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Abstract

Streptococcus pyogenes or group A streptococcus (GAS) is a Gram-positive bacteria known to
cause both mild and severe infections in humans. GAS strains secrete several proteases that
play key roles in virulence role and pathogenesis. Among them, Streptococcal pyrogenic
exotoxin B (SpeB) is the most widely studied protease that plays a key role in the virulence by
degrading host proteins. SpeB is a cysteine protease reported to cleave numerous host and
streptococcal proteins. The structural and functional characteristics of purified SpeB have been
reported. SpeB production was initially carried out from the native GAS stains and later
expanded to recombinant production in Escherichia coli cells. When expressed in E. coli using
a suitable expression vector, various levels of solubilities were achieved under optimized
conditions. The current study used a codon optimization strategy in combination with various
induction parameters to improve the recombinant production of SpeB in E. coli cells. Both
wildtype (SpeB23 wild) and codon optimized SpeB (SpeB23 co) were cloned into pET23b
plasmid, expressed into E. coli BL21(DE3)pLysS cells and induced with IPTG at 20, 25 and
30°C, respectively to achieve optimal solubility. In comparison with SpeB23 wild, higher
purification yield was observed with SpeB23 co when a single step Ni-NTA affinity
chromatography was performed. Furthermore, SpeB23 co shown similar activity than that of
SpeB23 wild in both skim-milk agar and chromogenic substrate hydrolysis-based assays. The
similar activity results suggest that the codon optimization did not impair SpeB catalytic
activity. In summary, the current study highlights the utilization of codon optimization in SpeB

production to achieve improved yields of active protein.
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1. Introduction

Streptococcal pyrogenic exotoxin B (SpeB), the protease of interest in this thesis, is one of the
key virulence factors secreted by the pathogenic bacteria Streptococcus pyogenes. S. pyogenes
have long been known to cause various human diseases. The introduction here provides a short
overview of the bacterium, including bacteriology, diseases, and virulence factors. The
introduction then provides a brief summary of key proteases secreted by S. pyogenes before
going into detailed summary of SpeB in particular. An overview of SpeB history, expression,
structure, both host and streptococcal substrates, potential as a vaccine target and its
commercial availability are discussed to cover the basic background behind the topic of
interest. The introduction also provides background and current information on progress in
codon-optimised expression and purification of recombinant proteins. Finally, the topic of this
thesis, developing a codon-optimised expression and purification strategy for recombinant

production of active SpeB and its advantages over wildtype expression are discussed.

1.1 Group A Streptococcus (GAS)

1.1.1 Bacteriology

S. pyogenes is a human-specific pathogen, commonly found on normal skin (Foster, 1996,
Newberger & Gupta, 2022). S. pyogenes is a Gram-positive, non-motile cocci-shaped bacteria
that are arranged in chains (Fig. 1). Most streptococci are facultative anaerobes, while some
are strict anaerobes. Within the Streptococcus genus, S. pyogenes was classified as Group A
streptococcus (GAS) by Lancefield using the differences in surface carbohydrate moieties
(Lancefield, 1933). GAS is cultured in blood agar enriched media at 37°C in either ambient air
or enriched with 5-10% CO- (Fig. 2) (Patterson, 1996). GAS strains were further classified into
specific serological types based on the cell surface M protein (Lancefield, 1962). M protein is
localized on the cell wall and is known as one of the major virulence factors of GAS. Currently,
more than 200 M-type GAS strains have been identified using a combination of serological

and molecular typing methods (Facklam et al., 2002, McMillan ef al., 2013).
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Figure 1. Micrograph of a specimen revealing GAS bacteria chains. The image was obtained from
https://phil.cdc.gov/Details.aspx?pid=2109

Figure 2. GAS cultured in trypticase soy agar containing 5% defibrinated sheep's blood. GAS

characteristic light colored halo surrounding each colony in which the red blood cells were destroyed/hemolyzed

can be seen in the image. The image was obtained from https://phil.cdc.gov/Details.aspx?pid=8170
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1.1.2 Diseases

GAS has the potential to cause a wide range of diseases in humans ranging from relatively
minor to life-threatening. GAS is responsible for many diseases including pharyngitis (rapid
onset of a sore throat infection in the upper respiratory tract), impetigo (a common and highly
contagious skin infection) and nonsuppurative diseases that mainly affect infants and children.
As an outcome of inadequate antibiotic treatment or no treatment more than 3 to 5% of people
who suffer from Group A streptococcal pharyngeal infection may develop rheumatic fever a
sickness that especially affects the mitral valve which leads to cardiovascular damage
(Fischetti, 2016). Also, recurrent infections can lead to several autoimmune diseases including
acute post-streptococcal glomerulonephritis, rheumatic heart disease, and pediatric
autoimmune neuropsychiatric disorders (PANDAS) (Lane & Seelig, 2016). GAS is also the
causative agent of other life-threatening diseases such as sepsis, streptococcal toxic shock
syndrome (STSS), and necrotizing fasciitis (Cunningham, 2000). GAShas lately been
associated with Tourette's condition and Tic disorders. Overall GAS-related infections are not
actively tracked globally; hence a recent number of total infections is not available. In 2005,
World health organization (WHO) reported a global estimate of at least 18.1 million cases of
severe GAS disease in total, with a further 1.78 million new cases occurring each year,
accounting for 517,000 deaths annually (Carapetis et al., 2005). To date, GAS remains a crucial
reason for global morbidity and mortality with higher mortality rates in countries with

relatively low incomes (Sims Sanyahumbi et al., 2016).

1.1.3 Virulence Factors

In addition to being investigated for more than a century, the use of genetic and molecular
biology techniques are helping to unravel the virulence factors responsible for GAS
pathogenicity and their mechanism of action (Bisno et al., 2003, Golinska et al., 2016). Briefly,
a wide range of bacterial adhesins triggers adherence and colonization of GAS pathogen into
the human host (skin and mucus membranes). Followed by adherence and colonization, GAS
invades skin and mucus membranes and causes infection by disturbing host defense
mechanisms. Among the many virulence factors, the M proteins, hyaluronic acid capsule,
fibronectin-binding proteins, C5a peptidase (ScpA) and Streptococcal pyrogenic exotoxin B

(SpeB) play key roles in pathogenesis (Terao, 2012).
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The M protein is referred to as the primary antigen (Lancefield, 1962) and is one of the
extensively studied virulence factors of GAS. M protein is localized on the cell surface of GAS.
The structure and various functions of M protein are well studied and reviewed (Smeesters et
al., 2010, Metzgar & Zampolli, 2011). The key virulence property of the M protein is its
antiphagocytic property which results in the inhibition of phagocytosis in the non-immune host
through the ability to bind two components of the human immune system, human complement
regulator C4b-binding protein (C4BP) and IgA (Carlsson et al., 2003). The study describes that
the hypervariable region of the M protein binds C4BP, and an adjacent semivariable region
binds IgA-Fc and fully accounts for the antiphagocytic property of M22 and similar M proteins.
In addition to its virulence property, M protein has also been used in the classification of GAS
strains. Another major virulence factor of GAS is a hyaluronic acid capsule composed of a
polymer of hyaluronic acid consisting of repeating units of glucuronic acid and N-
acetylglucosamine. Hyaluronic acid capsule plays a key role in tissue penetration of GAS by
interacting with CD44 (Cywes & Wessels, 2001). The hyaluronic acid capsule also has a role
in colonization and phagocytosis (Wessels & Bronze, 1994). GAS strains rich in both M protein
and hyaluronic acid capsules are extremely virulent for humans. In addition to the M protein
and hyaluronic acid capsule, GAS surface fibronectin-binding proteins have been also studied
extensively these play important roles in adherence to host cells (Kreikemeyer et al., 1995,
Talay et al., 1992).

1.2 GAS Proteases

One common virulence mechanism used by many bacteria is to secrete proteases that can
degrade components of the host immune system (Frees et al., 2013, Ingmer & Brondsted,
2009). Proteases are enzymes which are proteins in nature and catalyze the hydrolysis of a
peptide bond via a nucleophilic attack. Proteases can be found in all forms of life and are
involved in many biological functions. For example, proteases regulate growth factors,
cytokines, chemokines, and cellular receptors (Rao et al., 1998, Ehrmann & Clausen, 2004,
Lopez-Otin & Bond, 2008). However, for most proteases it is unclear how many
physiologically relevant substrates they have, and how these substrate interactions differ in
different conditions (Rawlings & Salvesen, 2013). Over the years, the advancement of
structural and molecular biology led to the discovery of the proteases structure and functional

features and their role in biochemical processes. Based on the key amino acid used in catalysis,
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the proteases are classified into several groups, including serine proteases, cysteine proteases
and metalloproteases. Proteases are now widely used in many industrial applications and as a
potential target for therapeutic development (Razzaq et al., 2019, Shankar et al., 2021). GAS
produces several proteases which are extracellular and proved to play an important role in its
virulence. Among them, Streptococcal C5a peptidase (ScpA), 1gG-degrading enzyme of S.
pyogenes (IdeS) and SpeB are widely studied.

1.2.1 Streptococcal C5a peptidase (ScpA)

ScpA is an extracellular protease known to play a key role in GAS virulence (Wexler et al.,
1985). ScpA is a subtilisin-like serine protease expressed on the cell surface and highly
conserved across virulent GAS organisms (O'Connor & Cleary, 1986). Structurally, ScpA is a
multi-domain protein composed of an N-terminal signal peptide, a catalytic domain, three
fibronectin domains and cell membrane-associated domains (Kagawa et al., 2009). Unlike
many members of the subtilisin family of serine protease, ScpA is highly selective for its
substrate C5a (Cleary et al., 1992). C5a is a 74 amino acid biologically active peptide that plays
a crucial role in mediating various immune and inflammatory responses and its excessive
production reported to be associated with several inflammatory and autoimmune diseases (Guo
& Ward, 2005). Recent studies on ScpA have focused on its ability to target C5a as an immune
modulatory enzyme (Tecza et al., 2021). ScpA was also utilized as a potential target for vaccine

development (McKenna et al., 2022).

1.2.2 1gG-degrading enzyme of S. pyogenes (IdeS)

IdeS is an extracellular protease produced by GAS (von Pawel-Rammingen et al., 2002).
Biochemical characterization suggested that IdeS belongs to a novel family of cysteine
proteases (Vincents et al., 2004). IdeS is a 339 amino acid protein with a signal sequence of 29
amino acids reported to specifically cleaves Immunoglobulin G (IgG) (von Pawel-Rammingen
et al., 2002). Immunoglobulins (Igs) or antibodies play a key role in human immune defense
system by specifically recognizing and mediating the elimination of invading microorganisms.
Structurally, IgG consists of two heavy chains and two light chains forming fragment antigen-
binding (Fab) and fragment crystallizable region (Fc) to carry out antigen binding and

biological activity mediation functions, respectively. The Fab and Fc regions are linked through
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a flexible hinge region. IdeS was reported to cleave at G237 of IgG heavy chain generating two
stable Fab fragments and one Fc fragment with no additional degradation products (von Pawel-
Rammingen et al., 2002). In comparison, IdeS showed high specificity cleaving only IgG and
showed no effect on other Igs, IgA, IgM, 1gD and IgE.

Structurally, ldeS resembles the papain superfamily of cysteine proteases, most similar to
cathepsin B, despite the lack of significant sequence identity (Wenig et al., 2004). IdeS is
folded into two distinct domains that interact with the active site cleft positioned between the
two domains. In IdeS, the usual catalytic triad (Cys-His-Asn) in papain family of cysteine
proteases was observed with amino acids Cys94-His262-Asp284. One key uncommon
characteristic of IdeS is the lack of propeptide that suggests no additional requirement of
processing and/or activation mechanism, unlike other papain families of cysteine protease
(Wenig et al., 2004).

1.2.3 Streptococcal pyrogenic exotoxin B (SpeB)

1.2.3.1 History of SpeB

SpeB is one of the most important virulence factors and the most studied protease of GAS.
SpeB is a cysteine protease and is the predominant extracellular protein in the streptococcal
culture supernatant. SpeB was identified as a secreted protein from GAS by Elliott as early as
the 1940s. Elliott identified an extracellular proteolytic enzyme from Streptococcal cultures
that degrades specific types of M-protein of GAS (Elliott, 1945). In addition to the M-protein,
the protease was shown to cleave several other substrates including, streptococcal fibrinolysin,
human and rabbit fibrin, casein, and gelatin. The study also demonstrated that the protease
exhibits maximum activity at 37°C under reducing conditions and is inactivated by iodoacetic
acid, characteristics which are similar to papain and certain cathepsins. Elliott and Dole
subsequently reported that the identified protease was secreted as an inactive precursor (Elliott
& Dole, 1947). The study also reported that the inactive precursor form (commonly called the
zymogen form, zSpeB) can be converted to an active form (mature form, mSpeB) by low
concentrations of trypsin and by an active form of protease itself via autocatalytic activity. Both
forms isolated from culture supernatants were observed to be distinguishable based on the
biological activity, solubility and crystal form (Elliott, 1950). Furthermore, serological

characterization after electrophoretic separation showed that the zSpeB may have two antigenic
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groups, one specific, whereas the other shared by mSpeB which behaves as a single antigen
(Shedlovsky & Elliott, 1951). A further study determined the molecular weight of zymogen
and mature forms after chromatographic separation as 44 and 32 kDa, respectively (Liu et al.,
1963). The study also demonstrated that both forms contained a single cysteine residue, which
is important for the activity of the enzyme. The conversion of the mature form from zymogen
was later examined in more detail (Liu & Elliott, 1965a, Liu & Elliott, 1965b, Doran et al.,
1999). The studies reported that the conversion of zymogen to mature form was not a single-
step process but contained at least six distinct intermediate molecules. In comparison with the
zymogen form, the final mature form was observed to be 100 amino acids less. Among the
intermediate forms separated from the zymogen to mature enzyme conversion, an intermediate
form with only 17 amino acids less from the zymogen form was reported almost entirely active
with that of mature form (Liu & Elliott, 1965b). The amino acid sequence of the protease was
initially identified from cyanogen bromide fragments of streptococcal proteases and reported
in three consecutive reports in 1976 (Tai et al., 1976, Tai & Liu, 1976, Kortt et al., 1976).
Further sequencing of purified SpeB revealed the full sequence and reported the accurate
molecular weights of zymogen and mature forms of SpeB as 40314 and 27588 Daltons,
respectively (Fig. 3) (Hauser & Schlievert, 1990). The first crystal structure of SpeB zymogen
form was reported in 2000 (Kagawa et al., 2000). Later, several studies reported the crystal
structures of mature form both as monomer and dimer which led to reveal key insights of
structure and substrate specificity of mature form (Olsen et al., 2009, Wang et al., 2009,
Gonzalez-Paez & Wolan, 2012). The key structural features derived from the reported studies
are discussed in later sections in this thesis. Since then, the advancements in both molecular
and structural biology enabled to reveal detailed information of the protease including,
structure, conversion from zymogen to mature form, substrate specificity and its effect in GAS
virulence (Kagawa et al., 2000, Doran et al., 1999, Chiang-Ni & Wu, 2008).

Over the years, the protease was referred to and is still being referred to by various names
including streptococcal cysteine protease (SCP), SpeB and streptopain. In this thesis, the
protease will be referred to as SpeB and the 40 kDa inactive form as zSpeB and the 28 kDa
mature form as mSpeB. In addition, the amino acid numbering will be based on the mature

form (1-253 in mSpeB whereas 145-398 in zSpeB) unless otherwise mentioned.
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Figure 3. Domain organization of SpeB (1-398 amino acids). SP, signal peptide; PP, pro-peptide;
mSpeB, mature SpeB and zSpeB, zymogen form of SpeB. The numbers indicate the amino acid positions in SpeB.
Initially, SpeB converted to zSpeB removing signal peptide after membrane translocation. The zSpeB is then

converted to the final mSpeB via autoproteolysis in a sequence of steps.

