proteins on low salt media. When TatAc was
fivefold overexpressed it was capable of fully compensating for the reduced translocation caused by
TatAy-P2D, -P21A, -A31G and -G32A (Goosens et al., 2015). The P2D mutation destabilizes the TatAy
protein (van der Ploeg et al., 2011). Yeast two hybrid assays showed that the P21A, A31G and G32A
mutations reduced the ability of TatAy to self-interact. This hampers oligomerization and the formation
of the translocation pore. However, TatAc could not form fully functional translocons with either TatCy
or TatCd, which indicates that TatAc has a supporting role in the Tat pathway. Wild type TatAy can form
both a docking complex for the Tat-translocated substrate and a pore complex for translocation. The
mutations in TatAy impaired its pore forming capabilities, which could be compensated for by TatAc.
TatAc however is not capable of forming a docking complex with TatCy or TatCd. This situation is
reminiscent of the TatA and TatB proteins of E. coli, where TatAy fulfills the role of the TatB protein and
TatAc fulfills that of the TatA protein. It is therefore hypothesized that the TatAc protein represents an
intermediate evolutionary state towards differentiation of the TatA protein into two distinct Tat
proteins (Goosens et al., 2015). Another study however, found that the TatAc protein forms functional
translocation complexes with both TatCd and TatCy. Expression of TatAc and TatCd or TatCy in an E. coli
mutant lacking all endogenous Tat genes led to the secretion of the Tat proteins TorA, AmiA and AmiC,
indicating that the TatAcCy and TatAcCd complexes were fully functional (Monteferrante et al., 2012).

Chapter 3. Chaperones

3.1 Intracellular chaperones

Intracellular chaperones are important to the secretion process because they keep preproteins in a
secretion-competent state and ensure proper folding of expressed proteins. For this reason many
studies have used these chaperones to improve the protein secretion capacity of B. subtilis. B. subtilis
has two main operons that encode intracellular chaperones: the dnaK operon and the groE operon. The
genes of the dnaK and groE operons encode class-I heat shock proteins and are upregulated to combat
heat stress by preventing the misfolding of proteins. This is reflected in the fact that the DnaK
chaperone machinery is essential for survival at high temperatures (Mogk et al., 1997). The dnaK operon
contains the hrcA gene, which encodes a protein that regulates dnak and groE transcription; the grpE,
dnak and dnaJ genes, which encode the intracellular chaperones; and three uncharacterized ORFs
(Figure 7).

The DnaK protein is the main chaperone and is assisted by DnaJ and GrpE (Georgopoulos, 1992).
Knowledge about the molecular mechanisms of DnaK and GroE chaperone function mostly comes from
studies done in E. coli. E. coli DnaK contains an N-terminal nucleotide binding domain (NBD) and a C-
terminal substrate binding domain which are linked by a hydrophobic linker (Bertelsen et al., 2009). The
binding and folding of substrates by DnaK is regulated by ATP. Recently, it was shown that ADP-bound
DnaK assists protein folding by holding the substrate protein in its unfolded state. When the ADP is
exchanged for ATP the substrate is released which allows the protein to refold (Winardhi et al., 2018).
Dnal and GrpE modulate the binding of ATP and ADP to Dnak, thereby regulating protein folding by



DnaK. Phosphorylation of DnaK is crucial for the interaction between it and its cochaperones and the
Y601 phosphorylation site was specifically shown to be important (Shi et al., 2016) Upon binding of ATP
by the NBD the NBD and SBD both undergo conformational changes that reduce the affinity of DnaK for
its substrates (Meinhold et al., 2019). Binding of a substrate to the SBD reverses this conformational
change and thereby increases the ATPase activity of the NBD (Swain et al., 2007). Dnal further
stimulates ATP hydrolysis, thereby regulating the conversion of DnaK from its low affinity conformation
to the high affinity conformation. DnaJl can only stimulate ATP hydrolysis of DnaK when a substrate is
bound to the SBD of DnaK (Laufen et al., 1999). Dnal has an N-terminal J domain that contains a
positively charged helix with which it binds to a negatively charged loop in the DnaK NBD. Through this
interaction Dnal can regulate the ATPase activity of DnaK (Ahmad et al., 2011). GrpE stimulates the
release of ADP from DnaK, which returns DnaK to its low affinity conformation (Mally & Witt, 2001). This
causes the substrate to be released from DnaK (Pakschies et al., 1997). GrpE binds to DnaK as a dimer,
with one of the monomers contributing most of the residues that interact with DnaK. One GrpE subunit
binds to the NBD of DnaK and opens up the structure, thereby disrupting ATP binding. The N-terminal
helices of the two GrpE subunits extend to the SBD of DnaK and releases the bound protein from this
domain (Harrison et al., 1997).

The groE operon contains the groES and groEL genes, which encode intracellular chaperones.
GroEL is the main chaperone and is assisted by GroES (Georgopoulos, 1992). E. coli GroEL forms a
tetradecameric complex that consists of two identical heptameric rings (Braig et al., 1994). GroEL binds
misfolded proteins by binding outwards facing hydrophobic residues with its own hydrophobic binding
sites (Lin et al., 1995; Fenton et al., 1994). The ring binding the substrate is called the cis-ring while the
ring is called the trans-ring. Similar to DnaKk, the folding activity of GroEL is also regulated by the binding
of ATP and the GroES cochaperone. GroES forms a heptameric ring complex which can form a cap on the
GroEL cylinder (Hunt et al., 1996). 7 ATP molecules bind to GroEL which recruits GroES and subsequent
ATP hydrolysis creates a stable GroEL-7ADP-GroES complex. This expands the hydrophilic cavity of GroEL
and forces the bound substrate into the cavity where it can fold in a proteolytically protected
environment (Martin et al., 1993; Mayhew et al., 1996; Weissman et al., 1995). The GroES and substrate
are released from the cis-ring by binding of ATP to the trans-ring. This mechanism leads to protein
folding on alternating sides of the GroEL cylinder (Rye et al., 1999). Recently, the reaction kinetics of
GroEL-GroES cycling were further elucidated through atomic force microscopy. This study revealed that
the dynamics of GroE folding are more complicated than originally thought (Noshiro & Ando, 2018).
However, due to time constraints these dynamics cannot be discussed.

The B. subtilis dnak and groE operons are regulated by a 6" promoter and an operator, CIRCE.
CIRCE consists of two 9 bp inverted repeats that are separated by a 9 bp spacer (Zuber & Schumann,
1994). HrcA contains a helix-turn-helix motif with which it can bind to CIRCE and repress transcription of
the dnaKk and groE operons (Yuan & Wong, 1995; Wiegert & Schumann, 2003). HrcA is inactive after
translation and GroE modulates the activity of HrcA by folding it into an active conformation. HrcA can
then bind to the CIRCE element but when it is released it adopts its inactive conformation again
(Schumann, 2003). Misfolded proteins compete with HrcA for binding to the GroE chaperone. An
increase in misfolded proteins therefore inactive HrcA, which causes non-functional HrcA aggregates.
This subsequently prevents HrcA from repressing dnak and groE operon transcription, thereby



increasing the amount of intracellular chaperones to alleviate the heat stress that caused the increase in
misfolded proteins (Mogk et al., 1997).
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Figure 7. The dnaK and groE operons and their regulation. The HrcA protein suppresses transcription of
both the dnaKk and groE operons. Unbound GroE chaperone enhances HrcA function, thereby lowering
intracellular chaperone levels. When GroE chaperone molecules are bound by misfolded proteins, HrcA
function is downregulated, increasing the levels of intracellular chaperones. From Zhang et al. (2020).

3.2 Extracellular chaperones

Once a heterologous protein is secreted through a Tat-independent pathway it is still at risk of being
degraded by proteases or misfolding. Extracellular chaperones and folding factors are present to
increase the speed and accuracy of folding. The most canonical extracellular chaperone of B. subtilis is
PrsA. PrsA is an extracellular lipoprotein bound to the outer leaflet of the plasma membrane and was
found to be essential for protein secretion. Decreased levels of PrsA were correlated with decreased
levels of exoproteins and overexpression of PrsA led to significantly increased exoprotein levels. These
observations indicate that PrsA is a bottleneck in protein secretion and therefore attracted great
interest as an optimization target for heterologous protein expression (Kontinen & Sarvas, 1993). B.
subtilis mutants lacking PrsA were incapable of producing folded and functional subtilisin, B.
licheniformis alkaline serine exoprotease (SubC) and E. coli alkaline phosphatase (PhoA). This shows that
PrsA is a chaperone that is required for proper exoprotein folding (Jacobs et al., 1993). However, B.
subtilis PrsA is essential for protein folding only in the presence of the cell wall. This indicates that it
functions specifically to prevent interactions between secreted proteins and the cell wall (Wahlstrom et
al., 2003). PrsA is also essential for the growth of B. subtilis because it assists the folding of four
penicillin binding proteins (PBPs), which are involved in the synthesis of the cell wall (Hyyryldinen et al.,
2010). PrsA is a peptidyl-prolyl cis-trans isomerase (PPlase); PPlases catalyze the folding of cis-prolines,



which are often rate-limiting during protein folding (Schmid, 2001). PrsA belongs to the parvulin group
of PPlases, many of which are involved in the protein maturation (Rahfeld et al., 1994; Behrens-Kneip,
2010). PrsA has a PPlase domain flanked by a 128 residue N-terminal domain and a 70 residue C-
terminal domain (Tossavainen et al., 2006). Although PrsA is classified as a PPlase, the PPlase domain is
not essential for cell viability while the N- and C-terminal domains are (Vitikainen et al., 2004). PrsA
must form a dimer to function and the N- and C-terminal domains facilitate this dimerization. Moreover,
the composite NC domain creates a bowl-shaped crevice in the PrsA dimer. This crevice contains
hydrophobic sites and has similar structure as known chaperones, suggesting that this NC domain is
involved in the chaperone function of PrsA (Jakob et al., 2015). The PPlase and NC domains have
separate functions but both have been shown to interact with secreted propeptides in NMR
experiments (Jakob et al., 2015).

Chapter 4. Proteases and quality control

4.1 Extracellular proteases

A different strategy for reducing heterologous protein degradation in B. subtilis is to look at the
extracellular proteases and quality control machinery. B. subtilis has a naturally high protease activity,
which poses problems for heterologous protein production (Li et al., 2004). The earliest eight
extracellular proteases that were characterized in B. subtilis were divided into two classes: serine
proteases and metalloproteases (Table 1). NprE and AprE are responsible for the biggest share of
proteolytic activity in B. subtilis, whereas the other proteins play lesser roles. NprE and AprE are
regulated via a complex pathway involving multiple repressors that ensures they are only expressed in
the post-exponential phase (Barbieri et al., 2016). Despite being responsible for only a minor share of
proteolytic activity, WprA is a disproportionately large obstacle to heterologous protein production. It is
the only protease of the eight listed in Table 1 that binds to the cell wall and can therefore have an
outsized role in proteolysis of secreted proteins (Stephenson & Harwood, 1998). Its accumulation in the
cell wall means that it is particularly apt to degrading unfolded proteins emerging from the translocation
machinery.