1.2.3.2 Expression of SpeB

SpeB sequence in GAS strains is highly conserved, however, the expression levels are strain
dependent (Stockbauer et al., 1999). Transcription of SpeB is a complex process and the factors
contributing to and regulating transcription were reviewed in detail by Carroll and Musser
(Carroll & Musser, 2011). In addition, the expression levels of zZSpeB and mSpeB are likely to
be different depending on the strain, in vitro and in vivo conditions. Reports published in the
literature regarding the variation and how the expression levels correlate with severity and type
of infection are often in disagreement, largely due to the complex nature of SpeB role in GAS
virulence. Some studies have observed SpeB expression was required for virulence (Carroll &
Musser, 2011, Tsai et al., 2008, Lukomski et al., 1998) and some studies observed SpeB
expression is not required or had no effect (Talkington et al., 1993, Chatellier et al., 2000,
Kansal et al., 2000). When the SpeB gene expression was tested in 62 invasive GAS strains,
including 32 strains isolated from patients with streptococcal toxic shock syndrome (STSS),
expression was observed only in 38 strains (61%) and no correlation to STSS was found
(Talkington et al., 1993). In another study, higher production of SpeB from non-severe isolated

strains was observed in comparison with severe disease-associated strains (Chatellier et al.,

18



2000). However, the small number of isolates used in that study limited the statistical
conclusion and warranted further analysis. Similar observations were also reported where SpeB
expression was inversely associated with disease severity when SpeB production was
quantified from a total of 77 strains including 29 strains from non-severe cases and 48 from
severe cases of both STSS and NF (Kansal et al., 2000). The observation supports the concept
of SpeB acting against key bacterial surface proteins that would reduce the virulence of the
bacteria. As a proof-of-concept, an inverse relation between SpeB production and intact M1
protein expression was highlighted where M1 protein expression was abolished in isolates
producing high levels of SpeB (Kansal et al., 2000). Based on the results, the authors proposed
both an “on-off” and a posttranslational regulatory mechanism(s) by GAS strains controlling
SpeB production. Briefly, in the “off” state the SpeB would spare GAS virulence factors
whereas in the “on” state SpeB would degrade key virulence factors. The factors and
circumstances that determine the “on-off” state may be strain and/or host-specific based on the
various dynamic regulatory events occurring at the site of infection and surrounding the

bacterial surface.

1.2.3.3 Structure of SpeB

SpeB is a 398 amino acids multidomain protein consisting of a signal peptide (1-27), pro-
peptide (PP, 28-145) and catalytic protease region (mSpeB, 146-398) (Fig. 3). Despite being
the most studied protease of GAS since the 1940s, the first crystal structure of a mutated zSpeB
(Cys47Ser) was reported by Kagawa and coworkers in 2000 (Kagawa et al., 2000). The
structure suggests SpeB belongs to the papain family of cysteine proteases despite limited
amino acid sequence identity. As with other papain families of enzymes, mSpeB has the two-
domain fold with an N-terminal domain folded around three a-helices and a C-terminal domain
based on a four-stranded antiparallel B-sheet, however, with substantial insertions and deletions
(Fig. 4A). In contrast, the PP has a unique fold in comparison with other protease PPs, however,
with some similarities. The overall association of PP with mSpeB is primarily hydrophobic,
through a large, buried surface represents 10% of the mSpeB surface (consisting of amino acids
217-223) and 20% of the PP surface (74-80 and 87-107 amino acids), with just 13 hydrogen
bonds the mostly involving the B-sheets, and no salt bridges (Kagawa et al., 2000).

In the zSpeB structure, the possible mechanism of PP inhibiting zSpeB activation was observed

where the active site histidine (His195) is pushed out of the active site, away from Cys47,
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preventing any Cys47-His195 interaction (Kagawa et al., 2000). The theory was further
supported by the crystal and NMR structure of a mutated mSpeB (Cys47Ser) (Wang et al.,
2009). The study reports the key structural differences between zSpeB and mSpeB, the C-
terminal loop of mSpeB interacts with the active site residues and the rotation of active site
His195 residue from a catalytically incompetent position to a catalytically competent position
from zSpeB to mSpeB. Another difference in PP binding in zSpeB is the way the PP inserts
into the mSpeB active site cleft and inactivates the enzyme. In contrast to other cysteine
protease zymogens, in zSpeB the PP residues (87-90, the first turn of the long prosegment a-
helix) insert into the active site close to Trp214 whereas the rest of the PP follows a completely
different course (Kagawa et al., 2000). The structure also reveals the orientation of Arg-Gly-
Asp (RGD)-containing loop, remote from both the active site of mSpeB and the site where the
PP associates with the mSpeB. RGD motifs are known to play an important role in integrin
binding (Ludwig et al., 2021). SpeB containing this RGD motif was reported to directly bind
human integrins (Stockbauer et al., 1999).

One unique observation in the active site is, SpeB has a Cys-His dyad, instead of the usual Cys-
His-Asn triad found in almost all enzymes of the papain superfamily (Kagawa et al., 2000,
Berti & Storer, 1995). However, the Asn in the catalytic triad was found to only play the
structural and folding role and not essential for activity (Vernet et al., 1995). In contrast to both
the previous monomeric structures, the dimeric structure of mSpeB was reported in complex
with a common cysteine protease inhibitor suspected to be contaminated from the growth
medium (Olsen et al., 2009). The authors further suggested that mSpeB is predominantly
monomeric in solution and the dimer formation is a prerequisite for catalysis either at high
concentrations of enzyme or promoted by the presence of high concentrations of substrate. The
overall structure of mSpeB in dimeric structure is similar to that of the protease domain of
zSpeB with some significant differences, including the switch loop between strands $6 and 7,
the latency loop (B9-loop—f10, amino acids 223-242) and the long extension in N-term
containing B1 and B2. The Velcro loop (amino acids 26-43), unique in SpeB contains most of
the dimer interface residues. Ser37 from this inserted loop forms part of the active site in the
adjoining subunit. In comparison, a water molecule occupies this site in other papain-like
proteases. The authors suggest, the OH group either from a side chain (Ser37 in mSpeB) or
from a water molecule donates a hydrogen bond to the substrate water molecule, thus lowering
the energy barrier of proton abstraction in the deacylation step (Olsen et al., 2009). Further

information on conformational changes that occur upon activation and substrate binding in
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SpeB was reported from the crystal structures of mSpeB as well as in complexes with a cysteine
protease inhibitor (E64) and a synthetic peptide inhibitor (Ac-AEIK-CHO) (Gonzalez-Paez &
Wolan, 2012). The high-resolution structures are in agreement with the overall structure of
monomeric mSpeB (Fig. 4B). However, significant differences were observed in both the C-
terminal loop (residues 223-245) and the catalytic loop (residues 187—-196) when the mSpeB
structure was compared with the E64- and Ac-AEIK-CHO-bound structures upon ligand
binding. In free mSpeB, the C-terminal loop is positioned over the active site and forms a type
IT B-turn and would move ~17.5A upon binding E64 or Ac-AEIK-CHO. In comparison with
zSpeB, the catalytic loop moves ~8.5 A in mSpeB and orients the catalytic His195 for catalysis.
Upon binding of E64 or Ac-AEIK-CHO, the catalytic loop moves an additional ~4.5A to
accommodate substrate binding. The authors suggested, these conformational changes in the
presence and absence of ligands and between mSpeB and zSpeB would not be possible without
the concerted relocation of the C-terminal loop upon substrate binding and ruled out the
possibility of homodimeric structure of SpeB as previously suggested (Olsen et al., 2009). The
solved structures together with mutational studies of key C-terminal loop residues suggest the
C-terminal loop is not required for substrate hydrolysis but involved in substrate recognition

and product release.

N-term

Figure 4. The overall structure of zSpeB (A) and mSpeB (B). PP (residues 28-145) and mSpeB
(residues 146-398) are coloured in red and green, respectively. Catalytically conserved Cys and His residues are
shown in magenta in mSpeB structure (B). N- and C-term locations are shown in red and blue, respectively. The
structures were adapted from PDB coordinates 1 DKI (A) and 4D8B (B) and images were generated using Chimera
software (Pettersen et al., 2004).
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1.2.3.4 Substrates of SpeB

SpeB has many substrates consisting of both host and bacterial proteins (Nelson et al., 2011).
In addition, SpeB also has an autocatalytic activity of cleaving its PP. The PP removal during
maturation is reported to be a sequential process resulting in multiple intermediates (at least
six) rather than single-step cleavage (Doran et al., 1999). The presence of multiple
intermediates during the autoproteolysis of PP and multiple substrates in the literature suggests
the broad substrate specificity of mSpeB. The specific sequence requirements for mSpeB were
highlighted by comparing the sequences of multiple PP intermediates cleaved during
autoproteolysis (Doran et al., 1999). The results reveal, SpeB prefers hydrophobic residues
either isoleucine or valine at P2 and positively charged residue lysine at the P1 position. In
addition, mSpeB cleavage in streptolysin O of GAS also occurs at the site with isoleucine and
lysine at the P2 and P1 positions, respectively, suggesting SpeB exhibits similar substrate
specificity towards both protein substrates and towards itself during autocatalytic processing

(Kehoe et al., 1987, Pinkney et al., 1995).

To understand further, an in-depth investigation of mSpeB substrate sequence preference was
reported using various short synthetic fluorescent substrates derived from the autoproteolysis
sites of SpeB with a fluorophore at the N-terminus and quencher at the C-terminus (Nomizu et
al., 2001). From a series of synthetic substrate cleavage sites, mSpeB seems to have a
requirement of at least three amino acids (P3, P2, and P1) before the cleavage site. In
comparison, the P1 and P1' (' represents the position after the cleavage site) are less important
than the P2 site. The study also found mSpeB prefers hydrophobic residues at the P2 site. In
contrast, the presence of amino acid residue at P3 is important but mSpeB has no specific

preference (Nomizu et al., 2001).

A recent study used an advanced HPLC-MS method on SpeB cleaved peptide libraries of both
trypsin and GluC digested E. coli proteome as well as, intact proteins obtained from monocytic
secretome and plasma samples (Blochl et al., 2021). In agreement with previous findings where
autocatalytic processing of PP fragments used, the cleavage of E. coli proteome peptides and
intact proteins from monocytic secretome and plasma also identified isoleucine and valine at
the P2 site. In addition, the study also identified SpeB preference for phenylalanine and

tyrosine, at the P2 site and a notable preference for negatively charged residues (glutamic and
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aspartic acid) at the P4' to P6' sites and moderately pronounced affinity for hydrophobic
residues (leucine and valine) at P1' to P3'.

In summary, the three substrate characterization studies collectively suggest that SpeB has a
preference of hydrophobic and aromatic residues at its P2 site and preference for negatively
charged amino acids at the P3' to P6' sites (Doran et al., 1999, Nomizu et al., 2001, Blochl et
al., 2021).

1.2.3.4.1 SpeB activity on host proteins

SpeB plays a key role in the pathogenesis of GAS by cleaving several host proteins including
cytokines, chemokines, immunoglobulins (IgA, IgM, IgD, and IgE), serum protease inhibitors,
and extracellular matrix proteins. SpeB cleaves human fibronectin at a limited number of sites
and completely degrades vitronectin, two of the abundant extracellular matrix proteins which
play several important physiological and host defence roles (Kapur et al., 1993b). SpeB is
known as a powerful inducer of inflammation by cleaving cytokine inactive human interleukin
1B precursor to produce biologically active IL-1f, a major mediator of inflammation (Kapur et
al., 1993a). The cleavage of SpeB is known to be at a single specific site between His115 and
Aspl16. Chemokines, like cytokines are produced by the tissue cells and leucocytes, are
essential signalling molecules involved in leukocyte chemotaxis and differentiation
(Baggiolini, 2001). Some of the chemokines also possess antibacterial activity, including
against GAS (Yang et al., 2003). SpeB is shown to completely and/or partly degrade most
human chemokines with few exceptions (Egesten et al., 2009). No specific cleavage preference
was determined where SpeB completely degrades several chemokines but only partly cleaves
some. For example, within the closely related three CXC chemokines, SpeB completely
degrades CXCL10 and CXCL11 but only partly cleaves CXCL9, and the cleaved CXCL9 still
retains its antimicrobial activity. The sequencing of cleaved products revealed CXCL9 was
cleaved by SpeB both at N- and C-terminus leaving a fragment of amino acids 18-73. Further,
CXCL9 has no SpeB preferred amino acids at the P1-P3 site (NQG at N-terminus and VSQ at

C-terminus).
SpeB is also known to act against several human immunoglobulins (Igs). Collin and Olsen
reported SpeB specifically cleaves IgG and degrades the other Igs to various degrees (Collin

& Olsen, 2001a, Collin & Olsen, 2001b). SpeB cleaved the respective heavy chains of IgA,
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IgM, and IgD into fragments of 34, 32 and 30 kDa, respectively. In contrast, the heavy chains
of IgE were completely degraded by SpeB. Under the tested conditions, no cleavage or
degradation of light chains was observed. SpeB cleaves IgG heavy chain into stable Fab and
Fc fragments suggesting the cleavage at the hinge region. Another study also reports SpeB to
have the ability to cleave off the Fc part of antigen-bound IgG which could lead to GAS escape
from opsonophagocytosis (Persson et al., 2013). However, Persson and co-workers reported
that SpeB cleaves IgG, IgA and IgM only under reducing conditions (Persson ef al., 2013).
Given the infection site is considered an oxidative environment, the authors suggest the Igs
cleaving ability of SpeB under reducing conditions would not affect GAS virulence through
degradation of Igs. Among the many suggested activities, SpeB also cleaves H-kininogen
releasing pro-inflammatory kinins (Herwald ef al., 1996). Kinins are potent pro-inflammatory
peptides that mediate vasodilatation and renal functions and regulate blood pressure, pain
sensation and cell growth (Hall, 1992). Detailed information on host substrates of SpeB is

shown in (Fig. 5) and reviewed elsewhere (Nelson et al., 2011).
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Figure 5. Schematic representation of host protein substrates by SpeB. The host protein substrates

are summarized based on the type of activity. In addition, the known cleavage sites and regions within host
substrates were also listed. The data is obtained from a review article by Nelson and co-workers (Nelson et al.,

2011)
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1.2.3.4.2 SpeB activity on streptococcal proteins

In addition to acting on host proteins, SpeB also releases and/or degrades an array of
streptococcal surface and secreted proteins. In 1945 Elliott reported the ability of SpeB
cleaving type specific M-proteins (Elliott, 1945). Berge and Bjorck further characterized the
cleavage site in M protein by incubating live GAS bacteria with purified SpeB followed by
amino acid sequencing (Berge & Bjorck, 1995). The study reported that sequencing of two of
the SpeB cleaved M protein fragments have the amino acid starting at position 66. The cleaved
fragment position is known to be responsible for fibrinogen binding and IgG-binding S region
in M Protein. It was also reported that the N-terminal cleavage by SpeB alters the M protein
binding profile of human IgG subclasses (Raeder et al., 1998).

In addition to the M Protein, the study by Berge and Bjorck also identified the cleavage of H
protein and ScpA by SpeB (Berge & Bjorck, 1995). Unlike in M protein, SpeB is shown to
cleave at the N-terminus of H protein and ScpA peptidase releasing the entire extracellular
region. The study showed that the SpeB-cleaved ScpA is biologically active and has the

potential to inhibit phagocytic cells from reaching the site of infection.

SpeB activity on another streptococcal extracellular enzyme, EndoS was reported by Allhorn
and co-workers in 2008 (Allhorn et al., 2008). The study demonstrated that SpeB degrades
EndoS resulting in two major fragments of 62 and 46 kDa and several smaller products. The
sequencing of the 62 kDa fragment reveals SpeB cleaved EndoS between Leu445 and Lys446.
Cleavage of EndoS by SpeB resulted in the complete abolishment of the IgG glycan-
hydrolyzing activity EndoS.

Streptokinase, a potent plasminogen activator, is another streptococcal-secreted protease that
evolved from a serine protease by gene duplication and fusion, reported to be cleaved by SpeB
(Svensson et al., 2002). Based on the expression levels of streptokinase in growth cultures of
wildtype and SpeB mutant strains, the study highlights SpeB ability to degrade streptokinase.
Briefly, streptokinase levels were degraded in overnight growth cultures of ALAB49 parent
strain (wildtype) recovered from an impetigo lesion patient whereas accumulated levels of
streptokinase were observed in both wildtype cultures in the presence of cysteine protease

inhibitor E64 and in SpeB mutant strains (Svensson et al., 2002).

25



Only a selected set of examples of streptococcal proteins targeted by SpeB were discussed here.
A more comprehensive list of substrates are shown in (Fig. 6) and reviewed by Nelson and co-

workers (Nelson et al., 2011).
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Figure 6. Schematic representation of streptococcal substrates of SpeB. The known streptococcal

substrates are summarized based on the type of activity. In addition, the known cleavage sites and regions within
the reported substrates were also listed. The data is obtained from a review article and reorganised (Nelson et al.,

2011).

1.2.3.5 SpeB as a vaccine candidate

The role of SpeB in the pathogenesis of GAS is strain specific and controlled by dynamic
regulatory events both in host and bacterial physiological conditions. In the literature, several
studies highlighted the association of SpeB with disease severity by participating in host-
pathogen interactions in some patients (Chiang-Ni & Wu, 2008). For example, isogenic SpeB
mutants of the M3 and M49 bacterial serotype isolates were used to determine the lethality of
SpeB in mouse models (Lukomski ef al., 1997). The results showed that the SpeB mutant strain
of M3 isolate was significantly less able to kill the mice in comparison with the parent wildtype

strain. Similarly, the SpeB mutant strain of the M49 isolate was also less efficient to kill the
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mice in comparison with the parent strain. However, in comparison SpeB plays a greater role
in mediating the lethality of the M3 strain than the M49 strain. In a further study, it was reported
that the inactivation of the SpeB in the M3 strain results in decreased resistance to phagocytosis

and loss of toxicity to polymorphonuclear leukocytes PMNs (Lukomski ef al., 1998).

Considering the role of SpeB virulence in GAS infection and its highly conserved nature within
all GAS strains few studies exploited the possibility of SpeB as a vaccine candidate. An initial
study from Kapur and co-workers showed that mice administered with rabbit antibodies raised
against SpeB exhibit more significant protection than the controls administered with non-
specific rabbit antibodies and PBS (Kapur ef al., 1994). In addition to the use of SpeB alone
for vaccine development, a recombinant fusion protein-based approach was reported using
SpeB and streptococcal pyrogenic exotoxin A (SpeA) (Ulrich, 2008). Vaccination with SpeA-
SpeB fusion protein protected transgenic mice from lethal infections of S. pyogenes. Another
study used fusion proteins SpeA-SpeB (SpeAB) and described the potential of the chimeric
protein protecting against both invasive and non-invasive GAS disease (Morefield et al., 2014).
In further studies Kuo and co-workers used a recombinant polyvalent epitope approach using
specific epitopes of four different streptococcal antigens including the fibronectin-binding
repeats domain of streptococcal fibronectin binding protein Sfb1, the C-terminal immunogenic
segment of streptolysin S, the C3-binding motif of SpeB, and the C-terminal conserved
segment of M protein, named as rTFSBM (Kuo et al., 2017). The effect of anti-FSBM antibodies
opsonization, neutralization of hemolytic activity of streptolysin S, and reduction of GAS
internalization into nonphagocytic cells by anti-FSBM serum collectively suggest the potential
utilization of rFSBM as a vaccine candidate against different GAS strains. The current studies
on vaccine development research highlight the great potential of SpeB as a promising GAS

vaccine candidate.

1.2.3.6 Commercially available SpeB

Initial studies produced SpeB from GAS strains. Most of the research groups later produce
SpeB in-house in E. coli using recombinant purification methodologies, as the production in E.
coli is one of the commonly used strategies to produce low-cost and high-yield proteins.
However, SpeB can be obtained from a few commercial sources. Genovis is one of the few
companies that manufactured SpeB as IgG hinge region cleavage research applications

(https://www.genovis.com/smartenzymes/antibody%?20digestion/fabulous/). In  addition,

27


https://www.genovis.com/smartenzymes/antibody%20digestion/fabulous/

Lifespan Biosciences (https://www.Isbio.com/) and Creative Biomart
(https://www.creativebiomart.net/) also produce SpeB for research applications. All three

commercial sources supply mSpeB recombinantly produced in E. coli cells.

1.3 Codon Optimization

Protein related biologics research significantly relies on the successful expression and
production of high quality soluble proteins. Protein expression, however, is the combination of
several steps including transcription, mRNA turnover, protein translation, and post-
translational modifications. Great progress has been achieved to improve the expression of
proteins using codon optimization, target genes cloning into recombinant expression plasmids,
selection of suitable expression host, development of new host strains and optimization of host
growth conditions that favours the native and soluble expression (Tripathi & Shrivastava, 2019,
Shilling et al., 2020, Xiao et al., 2014).

Among the other factors, codon optimization plays an important role in improving gene
expression and increasing the translational efficiency of a target gene by accommodating the
codon bias of the host organism (Gustafsson et al., 2004). As per the genetic code, each amino
acid encodes three nucleotides (called codons), and some amino acids are encoded by more
than one synonymous codon (for example, histidine encodes by either CAU or CAC). Thus,
the degeneracy of the genetic code enables many alternative nucleic acid sequences to encode
the same protein. Further, the DNA sequence used to encode a protein in one organism is often
quite different from the sequence that would be used to encode the same protein in another
organism. Previous research proved that codon bias could have a significant impact on
heterologous protein expression, for example, lower protein expression (Brule & Grayhack,
2017, Kane, 1995). Briefly, heterologous protein expression will be low when the target gene
contains an individual or cluster of codons that are rarely used in the expression host (Kane,
1995). Therefore, replacing those rare codons with synonymous codons from the expression
host was proven to improve expression without modifying the amino acid sequence of the
encoded protein using various techniques (For example, sequential site-directed mutagenesis
and synthesis of the entire gene) (Fu et al., 2020). Within the available expression hosts, E. coli
has been used as the most popular host for the expression of recombinant proteins (Jia & Jeon,

2016, Rosano & Ceccarelli, 2014). Codon optimization was successfully applied to express
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recombinant proteins from different hosts (Gustafsson et al., 2004). For example, in a
eukaryotic protein, human Troponin T (TnT) expression has improved ~40-fold when two
consecutive rare codons for arginine (AGG) were replaced with its synonymous codon (CGT),
the most frequently used arginine codon by E. coli genes (Hu et al., 1996). A recent review
described the list of studies where codon optimization was successfully used to improve protein
expression and also summarized the recent advancements within the field (Gustafsson et al.,
2004).

In this thesis, codon optimization was performed using the IDT codon optimization tool

(https://www.idtdna.com/pages/tools/codon-optimization-tool) to improve the expression

levels of SpeB. The online tool converts the DNA sequence from one organism and provides
the codon optimised version for expression into another organism by re-assigning codon usage
with minimum complexity. The codon optimization tool randomly chooses codons with a bias
similar to the natural bias observed in the selected organism’s genome. The optimized gene
construct was synthesized and obtained from IDT (Integrated DNA Technologies, Inc., USA).
Both the wildtype and codon optimized SpeB genes were then cloned into a pET expression

vector, expressed in E. coli, and their purification yields and activities were compared.

1.4 pET expression plasmids in protein production

The pET series of gene expression plasmids that promote high-level transcription and
translation based on bacteriophage T7 RNA polymerase have been developed in the 1980s
(Rosenberg et al., 1987, Studier & Moffatt, 1986). Since then, pET systems have been widely
used for recombinant protein production in E. coli (Mierendorf et al., 1998, Shilling et al.,
2020). pET plasmids have a number of key features required for the cloning, expression, and
purification of recombinant proteins. These include multiple cloning site regions, antibiotic
resistance, the origin of replication, T7 promoter, Lac operon, Lac repressor, transcription sites
and affinity tags (Fig. 7). Multiple cloning site region contains a number of restriction enzyme
sequences where the circular plasmid can be cut and opened for target gene insert. Restriction
enzymes are Type II restriction endonucleases which specifically recognise DNA sequences
(4-8 bp length) and cleave to leave either blunt or sticky ends. These specific restriction enzyme
sequences can be inserted into target genes by PCR with the use of specific primers

incorporated with the respective restriction enzyme sequence. After digestion of both plasmid
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and insert by specific restriction enzymes, the digested insert can be ligated into the digested
plasmid using a T4 DNA ligase to construct the circular plasmid with the target gene of interest.
When the expression plasmid transformed into E. coli cells, the antibiotic resistance feature
makes sure only the bacteria transformed with antibiotic resistance plasmid will survive during
the cell culture if supplemented with a respective antibiotic. The commonly used antibiotic

resistance genes in pET plasmids are Ampicillin and Kanamycin.

Further, the combination of T7 promoter, Lac operator and Lac repressor system drives a strong
and tightly controlled gene expression which is useful to limit the levels of basal expression of
E. coli proteins. Briefly, T7 promoter acts upon high-level expression of the gene of interest
when T7 RNA polymerase is present, whereas the Lac operator just downstream of the T7
promoter acts to block the leaky expression. The Lac repressor functions at the T7lac promoter
on the pET vector to block transcription of the gene of interest in the absence of an inducer.
The inhibitory effect can be blocked by the addition of an inducer (IPTG) which can initiate
the expression. pET systems have the origin of replication (Ori) site, the point at which the
plasmid is copied and responsible for replicating. The transcription and translation strategy of
pET systems has been widely applied in the expression of recombinant proteins in a variety of

E. coli cells (BL21(DE3), BL21(DE3)pLysS and BL21(DE3) Rosetta).

Another key feature of pET plasmids is the incorporation of affinity tags which play a major
role in the downstream purification of recombinant proteins. To date, pET plasmids have a
wide variety of fusion tags, including His-tag, T7-tag, S-tag and GST-tag etc. Among them;
the His-tag (6X His amino acids) is the most widely used tag in pET systems with the ability
of incorporating both at N- and C-terminus of the target protein. The purified proteins with
His-tag can be separated using simple Ni-NTA based affinity chromatography which can be
easily incorporated into any purification system (small scale and large scale, etc). In most cases,
due to its low molecular weight, His-tag does not affect the structure and function of purified
proteins, however, the role of His-tag must be carefully evaluated case by case. If required, the
fusion tags can be removed after purification by using various proteases (thrombin, Factor Xa
and enterokinase). Some of the pET plasmids (pET15b, pET16b and pET28a-c, etc) facilitate
the cleavage by having the protease specific sequence between the target protein and His-tag
sequence during the cloning. If required, this can be achieved manually using PCR based

incorporation of protease specific gene sequence into the target gene (Mierendorf ef al., 1998).
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Figure 7. Common features in pET expression plasmids. Fixed sites most commonly present in pET

series of plasmids were shown and labelled accordingly in the figure. Widely used variable features (MCS,
protease site and affinity tags) and properties (antibiotic resistance) based on the respective type of pET plasmids
were listed as text. Tags can be selected based on the application; however, only His-tag can be selected on both
or either at the N- and C-terminus in pET plasmids available to date. A Protease site can be used to remove the

affinity tag after purification if required.

In a review of the literature, several groups exploited pET-based expression plasmids (pET
21a, pET 23b and pET 24a) to produce recombinant SpeB (Chen et al., 2003, Doran et al.,
1999, Gonzalez-Paez & Wolan, 2012, Lane & Seelig, 2016). SpeB cloned into pET expression
plasmids were transformed into E. coli cells and purified to homogeneity. Different levels of
soluble SpeB were achieved using optimized expression and induction conditions, including
induction temperatures (16, 25, 30 and 37°C) and inducer concentrations (0.1, 0.5, 1.0 mM

IPTG).
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In this thesis, in addition to the induction conditions from previous studies, codon optimization
was used for the first time to improve the expression levels of SpeB. The codon optimized
SpeB gene construct (SpeB23 co) was synthesized and obtained from a commercial source
(Integrated DNA Technologies, Inc., USA). Both the wildtype SpeB23 wild and SpeB23 co
genes were then cloned into the pET23b expression vector, expressed in E. coli
BL21(DE3)pLysS, their purification yield, and activities using two different assays were
compared. In this study, a ~2-fold increase of total protein yield was achieved in the SpeB23_co
purification in comparison with the SpeB23 wild. Further, the activity of SpeB23_co was
similar to that of SpeB23_wild. Together, the current study reports a codon optimized strategy

to produce an active form of SpeB with improved purification yield in E. coli.

1.5 Aims and objectives of this project

The aim of the project is to increase the yield of SpeB protein by codon optimization
(SpeB23_co) and comparing it with the wild type (SpeB23_wild). The strategy of codon
optimization would be useful in future to produce an active form of SpeB in E. coli with

improved yield of purified protein.
Objectives of this project

e Designing gBlocks (synthesized dsDNA gene fragments) of SpeB23 wild and
SpeB23_co by using IDT (Integrated DNA Technologies) codon optimization tool.

e PCR amplification of SpeB23_wild and SpeB23_co gBlock gene fragments.

e Cloning of PCR amplified SpeB23_wild and SpeB23 co gBlocks into pET23b
plasmid and cloned sequence verification using DNA sequencing analysis.

e Expression of pET23b-SpeB23 wild and pET23b-SpeB23 co, into E. coli
BL21(DE3)pLysS cells.

e Optimization of expression and induction conditions (various induction
temperatures and inducer concentrations) for soluble protein expression.

e Comparing the purification yield and activity of SpeB23_wild and SpeB23_co.
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Chapter 2
Materials and Methods
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2.1 Materials

Yeast Extract powder (210929, Difco), Tryptone (12787099, Fisher Scientific),
Chloramphenicol (23275, Sigma Aldrich ), Ampicillin (A9518, Sigma Aldrich), IPTG (16758-
1G, Sigma Aldrich), LB Broth (Lennox L3022, Sigma Aldrich), LB Agar (Lennox L2897,
Sigma Aldrich), Lysozyme (62971, Sigma Aldrich), NaCl (S5886, Sigma Aldrich), glacial
acetic acid (27225, Sigma Aldrich), EDTA (E6511, Sigma Aldrich), Bromophenol blue
(114391, Sigma Aldrich), glycerol (G5516, Sigma Aldrich), KCI (P0515, Melford), NazHPO4
(AC204855000, Acros), KH2HPO4 (60218, Sigma Aldrich), Gel Red stain (SCT123,
Millipore), T4 DNA ligase (10723941, Fisher Scientific), Lysozyme (62971, Sigma Aldrich),
PCR Master mix (F-531S, Thermo Fisher), Ammonium persulfate (A3678, Sigma Aldrich),
SDS (dust free pellets) (75746, Sigma Aldrich), Trizma base (T6066, National Diagnostics
ProtoGel), Glycine (G8898, Sigma Aldrich), 30% Bis-acrylamide (50-899-90118, Fisher
Scientific), 2-mercaptoethanol (M3148, Sigma), Coomassie blue dye (6140592, Sigma
Aldrich), Tetramethylethyl ethylenediamine (79281, Sigma Aldrich), Imidazole (15513,
Sigma), 0.45 um nitrocelluose filter (1215230, MicronSep), Nickle(ll) sulfate hexahydrate
(227676, Sigma), TMB substrate (T0665, Sigma), Polyclonal Anti-SpeB (OACA10576,
Aviva), IMAC Sepharose high performance resin (Cytiva).