Extracellular proteases do not only hydrolyze heterologous proteins, but are also involved in the
control of autolysis. Autolysins are enzymes that break down the peptidoglycan of the bacterial cell wall
(Vollmer et al., 2008). These autolysins are hydrolyzed by extracellular proteases, thereby limiting their
activity and keeping cell wall breakdown in check. One study showed that NprE and AprE are responsible
for reducing autolytic activity in B. subtilis while the other proteases had a negligible effect (Stephenson
et al., 2002). Another study, however, revealed that the LytF autolysin is degraded by the proteases Epr
and WprA (Yamamoto et al., 2003). The apparent contradiction between these studies might be
explained by the fact that LytF is involved in cell separation. Therefore, the different levels of LytF do not
translate into different levels of autolysis, as was measured by Stephenson et al. (2002). These results
show that improving heterologous protein expression is more complex than knocking out all
extracellular proteases, since increased autolysis lowers protein yields.



Table 1. The eight major extracellular proteases of B. subtilis. All proteases except WprA localize to the
extracellular medium; WprA is bound to the cell wall.

Protein Protease type Reference(s)

NprE Metalloprotease Yang et al., 1984;

AprE Serine protease Stahl & Ferrari, 1984

Mpr Metalloprotease Rufo et al., 1990

Epr Serine protease Brickner et al., 1990

Bpf Serine protease Sloma et al., 1990; Wu et al.,
1990

NprB Metalloprotease Tranetal., 1991

Vpr Serine protease Sloma et al., 1991

WprA Serine protease Margot & Karamata, 1996; Babé

& Schmidt, 1998

4.2 Quality control proteases

Besides the eight main extracellular proteases B. subtilis has more proteases, of which the HtrA and HtrB
proteases are the most relevant to heterologous protein secretion. HtrA and HtrB are classified as type-
V heat shock proteins (Darmon et al., 2002). The HtrA and HtrB proteases are anchored to the outer
leaflet of the cell membrane. However, HtrA has also been observed in an extracellular form (Antelmann
et al., 2003). The extracellular protein lacks the first 96 N-terminal residues including the
transmembrane domain of HtrA.

HtrA of E. coli was shown to function as a chaperone at low temperatures and as a protease at high
temperatures (Spiess et al., 1999). B. subtilis HtrA also has chaperone activity, which was determined by
showing that extracellular concentrations of the YgxI protein positively correlate with HtrA levels even
when the protease function of HtrA is knocked out (Antelmann et al., 2003). The higher Yxql levels were
not caused by an increase in transcription of the ygx/ gene which indicated that they are post-
translationally modulated by HtrA. Proteomic analysis of the extracellular environment of several
protease deficient B. subtilis strains showed that 14 proteins were present in the exoproteome of the
BRBOS strain, deficient for the eight proteases from Table 1, which were not present in the
exoproteome of the BRB14 strain deficient in HtrA and HtrB and the eight aforementioned proteases
(Krishnappa et al., 2013). This result implies that the 14 proteins require HtrA and/or HtrB to be folded
correctly and points to a chaperone function of HtrA and HtrB. Additional functions of HtrA and HtrB are
the cleaving and release of membrane bound lipoproteins and quality control of membrane proteins
(Krishnappa et al., 2013).

HtrA and HtrB are regulated by the two component system CssS-CssR, which responds to heat
and secretion stress (Darmon et al., 2002; Westers et al., 2006). CssS senses the accumulation of
misfolded proteins at the cell membrane and responds with autophosphorylation (Figure 8). The
Phosphorylated CssS then phosphorylates the cognate regulator, CssR. CssR™~P subsequently alters the
transcription htrA, htrB, and CssRS to remedy the secretion stress at the membrane. The htrA, htrB and
cssRS operons are upregulated by activated CssR, which leads to a positive feedback loop that will
increase the levels of HtrA and HtrB proteases until the secretion stress has been resolved (Hyyryldinen



et al., 2005; Hyyryldinen et al., 2008). CssS, HtrA and HtrB are distributed in foci across the cell
membrane. Curiously though, HtrA and HtrB do not localize to the same areas as CssS (Noone et al.,
2012). This result implies that HtrA and HtrB do not go to the location where secretion stress is
detected, but solve the problem in another location on the cytoplasmic membrane. To explain these
observations it has been hypothesized that B. subtilis HtrA and HtrB localize to the same regions in the
cytoplasmic membrane as the secretion machinery to deal with secretion stress. Such a situation has
been observed in S. pyogenes in which the existence of an ExPortal region has been proposed (Rosch &
Caparon, 2005). In S. pneumonia, HtrA localizes to the septum and equatorial regions of dividing cells,
regions where cell division and cell wall synthesis takes place. This localization is dependent on the
presence of the anionic membrane lipid cardiolipin (Tsui et al., 2011) Moreover, many B. subtilis
proteins are known to localize into microdomains (Lucena et al., 2018). For instance the membrane of B.
subtilis contains microdomains that are dedicated to protein secretion (see Chapter 1). These
microdomains get their structure from flotillins, proteins which have hydrophobic loops that insert into
the membrane and which oligomerize to form lipid rafts (Bach & Bramkamp, 2013).

In addition to regulation by CssRS, HtrB is known to be autoregulated, reducing its own
expression when high levels of HtrB are present. HtrA and HtrB also regulate each other’s expression.
HtrA knockout leads to HtrB overexpression and vice versa (Noone et al., 2001). Removal of one of the
proteases does not lead to secretion stress because the other compensates for this loss, showing that
HtrA and HtrB have overlapping functions.

The ability of the quality control proteases to alleviate secretion stress implies that they could
improve cell functioning upon protein overproduction and thus increase heterologous protein
expression. Moreover, the chaperone functions of HtrA and HtrB could improve protein folding and
increase the yield of heterologous proteins. This makes these proteases a less desirable target for
deletion than the eight extracellular proteases. Finally, more extracellular proteases than the ones
discussed here have been predicted in B. subtilis but not functionally identified yet (Krishnappa et al.,
2013). More knowledge about these proteases could further help optimize B. subtilis as an expression
host for heterologous proteins.
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Figure 8. Regulation of quality control proteases HtrA and HtrB. HtrA and HtrB are regulated by the
CssRS two component system. CssRS also regulates its own expression leading to a positive feedback
loop that quickly magnifies its response to heat or secretion stress. HtrA and HtrB also cross-regulate
each other, leading to overexpression of one protease if the gene of the other is deleted. Adapted from
Yan & Wu (2019).

Chapter 5. Optimization of secretion pathways

Each part of the secretion pathways described in Chapters 1-4 has been engineered to optimize protein
expression with varying levels of success. The knowledge gained over the past decades has fueled many
achievements in the optimization of heterologous protein secretion. This final chapter discusses the
work performed on optimization of each of the components of the secretion pathways of B. subtilis.
Moreover, accomplishments are listed in Table 2. In addition to the studies listed in Table 2, many more
studies have accomplished an increase in heterologous protein expression through similar engineering
strategies. However, these cannot be discussed due to time constraints.



Table 2. Improvements made to B. subtilis for heterologous protein expression.

Expressed protein

Modification(s)

Secretion effect

Reference

Fusarium solani pisi cutinase

B. amiloliquefaciens a-amylase
E. coli PhoA

E. coli PhoA and B. licheniformis
a-amylase

Anti-digoxin single chain
antibody

Recombinant human FGF21

B. amiloliquefaciens a-amylase
and B. licheniformis subtilisin
Streptococcus pyogenes
pneumolysin

Five heterologous a-amylases

B. pumilus y-
glutamyltranspeptidase

B. anthracis protective antigen
B. licheniformis a-amylase and
Geobacillus stearothermophilus
a-amylase

B. clausii ManA

Staphylococcus aureus
staphylokinase

Clostridium thermocellum XynX

B. licheniformis a-amylase and
Geobacillus stearothermophilus
a-amylase

B. naganoensis PUL

Fusion of Epr signal peptide

Overexpression of SecYEG
Co-expression of chimeric
SecA and E. coli SecB

Fusion with non-canonically
secreted RDPE protein

Inactivation of hrcA and
wprA, PrsA overexpression
Overexpression of DnakK
Overexpression of PrsA

Overexpression of PrsA

Expression of cognate
heterologous PrsA
Overexpression of PrsA

Overexpression of PrsA
Overexpression of DnaK and
PrsA

Deletion of nprE, aprE, mpr,
epr, bpf and nprB

Deletion of nprE, aprk, mpr,
epr, bpf, nprB and vpr

Deletion of nprE, aprE, mpr,
epr, bpf, nprB, vpr and wprA

Inactivation of ccsR

Deletion of nprE, aprE, mpr,
epr, bpf, nprB, vpr, wprA,
srfC and spollAC in the ATCC
6051 strain

Extracellular
activity of 4.67
U/mL

300% increase
60% increase

Extracellular
activity of 870
U/mL; 63 U/mL
250% increase

987% increase
250% increase;
200% increase
150% increase

Up to 150%
increase
100% increase

250% increase
700% increase;
1200% increase

Extracellular
activity of 6041
U/mL
Extracellular
concentration of
337 mg/L
Extracellular
activity of 8.46
U/mL

50% decrease;
50% decrease

48% increase

Brockmeier et al.,
2006

Mulder et al., 2013
Diao et al., 2012

Chenetal., 2016

Wu et al., 1998
Lietal., 2019
Kontinen & Sarvas,
1993

Vitikainen et al., 2005
Quesada-Ganuza et
al., 2019

Yangetal., 2019
Williams et al., 2003
Chenetal., 2015
Zhou et al., 2018

Ye et al., 1999
Phuong et al., 2012

Vitikaine et al., 2005

Liu et al., 2018




5.1 Optimization of the Sec pathway for protein secretion

The Sec pathway is the most studied secretion pathway and as such, most attempts to optimize the
secretion capacity of B. subtilis have been made on this system. All parts of the Sec pathway described in
Chapter 1 have been altered independently or in combination in order to improve heterologous protein
expression.