2.2 Methods

2.2.1 Bacterial cells

Two different types of E. coli competent cells, E. coli DH5a (18265017, Thermo Fisher) and
BL21(DE3)pLysS (C606010, Thermo Fisher) were used in this study. E. coli DH5a cells were
used for plasmid DNA amplification and extraction, whereas E. coli BL21(DE3)pLysS cells
were used for protein expression. Both cell stocks were stored at -70°C in aliquots.

2.2.2 Expression plasmids

The expression plasmid pET23b(+) (69746, Sigma-Aldrich) was used for cloning and
recombinant SpeB expression. The original stock of plasmid was then used to obtain sufficient

quantities using transformation and DNA extraction techniques as described below.
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2.2.3 Preparation of E. coli competent cells

Frozen DH5a competent cells were cultured overnight at 37°C in 5 mL of LB without
antibiotics. Overnight culture was then transferred to 250 mL of fresh LB without antibiotics
and grown with shaking (~200 rpm) at 37°C until the Asoo to 0.6. The cells were then
centrifuged at 13,000 rpm at 4°C for 5 min in sterile tubes and resuspended in 1/5 culture
volume of ice cold CM1 buffer (10 mM Sodium acetate pH 5.6, 5 mM NaCl, 50 mM MnCl>
buffer) and incubated on ice for 20 minutes. The resuspended cell suspension was then
centrifuged at 13,000 rpm at 4°C for 5 min. Finally, the cell pellet was resuspended in 1/50
culture volume of ice cold CM2 buffer (10 mM Sodium acetate, pH 5.6, 70 mM CaClz, 5 mM
MnClz, 5% glycerol) and stored at -80°C in 50 pl aliquots in pre-chilled sterile microfuge tubes.

2.2.4 Transformation of pET23b into DH5a cells

Frozen DH5a competent cells (50 puL aliquot in a microcentrifuge from -70°C) and pET23b
plasmid DNA were thawed on ice prior to use. In a sterile hood, 100 ng of pET23b plasmid
DNA was added to the 50 uL. DH5a cells in a microcentrifuge, mixed gently by pipetting and
incubated on ice for 30 minutes. The cells were then subjected to heat shock for 60 seconds at
42°C and then cooled on ice for 2 mins. 950 puL of LB media was added to transformed
competent cells and cultured for 60 minutes in a 37°C shaking incubator at 250 rpm. 50 L of
resulting bacterial culture was plated onto the pre-incubated LB Agar plate with ampicillin
(200 pg/mL) and incubated at 37°C overnight. Colonies grown in the presence of ampicillin

were sub-cultured and subsequently used for plasmid DNA extraction.

2.2.5 pET23b plasmid DNA Extraction

pET23b plasmid DNA extraction was carried out on pET23b transformed DH5a cells using a
QIAprep Spin Miniprep Kit (Qiagen). A single colony of pET23b plasmid DNA grown on LB
agar plate was inoculated into 5 mL of LB media supplemented with ampicillin (200 pg/mL)
and incubated in a 37°C shaking incubator at 250 rpm overnight. The overnight grown bacterial

culture was then harvested by centrifugation at 4000 rpm for 10 minutes.
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The harvested cell pellet was used to extract plasmid DNA using QIAprep Spin Miniprep Kit
(Qiagen) as per the manufacturer’s instructions. Briefly, the harvested cell pellet was
resuspended with 250 pL buffer P1(50 mM Tris-HCI, pH 8.0, 10 mM EDTA,100 pg/mL RNase
A) containing RNAse A and the resuspended mixture was transferred to a microcentrifuge. The
resuspended cells were then lysed with 250 uL buffer P2 (200 mM NaOH, 1% SDS (w/v)
NaOH/SDS) for 2-3 minutes, followed by adding 350 pL of neutralization buffer N3 4.2M
guanidine chloride and 3 M potassium acetate pH 4.8). The cell mixture was mixed thoroughly
by inverting the tube and centrifuged at 13,000 rpm for 10 minutes. The clear supernatants
containing plasmid DNA were transferred to the QIAprep spin column and centrifuged for 1
minute at 13,000 rpm. The flow through was discarded and the spin column was washed with
500 pL buffer PB containing guanidine hydrochloride and isopropanol and centrifuged for 1
minute at 13,000 rpm. The flow-through was again discarded and further washed with 750 pL
buffer PE to remove any residual buffer. Finally, the spin column was transferred into a clean
1.5 mL clean microcentrifuge tube and 50 pL of Milli-Q water was added to elute the DNA by
centrifuging at 13,000 rpm for 1 min. The concentration of eluted pET23b plasmid DNA was
determined by using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies). For

all NanoDrop measurements, 2 pL of the sample was used.

2.2.6 Design and synthesis of SpeB gBlock gene fragments

gBlock gene fragments of SpeB wild type (SpeB23_wild) and Codon optimized (SpeB23_co)
fragments were generated by IDT (Integrated DNA Technologies) (Fig. 8). SpeB23_wild
gBlock gene fragment contains the native SpeB sequence from GAS whereas the SpeB23 co
gBlock gene fragment contains the sequence optimized for E. coli cell expression using the
IDT codon optimized tool. Both the fragments were designed without a signal peptide and
contain SpeB encoding amino acids 28-398. Restriction enzyme (BamHI and Xhol) sequences
were added into both gBlock gene fragments for cloning into pET23b plasmid. In addition,
sequences to allow amplification of the gBlocks were introduced outside the restriction
digestion target sequences at the 5’ and 3’ ends of the gBlock. ClustalW multiple sequence
alignment of both SpeB23 wild and SpeB23_co gBlock gene fragments was performed using
BioEdit software 7.0. The “BioEdit” software is a user-friendly sequence alignment software

that can be used for aligning and translating the DNA and protein sequences. Unless otherwise
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mentioned, all the sequence alignments shown in this thesis are performed with ClustalW

multiple alignment option using BioEdit software.
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ATTTATCCAAAAATCACCACCTATCAAACCACCTCCACCAACCOCACAACATATTAACCTTCACAAACTTAACTTACCTC
ATTTATCCACAACTCCCCACCCATTAACCCTOCACCOCCCACTOCCCAACACATTAAACTCCACAACCTCAACCTCOCCCC
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Figure 8. The sequence alignment of gBlock gene fragments of SpeB23_wild and SpeB23_co.

ClustalW multiple sequence alignment was performed with BioEdit software. Restriction enzymes were

underlined in red. The differences between both sequences due to the codon optimization were shown in the

Clustal consensus.
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2.2.7 PCR amplification of the gBlock fragments

Primer, M13/pUC/gblock/pPro (gb5, AGCGGATAACAATTTCACACAGG) and GEX_rev
(CCGGAGACGGTCACAGCTTGTC), were used for gBlock amplification. Both
SpeB23_wild and SpeB23_co gBlock fragments were amplified by polymerase chain reaction
(PCR) using commercially obtained gBlock fragments as templates in a thermal cycler
(Biometra’s T-personal) with a final volume of 50 pL. The PCR reaction mixture composition

and thermocycler conditions were listed in Tables 1 and 2.

The final PCR product was purified using the QIAquick PCR Purification Kit according to the
manufacturer's instructions. Briefly, 250 uL of Buffer PB with pH indicator was added to 50
ML of PCR product and the mixture which turned yellow was added into a QlIAquick spin
column ina 2 mL collection tube. The spin column was centrifuged for 1 minute to allow DNA
binding to the column and the flow-through which contains PCR impurities and buffer
components was discarded. The spin column was centrifuged for 1 minute with 0.75 mL Buffer
PE to wash any remaining buffer and PCR impuirities. Finally, the spin column was transferred
into a clean 1.5 mL clean microcentrifuge tube and 50 pL of Milli-Q water was added to elute
the DNA by centrifuging at 13,000 rpm for 1 min. The concentration of eluted DNA was
determined by using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies). The

purified PCR product was analyzed on agarose gel electrophoresis

Table 1. Composition of the PCR reaction mixture.

Reagent Quantity for 50 pL
Milli-Q water 20 pL

gb5 2 pL of 10 pM
GEX rev 2 uL of 10 uM
Template DNA 1 pL (50ng)
Master Mix 25 pL
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Table 2. Thermocycler conditions for PCR.

Step Temperature (°C) | Time
1. Initial Denaturation | 98 30 seconds
2. Denaturation 98 30 seconds
3. Annealing 64 30 seconds
4. Extension 72 90 seconds
5. Cycles Repeat 30 cycles of steps 2-4
6. Final extension 72 10 minutes
7. Hold 4 Until use

2.2.8 Agarose gel electrophoresis

Agarose gel-electrophoresis was used to visually analyze the purity of purified PCR products
of SpeB23 wild, SpeB23 co and pET23b plasmid DNA. The agarose gel was prepared by
adding 0.5 g of agarose powder to 50 mL of 1X TAE buffer. The mixture was heated in a
microwave until the agarose was completely dissolved and cooled down to about 50°C.
Immediately, 0.5 pL of GelRed nucleic acid stain to visualize DNA was added to the solution
and poured into an appropriate gel tray placed with a gel comb and allowed to completely
solidify. The completely solidified gel was then placed into an electrophoresis tank prefilled
with 1X TAE buffer and the respected DNA samples with loading dye (5 pL of the sample
with 1 pL of a 6X DNA loading dye) were loaded onto the wells. The electrophoresis was
performed for 50 min at 120 V. The gel was visualized and recorded using a gel imaging
System (Syngene, G: Box). The size of the sample products was estimated by comparing
their electrophoretic mobilities to that of the DNA ladder (1Kb+, Invitrogen).

2.2.9 Restriction digestion

Restriction digestion of PCR products SpeB23_wild, SpeB23_co and pET23b plasmid DNA
were performed using appropriate restriction enzymes (BamHI and Xhol, NEB). The reaction
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mixture components were listed in Table 3. The restriction digestion of the reaction mixture
was carried out at 37 °C for 90 mins. The digestion was terminated by inactivating the
restriction enzymes by heat desaturating at 65 °C for 15 mins. Digested products were purified
using the QIAQuick PCR Purification Kit (Qiagen) as described previously.

Table 3. Composition of restriction digestion reaction mixture. Restriction digestion was performed

in a final volume of 50 pL.

Components gBlock SpeB23_wild | gBlock SpeB23 co | pET23b
Sample 30 pL (2 pg) 33.67 uL (2 po) 30 pL (2 pg)
Buffer B (10X) 5uL 5uL 5uL

BamHI (10 U/ pL) | 1pL 1L 1pL

Xhol (40 U/ pL) 0.25 L 0.25 L 0.25 pL
Milli Q water 13.75 uL 10.08 pL 13.75 uL

2.2.10 Cloning of gBlocks into pET23b plasmid DNA

Ligation was performed independently to clone SpeB23_wild and SpeB23_co gBlocks into
pET23b plasmid DNA to generate pET23b-SpeB23_wild and pET23b-SpeB23_co expression
plasmids, respectively. The resulting SbeB-pET23b constructs will possess a His-tag (6X
histidine residues) at C-terminus, followed by a stop codon. Both gBlock fragments and
pET23b plasmid DNA used in ligation were subjected to restriction digestion with BamHI and
Xhol and purified using the QIAQuick PCR Purification Kit. The concentration of pET23b
plasmid DNA and gBlock fragments used in ligation were 40 and 39 ng, respectively to achieve
the molar ratio of 1:3. Ligation was carried out using a T4 DNA ligase overnight at room

temperature. The ligation reaction mixture components were listed in Table 4.

SuL of the ligation mixture was transformed into E. coli DH5a cells as described previously
and plated on an LB Agar plate with ampicillin (200 pg/mL). Individual colonies (10 each)

from both SpeB23_wild and SpeB23_co transformation plates were subsequently grown in 5
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mL LB broth with ampicillin (200 pg/mL) and plasmid DNA was extracted using QIAprep
Spin Miniprep Kit as described previously in section 2.2.5. Ligation of gBlock fragments into
pET23b plasmid DNA was confirmed by restriction digestion of extracted plasmids, followed
by agarose gel electrophoresis analysis. Plasmids were sent for DNA sequencing (Eurofins,
Germany) to verify the sequence of SpeB23 wild and SpeB23 co. Resulted from DNA
sequences were analyzed using the BioEdit program against the known SpeB23 wild and
SpeB23_co gBlocks sequences and the successful constructs were used for expression and

purification purposes.

Table 4. Composition of the ligation reaction mixture. Ligation was performed in a final volume of 20
pL. Both gBlock fragments and pET23b plasmid DNA used were digested with BamHI and Xhol and purified.

Reaction Components SpeB23_wild SpeB23 co
pET23b 3.63 pL (40 ng) 3.63 pL (40 ng)
Sample 1.7 uL (39 ng) 3 UL (39 ng)
Ligase buffer (10X) 2 uL 2 UL

Ligase (5 U/uL) 0.25 pL 0.25 puL

Milli Q water 12.42 pL 11.12 L

2.2.11 SpeB expression

Both wildtype and codon-optimized SpeB cloned into pET23b, pET23b-SpeB23_wild and
PET23b-SpeB23_co, respectively, were expressed in E. coli BL21(DE3)pLysS cells (Fig. 9).
Both the pET23b-SpeB23 wild and pET23b-SpeB23 co were transformed into E. coli
BL21(DE3)pLysS competent cells and cultured overnight on 2x YT agar plates with ampicillin
200 pg/mL and Chloramphenicol 50 pug/mL as described in previous section 2.2.4. The starter
culture was prepared by inoculating a single colony from 2x YT agar plate into 5 mL of 2x YT
medium supplemented with 200 pg/mL ampicillin and 50 pg/mL chloramphenicol. The culture
was grown at 37°C overnight in a shaking incubator at 250 rpm. The 100 pL of overnight grown
culture was transferred into 10 mL of 2x YT medium supplemented with 200 pg/mL ampicillin
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and 50 pg/mL chloramphenicol and incubated at 37°C in a shaking incubator until Asoo reached
~0.8-1.0. The induction temperature and inducer IPTG concentration were optimized for both
pET23b-SpeB23_wild and pET23b-SpeB23_co by performing the induction at various
temperatures (20, 25 and 30°C) and IPTG concentrations (0.1, 0.25 and 0.5 mM) for 3 and 5
hours. The induced cells were grown for another 1 hour with lysozyme (25 mg/L) and harvested

by centrifugation at 6000 rpm for 10 min at 4°C.
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Figure 9. Overall steps involved in SpeB expression. The cells were grown on agar plates using a frozen

glycerol stock stored at -70°C. Starter culture for expression was initiated by growing a single colony from the
agar plate overnight at 37°C. The starter culture was then added to 1 L media in a 1:100 ratio and grown at
appropriate expression conditions. The final culture was harvested to collect cell pellets and stored at -70°C until

further use.