One strategy for improving the Sec translocation pathway to increase heterologous protein
expression has been to find signal peptides that stimulate protein secretion. One study screened all
naturally occurring signal peptides of the Sec pathway in B. subtilis and fused these to a cytoplasmic
esterase and a cutinase from Fusarium solani pisi. The amount of these heterologous proteins in the
extracellular medium showed the efficacy of all signal peptides. The signal peptides that resulted in high
protein secretion of the esterase were poorly capable of directing the secretion of the cutinase and vice
versa (Brockmeier et al., 2006). This shows that for different heterologous proteins different signal
peptides result in optimal secretion. This hinders the engineering of highly expressed heterologous
proteins because the lengthy screening process must be performed for each heterologous protein.

Numerous alterations have also been made to the proteins of the Sec pathway in B. subtilis to
improve protein secretion. Overexpression of proteins can lead to an overload of protein that cannot be
translocated due to the lack of a large number of translocons. Because of this engineering stronger
promoters can only increase protein yield by a limited amount without also making more translocons
available. The secretion of Bacillus amiloliquefaciens a-amylase (AmyQ) was increased by 300% by
overexpression of the SecYEG protein complex through an artificial secYEG operon (Mulder et al., 2013).
Other teams have looked at the SecA protein as a way of increasing the protein secretion capacity of B.
subtilis. By expressing a chimeric SecA in B. subtilis with the 32 C-terminal residues replaced by the
corresponding residues of E. coli, the SecB protein from E. coli could be co-expressed. This hybrid Sec
translocon increased secretion of E. coli PhoA by 60% (Diao et al., 2012). In another study the 61 C-
terminal residues of SecA were deleted. This deletion increased the secretion of alkaliphilic B. subtilis sp.
thermostable alkaline cellulose by 83% and the secretion of human interferon a by 220%.

5.2 Optimization of the Tat pathway for protein secretion

Optimization of the Tat pathway has thus far proven less fruitful than the optimization of the Sec
pathway. This is due to the fact that the Sec pathway is the most studied pathway of B. subtilis and most
proteins are naturally translocated by the Sec pathway. However, Tat has seen growing interest for
biotechnological purposes and thus it is expected that achievements similar to those with the Sec
pathway will happen in the future.

Utilization of the Tat pathway has been attempted by fusing Tat signal peptides to the N-termini
of heterologous proteins. However, this way of using the Tat pathway is hindered by the lack of
characterized signal peptides. The best characterized and most widely used signal peptides are PhoD,
YwbN and QcrA (Palmer & Berks, 2012). Another obstacle is the fact that there is no signal peptide that
optimizes the secretion of every protein. Because of this engineers must go through the lengthy process
of finding a good signal peptide for every new heterologous protein that will be secreted. The most
common way to do this is through screening of extensive signal peptide libraries. The Tat signal peptide
YwbN was shown to direct secretion of subtilisin through the Tat translocation pathway, but directed a-
amylase secretion through a Tat-independent pathway (Kolkman et al., 2008). In another study the



PhoD Tat signal peptide also directed GFP secretion through a Tat-independent pathway (Snyder et al.,
2014). These studies show that the effect of fusing a Tat signal peptide to the desired heterologous
protein cannot be predicted yet.

Improving the Tat translocation pathway to secrete more heterologous proteins has been less
fruitful than the improvement of the Sec pathway. Exchanging domains between TatCd and TatCy
through genetic engineering produced chimeric proteins incapable of secreting the substrates of either
TatC protein. Site-directed mutagenesis showed that many residues of the N-terminus are essential to
the function of TatCd and TatCy. Additionally, C-terminal deletions of 5 and 8 residues produced a TatCy
protein that no longer functioned (Eijlander et al., 2009a). This shows that the TatC proteins contain
many essential regions and that alterations of the TatC proteins often lead to dysfunctional TatAC
complexes.

Nearly all instances of heterologous protein expression and secretion have used the canonical
Sec or Tat pathways. However, these pathways still have significant bottlenecks that impede easy
heterologous protein expression. To explore the possibility of circumventing these bottlenecks, one
study used the non-canonically secreted RDPE protein to secrete heterologous proteins via a hitchhiking
mechanism. The proteins of interest were fused to RDPE and their presence in the extracellular medium.
Two out of five heterologous bacterial proteins and both heterologous eukaryotic proteins were
secreted into the extracellular medium and retained their enzymatic activity despite the fusion (Chen et
al., 2016). This research shows that non-classical secretion pathways might be a good alternative for
heterologous protein expression of proteins that cannot be secreted by Sec or Tat.

5.3 Optimization of intracellular and extracellular chaperones

Overexpression of intracellular or extracellular chaperones has been used to increase heterologous
protein expression, often in combination with overexpression or deletion of other relevant proteins.
These cases of combinatorial engineering have shown promising results and indicate that the
improvement of multiple secretion pathway components is greater than the sum of the improvement of
the individual components.

Inactivation of hcrA and the resulting overexpression of the DnaK and GroE chaperones resulted
in a 60% increase in secreted anti-digoxin single chain antibody (SCA). Inactivation of hrcA was
subsequently used together with inactivation of the wprA extracellular protease and the PrsA
extracellular chaperone to increase the production of SCA by 250% (Wu et al., 1998). Recently,
overexpression of chaperones was used to produce recombinant human fibroblast growth factor 21
(rhFGF21) for the first time. Overexpression of DnakK led to the highest increase in rhFGF21 yield, raising
yields by 987% (Li et al., 2019). To further reduce degradation of rhFGF21 extracellular proteases were
knocked out as well. rhFGF21 is a very valuable compound for treating metabolic diseases and therefore
easy and plentiful production of this compound shows the enormous promise that heterologous protein
production with B. subtilis offers (Berglund et al., 2009).

Overexpression of PrsA has been used to increase the secretion of many heterologous proteins.
The earliest attempt resulted in a 250% increase in the secretion of AmyQ and a 200% increase in the
secretion of Bacillus licheniformis subtilisin in response to overexpression of PrsA (Kontinen & Sarvas,
1993). More recently, Streptococcus pyogenes pneumolysin secretion was increased 150% by the
overexpression of PrsA and Bacillus anthracis protective antigen secretion was increased by 250%



(Vitikainen et al., 2005; Williams et al., 2003). A more recent study reported increased heterologous
protein secretion by even greater amounts by overexpressing PrsA in combination with other proteins
relevant to protein secretion. Overexpression of the extracellular chaperone PrsA and the intracellular
chaperone DnaK increased protein secretion of B. licheniformis a-amylase (AmyL) and Geobacillus
stearothermophilus (previously Bacillus stearothermophilus) a-amylase (AmyS) by 700% and 1200%,
respectively (Chen et al., 2015). Another study assessed the effect of five heterologous PrsA variants for
their ability to increase the production of heterologous a-amylases from the same organisms. The
organisms from which PrsA and a-amylase were tested were: B. licheniformis, B. amyloliquefaciens, G.
stearothermophilus, B. sonorensis and B. NSP9.1. The highest increase in protein production was seen in
co-expression of B. sonorensis PrsA and a-amylase. This combination resulted in 154% increased protein
yield. In the same study, the creation of a new PrsA from B. licheniformis and B. NSP9.1 PrsA increased
the production of AmyL by 75% while also significantly reducing secretion stress compared to the B.
subtilis strain expressing no heterologous PrsA (Quesada-Ganuza et al., 2019). Overexpression of PrsA
increased the measured extracellular activity of B. pumilus y-glutamyltranspeptidase by 100%. y-
glutamyltranspeptidase is required for the industrial production of L-theanine, a valuable compound for
the food industry due to its taste and nutritional properties (Yang et al., 2019). These results show that
PrsA is a worthwhile target for optimizing heterologous protein production.

5.4 Optimization of extracellular proteases

The earliest attempts to alter the protease composition of B. subtilis knocked out all known extracellular
proteases at the time, creating WB600 (Wu et al., 1990). This strain lacked the NprE, AprE, Mpr, Epr, Bpf,
and NprB proteases giving it only 1% protease activity compared to the original B. subtilis 168 strain.
When new proteases were discovered these proteases were knocked out as well to create strains with
even less protease activity. These WB600, WB700 and WB800 strains were used with many different
heterologous proteins to achieve much higher yields than with other strains (Zhou et al., 2018; Ye et al.,
2000; Phuong et al., 2012). Many more examples of increased heterologous protein secretion with the
WB600, WB700 or WB80O strain exist but cannot all be discussed in this review. More recently, the fact
that proteases do not have a universally negative influence on protein secretion led to an effort to
characterize the effect of each protease on heterologous protein secretion. Large screening efforts led
to second generation expression hosts that contain only the extracellular proteases that were shown to
positively affect the protein being expressed (Zhao et al., 2019). However, the effect of each protease is
not the same for every protein, thus necessitating a screening test of all proteases for each new
heterologous protein to be expressed. Deletion of htrA, htrB or components of the CssRS system did not
lead to increases in heterologous protein expression, further cementing the roles of HtrA and HtrB as
quality control proteases that are essential for protein secretion. The secretion of AmyS and AmyL was
in fact reduced by 50% when the cssR gene was knocked out (Vitikainen et al., 2005).

Most efforts to optimize B. subtilis as an expression host use previous efforts as a starting point.
However, the 168 strain used for most optimization efforts is a domesticated strain with a tryptophan
auxotrophy (Burkholder & Giles, 1947). This strain is easily transformable but does not grow as well as
other less domesticated strains. In one study a more ancestral strain, ATCC 6051, was used as a starting
point to engineer an optimized expression host. The /ytC gene responsible for autolysis and the spollGA
gene involved in sporulation were deleted, yielding a strain with reduced autolysis and no sporulation



but without the auxotrophies of strain 168. This ATCC 6051 strain obtained a higher optical density than
the 168 strain but this did not translate into higher levels of protein secretion (Kabisch et al., 2013). This
strain still showed promising results and another team expanded upon this work, deleting more genes
that were relevant to heterologous protein production. The eight extracellular proteases listed in Table
1 of Chapter 4.1 were deleted to reduce proteolysis of secreted heterologous proteins. Additionally,
spollAC involved in sporulation and srfC, which is responsible for foaming of B. subtilis fermentation
cultures, were knocked out (Clarke & Mandelstam, 1987; Coutte et al., 2010). This strain produced 1.48
times as much Bacillus naganoensis pullulanase and grew 1.73 times more than the ATCC 6051 strain it
was derived from (Liu et al., 2018).

Concluding remarks

Remarkable progress has been made towards making B. subtilis an accessible host for abundant
production of valuable enzymes. These efforts to optimize B. subtilis as an expression host have been
fueled by ever-increasing knowledge about the fundamental molecular mechanisms behind protein
secretion and by advancing of the tools for metabolic engineering. Most encouragingly, improving single
parts of the secretion machinery increased protein expression two- or threefold but combinatorial
engineering of multiple components of the secretion system raised this to over tenfold. Increases in
secretion of AmyL and AmyS of 700% and 1200%, respectively, by overexpressing intra- and extracellular
chaperones simultaneously shows that the effect of combinatorial engineering is greater than the sum
of its parts (Chen et al., 2015). Extrapolating this, it can be speculated that protein yields can become
much higher still when all parts of the secretion pathway described in this review are engineered
together in B. subtilis. Moreover, abundant production of compounds of tremendous medical or
industrial value, such as FGF21, shows the enormous potential of B. subtilis for the bio-based production
of societally relevant compounds (Li et al., 2019).

However, the use of B. subtilis as an expression host remains limited to proteins that do not
require post-translational modification(s). This excludes its use for the production of many proteins from
eukaryotic organisms. In these cases using yeasts, fungi or other eukaryotic cells as expression hosts is
the only option. Since the machinery required for post-translational modification is complex and not the
same for each post-translationally modified protein, it is tremendously difficult to engineer B. subtilis in
such a way as to express and process such proteins and it is therefore highly unlikely that this will ever
be attempted.

Nonetheless, this does not diminish the value of B. subtilis as a heterologous protein expression
host. Many proteins do not require post-translational modifications and are industrially or medically
valuable and B. subtilis has been shown to be an excellent expression host for these proteins. Overall,
the improvements to the secretion pathway components described in this review combined with
innovative new approaches to genetic engineering, such as the toxin-antitoxin food-grade expression
system, will make B. subtilis a versatile expression host for many valuable proteins (Yang et al., 2016).



References

Alami, M., Liike, ., Deitermann, S., Eisner, G., Koch, H.-G., Brunner, J., & Miiller, M. (2003). Differential
Interactions between a Twin-Arginine Signal Peptide and Its Translocase in Escherichia coli.
Molecular Cell, 12(4), 937-946. https://doi.org/10.1016/s1097-2765(03)00398-8

Alcock, F., Baker, M. A. B., Greene, N. P., Palmer, T., Wallace, M. I., & Berks, B. C. (2013). Live cell
imaging shows reversible assembly of the TatA component of the twin-arginine protein
transport system. Proceedings of the National Academy of Sciences, 110(38), E3650—E3659.
https://doi.org/10.1073/pnas.1306738110

Allen, W. J., Corey, R. A., Oatley, P., Sessions, R. B., Baldwin, S. A., Radford, S. E., ... Collinson, I. (2016).
Two-way communication between SecY and SecA suggests a Brownian ratchet mechanism for
protein translocation. elife, 5, e15598. https://doi.org/10.7554/elife.15598

Antelmann, H., Darmon, E., Noone, D., Veening, J.-W., Westers, H., Bron, S., ... Van Dijl, J. M. (2003). The
extracellular proteome of Bacillus subtilis under secretion stress conditions. Molecular
Microbiology, 49(1), 143-156. https://doi.org/10.1046/j.1365-2958.2003.03565.x

Arkowitz, R. A., & Wickner, W. (1994). SecD and SecF are required for the proton electrochemical
gradient stimulation of preprotein translocation. The EMBO journal, 13(4), 954-963.

Babé, L. M., & Schmidt, B. (1998). Purification and biochemical analysis of WprA, a 52-kDa serine
protease secreted by B. subtilis as an active complex with its 23-kDa propeptide. Biochimica et
Biophysica Acta (BBA) - Protein Structure and Molecular Enzymology, 1386(1), 211-219.
https://doi.org/10.1016/s0167-4838(98)00110-1

Bach, J. N., & Bramkamp, M. (2013). Flotillins functionally organize the bacterial membrane. Molecular
Microbiology, 88(6), 1205-1217. https://doi.org/10.1111/mmi.12252

Bageshwar, U. K., & Musser, S. M. (2007). Two electrical potential-dependent steps are required for
transport by the Escherichia coli Tat machinery. Journal of Cell Biology, 179(1), 87-99.
https://doi.org/10.1083/jcb.200702082

Bahari, L., Parlitz, R., Eitan, A., Stjepanovic, G., Bochkareva, E. S., Sinning, |., & Bibi, E. (2007). Membrane
Targeting of Ribosomes and Their Release Require Distinct and Separable Functions of FtsY.
Journal of Biological Chemistry, 282(44), 32168—-32175.
https://doi.org/10.1074/jbc.m705429200

Banerjee, T., Zheng, Z., Abolafia, J., Harper, S., & Oliver, D. (2017). The SecA protein deeply penetrates
into the SecYEG channel during insertion, contacting most channel transmembrane helices and
periplasmic regions. Journal of Biological Chemistry, 292(48), 19693-19707.
https://doi.org/10.1074/jbc.ra117.000130

Barbieri, G., Albertini, A. M., Ferrari, E., Sonenshein, A. L., & Belitsky, B. R. (2016). Interplay of CodY and
ScoC in the Regulation of Major Extracellular Protease Genes of Bacillus subtilis. Journal of
Bacteriology, 198(6), 907—920. https://doi.org/10.1128/jb.00894-15



Barnett, J. P., Eijlander, R. T., Kuipers, O. P., & Robinson, C. (2007). A Minimal Tat System from a Gram-
positive Organism. Journal of Biological Chemistry, 283(5), 2534—2542.
https://doi.org/10.1074/jbc.m708134200

Barnett, J. P., van der Ploeg, R., Eijlander, R. T., Nenninger, A., Mendel, S., Rozeboom, R., ... Robinson, C.
(2008). The twin-arginine translocation (Tat) systems from Bacillus subtilis display a conserved
mode of complex organization and similar substrate recognition requirements. FEBS Journal,
276(1), 232—-243. https://doi.org/10.1111/j.1742-4658.2008.06776.x

Bauer, B. W., Shemesh, T., Chen, Y., & Rapoport, T. A. (2014). A “Push and Slide” Mechanism Allows
Sequence-Insensitive Translocation of Secretory Proteins by the SecA ATPase. Cell, 157(6),
1416-1429. https://doi.org/10.1016/j.cell.2014.03.063

Behrens-Kneip, S. (2010). The role of SurA factor in outer membrane protein transport and virulence.
International Journal of Medical Microbiology, 300(7), 421-428.
https://doi.org/10.1016/].ijmm.2010.04.012

Berg, B. van den, Clemons, W. M., Jr, Collinson, I., Modis, Y., Hartmann, E., Harrison, S. C., & Rapoport, T.
A. (2003). X-ray structure of a protein-conducting channel. Nature, 427(6969), 36—44.
https://doi.org/10.1038/nature02218

Berks, B. C. (1996). A common export pathway for proteins binding complex redox cofactors? Molecular
Microbiology, 22(3), 393-404. https://doi.org/10.1046/j.1365-2958.1996.00114.x

Bertelsen, E. B., Chang, L., Gestwicki, J. E., & Zuiderweg, E. R. P. (2009). Solution conformation of wild-
type E. coli Hsp70 (DnaK) chaperone complexed with ADP and substrate. Proceedings of the
National Academy of Sciences, 106(21), 8471-8476. https://doi.org/10.1073/pnas.0903503106

Blaudeck, N., Kreutzenbeck, P., Freudl, R., & Sprenger, G. A. (2003). Genetic Analysis of Pathway
Specificity during Posttranslational Protein Translocation across the Escherichia coli Plasma
Membrane. Journal of Bacteriology, 185(9), 2811-2819. https://doi.org/10.1128/jb.185.9.2811-
2819.2003

Bolhuis, A., Broekhuizen, C. P., Sorokin, A., van Roosmalen, M. L., Venema, G., Bron, S., ... van Dijl, J. M.
(1998). SecDF ofBacillus subtilis, a Molecular Siamese Twin Required for the Efficient Secretion
of Proteins. Journal of Biological Chemistry, 273(33), 21217-21224.
https://doi.org/10.1074/jbc.273.33.21217

Bolhuis, A., Mathers, J. E., Thomas, J. D., Barrett, C. M. L., & Robinson, C. (2001). TatB and TatC Form a
Functional and Structural Unit of the Twin-arginine Translocase from Escherichia coli. Journal of
Biological Chemistry, 276(23), 20213—-20219. https://doi.org/10.1074/jbc.m100682200

Braig, K., Otwinowski, Z., Hegde, R., Boisvert, D. C., Joachimiak, A., Horwich, A. L., & Sigler, P. B. The
crystal structure of the bacterial chaperonin GroEL at 2.8 A. Nature, 371(6498), 578-586.
https://doi.org/10.1038/371578a0



Braun, N. A, Davis, A. W., & Theg, S. M. (2007). The Chloroplast Tat Pathway Utilizes the
Transmembrane Electric Potential as an Energy Source. Biophysical Journal, 93(6), 1993—-1998.
https://doi.org/10.1529/biophysj.106.098731

Brockmeier, U., Caspers, M., Freudl, R., Jockwer, A., Noll, T., & Eggert, T. (2006). Systematic Screening of
All Signal Peptides from Bacillus subtilis: A Powerful Strategy in Optimizing Heterologous Protein
Secretion in Gram-positive Bacteria. Journal of Molecular Biology, 362(3), 393—402.
https://doi.org/10.1016/j.jmb.2006.07.034

Briickner, R., Shoseyov, O., & Doi, R. H. (1990). Multiple active forms of a novel serine protease from
Bacillus subtilis. Molecular and General Genetics MGG, 221(3), 486—490.
https://doi.org/10.1007/bf00259415

Brundage, L., Hendrick, J. P., Schiebel, E., Driessen, A. J. M., & Wickner, W. (1990). The purified E. coli
integral membrane protein SecYE is sufficient for reconstitution of SecA-dependent precursor
protein translocation. Cell, 62(4), 649-657. https://doi.org/10.1016/0092-8674(90)90111-q

Campo, N., Tjalsma, H., Buist, G., Stepniak, D., Meijer, M., Veenhuis, M., ... Jongbloed, J. D. H. (2004).
Subcellular sites for bacterial protein export. Molecular Microbiology, 53(6), 1583—-1599.
https://doi.org/10.1111/j.1365-2958.2004.04278.x

Catipovic, M. A, Bauer, B. W., Loparo, J. J., & Rapoport, T. A. (2019). Protein translocation by the SecA
ATPase occurs by a power-stroke mechanism. The EMBO Journal, 38(9), e101140.
https://doi.org/10.15252/embj.2018101140

Chatzi, K. E., Sardis, M. F., Karamanou, S., & Economou, A. (2013). Breaking on through to the other side:
protein export through the bacterial Sec system. Biochemical Journal, 449(1), 25-37.
https://doi.org/10.1042/bj20121227

Chen, )., Fu, G,, Gai, Y., Zheng, P., Zhang, D., & Wen, J. (2015). Combinatorial Sec pathway analysis for
improved heterologous protein secretion in Bacillus subtilis: identification of bottlenecks by
systematic gene overexpression. Microbial Cell Factories, 14(1).
https://doi.org/10.1186/s12934-015-0282-9