2.2.12 SDS-PAGE analysis

SDS-PAGE was used to visually analyze the expression levels of SpeB23_wild and SpeB23_co
(Matsumoto et al., 2019). Unless otherwise mentioned, 15% SDS-PAGE gels were used
throughout the study. Briefly, the separating gel was prepared by mixing 6.9 mL of water, 7.5
mL 1.5 M Tris-HCI pH 8.8, 0.3 mL of 10% SDS, 15 mL of 30% Bis-acrylamide, 150 pL of
10% APS and 15 pL of TEMED in a total of 30 mL. The stacking gel was prepared by adding
12.2 mL of water, 5 mL of 0.5 M Tris-HCI pH 6.8, 0.2 mL of 10% SDS, 2.6 mL of 30 %
Bisacrylamide, 100 pL of 10% APS and 20 pL of TEMED in a total of 20 mL. The gels were
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stored at 4°C. Protein samples to be analyzed were mixed with 2X SDS-PAGE loading buffer
(200 mM Tris, pH 6.8, 200 mM DTT, 4% SDS, 0.2% bromophenol blue and 20% glycerol) in
a 1:1 ratio, heated to 95°C, centrifuged 60 seconds before loading. The SDS-PAGE separation
was performed for 50 min at 25mA in Mighty small 11 electrophoresis apparatus. The gels were

stained for 15 minutes using a staining solution and destained until the bands were visible .

2.2.13 Western blot analysis

Western blot analysis is carried out for SpeB23_wild and SpeB23_co using Hoffer TE70XP
semi-dry transfer system (Pillai-Kastoori et al., 2020). SDS-PAGE gel-separated proteins were
transferred to a nitrocellulose membrane by blotting at 30 V for 60 minutes. Transferred
membranes were blocked using the blocking solution (2% BSA in 1X PBS) for 1 hour at room
temperature and stored in 1X PBS overnight at 4°C. The membrane was incubated with primary
rabbit polyclonal anti-SpeB antibody (diluted in 1:2000 in 1 % BSA in 1X PBS) for 120
minutes by gently rocking at room temperature. The bound membrane was washed two times
with 1X PBS and one time with PBS-T (0.05% w/v Tween20 in 1X PBS in 1X PBS). Finally,
the membrane was incubated with HRP conjugated-Protein A, (diluted to 1:500 in 1 % BSA)
for 90 mins by gently rocking at room temperature. Washing was performed again three times
using 1X PBS and PBS-T, and ~1-2 mL of TMB substrate solution was added to develop the
protein bands in the dark place. The membrane was washed gently with water and the image

was captured and analyzed.

2.2.14 Pulldown assay of SpeB using Ni-NTA beads

Using the optimized conditions, both the pET23b-SpeB23_wild and pET23b-SpeB23_co were
expressed in E. coli BL21(DE3)pLysS cells. Briefly, cells transformed with both the plasmids
were cultured in 10 mL of 2X YT media supplemented with 200 pug/mL ampicillin and 50
pg/mL chloramphenicol until Asoo reached ~0.8-1.0 at 37°C. The cells were independently
induced at 25 and 37°C with 0.5 mM IPTG for 5 hours. The cells were then harvested and

stored at -80°C until further use.
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The frozen cell pellet was lysed in 500 pL of PBS containing 1 mg DNase and incubated on
ice for 30 minutes. The lysed cell pellet was centrifuged at 4,000 rpm for 10 minutes at 4°C
and the soluble supernatant was collected. 50 pL of Ni-NTA beads charged with nickel were
aliquoted into a microcentrifuge tube and washed with three-column volume water and 1X
PBS. The washed beads were resuspended using 200 uL of soluble supernatant and incubated
for 60 minutes by gently rocking at 4°C. The beads were centrifuged at 1000 rpm and the
unbound material was collected and the beads were further washed with PBS. The bound SpeB
was finally eluted by resuspending the beads in 1X PBS containing 300 mM imidazole. The
beads were then centrifuged and the supernatant containing the eluted protein was removed
and analyzed by SDS-PAGE.

2.2.15 Purification of SpeB by Ni-NTA affinity chromatography

Both pET23b-SpeB23 wild and pET23b-SpeB23 co were expressed into E. coli
BL21(DE3)pLysS cells in 1 L 2X YT medium supplemented with 200 pug/mL ampicillin and
50 pg/mL chloramphenicol. Briefly, the expression was carried out by growing the E. coli
BL21(DE3)pLysS cells at 37°C until Asoo reached ~0.8-1.0. The pET23b-SpeB23_wild and
pPET23b-SpeB23 co cells were induced at 25 and 30°C, respectively, with 0.5 mM IPTG
concentration for 5 hours. The induced cells were grown for another 1 hour with lysozyme (25
mg/L) and harvested by centrifugation at 6000 rpm for 10 min at 4°C. The harvested cell pellet

was frozen at -70°C.

The frozen cell pellet from 1 L culture was thawed at 4°C and resuspended in 50 mL of 1X
PBS containing 1 mg DNase and incubated on ice for 20 minutes. The lysed cell pellet was
centrifuged at 17,000 rpm for 20 minutes at 4°C and the soluble supernatant was collected and
purified using Ni-NTA affinity chromatography (Fig. 10). The soluble supernatant was loaded
onto 2 mL of Ni NTA resin pre-equilibrated-with buffer-A (PBS500, 20 mM imidazole) in a
Bio-Rad column using a peristaltic pump. During binding, the flow-through was collected for
binding efficiency analysis. The resin with bound protein was washed with 3 column volumes
of Buffer A and connected to AKTA Start for gradient elution. Bound SpeB was eluted with
a gradient of 0-100% Buffer B (PBS500, 300 mM imidazole) in a 20 mL gradient volume, with

a fraction volume of 1 mL. Eluted fractions along with the soluble supernatant, flow-through
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and wash samples were analyzed by SDS-PAGE. Peak protein fractions were identified with
the Bio-Rad protein assay and protein concentrations were determined with absorbance at 280

nm using a Nanodrop.
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Figure 10. Overview of Ni-His-tag affinity purification of SpeB. The soluble supernatant containing
E. coli proteins and SpeB were loaded onto the Ni-NTA column for binding. The His-tag-SpeB will bind to Ni-
NTA and the E. coli proteins without His-tag will flow through. The column was then washed to separate weakly

bound proteins to the Ni-NTA matrix. The bound SpeB was eluted with an increased imidazole gradient.

2.2.16 Skim milk agar based activity assay

The proteolytic activity of purified SpeB23_wild and SpeB23_co was determined using a Skim
milk agar assay based on a previously reported method (Hynes & Tagg, 1985) with few
modifications. The assay was performed using 1 % skim milk agar plates as described in
Appendix 1. Briefly, the SpeB23_wild, SpeB23_co, SpeB FabULOUS (as a positive control)
and soluble supernatant of cell expressed pET23b plasmid alone (as a negative control) with
10 mM DTT were added to holes punched in the skim milk agar plates and incubated at 37°C

for 24 hours. The plates were observed for clear zone patterns which indicates SpeB activity
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2.2.17 Synthetic substrate hydrolysis based activity assay

The quantitative activity assay was performed using a commercially purchased a-N-
Benzyloxycarbonyl-L-lysine p-Nitrophenyl ester (Boc-Lys-Np) (C3637, Sigma Aldrich) as a
substrate as described previously (Kagawa et al., 2005). Stock solution (200 mM) of the
substrate was prepared in spectrophotometric grade DMSO. Assays were conducted in a buffer
containing 200 mM sodium acetate, pH 5.5, 2% (v/v) DMSO, and 10 mM B-mercaptoethanol
at room temperature. Prior to the activity assay, SpeB was pre-activated by 10 mM DTT for 3
hours at 25°C and stored at -70°C in aliquots. The reaction was initiated with the addition of
200 puM of the substrate to 1.75 nM of SpeB in the reaction buffer. The substrate hydrolysis
corresponding absorbance was measured at 340 nm UV-Vis VARIAN Cary 100 Scan. The
buffer solution containing substrate was used as blank. The absorbance was measured at

different time intervals to analyze the time-dependent hydrolysis of the substrate.
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Results
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3.1 Cloning of SpeB into pET23b expression plasmid

The expression plasmid pET23b was selected in this study to achieve recombinant protein
expression with a C-terminal His-tag (Fig. 11). The cloning of SpeB23_wild and SpeB23 co
genes into pET23b plasmids was carried out using commercially obtained gBlock constructs
of SpeB23_wild and SpeB23_co coding genes and pET23b. The SpeB23_wild gBlock contains
the native sequence of SpeB (DNA sequence coding amino acids 28-398) and SpeB23 co
contains a codon-optimized sequence of SpeB (amino acids 28-398). In addition to the SpeB
coding sequence, both gBlock constructs contain BamHI and Xhol coding sequences at 5' and

3’ ends, respectively as shown in Fig. 8.

Restriction ‘

enzyme site SpeB
—_— —_— —
Digestion with Ligation with Expression

BamHI/Xhol T4 DNA Ligase into E. coli ~
cells
His-tag
pET23b digested pET23b pET23b-SpeB SpeB-His

Figure 11. Overall schematics of cloning of SpeB into pET23b. The circular pET23b plasmid was

digested with restriction enzymes (BamHI and Xhol) for subsequent ligation. Similarly, both PCR-amplified
SpeB23_wild and SpeB23_co were digested with restriction enzymes (BamHI and Xhol) and used for ligation
into pET23b to construct pET23b-SpeB23 wild and pET23b-SpeB23_co expression plasmids, respectively. The

resulting expression plasmid expression into E. coli cells produce SpeB with His-tag at C-terminus (SpeB-His).

Using the commercially purchased pET23b and gBlock constructs as templates, in-house
extraction using E. coli DH5a cells and amplification using PCR, respectively, were performed
to obtain sufficient quantities required for the completion of cloning. PCR was performed with
Phusion High-Fidelity DNA Polymerase and gene-specific primers as described in materials
and methods. Different annealing temperatures (62, 64 and 66°C) were screened to optimize
the target gene amplification in PCR and 64°C was found to be the optimized temperature for
both SpeB23_wild and SpeB23_co gene amplification. The PCR-amplified SpeB23 wild and
SpeB23 _co migrated near their expected size (~1171/1191 base pairs) in agarose gel as
compared with the molecular weight marker (Fig. 12A and B). Under optimized conditions, a
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total of 3 and 1.5 pg concentrations of SpeB23 wild and SpeB23_co, respectively, were
obtained after PCR amplification and purification. Subsequently, a total of 3.3 pg of pET23b
plasmid was extracted from E. coli DH5a cells using transformation and plasmid extraction
(Fig. 12C). Each 2 pg of amplified pET23b, SpeB23_wild and SpeB23_co was individually
digested with BamHI and Xhol for 90 minutes at 37°C and the resulted digested mixtures were
purified prior to ligation (Fig. 12C). Digested plasmid and SpeB23_wild and SpeB23 _co were

used for ligation as described in Table 4.

12000
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L= 1650
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[ —
=

Figure 12. Agarose gel electrophoresis image of gBlocks and pET23b. (A) and (B) PCR amplified

SpeB23_wild and SpeB23_co gBlocks, respectively. PCR was performed with specific primers as described in
the materials section and analysed on agarose gel electrophoresis. Amplified bands correspondings to the
respected gBlocks are shown with arrows. (A) lane 1 Marker; lane 2 PCR amplified SpeB23_wild. (B) lane 1
Marker; lane 1 PCR amplified SpeB23_co. (C) pET23b and PCR amplified gBlocks before and after restriction
digestion. lane 1 Marker; lane 2 extracted pET23b from E. coli DH5a cells, lane 3 SpeB23_wild, lane 4 restriction
digested pET23b, lane 5 restriction digested SpeB23_co lane 6 restriction digested SpeB23_co. The SpeB gene

and pET23b corresponding bands were shown with arrows.

The ligation of SpeB into pET23b was confirmed by performing sequence of steps including,
the transformation of ligated product, extraction of plasmid DNA and restriction digestion of
the extracted plasmid with BamHI and Xhol. A significant number of clones observed from the
ligated product transformed E. coli DHS5a cells grown plates. A total of 12 and 15 colonies
from each pET23b-SpeB23_wild and pET23b-SpeB23_co transformation plates, respectively
were cultured and the plasmid DNA was extracted. Restriction digestion of extracted plasmid
DNA identified 5 and 4 clones each from pET23b-SpeB23_wild and pET23b-SpeB23 co
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clones, respectively, with inserts of the expected size (Fig. 13). Finally, the sequence of
pET23b-SpeB23_wild and pET23b-SpeB23_co constructs were verified by DNA sequencing.
As shown in Fig. 14, both pET23b-SpeB23_wild and pET23b-SpeB23_co sequences matched
with respective template sequences. As expected, the amino acid sequence of both pET23b-
SpeB23_wild and pET23b-SpeB23_co were identical (Fig. 13).

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

5 S ) U ) b ey @) oy
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Figure 13. Agarose gel of restriction digested plasmid DNA clones of both pET23b
SpeB23_wild (A) and pET23b-SpeB23 co (B). The ligated products were transformed into E. coli
DHS5a cells and the plasmid DNAs of selected colonies were extracted using QIAprep Spin Miniprep Kit (Qiagen).
The plasmid DNAs were then subjected to restriction digestion to confirm the ligation of SpeB. (A) The bands
corresponding to both pET23b and SpeB23_wild in lanes 2, 4, 6, 8 and 13 suggest the successful ligation of

SpeB23_wild into pET23b whereas a single band corresponds to pET23b alone suggests unsuccessful ligation.
(B) The bands corresponding to both pET23b and SpeB23_co in lanes 6, 12, 14 and 16 suggest the successful

ligation of SpeB23_co into pET23b whereas the single band corresponding to pET23b alone suggests unsuccessful

ligation. The SpeB gene and pET23b corresponding bands were shown with arrows.
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B SpeB_23_CO 1 1

PET23b-SpeB_co 1 CCAACCCGGA AATCCTCTAG AATATTTTGT TTAACTTTAA GAAGGAGATC ATACATATGG €0
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—
SpeB_23_CO 1 GGATCCAGA CCAGAATTTT GCACGCAACG

29
PET23b-SpeB_co €1 CTAGCATGAC TGGTGAACAG CAAATCCCTC GCGATCCAGA CCAGAATTTT GCACCCAACG 120
Clustal Consenats = esewewses wwseswsese sesesewave
SpeB_23_CO 30 AAAACGAAGC CAAGCGATACT GCTATCACAT TTATCCAGAA CGTCGGCAGCG ATTAAGGCTG 8%
PET23b-SpeB_co 121 AAAACGAACC CAACCATACT CCTATCACAT TTATCCAGAA CTCGCCAGCG ATTAACGCTG 180
Clustal CONSEnsus 30 * *réssess ssesesssss ssessseses sessvavress sentsssess Svsesenens 2%
SpeB_23_CO S0 GAGCGCGCAG TGCCGAAGAC ATTAAACTGG ACAAGGTGAAR CCTGGGCGGA GRATTGTCGG 145
PET23b-SpeB_co 181 GAGCCCCCCAGC TCCCGAAGAC ATTAAACTCC ACAACCTGAA CCTCCGCCGA GAATTCTCCG 240
Clustal CONSENSUS S0 ***=+essss Ssssssssss Sesssssss SRsswessss Sassssnsss sesssssnss 149
SpeB_23_CO 150 GCTCAAACAT GTATGTCTAC AATATCAGTA CGGGGGGATT TGTTATCGTC TCTGGCGATA 208
PET23b-SpeB_co 241 GCTCAAACAT GTATGTCTAC AATATCAGTA CGGGGGGATT TGTTATCGTC TCTGGCGATA 300
Clustal CONBEnsus 150 *"=++ssses ssesssssss THesenssss seassessss Tesesssess sesssenens 208
SpeB_23_CO 210 AACGCTCACC AGAAATCTTG GGGTATTCCA CATCCGGGTC TTTCGATGTG AACGGTAAGG 265
PET23b~SpeB_co 301 AACGCTCACC AGAAATCTTG GGGTATTCCA CATCCGGGTC TTTCGATGTG AACGGTAAGG 3€0
Clustal CONBEnsus 210 *+++++sses ssssessass +assssarss Sossssnsss sesssnsess sonssssers 269
SpeB_23_CO 270 AGAATATCGC TTCTTTTATG GAATCCTATG TCGAGCAGAT TAAAGAAAAT AAAAAGTTCG 325
PET23b-SpeB_co 3€1 AGAATATCGC TTCTTTTATG GAATCCTATG TCGAGCAGAT TAAAGAAAAT AARARAGTTGG 420
CLUSEAl CONBENSUS 270 ***sstssss ssannessns +essssarss sessnsvess Sssvsssess vessssnnee 328
SpeB_23_CO 330 ACACTACTTA CGCAGGTACA GCTGAGATTA AGCAGCCTCT TCGTGAAATCA TTACTTGATT 385
PET23b-SpeB_co 421 ACACTACTTA CCCAGGTACA GCTGAGATTA AGCAGCCTGT TGTGAAATCA TTACTTGATT 480
CLUStA] CONSEnsus 330 “**5Fsssss ssavssssss +9000sesns Sesasassss Sassessses nesessnnne 385
SpeB_23_CO 350 CAAACCGCAT TCATTACAAT CACCGAAATC CTTACAACCT TCTTACCCCT CTAATTGAGA 445
PET23b-SpeB_co 481 CAAAGGGCAT TCATTACAAT CAGGGAAATC CTTACAACCT TCTTACGCCT GTAATTGAGA 540
Clustal CONSENnsuUS 350 ***+sesss ssevscssss sessscssts sesssassss sesemsvess swesscnnes 435
SpeB_23_CO 450 AACTTAAACC AGCTGAACAA TCTTTTCTAG GACAACACCC TGCGACCCGA TGCCTCCCAA 508
PET23b-SpeB_co 541 AAGTTAAACC AGCTGAACAA TCTTTTGTAG GACAACACCC TGCGACCGGA TGCGTCCCAA €00
Clustal Consensus 450 *°*eevsees ssssevesse sessssesss sessvsvess sesesssess Avsssssere 508
SpeB_23_CO 510 CGGCAACGGC GCAAATTATG AAATATCACA ATTACCCGAA CAAACGCTTA AAAGACTACA S€S
PET23b-SpeB_co €01 CGCCAACCCC GCAAATTATG AAATATCACA ATTACCCGAA CAAACGCTTA AAAGACTACA ¢€€0
Clustal CONBENSUS G510 *"*=+sesss ssssssssss Sessssasss Sasasesass SSsssssess swsswenmes 565
SpeB_23_CO 570 CGTATACCTT GTCCTCTAAT AACCCCTACT TCAACCATCC AAAARACCTG TTTGCTGCCA €25
PET23b-SpeB_co €€l CCTATACCTT GTCCTCTAAT AACCCCTACT TCAACCATCC AAAAAACCTG TTTGCTCCCA 720
Clustal CONSEnsuUSs 570 * " =++ssss ssasssssss ssssssssss Sesssassss sssswssess swssssnwnsy €25
SpeB_23_CO €30 TTAGCACGCG TCAGTACAAT TGGAATAATA TCCTGCCAAC TTATTCAGGA CGTGAAAGCA €85
PET23b~SpeB_co 721 TTAGCACGCG TCAGTACAAT TGGAATAATA TCCTGCCAAC TTATTCAGGA CGTGAAAGCA 780
Clustal CONBENnSUS €30 ***=esssss srssssssss Taesssarss Sesssevtes SEsssvsnss sessvsvens €8s
SpeB_23_CO €50 ACGTCCAAAA GATGGCAATT TCAGAATTGA TGGCTGATGT TGGAATTTCT GTCGATATGG 745
PET23b-SpeB_co 781 ACGTCCAAAA GATGGCAATT TCAGAATTGA TGGCTGATGT TGGAATTTCT GTCGATATGG 840
GLanial Conseumal: G50 StSSATAESE SCAMVEIATAY 'SEREITUIES ERERERIADE SRTLSGERI SEnteshes 748
SpeB_23_CO 750 ATTACGGACC CTCTAGTGGT TCCGCCGGTA GCTCACGCGT ACAACGTGCA TTAAAGGAGA 805
PET23b-SpeB_co 841 ATTACGGACC CTCTAGTGGT TCCGCCGGTA GCTCACGCGT ACAACGTGCA TTAAAGGAGA S00
CLUStal Consensus 750 *+*t+ssses ssssessass sessssasss sessssssns sesesssese sessssvers 809
SpeB_23_CO 810 ATTTTGGGTA TAATCAGTCT GTGCACCAAA TCAACCCCGC CGACTTCTCC AAGCAGGATT 8€5
PET23b-SpeB_co S01 ATTTTGGGTA TAATCAGTCT GTGCACCAAA TCAACCGCGG CGACTTCTCC AAGCAGGATT 9€0
CLUStAl CONSENsUS BLO S ***+#rse ssansessss ssssesesee sosassvass Sesesseess svessennee 265
SpeB_23_CO 870 GCGGAAGCTCA AATCGACAAG GAGTTAAGCC AAAACCAACC CGTGTACTAC CACGCCCTCG 925
PET23b-SpeB_co $€1 GGGAAGCTCA AATCGACAAG GAGTTAAGCC AAAACCAACC CGTGTACTAC CAGGGCGTCG 1020
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SpeB_23_CO 930 GCGAACCTCCG AGCCCACGCC TTTCTAATTC ACCCCCCCGA TCGACGTAAC TTTTACCACG 985
PET23b-SpeB_co 1021 GAAACCTGGG AGGCCACGCC TTTCTAATTG ACCCCCCCGA TGGACGTAAC TTTTACCACG 1030
Clustal CONSEnsus 930 © ***+esse ssevsscess seeseseses sesessvess seseeencss swsosenane 588
SpeB_23_CO 980 TTAACTGCCG GTGGGGCGCC GTGTCCGATG GCTTCTTTCG CTTAGACGCC TTAAATCCCT 104%
PET23b-SpeB_co 1081 TTAACTGCGG GTCCGGCCCC GTCTCCGATG GCTTCTTTCG CTTAGACCCC TTAAATCCCT 1140
Clustal CONSENSUS S85 **=t+sssts ssasssesss ssssssssns Sesssassss saseassess swssssusns 1043
SpeB_23_CO 1050 CAGCCCTTGG CACGGGAGGG GGAGCCGGAG GATTTAATGG TTATCAATCC GCGGTTGTAG 1108
PET23b-SpeB_co 1141 CACCCCTTGC CACCGGAGCC GGAGCCCGAG GATTTAATCC TTATCAATCC GCCGTTGTAC 1200
Clustal CONBEnsUS 1045 *=+»+sssss ssssssssss Tassesssss Sesansvess Sassesesss Seavssnaws 1108

e

SpeB_23_CO 1110 GAATTAAACC CCTCGAG 112€
PET23b-SpeB_co 1201 GAATTAAACC CCTCGAGCAC CACCACCACC ACCACTGAGA TCCGGCTGCT AACAAAGCCC 1260
Clustal Consensus 1108 ===ssswsss ssswnss —— 1128
SpeB_23_CO 112€ 1126
PET23b~SpeB_co 12€1 GAAAGGAAGC GAG 1273

Clustal Consensus

Figureld. Sequence alignment of pET23b-SpeB23_wild (A) and pET23b-SpeB23 co (B)
against their template gBlocks. For ease of alignment, the sequences before and after restriction enzyme

sites were removed from template sequences. Restriction enzymes (GGATTCC and CTCGAG), His-tag coding
(6X CAC), and stop codon (TGA) are indicated with violet, black and red colour lines, respectively, in both
PET23b-SpeB23_wild and pET23b-SpeB23_co were underlined. The additional bases which are in both pET23b-
SpeB23_wild and pET23b-SpeB23_co before and after the restriction and stop codon are from pET23b.
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Figure 15. Sequence alignment of pET23b-SpeB23_wild (A) and pET23b-SpeB23_co (B).

Despite differences in DNA sequence due to codon optimization, the amino acid sequence of both pET23b-
SpeB23_wild and pET23b-SpeB23_co are identical, as expected. For ease of alignment, the sequences before the
start codon in pET23b and after the stop codon were removed.
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3.2 Expression of SpeB into E. coli BL21(DE3)pLysS cells

E. coli BL21(DE3)pLysS cells and 2x YT media were selected for expression of both pET23b-
SpeB23_wild and pET23b-SpeB23_co. Prior to expression studies, both expression plasmids
were transformed into E. coli BL21(DE3)pLysS cells and glycerol stocks were prepared in
aliquots and stored at -70°C. Expression studies were initially performed at 10 mL 2x YT media
for optimization purposes. Both pET23b-SpeB23_wild and pET23b-SpeB23_co were cultured,

induced, and harvested as described in the methods section.

Initial efforts were focused on optimizing SpeB expression level by testing three different
induction temperatures (20, 25 and 30°C) and three different IPTG concentrations (0.1, 0.25
and 0.5 mM) for two different time intervals (3 and 5 hours). Among the tested, both
SpeB23_wild and SpeB23_co expression levels were found to be optimum when induction was
performed at 25 and 30°C with 0. 5 mM IPTG for 5 hours. From the initial study, 25 and 30°C
induction temperatures were selected to further analyze the percentage of soluble and insoluble
expression of both SpeB23_wild and SpeB23 co. Both pET23b-SpeB23_wild and pET23b-
SpeB23_co cells (10 mL cultures) induced at 25 and 30°C for 5 hours with 0. 5 mM IPTG were
harvested, lysed in 1X PBS on ice for 30 minutes and the soluble and insoluble fractions were
analyzed by SDS-PAGE. In comparison, the solubility of SpeB23_wild induced at 25°C was
significantly higher than in the cells induced at 30°C (Fig. 16A, lanes 2 and 6). Under the tested
conditions, a significant percentage of SpeB23 wild was found in the soluble fraction. As
expected, a significantly lower intensity band of SpeB was observed from before induction and
pET23b alone expressed cells (Fig. 16A, lanes 4, 5, 8 and 9). It was also noted that SpeB self-
maturates during expression/lysis and results in a mature form of SpeB migrating at ~25kDa.
The SpeB expression was further confirmed by Western blot using an anti-SpeB antibody
which confirmed the presence of a strong band from soluble fractions of SpeB23_wild and that
band migration was comparable to the commercially purchased SpeB (FabULOUS) (Fig. 16B).
In summary, SpeB23_wild expressed at 25°C showed a significantly higher intensity band in
soluble fraction than from the insoluble fraction (Fig. 17B, lanes 4 and 5), whereas the
SpeB23_wild expressed at 30°C shown similar intensity bands at both soluble and insoluble
fractions (Fig. 16B, lanes 9 and 10). In comparison, SpeB23 co showed slightly increased
soluble expression from the cells induced at 30°C than the cells induced at 25°C (Fig. 17A and
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B). Except for the slight increase in soluble expression of SpeB23 co at 30°C temperature,
both SDS-PAGE and Western blot results were comparable with SpeB23_wild, where little or
no expression was observed before induction and pET23b alone expressed cells, respectively.

A B
1 2 3 6 7 8 9 1 2 3 4 5 6 7 8 9 10
‘gg = I 75
‘h-—\r_ - 55
35 B ! 35
— -— 5
25 .—» -.” 5 = -
15 15

.-‘- .
10 wd 10
kDa kDa

Figure 16. SDS-PAGE (A) and Western blot (B) analysis of pET23b-SpeB23_wild soluble and

insoluble fractions. The cells expressed with SpeB23_wild as indicated were harvested and resuspended in
1X PBS and 1:1 volume of 2X SDS-PAGE loading buffer. The mixture was heated to 95°C and centrifuged. The
supernatant containing expressed SpeB was analysed by SDS-PAGE (A) as described in section 2.2.12. The
resolved proteins from SDS-gels were transferred to a nitrocellulose membrane and the transferred target
SpeB23_wild was detected using rabbit polyclonal anti-SpeB antibody as described in Western blot analysis (B)
section 2.2.13. (A) Lane 1, Molecular weight marker; 2-5, soluble fraction, insoluble fraction, before induction,
negative control (soluble fraction of pET23b), respectively at 25°C; 6-9, soluble fraction, insoluble fraction, before
induction, negative control (soluble fraction of pET23b alone expressed cells), respectively at 30°C. (B) Lane 1,
Molecular weight marker; 2, control SpeB (commercially purchase FabULOUS); 3-7, before induction, soluble
fraction, insoluble fraction, after induction, negative control (soluble fraction of pET23b alone expressed cells),

respectively at 25°C. The SpeB23_wild type gene corresponding bands were shown with arrows.
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Figure.17. SDS-PAGE. (A) and western blot (B) analysis of pET23b-SpeB23_co soluble and

insoluble fractions. The cells expressed with SpeB23_co as indicated were harvested and resuspended in 1X

PBS and 1:1 volume of 2x SDS-PAGE loading buffer. The mixture was heated to 95°C and centrifuged. The
supernatant containing expressed SpeB was analysed by SDS-PAGE (A) as described in section 2.2.12. The
resolved proteins from SDS-gels were transferred to a nitrocellulose membrane and the transferred target
SpeB23_co was detected using rabbit polyclonal anti-SpeB antibody as described in the Western blot analysis (B)
section 2.2.13. Lane 1, Molecular weight marker; 2, FabULOUS; 3-7, before induction, soluble fraction, insoluble
fraction, after induction, negative control (soluble fraction of pET23b alone expressed cells), respectively at 25°C;
8-10, before induction, soluble fraction, and insoluble fraction, respectively at 30°C. The SpeB23_co gene

corresponding bands were shown with arrows.

3.3 Pulldown assay

The expression of soluble SpeB was first supported with a small-scale pulldown assay to
partially purify the SpeB from soluble fraction, taking advantage of SpeB C-term His-tag
affinity against Ni-NTA beads. The SDS-PAGE results showed SpeB in the soluble fraction of
the lysate binding to Ni-NTA beads while little or no SpeB was observed in flow-through and
wash factions (Fig. 18, lanes 3-6). As shown from the elution fractions of SpeB23_wild
expressed at 25 and 30°C (Fig 18, lanes 7 and 8), the Ni-NTA bead-based pull-down assay
allowed significant enrichment of SpeB from the fraction of E. coli supernatant. Although the
band intensity of elution fraction from the cells induced at 30°C was higher than 25°C,
induction at 25°C was selected at optimum for SpeB23_wild expression based on the previous
results from the solubility analysis. In comparison, a similar analysis for the SpeB23_co system

showed less enrichment (Fig 18, lanes 9 and 10). Collectively from the results, 25 and 30°C
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induction temperatures were selected as optimum for pET23b-SpeB23_wild and pET23b-

SpeB23_co expression, respectively.
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Figure 18. SDS-PAGE of pET23b-SpeB23_wild and pET23b-SpeB23 co pulldown assay

fractions. Pulldown assay was performed using Ni-NTA beads as described in the materials and methods

section, 2.2.14. SpeB presence was analysed at different stages of pulldown assay, including soluble fraction
(before incubating with Ni-NTA beads), flow-through, wash and elution. All the samples were mixed with 1:1
volume of 2X SDS-PAGE loading buffer, heated to 95°C and centrifuged. The clear supernatants were analysed
by SDS-PAGE. Lane 1, Molecular weight marker; lanes 2-7, soluble fraction, flow-through, wash 1, wash 2, wash
3, elution of SpeB23 wild at 25°C induction; lane 8, elution of SpeB23_wild, at 30°C induction; lanes 9-10,
elution of SpeB23 co at 25°C and 30°C induction, respectively. The SpeB23 wild and SpeB23 co gene

corresponding bands were shown with arrow.