Chen, )., Zhao, L., Fu, G., Zhou, W., Sun, Y., Zheng, P., ... Zhang, D. (2016). A novel strategy for protein
production using non-classical secretion pathway in Bacillus subtilis. Microbial Cell Factories,
15(1). https://doi.org/10.1186/s12934-016-0469-8

Clarke, S., & Mandelstam, J. (1987). Regulation of Stage Il of Sporulation in Bacillus subtilis.
Microbiology, 133(9), 2371-2380. https://doi.org/10.1099/00221287-133-9-2371

Coutte, F., Leclére, V., Béchet, M., Guez, J.-S., Lecouturier, D., Chollet-Imbert, M., ... Jacques, P. (2010).
Effect ofppsdisruption and constitutive expression ofsrfAon surfactin productivity, spreading
and antagonistic properties ofBacillus subtilis168 derivatives. Journal of Applied Microbiology.
https://doi.org/10.1111/j.1365-2672.2010.04683.x



Cui, W., Han, L., Suo, F., Liu, Z., Zhou, L., & Zhou, Z. (2018). Exploitation of Bacillus subtilis as a robust
workhorse for production of heterologous proteins and beyond. World Journal of Microbiology
and Biotechnology, 34(10). https://doi.org/10.1007/s11274-018-2531-7

Delisa, M. P., Tullman, D., & Georgiou, G. (2003). Folding quality control in the export of proteins by the
bacterial twin-arginine translocation pathway. Proceedings of the National Academy of Sciences,
100(10), 6115-6120. https://doi.org/10.1073/pnas.0937838100

Diao, L., Dong, Q., Xu, Z., Yang, S., Zhou, J., & Freudl, R. (2011). Functional Implementation of the
Posttranslational SecB-SecA Protein-Targeting Pathway in Bacillus subtilis. Applied and
Environmental Microbiology, 78(3), 651-659. https://doi.org/10.1128/aem.07209-11

Duong, F., & Wickner, W. (1997). Distinct catalytic roles of the SecYE, SecG and SecDFyajC subunits of
preprotein translocase holoenzyme. The EMBO Journal, 16(10), 2756—2768.
https://doi.org/10.1093/emboj/16.10.2756

Egea, P. F., & Stroud, R. M. (2010). Lateral opening of a translocon upon entry of protein suggests the
mechanism of insertion into membranes. Proceedings of the National Academy of Sciences,
107(40), 17182-17187. https://doi.org/10.1073/pnas.1012556107

Eijlander, R. T., Jongbloed, J. D. H., & Kuipers, O. P. (2009). Relaxed Specificity of the Bacillus subtilis
TatAdCd Translocase in Tat-Dependent Protein Secretion. Journal of Bacteriology, 191(1), 196—
202. https://doi.org/10.1128/jb.01264-08

Eijlander, R. T., Kolbusz, M. A., Berendsen, E. M., & Kuipers, O. P. (2009). Effects of altered TatC proteins
on protein secretion efficiency via the twin-arginine translocation pathway of Bacillus subtilis.
Microbiology, 155(6), 1776—1785. https://doi.org/10.1099/mic.0.027987-0

Erlandson, K. J., Miller, S. B. M., Nam, Y., Osborne, A. R., Zimmer, J., & Rapoport, T. A. (2008). A role for
the two-helix finger of the SecA ATPase in protein translocation. Nature, 455(7215), 984—987.
https://doi.org/10.1038/nature07439

Fenton, W. A,, Kashi, Y., Furtak, K., & Norwich, A. L. (1994). Residues in chaperonin GroEL required for
polypeptide binding and release. Nature, 371(6498), 614—619.
https://doi.org/10.1038/371614a0

Freudl, R. (2018). Signal peptides for recombinant protein secretion in bacterial expression systems.
Microbial Cell Factories, 17(1). https://doi.org/10.1186/s12934-018-0901-3

Georgopoulos, C. (1992). The emergence of the chaperone machines. Trends in Biochemical Sciences,
17(8), 295-299. https://doi.org/10.1016/0968-0004(92)90439-g

Gohlke, U., Pullan, L., McDevitt, C. A., Porcelli, I., de Leeuw, E., Palmer, T., ... Berks, B. C. (2005). The TatA
component of the twin-arginine protein transport system forms channel complexes of variable



diameter. Proceedings of the National Academy of Sciences, 102(30), 10482—-10486.
https://doi.org/10.1073/pnas.0503558102

Goosens, V. )., De-San-Eustaquio-Campillo, A., Carballido-Lépez, R., & van Dijl, J. M. (2015). A Tat
ménage a trois — The role of Bacillus subtilis TatAc in twin-arginine protein translocation.
Biochimica et Biophysica Acta (BBA) - Molecular Cell Research, 1853(10), 2745—-2753.
https://doi.org/10.1016/j.bbamcr.2015.07.022

GU, S.-Q. (2003). The signal recognition particle binds to protein L23 at the peptide exit of the
Escherichia coli ribosome. RNA, 9(5), 566—573. https://doi.org/10.1261/rna.2196403

Harrison, C. J., Hayer-Hartl, M., Di Liberto, M., Hartl, F. U., & Kuriyan, J. (1997). Crystal Structure of the
Nucleotide Exchange Factor GrpE Bound to the ATPase Domain of the Molecular Chaperone
DnaK. Science, 276(5311), 431-435. https://doi.org/10.1126/science.276.5311.431

Honda, K., Nakamura, K., Nishiguchi, M., & Yamane, K. (1993). Cloning and characterization of a Bacillus
subtilis gene encoding a homolog of the 54-kilodalton subunit of mammalian signal recognition
particle and Escherichia coli Ffh. Journal of Bacteriology, 175(15), 4885—-4894.
https://doi.org/10.1128/jb.175.15.4885-4894.1993

Hong, K.-Q., Liu, D.-Y., Chen, T., & Wang, Z.-W. (2018). Recent advances in CRISPR/Cas9 mediated
genome editing in Bacillus subtilis. World Journal of Microbiology and Biotechnology, 34(10).
https://doi.org/10.1007/s11274-018-2537-1

Huber, D., Rajagopalan, N., Preissler, S., Rocco, M. A., Merz, F., Kramer, G., & Bukau, B. (2011). SecA
Interacts with Ribosomes in Order to Facilitate Posttranslational Translocation in Bacteria.
Molecular Cell, 41(3), 343—-353. https://doi.org/10.1016/j.molcel.2010.12.028

Hunt, J. F., Weinkauf, S., Henry, L., Fak, J. J., McNicholas, P., Oliver, D. B., & Deisenhoffer, J. (2002).
Nucleotide Control of Interdomain Interactions in the Conformational Reaction Cycle of SecA.
Science, 297(5589), 2018-2026. https://doi.org/10.1126/science.1074424

Hunt, John F., Weaver, A. J., Landry, S. J., Gierasch, L., & Deisenhofer, J. (1996). The crystal structure of
the GroES co-chaperonin at 2.8 A resolution. Nature, 379(6560), 37-45.
https://doi.org/10.1038/379037a0

Hyyryldinen, H.-L., Bolhuis, A., Darmon, E., Muukkonen, L., Koski, P., Vitikainen, M., ... Kontinen, V. P.
(2008). A novel two-component regulatory system in Bacillus subtilis for the survival of severe
secretion stress. Molecular Microbiology, 41(5), 1159-1172. https://doi.org/10.1046/j.1365-
2958.2001.02576.x

Hyyryldinen, H.-L., Marciniak, B. C., Dahncke, K., Pietidinen, M., Courtin, P., Vitikainen, M., ... Kontinen, V.
P. (2010). Penicillin-binding protein folding is dependent on the PrsA peptidyl-prolyl cis-trans
isomerase in Bacillus subtilis. Molecular Microbiology, 77(1), 108-127.
https://doi.org/10.1111/j.1365-2958.2010.07188.x



Jacobs, M., Andersen, J. B., Kontinen, V., & Sarvas, M. (1993). Bacillus subtilis PrsA is required in vivo as
an extracytoplasmic chaperone for secretion of active enzymes synthesized either with or
without pro-sequences. Molecular Microbiology, 8(5), 957-966. https://doi.org/10.1111/j.1365-
2958.1993.tb01640.x

Jakob, R. P., Koch, J. R., Burmann, B. M., Schmidpeter, P. A. M., Hunkeler, M., Hiller, S., ... Maier, T.
(2014). Dimeric Structure of the Bacterial Extracellular Foldase PrsA. Journal of Biological
Chemistry, 290(6), 3278—3292. https://doi.org/10.1074/jbc.m114.622910

Jongbloed, J. D. H., Grieger, U., Antelmann, H., Hecker, M., Nijland, R., Bron, S., & Van Dijl, J. M. (2004).
Two minimal Tat translocases in Bacillus. Molecular Microbiology, 54(5), 1319-1325.
https://doi.org/10.1111/j.1365-2958.2004.04341.x

Jongbloed, J. D. H., Martin, U., Antelmann, H., Hecker, M., Tjalsma, H., Venema, G., ... Miiller, J. (2000).
TatC Is a Specificity Determinant for Protein Secretion via the Twin-arginine Translocation
Pathway. Journal of Biological Chemistry, 275(52), 41350-41357.
https://doi.org/10.1074/jbc.m004887200

Kabisch, J., Thirmer, A., Hlbel, T., Popper, L., Daniel, R., & Schweder, T. (2013). Characterization and
optimization of Bacillus subtilis ATCC 6051 as an expression host. Journal of Biotechnology,
163(2), 97-104. https://doi.org/10.1016/].jbiotec.2012.06.034

Kakeshtia, H., Kageyama, Y., Ara, K., Ozaki, K., & Nakamura, K. (2010). Enhanced Extracellular Production
of Heterologous Proteins in Bacillus subtilis by Deleting the C-terminal Region of the SecA
Secretory Machinery. Molecular Biotechnology, 46(3), 250-257.
https://doi.org/10.1007/s12033-010-9295-0

Karamanou, S., Gouridis, G., Papanikou, E., Sianidis, G., Gelis, I., Keramisanou, D., ... Economou, A.
(2007). Preprotein-controlled catalysis in the helicase motor of SecA. The EMBO Journal, 26(12),
2904-2914. https://doi.org/10.1038/sj.emboj.7601721

Karamanou, S., Vrontou, E., Sianidis, G., Baud, C., Roos, T., Kuhn, A,, ... Economou, A. (1999). A molecular
switch in SecA protein couples ATP hydrolysis to protein translocation. Molecular Microbiology,
34(5), 1133-1145. https://doi.org/10.1046/j.1365-2958.1999.01686.x