3.4 Affinity purification of SpeB23 wild

Using the optimized culture conditions, the SpeB23 wild was grown in 1 L culture to Asopo =
0.8 — 1.0, induced with 0.5 mM IPTG for 5 hours at 25°C as described in section 2.2.11 and in
Fig. 9. Purification was performed with the harvested cell pellet using a single step Ni-affinity
chromatography separation method as described in the methods section 2.2.15 and the major
steps in the purification process were shown in Fig. 10. From the SDS-PAGE analysis of
SpeB23_wild purification samples, low intensity band of SpeB in flow-through in comparison
with supernatant suggests that most of the SpeB23_wild bound to the Ni-NTA resin (Fig. 19,
lanes 1 and 2). Despite binding to Ni-NTA resin, a significant percentage of SpeB23_wild was
observed in the wash fraction (Fig. 19, lane 3). Furthermore, SpeB also eluted almost
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immediately from a gradient elution of 20 - 300 mM imidazole (Fig. 19, fractions 1 — 11 in
lanes 4 — 14). Complete SpeB23_wild elution was observed in fractions between 1 — 11, which
corresponds to an imidazole concentration gradient of ~20 — 170 mM. SpeB23_wild elution at
imidazole concentration of 20 mM suggests binding of SpeB23_wild to Ni-NTA resin was
rather lower than commonly observed His-tag-Ni interaction. As shown in Fig. 19, most of the
high molecular weight E. coli proteins were successfully separated using the Ni-NTA affinity

separation. The concentration of individual fractions was listed in Table 5.
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Figure 19 SDS-PAGE of pET23b-SpeB23 wild purification. Samples from indicated stages of
purification were mixed with 2X SDS-PAGE loading buffer in a 1:1 ratio and heated to 95°C prior to analysis.
The samples were analyzed by 15% SDS-PAGE for 50 min at 25mA and the protein separation from the gels was
observed after staining and destaining. Lane M, Molecular weight marker, lane 1, soluble fraction; lane 2, flow-
through; lane 3, wash; lanes 4 — 14, elution fractions 1 — 11, respectively. The SpeB23_wild gene corresponding

bands were shown with arrow.
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Table 5. Total yield of Ni-NTA affinity purified SpeB23_wild and SpeB23_co elution

fractions.

Fraction number | SpeB23_wild (mg/fraction) | SpeB23_co (mg/fraction)
1 5.25 N/A
2 10.05 N/A
3 6.83 N/A
4 6.24 N/A
5 1.9 N/A
6 1.74 0.94
7 1.80 1.45
8 1.87 2.39
9 1.46 4.3

10 0.85 6.45
11 0.31 5.86
12 N/A 7.54
13 N/A 9.06
14 N/A 10.53
15 N/A 11.99
16 N/A 8.22
17 N/A 7.34
18 N/A 6.65
19 N/A 4.37
20 N/A 2.14
Total (mg/L) 38.3 89.4

N/A, not applicable. SpeB was not selected from these fractions due to either not significant concentration or due

to the presence of additional contaminated proteins.
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3.5 Affinity purification of SpeB23 _co

Like in SpeB23_wild purification, no SpeB was observed in flow-through in comparison with
supernatant fraction suggests that most of the SpeB23_co bound to the Ni-NTA resin (Fig. 20,
lanes 1 and 2). In contrast to SpeB23_wild purification, no SpeB23_co was detected in wash
fraction, suggesting strong binding of SpeB23_co to Ni-NTA (Fig. 20, lane 3). SDS-PAGE
analysis of imidazole gradient (20 to 300 mM imidazole gradient in 20 mL, with each fraction
volume of 1 mL) elution fractions suggest that most of the E. coli and/or weakly bound proteins
have been separated in fractions 1- 6 (Fig. 20, lanes 4 —9) and the bound SpeB23_co was eluted
between fractions 7 — 19 (Fig. 20, lanes 10 — 22). Unlike in SpeB23_wild, SpeB23_co elution
occurred between an imidazole gradient concentration of ~ 110 — 300 mM. The concentration

of individual fractions of SpeB23_co elution was listed in Table 5.
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Figure 20. SDS-PAGE of pET23b-SpeB23 co purification. Samples from indicated stages of
purification were mixed with 2X SDS-PAGE loading buffer in a 1:1 ratio and heated to 95°C prior to analysis.
The samples were analyzed by 15% SDS-PAGE for 50 min at 25mA and the protein separation from the gels
were observed after staining and destaining. Lane M, Molecular weight marker; lane 1, soluble fraction; lane 2,
flow-through; lane 3, wash; lane 4 — 22, elution fractions 1 — 19, respectively. The SpeB23_co gene corresponding

bands were shown with arrow.
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3.6 Skim milk agar plate activity assay

SpeB activity was qualitatively measured using skim-milk agar plate assay based on casein hydrolysis
as described in the methods. The plates incubated with both SpeB23_wild and SpeB23_co (150 pg) had
clear hydrolysis zones which were visible around the wells (Fig. 21A). The size of clear zones
corresponds to the activity of SpeB. A similar hydrolysis zone was also observed from the well
incubated with commercially purchased FabULQUS. In contrast, no hydrolysis zones were observed
with the soluble supernatant of cells expressed with pET23b alone without any target gene (Fig. 21A).
In addition, activity was also tested with three different concentrations (150, 75, 37.5 ug) of both the
SpeB23_wild and SpeB23_co. As shown in Fig. 21 B, dose-dependent hydrolysis zones were observed
with both the SpeB23_wild and SpeB23_co. The activity results clearly suggest the codon optimization

had no negative effect on SpeB activity.
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Figure 21. SpeB activity assay based on casein hydrolysis. The assay was performed as described in
the materials and methods section, 2.2.16. Prior to SpeB addition, holes were punched as shown in the image.
Indicated concentrations of SpeB23_wild, SepB23_co and FabULOUS mixtures were added to respected holes
and the corresponding hydrolysis zones were observed. The clear zones visible around the wells due to casein
hydrolysis correspond to SpeB activity. (A) Zone 1, 150 ug of SpeB23_co; Zone 2, 150 ug of SpeB23_wild;
Zone 3,15 L of soluble supernatant of cells expressed with pET23b, Zone 4, 2.5 pL of FabULOUS. (B) Zone
1-3, 150, 75 and 37.5 ug of SpeB23_co, respectively; Zone 4-6, 150, 75 and 37.5 ug of SpeB23_wild,

respectively.
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3.7 Substrate hydrolysis based activity assay

Finally, SpeB activity was measured quantitatively using a synthetic substrate, Boc-Lys-Np.
Prior to the activity, SpeB was activated using 10 mM of DTT. As shown, both purified
SpeB23_wild and SpeB23_co showed hydrolysis of Boc-Lys-Np, measured the p-nitrophenol
release at 340 nm (Fig. 22). A time-dependent analysis showed saturation of p-nitrophenol
release by ~1-2 minutes. Commercially obtained FabULOUS used as positive control also
showed a similar activity pattern where the saturation was reached after ~1-2 minutes. The
time-dependent measurements were performed by manually measuring the absorbance at
indicated time intervals in a cuvette based UV-Vis spectrophotometer and thus the measured
hydrolysis is approximate to the time points. In comparison, SpeB23 co showed similar
activity to that of SpeB23_wild (Fig. 22). The synthetic substrate hydrolysis-based assay also
further supports that the codon optimization used in this study did not impair the activity of
SpeB.
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Figure 22. SpeB activity assay based on substrate hydrolysis. The time-dependent substrate hydrolysis
was manually measured using a US-Vis spectrophotometer as described in methods section 2.2.17. Measurements
were performed in duplicates and the average values were used to plot the graph. Reaction buffer with substrate
alone was used as a baseline. Absorbance which corresponds to SpeB activity was recorded manually for 10
minutes with 1 minute time intervals. Under the tested assay conditions and concentrations, the activity reached
saturation after 1 minute and thus the time intervals only showed until 3 minutes. The graph shows the average

absorbance at indicated time intervals.
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Chapter 4

Discussion
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GAS is a Gram-positive pathogen and one of the most frequent human pathogens commonly
associated with mild infections, such as pharyngitis and impetigo, however, in some cases,
GAS can cause more severe and even life-threatening diseases such as necrotizing fasciitis and
streptococcal toxic shock syndrome. Although GAS infections can be treated by antibiotics
(like penicillin, vancomycin, and clindamycin), the failure of treatment for severe infections
and antibiotic resistance has increased the global burden of GAS infections (Johnson &
LaRock, 2021). Therefore, there is an urgent need for efficacious and affordable treatment
alternatives to reduce the global healthcare burden caused by GAS infections. GAS strain
expresses many virulence factors including M-protein, hyaluronic acid capsule, fibronectin-
binding proteins and secretes several proteases. VVaccine development has been progressed over
the years targeting inactivated whole cells and key virulence factors, M protein and other non-
M protein targets (Steer et al., 2009). The major advancement in vaccine development achieved
recently was the use of non-M protein targets, including secreted proteases (Moore et al., 2022,
Walkinshaw et al., 2023).

Among the many strategies of evading host immune system, the production and secretion of
proteases that degrade key signalling molecules of the immune system is one of the widely
used strategies in several bacterial pathogens (Potempa & Pike, 2009). By degrading molecules
that are pivotal to the host response, bacteria can evade detection and clearance of the host
immune system. GAS secretes several proteases, including ScpA, IdeS and SpeB, and like in
other bacteria, these proteases play an important role in the virulence of GAS (McKenna et al.,
2022, Shumba et al., 2019). Among the other protease produced by GAS, SpeB is one of the
important and well-studied proteases in the literature (Chiang-Ni & Wu, 2008, Nelson et al.,
2011). SpeB is a cysteine protease and its structural and functional characterization had been
reported elsewhere (Gonzalez-Paez & Wolan, 2012, Kagawa et al., 2000, Olsen et al., 2009).
In a review of the literature, several host, and streptococcal substrates for SpeB have been
identified (Nelson et al., 2011). Although the virulence role of SpeB in GAS infection is
debated, several studies have demonstrated that SpeB is critical for the pathogenesis caused by
GAS (Nelson et al., 2011). Considering the role of SpeB in GAS infection, several studies have
exploited the possibility of developing vaccines against GAS by targeting SpeB and in
combination with other potential targets (Kapur et al., 1994, Ulrich, 2008, Morefield et al.,
2014).
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Development of a robust protein purification system to produce cost-effective, native state and
high yield proteins is an important step for many research and development applications,
including in the structure and functional characterization of target proteins and drug
development. Over the years, several different strategies were applied to produce the SpeB
both from GAS strains and recombinantly from E. coli (Chen et al., 2003, Doran et al., 1999,
Lane & Seelig, 2016). Although initial studies used GAS strains to produce SpeB, recent
studies were focused on the production of SpeB from E. coli cells as the expression and
purification in E. coli are one of the commonly used strategies to produce low-cost and high-
yield proteins. It was clear from previous studies that SpeB produced by E. coli cells retained
activity. Despite the ease of design and execution, the recombinant SpeB production in E. coli
cells often resulted in inclusion bodies formation or poor purification yields. The inclusion
bodies formation poses several challenges for producing soluble recombinant proteins,
including the development of appropriate solubilization and refolding strategies. Inclusion
bodies can be readily solubilised using chaotropic agents, like urea and guanidine
hydrochloride, etc., via denaturation. However, the major challenge is in refolding the
denatured target protein with native folding and activity, and the refolding strategies need to
be developed on a case-by-case basis. Several strategies were used to reduce the inclusion
bodies formation in E. coli including constructing expression plasmids with strong promoters
(e.g., T7 and Lac promotors in pET), optimizing the inducer concentration and induction time
and temperatures. Doran et al initially produced zSpeB from E. coli BL21(DE3)pLysS cells
using a pT7-7 plasmid (Doran et al., 1999). The pT7-7-zSpeB expressed cells were grown in
LB and induced at 25°C with 0.1 mM IPTG for 16 hours, purified using 1gG-Sepharose column,
and used to determine the autocatalytic processing of zSpeB. However, the percentage of
soluble expression and yield were not mentioned in the study. In another study, SpeB was
cloned into pET21a plasmid and expressed in E. coli BL21(DE3)pLysS cells to produce
recombinant SpeB (Chen et al., 2003). A total of 45 mg/L wildtype SpeB was produced when
the cells were grown to Asoo = 0.5-1.0 in LB medium and induced with 1 mM IPTG for 24
hours at 37°C. Under the same conditions, several mutant proteins formed inclusion bodies
when the cells were induced at 37°C and the soluble percentage was improved significantly
when the cells were induced at lower temperatures, 28 and 15°C (Chen et al., 2003). The low
induction temperature strategy was also used in another study, in which SpeB cloned into
pET23b plasmid was used to produce from E. coli BL21(DE3)pLysS cells grown until Aeoo =
0.8-1.0 in 2X YT medium at 37°C and induced with 0.5 mM IPTG for 5 hours at 25°C
(Gonzalez-Paez & Wolan, 2012). The final SpeB production yield was reported to be 10-20
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mg/L and the purified protein was then used for its structure determination. In another study
using similar expression and induction parameters, SpeB cloned into pET24a plasmid and
expressed in E. coli cells failed to produce any significant quantities of soluble fraction, where
most of the SpeB expressed in inclusion bodies (Lane & Seelig, 2016). The study used an
extensive range of parameters including different E. coli strains (BL21(DE3),
BL21(DE3)pLysS and BL21(DE3) Rosetta), chaperone systems (pTF16 and pGRO7),
expression temperatures (16, 25, 28, 30 and 37°C), IPTG concentrations (0, 0.1, 0.5 and 1.0
mM), culture media (LB and minimal media), induction time points (0, 4, 8, 12, 16, 24, 48
hours) and lysis methods (lysozyme, BugBuster®, French press, sonication) and although the
reason was unknown, none were showed to yield sufficient percentage of soluble protein.
However, the study reported a significant increase in the purification yield by using the
autoinduction method in E. coli BL21(DE3) cells. Briefly, the cells were grown in auto-
induction media (50 mM Na;HPO4, 50 mM KH2POs, 2 mM MgSOs, 36 pg/mL Kanamycin,
2% tryptone, 0.5% yeast extract, 0.5% NaCl, 60% glycerol, 10% glucose, 8% lactose, w/v) at
37°C for ~5 - 6 hours until Asoo = 0.3 - 0.4 and then transferred to 25°C for an additional 24
hours, without any IPTG. The introduction of autoinduction media for expression and a two-

step tag-free purification resulted a total of 60 mg/L (Lane & Seelig, 2016).