Kihara, A., Akiyama, Y., & Ito, K. (1995). FtsH is required for proteolytic elimination of uncomplexed
forms of SecY, an essential protein translocase subunit. Proceedings of the National Academy of
Sciences, 92(10), 4532-4536. https://doi.org/10.1073/pnas.92.10.4532

Kolkman, M. A. B., van der Ploeg, R., Bertels, M., van Dijk, M., van der Laan, J., van Dijl, J. M., & Ferrari, E.
(2008). The Twin-Arginine Signal Peptide of Bacillus subtilis YWbN Can Direct either Tat- or Sec-
Dependent Secretion of Different Cargo Proteins: Secretion of Active Subtilisin via the B. subtilis
Tat Pathway. Applied and Environmental Microbiology, 74(24), 7507-7513.
https://doi.org/10.1128/aem.01401-08



Komar, J., Alvira, S., Schulze, R. J., Martin, R., Lycklama a Nijeholt, J. A., Lee, S. C,, ... Collinson, I. (2016).
Membrane protein insertion and assembly by the bacterial holo-translocon SecYEG—SecDF—-
YajC-YidC. Biochemical Journal, 473(19), 3341-3354. https://doi.org/10.1042/bcj20160545

Kontinen, V. P., & Sarvas, M. (1993). The PrsA lipoprotein is essential for protein secretion in Bacillus
subtilis and sets a limit for high-level secretion. Molecular Microbiology, 8(4), 727-737.
https://doi.org/10.1111/j.1365-2958.1993.tb01616.x

Krishnappa, L., Dreisbach, A., Otto, A., Goosens, V. J., Cranenburgh, R. M., Harwood, C. R,, ... van Dijl, J.
M. (2013). Extracytoplasmic Proteases Determining the Cleavage and Release of Secreted
Proteins, Lipoproteins, and Membrane Proteins in Bacillus subtilis. Journal of Proteome
Research, 12(9), 4101-4110. https://doi.org/10.1021/pr400433h

Kunst, F., Ogasawara, N., Moszer, |., Albertini, A. M., Alloni, G., Azevedo, V., ... Danchin, A. (1997). The
complete genome sequence of the Gram-positive bacterium Bacillus subtilis. Nature, 390(6657),
249-256. https://doi.org/10.1038/36786

Laufen, T., Mayer, M. P., Beisel, C., Klostermeier, D., Mogk, A., Reinstein, J., & Bukau, B. (1999).
Mechanism of regulation of Hsp70 chaperones by Dnal cochaperones. Proceedings of the
National Academy of Sciences, 96(10), 5452—5457. https://doi.org/10.1073/pnas.96.10.5452

Li, D., Fu, G., Tu, R,, Jin, Z., Zhang, D. High-efficiency expression and secretion of human FGF21 in Bacillus
subtilis by intercalation of a mini-cistron cassette and combinatorial optimization of cell
regulatory components. Microb Cell Fact 18, 17. https://doi.org/10.1186/s12934-019-1066-4

Li, W., Schulman, S., Boyd, D., Erlandson, K., Beckwith, J., & Rapoport, T. A. (2007). The Plug Domain of
the SecY Protein Stabilizes the Closed State of the Translocation Channel and Maintains a
Membrane Seal. Molecular Cell, 26(4), 511-521. https://doi.org/10.1016/j.molcel.2007.05.002

Lin, Z., Schwarz, F. P., & Eisenstein, E. (1995). The Hydrophobic Nature of GroEL-Substrate Binding.
Journal of Biological Chemistry, 270(3), 1011-1014. https://doi.org/10.1074/jbc.270.3.1011

Liu, X., Wang, H., Wang, B., & Pan, L. (2018). Efficient production of extracellular pullulanase in Bacillus
subtilis ATCC6051 using the host strain construction and promoter optimization expression
system. Microbial Cell Factories, 17(1). https://doi.org/10.1186/s12934-018-1011-y

Luan, B, , PhD, & Yang, S., , PhD. (2019). A Novel Endotoxin-Free Microbial Expression System. Genetic
Engineering & Biotechnology News, 39(11), 63-65. https://doi.org/10.1089/gen.39.11.20

Lucena, D., Mauri, M., Schmidt, F., Eckhardt, B., & Graumann, P. L. (2018). Microdomain formation is a
general property of bacterial membrane proteins and induces heterogeneity of diffusion
patterns. BMC Biology, 16(1), 97. https://doi.org/10.1186/s12915-018-0561-0

Luirink, ten Hagen-Jongman,M., van der Weijden, C. Oudega,High, S., Dobberstein, B., & Kusters,1994).
An alternative protein targeting pathway in Escherichia coli: studies on the role of FtsY. The
EMBO journal, 13(10), 2289-2296.



Lysenko, E., Ogura, T., & Cutting, S. M. (1997). Characterization of the ftsH gene of Bacillus subtilis.
Microbiology, 143(3), 971-978. https://doi.org/10.1099/00221287-143-3-971

Ma, C., Wu, X, Sun, D., Park, E., Catipovic, M. A., Rapoport, T. A,, ... Li, L. (2019). Structure of the
substrate-engaged SecA-SecY protein translocation machine. Nature Communications, 10(1),
2872. https://doi.org/10.1038/s41467-019-10918-2

Mally, A., & Witt, S. N. (2001). GrpE accelerates peptide binding and release from the high affinity state
of DnaK. Nature Structural Biology, 8(3), 254—257. https://doi.org/10.1038/85002

Margot, P., & Karamata, D. (1996). The wprA gene of Bacillus subtilis 168, expressed during exponential
growth, encodes a cell-wall-associated protease. Microbiology, 142(12), 3437-3444.
https://doi.org/10.1099/13500872-142-12-3437

Martin, J., Mayhew, M., Langer, T., & Hartl, U. (1993). The reaction cycle of GroEL and GroES in
chaperonin-assisted protein folding. Nature, 366(6452), 228—233.
https://doi.org/10.1038/366228a0

Matos, C. F. R. O., Robinson, C., & Di Cola, A. (2008). The Tat system proofreads FeS protein substrates
and directly initiates the disposal of rejected molecules. The EMBO Journal, 27(15), 2055-2063.
https://doi.org/10.1038/emboj.2008.132

Matsumoto, G., Mori, H., & Ito, K. (1998). Roles of SecG in ATP- and SecA-dependent protein
translocation. Proceedings of the National Academy of Sciences, 95(23), 13567-13572.
https://doi.org/10.1073/pnas.95.23.13567

Mayhew, M., da Silva, A. C. R., Martin, J., Erdjument-Bromage, H., Tempst, P., & Hartl, F. U. (1996).
Protein folding in the central cavity of the GroEL—GroES chaperonin complex. Nature, 379(6564),
420-426. https://doi.org/10.1038/379420a0

Meinhold, S., Bauer, D., Huber, J., Merkel, U., WeiRl, A., Zolddk, G., & Rief, M. (2019). An Active, Ligand-
Responsive Pulling Geometry Reports on Internal Signaling between Subdomains of the DnaK
Nucleotide-Binding Domain in Single-Molecule Mechanical Experiments. Biochemistry, 58(47),
4744-4750. https://doi.org/10.1021/acs.biochem.9b00155

Mogk, A., Homuth, G., Schultz, C., Kim, L., Schmidt, F. X., & Schumann, W. (1997). The GroE chaperonin
machine is a major modulator of the CIRCE heat shock regulon of Bacillus subtilis. The EMBO
Journal, 16(15), 4579-4590. https://doi.org/10.1093/emboj/16.15.4579

Monteferrante, C. G., Baglieri, J., Robinson, C., & van Dijl, J. M. (2012). TatAc, the Third TatA Subunit of
Bacillus subtilis, Can Form Active Twin-Arginine Translocases with the TatCd and TatCy Subunits.
Applied and Environmental Microbiology, 78(14), 4999-5001.
https://doi.org/10.1128/aem.01108-12



Mulder, K. C. L., Bandola, J., & Schumann, W. (2013). Construction of an artificial secYEG operon
allowing high level secretion of a-amylase. Protein Expression and Purification, 89(1), 92-96.
https://doi.org/10.1016/j.pep.2013.02.008

Mdiller, J. P, Bron, S., Venema, G., & Maarten van Dijl, J. (2000a). Chaperone-like activities of the CsaA
protein of Bacillus subtilis. Microbiology, 146(1), 77—88. https://doi.org/10.1099/00221287-146-
1-77

Mdiller, J. Ozegowski, J., Vettermann, S., Swaving, J., Van Wely, K. H., & Driessen, A. J. (2000b).
Interaction of Bacillus subtilis CsaA with SecA and precursor proteins. The Biochemical journal,
348 Pt 2(Pt 2), 367-373.

Nakamura, K., Nishiguchi, M., Honda, K., & Yamane, K. (1994). The Bacillus subtilis SRP54 Homologue,
Ffh, Has an Intrinsic GTPase Activity and Forms a Ribonucleoprotein Complex with Small
Cytoplasmic RNA in Vivo. Biochemical and Biophysical Research Communications, 199(3), 1394—
1399. https://doi.org/10.1006/bbrc.1994.1385

Nakamura, K., Yahagi, S., Yamazaki, T., & Yamane, K. (1999). Bacillus subtilis Histone-like Protein, HBsu,
Is an Integral Component of a SRP-like Particle That Can Bind theAluDomain of Small
Cytoplasmic RNA. Journal of Biological Chemistry, 274(19), 13569-13576.
https://doi.org/10.1074/jbc.274.19.13569

Nevalainen, K. M. H., Te’o, V. S. J., & Bergquist, P. L. (2005). Heterologous protein expression in
filamentous fungi. Trends in Biotechnology, 23(9), 468—474.
https://doi.org/10.1016/].tibtech.2005.06.002

Nishiyama, K., Suzuki, T., & Tokuda, H. (1996). Inversion of the Membrane Topology of SecG Coupled
with SecA-Dependent Preprotein Translocation. Cell, 85(1), 71-81.
https://doi.org/10.1016/s0092-8674(00)81083-1

Noone, D., Botella, E., Butler, C., Hansen, A., Jende, |., & Devine, K. M. (2012). Signal Perception by the
Secretion Stress-Responsive CssRS Two-Component System in Bacillus subtilis. Journal of
Bacteriology, 194(7), 1800—-1814. https://doi.org/10.1128/jb.05767-11

Noone, D., Howell, A., Collery, R., & Devine, K. M. (2001). YkdA and YvtA, HtrA-Like Serine Proteases
inBacillus subtilis, Engage in Negative Autoregulation and Reciprocal Cross-Regulation of ykdA
and yvtAGene Expression. Journal of Bacteriology, 183(2), 654—663.
https://doi.org/10.1128/jb.183.2.654-663.2001

Noshiro, D., & Ando, T. (2018). Substrate protein dependence of GroEL-GroES interaction cycle revealed
by high-speed atomic force microscopy imaging. Philosophical Transactions of the Royal Society
B: Biological Sciences, 373(1749), 20170180. https://doi.org/10.1098/rstb.2017.0180

Packschies, L., Theyssen, H., Buchberger, A., Bukau, B., Goody, R. S., & Reinstein, J. (1997). GrpE
Accelerates Nucleotide Exchange of the Molecular Chaperone DnaK with an Associative



Displacement Mechanismt. Biochemistry, 36(12), 3417-3422.
https://doi.org/10.1021/bi962835I

Palmer, T., & Berks, B. C. (2012). The twin-arginine translocation (Tat) protein export pathway. Nature
Reviews Microbiology, 10(7), 483—496. https://doi.org/10.1038/nrmicro2814

Park, E., & Rapoport, T. A. (2011). Preserving the membrane barrier for small molecules during bacterial
protein translocation. Nature, 473(7346), 239-242. https://doi.org/10.1038/nature10014

Phuong, N. D., Jeong, Y. S., Selvaraj, T., Kim, S. K., Kim, Y. H., Jung, K. H., ... Kim, H. (2012). Production of
XynX, a Large Multimodular Protein of Clostridium thermocellum, by Protease-Deficient Bacillus
subtilis Strains. Applied Biochemistry and Biotechnology, 168(2), 375-382.
https://doi.org/10.1007/s12010-012-9781-x

Quesada-Ganuza, A., Antelo-Varela, M., Mouritzen, J. C., Bartel, J., Becher, D., Gjermansen, M., ...
Nielsen, A. K. (2019). Identification and optimization of PrsA in Bacillus subtilis for improved
yield of amylase. Microbial Cell Factories, 18(1), 158. https://doi.org/10.1186/s12934-019-1203-
0

Rahfeld, J. U., Riicknagel, K. P., Schelbert, B., Ludwig, B., Hacker, J., Mann, K., & Fischer, G. (1994).
Confirmation of the existence of a third family among peptidyl-prolyl cis/trans isomerases
Amino acid sequence and recombinant production of parvulin. FEBS Letters, 352(2), 180—-184.
https://doi.org/10.1016/0014-5793(94)00932-5

Randall, L. L., Crane, J. M., Lilly, A. A,, Liu, G., Mao, C., Patel, C. N., & Hardy, S. J. S. (2005). Asymmetric
Binding Between SecA and SecB Two Symmetric Proteins: Implications for Function in Export.
Journal of Molecular Biology, 348(2), 479-489. https://doi.org/10.1016/j.jmb.2005.02.036

Rodrigue, A., Chanal, A., Beck, K., Miller, M., & Wu, L.-F. (1999). Co-translocation of a Periplasmic
Enzyme Complex by a Hitchhiker Mechanism through the Bacterial Tat Pathway. Journal of
Biological Chemistry, 274(19), 13223-13228. https://doi.org/10.1074/jbc.274.19.13223

Rye, H. S., Roseman, A. M., Chen, S., Furtak, K., Fenton, W. A,, Saibil, H. R., & Horwich, A. L. (1999).
GroEL-GroES Cycling. Cell, 97(3), 325—-338. https://doi.org/10.1016/s0092-8674(00)80742-4

Sargent, F. (2007). The twin-arginine transport system: moving folded proteins across membranes.
Biochemical Society Transactions, 35(5), 835—847. https://doi.org/10.1042/bst0350835

Schiebel, E., Driessen, A. J. M., Hartl, F.-U., & Wickner, W. (1991). AuH+ and ATP function at different
steps of the catalytic cycle of preprotein translocase. Cell, 64(5), 927-939.
https://doi.org/10.1016/0092-8674(91)90317-r

Schmid, F. X. (2001). Prolyl Isomerases. Protein Folding in the Cell, 243-282.
https://doi.org/10.1016/s0065-3233(01)59008-7



Schulze, R. J., Komar, J., Botte, M., Allen, W. J., Whitehouse, S., Gold, V. A. M,, ... Collinson, I. (2014).
Membrane protein insertion and proton-motive-force-dependent secretion through the
bacterial holo-translocon SecYEG—SecDF-YajC-YidC. Proceedings of the National Academy of
Sciences, 111(13), 4844—4849. https://doi.org/10.1073/pnas.1315901111

Schumann, W. (2003). The Bacillus subtilis heat shock stimulon. Cell Stress & Chaperones, 8(3), 207.
https://doi.org/10.1379/1466-1268(2003)008

Shan, S., Chandrasekar, S., & Walter, P. (2007). Conformational changes in the GTPase modules of the
signal reception particle and its receptor drive initiation of protein translocation. Journal of Cell
Biology, 178(4), 611-620. https://doi.org/10.1083/jcb.200702018

Shi, L., Ravikumar, V., Derouiche, A., Macek, B., & Mijakovic, . (2016). Tyrosine 601 of Bacillus subtilis
DnaK Undergoes Phosphorylation and Is Crucial for Chaperone Activity and Heat Shock
Survival¥. Frontiers in Microbiology, 7, 533. https://doi.org/10.3389/fmicb.2016.00533

Sianidis, G., Karamanou, S., Vrontou, Boulias, K., Repanas, K., Kyrpides, N., Politou, A. S., & Economou, A.
(2001). Cross-talk between catalytic and regulatory elements in a DEAD motor domain is
essential for SecA function. The EMBO journal, 20(5), 961-970.
https://doi.org/10.1093/emboj/20.5.961

Sloma, A., Rudolph, C. F., Rufo, G. A,, Jr, Sullivan, B. J., Theriault, K. A., Ally, D., & Pero, J. (1990). Gene
encoding a novel extracellular metalloprotease in Bacillus subtilis. Journal of Bacteriology,
172(2), 1024-1029. https://doi.org/10.1128/jb.172.2.1024-1029.1990

Sloma, A., Rufo, G. A., Jr, Theriault, K. A., Dwyer, M., Wilson, S. W., & Pero, J. (1991). Cloning and
characterization of the gene for an additional extracellular serine protease of Bacillus subitilis.
Journal of Bacteriology, 173(21), 6889—-6895. https://doi.org/10.1128/jb.173.21.6889-6895.1991

Snyder, A. J., Mukherjee, S., Glass, J. K., Kearns, D. B., & Mukhopadhyay, S. (2014). The Canonical Twin-
Arginine Translocase Components Are Not Required for Secretion of Folded Green Fluorescent
Protein from the Ancestral Strain of Bacillus subtilis. Applied and Environmental Microbiology,
80(10), 3219-3232. https://doi.org/10.1128/aem.00335-14

Song, Y., Fu, G., Dong, H., Li, J., Du, Y., & Zhang, D. (2017). High-Efficiency Secretion of f-Mannanase in
Bacillus subtilis through Protein Synthesis and Secretion Optimization. Journal of Agricultural
and Food Chemistry, 65(12), 2540—-2548. https://doi.org/10.1021/acs.jafc.6b05528

Song, Y., Nikoloff, J. M., Fu, G., Chen, J., Li, Q., Xie, N., ... Zhang, D. (2016). Promoter Screening from
Bacillus subtilis in Various Conditions Hunting for Synthetic Biology and Industrial Applications.
PLOS ONE, 11(7), e0158447. https://doi.org/10.1371/journal.pone.0158447

Spiess, C., Beil, A., & Ehrmann, M. (1999). A Temperature-Dependent Switch from Chaperone to
Protease in a Widely Conserved Heat Shock Protein. Cell, 97(3), 339-347.
https://doi.org/10.1016/s0092-8674(00)80743-6


https://doi.org/10.1083/jcb.200702018

Stahl, M. L., & Ferrari, E. (1984). Replacement of the Bacillus subtilis subtilisin structural gene with an In
vitro-derived deletion mutation. Journal of Bacteriology, 158 (2) 411-418

Stephenson, K., Bron, S., & Harwood, C. R. (1999). Cellular lysis in Bacillus subtilis; the effect of multiple
extracellular protease deficiencies. Letters in Applied Microbiology, 29(2), 141-145.
https://doi.org/10.1046/j.1472-765x.1999.00592.x

Stephenson, K. & Harwood, C. R. (1998). Influence of a Cell-Wall-Associated Protease on Production of
a-Amylase by Bacillus subtilis. Applied and Environmental Microbiology, 64 (8) 2875-2881.

Swain, J. F., Dinler, G., Sivendran, R., Montgomery, D. L., Stotz, M., & Gierasch, L. M. (2007). Hsp70
Chaperone Ligands Control Domain Association via an Allosteric Mechanism Mediated by the
Interdomain Linker. Molecular Cell, 26(1), 27-39. https://doi.org/10.1016/j.molcel.2007.02.020

Taura, T., Akiyama, Y., & Ito, K. (1994). Genetic analysis of SecY: additional export-defective mutations
and factors affecting their phenotypes. Molecular and General Genetics MGG, 243(3), 261-269.
https://doi.org/10.1007/bf00301061

Taura, T., Baba, T., Akiyama, Y., & Ito, K. (1993). Determinants of the quantity of the stable SecY complex
in the Escherichia coli cell. Journal of Bacteriology, 175(24), 7771-7775.
https://doi.org/10.1128/jb.175.24.7771-7775.1993

Terpe, K. (2006). Overview of bacterial expression systems for heterologous protein production: from
molecular and biochemical fundamentals to commercial systems. Applied Microbiology and
Biotechnology, 72(2), 211-222. https://doi.org/10.1007/s00253-006-0465-8

Tjalsma, H., Bolhuis, A., van Roosmalen, M. L., Wiegert, T., Schumann, W., Broekhuizen, C. P., ... van Dijl,
J. M. (1998). Functional analysis of the secretory precursor processing machinery of Bacillus
subtilis: identification of a eubacterial homolog of archaeal and eukaryotic signal peptidases.
Genes & Development, 12(15), 2318-2331. https://doi.org/10.1101/gad.12.15.2318

Tossavainen, H., Permi, P., Purhonen, S. L., Sarvas, M., Kilpeldinen, I., & Seppala, R. (2006). NMR solution
structure and characterization of substrate binding site of the PPlase domain of PrsA protein
fromBacillus subtilis. FEBS Letters, 580(7), 1822—-1826.
https://doi.org/10.1016/].febslet.2006.02.042

Tran, L., Wu, X. C., & Wong, S. L. (1991). Cloning and expression of a novel protease gene encoding an
extracellular neutral protease from Bacillus subtilis. Journal of Bacteriology, 173(20), 6364—
6372. https://doi.org/10.1128/jb.173.20.6364-6372.1991

Tsui, H.-C. T., Keen, S. K., Sham, L.-T., Wayne, K. J., & Winkler, M. E. (2011). Dynamic Distribution of the
SecA and SecY Translocase Subunits and Septal Localization of the HtrA Surface
Chaperone/Protease during Streptococcus pneumoniae D39 Cell Division. mBio, 2(5), e€00202-
11. https://doi.org/10.1128/mbio.00202-11



Tsukazaki, T. (2018). Structure-based working model of SecDF, a proton-driven bacterial protein
translocation factor. FEMS Microbiology Letters, 365(12), 112.
https://doi.org/10.1093/femsle/fny112

Tsukazaki, T., Mori, H., Echizen, Y., Ishitani, R., Fukai, S., Tanaka, T, ... Nureki, O. (2011). Structure and
function of a membrane component SecDF that enhances protein export. Nature, 474(7350),
235-238. https://doi.org/10.1038/nature09980

Ullers, R. S., Houben, E. N. G., Raine, A., ten Hagen-Jongman, C. M., Ehrenberg, M., Brunner, J., ... Luirink,
J. (2003). Interplay of signal recognition particle and trigger factor at L23 near the nascent chain
exit site on the Escherichia coli ribosome. Journal of Cell Biology, 161(4), 679—684.
https://doi.org/10.1083/jcb.200302130

van der Ploeg, R., Barnett, J. P., Vasisht, N., Goosens, V. J., Péther, D. C., Robinson, C., & van Dijl, J. M.
(2011). Salt Sensitivity of Minimal Twin Arginine Translocases. Journal of Biological Chemistry,
286(51), 43759-43770. https://doi.org/10.1074/jbc.m111.243824

van der Sluis, E. O., & Driessen, A. J. M. (2006). Stepwise evolution of the Sec machinery in
Proteobacteria. Trends in Microbiology, 14(3), 105-108.
https://doi.org/10.1016/j.tim.2006.01.009

van Dijl, J. M., & Hecker, M. (2013). Bacillus subtilis: from soil bacterium to super-secreting cell factory.
Microbial Cell Factories, 12(1), 3. https://doi.org/10.1186/1475-2859-12-3

van Tilburg, A. Y., Cao, H., van der Meulen, S. B., Solopova, A., & Kuipers, O. P. (2019). Metabolic
engineering and synthetic biology employing Lactococcus lactis and Bacillus subtilis cell
factories. Current Opinion in Biotechnology, 59, 1-7.
https://doi.org/10.1016/j.copbio.2019.01.007

Vitikainen, M., Hyyrylainen, H.-L., Kivimaki, A., Kontinen, V. P., & Sarvas, M. (2005a). Secretion of
heterologous proteins in Bacillus subtilis can be improved by engineering cell components
affecting post-translocational protein folding and degradation. Journal of Applied Microbiology,
99(2), 363—-375. https://doi.org/10.1111/j.1365-2672.2005.02572.x

Vitikainen, M., Hyyrylainen, H.-L., Kivimaki, A., Kontinen, V. P., & Sarvas, M. (2005b). Secretion of
heterologous proteins in Bacillus subtilis can be improved by engineering cell components
affecting post-translocational protein folding and degradation. Journal of Applied Microbiology,
99(2), 363—-375. https://doi.org/10.1111/j.1365-2672.2005.02572.x

Vitikainen, Marika, Lappalainen, I., Seppala, R., Antelmann, H., Boer, H., Taira, S., ... Kontinen, V. P.
(2004). Structure-Function Analysis of PrsA Reveals Roles for the Parvulin-like and Flanking N-
and C-terminal Domains in Protein Folding and Secretion inBacillus subtilis. Journal of Biological
Chemistry, 279(18), 19302—-19314. https://doi.org/10.1074/jbc.m400861200



Vogt, C. M., Schraner, E. M., Aguilar, C., & Eichwald, C. (2016). Heterologous expression of antigenic
peptides in Bacillus subtilis biofilms. Microbial Cell Factories, 15(1).
https://doi.org/10.1186/s12934-016-0532-5

Vollmer, W., Joris, B., Charlier, P., & Foster, S. (2008). Bacterial peptidoglycan (murein) hydrolases. FEMS
Microbiology Reviews, 32(2), 259-286. https://doi.org/10.1111/j.1574-6976.2007.00099.x

von Heijne, G. (1985). Signal sequences. Journal of Molecular Biology, 184(1), 99—105.
https://doi.org/10.1016/0022-2836(85)90046-4

Wabhlstrom, E., Vitikainen, M., Kontinen, V. P., & Sarvas, M. (2003). The extracytoplasmic folding factor
PrsA is required for protein secretion only in the presence of the cell wall in Bacillus subitilis.
Microbiology, 149(3), 569-577. https://doi.org/10.1099/mic.0.25511-0

Weissman, J. S., Hohl, C. M., Kovalenko, O., Kashi, Y., Chen, S., Braig, K., ... Norwich, A. L. (1995).
Mechanism of GroEL action: Productive release of polypeptide from a sequestered position
under groes. Cell, 83(4), 577-587. https://doi.org/10.1016/0092-8674(95)90098-5

Westers, H., Westers, L., Darmon, E., van Dijl, J. M., Quax, W. J., & Zanen, G. (2006). The CssRS two-
component regulatory system controls a general secretion stress response in Bacillus subtilis.
FEBS Journal, 273(16), 3816—3827. https://doi.org/10.1111/j.1742-4658.2006.05389.x

Whitaker, N., Bageshwar, U. K., & Musser, S. M. (2012). Kinetics of Precursor Interactions with the
Bacterial Tat Translocase Detected by Real-time FRET. Journal of Biological Chemistry, 287(14),
11252-11260. https://doi.org/10.1074/jbc.m111.324525

Wiegert, T., & Schumann, W. (2003). Analysis of a DNA-binding motif of the Bacillus subtilis HrcA
repressor protein. FEMS Microbiology Letters, 223(1), 101-106. https://doi.org/10.1016/s0378-
1097(03)00350-1

Williams, R. C., Rees, M. L., Jacobs, M. F., Pragai, Z., Thwaite, J. E., Baillie, L. W. J,, ... Harwood, C. R.
(2003). Production of Bacillus anthracis Protective Antigen Is Dependent on the Extracellular
Chaperone, PrsA. Journal of Biological Chemistry, 278(20), 18056—-18062.
https://doi.org/10.1074/jbc.m301244200

Winardhi, R. S., Tang, Q., You, H., Sheetz, M., & Yan, J. (not yet published). The holdase function of
Escherichia coli Hsp70 (DnaK) chaperone. bioRxiv.

Wu, X. C., Lee, W., Tran, L., & Wong, S. L. (1991). Engineering a Bacillus subtilis expression-secretion
system with a strain deficient in six extracellular proteases. Journal of Bacteriology, 173(16),
4952-4958. https://doi.org/10.1128/jb.173.16.4952-4958.1991

Wu, XNathoo, S., Pang, A. S., Carne, T., & Wong, S. L. (1990). Cloning, genetic organization, and
characterization of a structural gene encoding bacillopeptidase F from Bacillus subtilis. The
Journal of Biological Chemistry, 265, 6845-6850.



Wu, S., Ye, R, Ng, S., Wong, S. (1998) Enhanced Secretory Production of a Single-Chain Antibody
Fragment from Bacillus subtilis by Coproduction of Molecular Chaperones. Journal of
Bacteriology, 180 (11) 2830-2835.

Yamamoto, H., Kurosawa, S., & Sekiguchi, J. (2003). Localization of the Vegetative Cell Wall Hydrolases
LytC, LytE, and LytF on the Bacillus subtilis Cell Surface and Stability of These Enzymes to Cell
Wall-Bound or Extracellular Proteases. Journal of Bacteriology, 185(22), 6666—6677.
https://doi.org/10.1128/jb.185.22.6666-6677.2003

Yan, S., & Wu, G. (2019). Proteases HtrA and HtrB for a-amylase secreted from Bacillus subtilis in
secretion stress. Cell Stress and Chaperones, 24(3), 493-502. https://doi.org/10.1007/s12192-
019-00985-1

Yang, M. Y., Ferrari, E., & Henner, D. J. (1984). Cloning of the neutral protease gene of Bacillus subtilis
and the use of the cloned gene to create an in vitro-derived deletion mutation. Journal of
Bacteriology, 160 (1) 15-21.

Yang, S., Kang, Z., Cao, W., Du, G., & Chen, J. (2016). Construction of a novel, stable, food-grade
expression system by engineering the endogenous toxin-antitoxin system in Bacillus subtilis.
Journal of Biotechnology, 219, 40—-47. https://doi.org/10.1016/j.jbiotec.2015.12.029

Ye, R., Kim, J.-H., Kim, B.-G., Szarka, S., Sihota, E. and Wong, S.-L. (1999). High-level secretory production
of intact, biologically active staphylokinase from Bacillus subtilis. Biotechnol. Bioeng., 62: 87-96.
doi:10.1002/(SIC1)1097-0290(19990105)62:1<87::AID-BIT10>3.0.CO;2-I

Yang, T., Irene, K., Liu, H., Liu, S., Zhang, X., Xu, M., & Rao, Z. (2019). Enhanced extracellular gamma
glutamyl transpeptidase production by overexpressing of PrsA lipoproteins and improving its
mMRNA stability in Bacillus subtilis and application in biosynthesis of L-theanine. Journal of
Biotechnology, 302, 85-91. https://doi.org/10.1016/].jbiotec.2019.06.302

Yuan, G., & Wong, S. L. (1995). Isolation and characterization of Bacillus subtilis groE regulatory mutants:
evidence for orf39 in the dnaK operon as a repressor gene in regulating the expression of both
groE and dnaK. Journal of bacteriology, 177(22), 6462—6468.
https://doi.org/10.1128/jb.177.22.6462-6468.1995

Zhang, K., Su, L., & Wu, J. (2020). Recent Advances in Recombinant Protein Production by Bacillus
subtilis. Annual Review of Food Science and Technology, 11(1), 295-318.
https://doi.org/10.1146/annurev-food-032519-051750

Zhao, L., Ye, B., Zhang, Q., Cheng, D., Zhou, C., Cheng, S., & Yan, X. (2019). Construction of second
generation protease-deficient hosts of Bacillus subtilis for secretion of foreign proteins.
Biotechnology and Bioengineering, 116(8), 2052—-2060. https://doi.org/10.1002/bit.26992



https://doi.org/10.1002/bit.26992

Zhou, C., Xue, Y., & Ma, Y. (2018). Characterization and high-efficiency secreted expression in Bacillus
subtilis of a thermo-alkaline B-mannanase from an alkaliphilic Bacillus clausii strain S10.
Microbial Cell Factories, 17(1). https://doi.org/10.1186/s12934-018-0973-0