Codon optimization is another approach that is commonly used to improve the expression of a
target gene by increasing the translation efficiency using codon bias. The theory behind codon
optimization in protein production is, the degeneracy of genetic code allows more than one
codon for one amino acid and replacing the rare codons with frequently used codons from the
expression host could increase protein production. Rare codons in the target gene can be altered
by either sequential mutagenesis or complete resynthesis of an entire gene without modifying
the amino acid sequence of the encoded protein. So far, codon optimization was used to
enhance the expression of a protein when that protein of interest is required to express in a
heterologous host. Due to the ease and purification efficiency, many mammalian proteins were
expressed and purified in E. coli (Rosano & Ceccarelli, 2014). In a previously reported study,
the optimization of ten rare arginine codons dramatically increased the expression of mouse c-
Fos protein, from undetectable to 20% soluble in E. coli (Deng, 1997). Overall, a typical
increase in expression for codon-optimized mammalian proteins in E. coli is between five- and
15-fold (Gustafsson et al., 2004). However, codon bias must be carefully selected to avoid

having any effect on protein structure and function due to interchangeable codons. Despite
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maintaining the amino acid sequence of a protein, codon optimization can alter the translation,
confirmation, and function of proteins (Mauro, 2018, Mauro & Chappell, 2014). To date, codon
optimization was not widely used in the expression of other bacterial genes into E. coli.
Furthermore, the codon optimization strategy was not tested in SpeB or in any other GAS

protein expression into E. coli as per our knowledge.

In this study, codon optimization was examined as a strategy to improve recombinant SpeB
production, in addition to the optimization of various expression parameters previously tested.
Codon optimized version of SpeB was generated using the IDT DNA codon optimization tool
and obtained by complete resynthesis of the modified SpeB gene, i.e., SpeB23_co gBlock. The
codons modified from the native SpeB23_wild sequence to SpeB23_co, optimized for E. coli
expression were shown in Fig. 8. For comparison studies, the SpeB23_wild was also obtained
by complete resynthesis of the native SpeB gene. Both SpeB23 wild and SpeB23 co were
cloned into pET23b plasmid and were expressed into E. coli BL21(DE3)pLysS cells to Asoo =
0.8-1.0in 2X YT medium at 37°C. The expressed SpeB would contain eight additional amino
acids (LEHHHHHH) at the C-terminus, added from the pET23b plasmid during expression.
The SpeB cloning into pET23b plasmid would also add several amino acids at N-terminus,
however, those additional amino acids would be cleaved off with propeptide during
autoproteolysis and thus won’t be present in mSpeB. In agreement with the majority of the
previous reports (Chen et al., 2003, Doran et al., 1999, Lane & Seelig, 2016), induction at 25°C
was determined to be optimum for SpeB23_wild with an IPTG concentration of 0.5 mM IPTG
for 5 hours. In comparison, SpeB23_co showed optimum soluble expression at 30°C. In both
cases, the purified SpeB was self-matured as mSpeB. However, in addition to the SpeB, several
E. coli proteins and SpeB degradation products were observed from the SDS-PAGE of
induction and soluble samples (Fig. 16A and 17A). In comparison, Western blot analysis
showed a clear SpeB migrating at ~25 kDa and very few non-target products (Fig. 16B and
17B). In the Western blot, the other non-target products migrated below the target SpeB. In
addition, these non-target products were also observed in commercially purchased SpeB,
FabULOUS (lane 2 in Fig. 16B and 17B).

Soluble expression was initially tested with a small-scale pulldown assay using Ni-NTA beads
was carried out. The cloning of SpeB into pET23b has the advantage of target protein
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expression with His-tag at C-terminus. The position of the His-tag at C-terminus is an important
factor in the SpeB purification because His-tag could have been cleaved off from SpeB due to
the propeptide removal during maturation if positioned at N-terminus. As expected, the Ni-
NTA bead-based pulldown of SpeB23_wild significantly removed E. coli proteins migrating
above the SpeB size (Fig. 18, lanes 7-8). In comparison, a significant percentage of non-target
products migrating above the SpeB size were observed from the pulldown fraction of
SpeB23_co (Fig. 18, lanes 9-10). However, even after the pulldown, a significant number of
products migrating below the target SpeB size were still observed. The low molecular weight
products were assumed to be degradation products from SpeB, since the presence of these
products in the pulldown fraction of SpeB23_wild and in commercially purchased FabULOUS.
To prevent the autoproteolysis of the propeptide and limit the degradation of products, SpeB
expression was performed in the presence of a reversible inhibitor, sodium tetrathionate
(0.03%). However, our efforts were unsuccessful as the SpeB produced in the presence of an

inhibitor resulted in a mature form.

Using the optimized expression conditions from the studies performed in small cultures, both
SpeB23_wild and SpeB23 co were expressed in 1 L culture and the harvested pellets were
stored at -70°C. The frozen cell pellet was lysed using a simple lysis method at 4°C and the
soluble sample obtained from the lysis solution for purification was loaded onto a pre-packed
column with Ni-NTA resin. As expected, optimized expressed conditions resulted in a
significant percentage of SpeB23_wild in the soluble fraction. Most of the SpeB23_wild bound
to the Ni-NTA beads on the column, and a small percentage of SpeB23_wild in addition to the
other E. coli proteins were observed in flow-through (Fig. 19). After binding, however, a
significant percentage of SpeB23 wild was observed in wash sample. Furthermore, the
remaining SpeB23_wild bound to Ni-NTA beads was eluted almost immediately during
gradient elution. The complete elution was observed for SpeB23_wild between ~20 — 170 mM
imidazole gradient. Similarly, under optimized expression conditions, a significant percentage
of SpeB23_co also resulted in the soluble fraction and most of the SpeB23 co bound to Ni-
NTA beads on the column. However, unlike in SpeB23_wild, no SpeB was observed in flow-
though and a very little percentage was observed in the wash sample (Fig. 20). As expected
from the strong binding, SpeB23_co was eluted in gradient-based elution with an imidazole
concentration of ~110 — 300 mM. Although the reason is unknown, the binding of SpeB_wild
to Ni-NTA was observed to be rather weaker than the SpeB23 co. The total protein yield
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determined from the purification of SpeB23_wild and SpeB23 _co was ~38.3 and ~89.4 mg/L,
respectively. To some extent, the reason for the increase in protein yield in SpeB23 _co may be
due to the loss of a significant percentage of SpeB23_wild in flow-through and wash samples
during the purification. Nevertheless, despite similar expression and purification conditions,
the ~2-fold increase in the SpeB23_co purification in comparison with the SpeB23_wild could
also be due to the codon optimization. In comparison with the previous reports, the yield
obtained for SpeB23_wild in this study was similar to SpeB purification performed using
similar conditions, where 45 mg/L was obtained (Chen et al., 2003), and slightly lower than
the purification performed by using autoinduction media, where 60 mg/L yield was obtained
(Lane & Seelig, 2016). However, the total yield obtained for SpeB23_co in this study was
significantly higher than any previous study reported.

In both cases, the SpeB was observed to mature during the purification process and resulted in
a mSpeB version. However, as observed in the pulldown assay, a significant number of
impurities were observed below mSpeB molecular weight in both purified SpeB23 wild and
SpeB23_co. The impurities were assumed as the degradation products of SpeB autoproteolysis
as the purification was performed without any inhibitor. A similar observation was also
reported from a previous study where SpeB was purified with and without 1 mM HgCl. (Lane
& Seelig, 2016). The study reported the observation of substantially more degradation products
from the lysate when SpeB is purified without HgCl>. Overall, the single-step Ni-affinity
purification resulted in an adequate purity of SpeB to use in subsequent activity analysis.
Additional purification steps, including ion exchange and/or size-exclusion chromatography

separations, may require achieving high purity and to reduce the degradation impurities.

Finally, SpeB23_wild and SpeB23 co activities were tested using two different previously
reported assays: a simple skim-milk agar-based casein hydrolysis method and a synthetic
substrate hydrolysis-based method. The simple agar plate assay based on the digestion of casein
in skim milk was widely used in the literature for the detection of SpeB activity (Hynes &
Tagg, 1985). The assay was successfully utilized in testing SpeB activity from GAS cultures
and secreted supernatants (Hynes & Tagg, 1985, Hollands et al., 2008). Briefly, either the GAS
cultures or secreted supernatants from GAS cultures were added to the holes punched in skim-

milk agar and grown for 24 hours. The clear zone on skim-milk agar plates followed by
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incubation is then considered as a positive for SpeB activity. Purified SpeB instead of GAS
culture was used in this study. The large clear zones on the skim-milk agar plates incubated
with SpeB23_wild and SpeB23_co suggest both versions of SpeB are active and possess
similar activity in comparison (Fig. 21). In contrast, no clear zones were observed with the

soluble supernatant of cells expressed with pET23b as a negative control.

Further, the activity of SpeB23 wild and SpeB23 co were also tested using a synthetic
substrate, Boc-Lys-Np, a chromogenic substrate commonly used for characterization of
proteases, including trypsin and SpeB, etc. (Attwood & Geeves, 2004, Kagawa et al., 2005).
The protease activity was measured by quantifying the p-nitrophenol release from Boc-Lys-Np
at Asso. Like in the skim-milk agar assay, both SpeB23 wild and SpeB23_co were shown
activity against Boc-Lys-Np (Fig. 22). In comparison, SpeB23_co showed ~2-fold higher
activity against Boc-Lys-Np than the SpeB23_wild. Under the tested conditions, the time
course for the saturation of p-nitrophenol release was found to be ~3 minutes. However, further
analysis with optimized concentrations of SpeB and substrate in addition to strict time point
measurements is required to determine the exact kinetic parameters. From both the activity
assays, it’s evident that SpeB_co has similar or higher activity in comparison with SpeB_wild,
which suggests that the codon optimization strategy used in this study had no negative effect

on the overall activity of SpeB.

In summary, SpeB is a predominantly secreted protease which plays a key role in GAS
virulence by degrading key signalling molecules of the host immune system. SpeB has a broad
substrate specificity in general and the structural and functional characterization revealed
several hosts and streptococcal substrates to date. Given the important role of SpeB in GAS
virulence, several studies also exploited the use of SpeB for developing potential vaccine
candidates. Although earlier studies used GAS culture media for the production, few studies
highlight the optimized conditions for SpeB production in E. coli, including various induction
temperatures, inducer concentrations and growth media. In addition to the optimized conditions
from the previous studies, the current study utilized a new codon optimization-based approach
by complete resynthesis of optimized SpeB gene, SpeB23 co for E. coli expression. When
expressed and purified under optimized conditions, the SpeB23 co resulted in a ~2-fold

increase in purification yield in comparison with the SpeB23 wild. The purified SpeB23 co
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shown similar/higher activity than the SpeB23 wild in both skim-milk agar and chromogenic
substrate hydrolysis methods. The activity retained by SpeB23 co suggests that the codon
optimization had no negative effect on SpeB activity. Together, our purification and activity of
SpeB23 co highlights the potential utilization of codon optimization in increased SpeB
production in E. coli. The reported purification strategy is cost-effective and can be applied to
large scale production of SpeB for successful utilization in various research and development

applications.

Future directions

GAS is an important global pathogen that causes considerable disease burden worldwide,
especially in low- and middle-income countries. There is a global need for safe, effective, and
affordable vaccines to prevent the large global burden of diseases caused by the pathogen.
Although there are no currently licensed GAS vaccines available to date, the research on GAS
vaccine development progressed significantly in recent years. GAS vaccine pipeline can be
divided into M protein-based and non-M protein-based vaccines, however, most of them that

have entered or are nearing clinical investigation are M protein-based.

Given the important role of SpeB in GAS virulence, several studies also exploited the use of
SpeB for developing potential vaccine candidates. Progress has been made in developing
vaccines targeting multiple antigens including SpeB in combination with M protein and other
non-M protein antigens (Kuo et al., 2017). To date, vaccines targeting SpeB are still at the
preliminary stage of development and there is an ongoing need to explore the potential
possibility of SpeB utilization. In the literature, several target antigens, including SpeB
produced in E. coli were utilized in the vaccine development (Ulrich, 2008).

The current study is the first step in exploiting codon optimization of SpeB for E. coli
expression and further studies in understanding the mechanism by which codon optimization
increased the SpeB production and use of various separation chromatography techniques to
achieve high downstream purity are essential as going forward. We believe the current study
has the potential to make a significant contribution in the SpeB production field

71



References

Allhorn, M., Olsen, A., and Collin, M. (2008) EndoS from Streptococcus pyogenes is
hydrolyzed by the cysteine proteinase SpeB and requires glutamic acid 235 and
tryptophans for 1gG glycan-hydrolyzing activity. BMC Microbiol 8: 3.

Attwood, P.V., and Geeves, M.A. (2004) Kinetics of an enzyme-catalyzed reaction measured
by electrospray ionization mass spectrometry using a simple rapid mixing attachment.
Anal Biochem 334: 382-389.

Baggiolini, M. (2001) Chemokines in pathology and medicine. J Intern Med 250: 91-104.

Berge, A., and Bjorck, L. (1995) Streptococcal cysteine proteinase releases biologically active
fragments of streptococcal surface proteins. J Biol Chem 270: 9862-9867.

Berti, P.J., and Storer, A.C. (1995) Alignment/phylogeny of the papain superfamily of cysteine
proteases. J Mol Biol 246: 273-283.

Bisno, A.L., Brito, M.O., and Collins, C.M. (2003) Molecular basis of group A streptococcal
virulence. Lancet Infect Dis 3: 191-200.

Blochl, C., Holzner, C., Luciano, M., Bauer, R., Horejs-Hoeck, J., Eckhard, U., Brandstetter,
H., and Huber, C.G. (2021) Proteolytic Profiling of Streptococcal Pyrogenic Exotoxin
B (SpeB) by Complementary HPLC-MS Approaches. Int J Mol Sci 23.

Brule, C.E., and Grayhack, E.J. (2017) Synonymous Codons: Choose Wisely for Expression.
Trends Genet 33: 283-297.

Carapetis, J.R., Steer, A.C., Mulholland, E.K., and Weber, M. (2005) The global burden of
group A streptococcal diseases. Lancet Infect Dis 5: 685-694.

Carlsson, F., Berggard, K., Stalhammar-Carlemalm, M., and Lindahl, G. (2003) Evasion of
phagocytosis through cooperation between two ligand-binding regions in Streptococcus
pyogenes M protein. J Exp Med 198: 1057-1068.

Carroll, R.K., and Musser, J.M. (2011) From transcription to activation: how group A
streptococcus, the flesh-eating pathogen, regulates SpeB cysteine protease production.
Mol Microbiol 81: 588-601.

Chatellier, S., Ihendyane, N., Kansal, R.G., Khambaty, F., Basma, H., Norrby-Teglund, A.,
Low, D.E., McGeer, A., and Koth, M. (2000) Genetic relatedness and superantigen
expression in group A streptococcus serotype M1 isolates from patients with severe and

nonsevere invasive diseases. Infect Immun 68: 3523-3534.

72



Chen, C.Y., Luo, S.C., Kuo, C.F,, Lin, Y.S., Wu, J.J., Lin, M.T., Liu, C.C., Jeng, W.Y., and
Chuang, W.J. (2003) Maturation processing and characterization of streptopain. J Biol
Chem 278: 17336-17343.

Chiang-Ni, C., and Wu, J.J. (2008) Effects of streptococcal pyrogenic exotoxin B on
pathogenesis of Streptococcus pyogenes. J Formos Med Assoc 107: 677-685.

Cleary, P.P., Prahbu, U., Dale, J.B., Wexler, D.E., and Handley, J. (1992) Streptococcal C5a
peptidase is a highly specific endopeptidase. Infect Immun 60: 5219-5223.

Collin, M., and Olsen, A. (2001a) Effect of SpeB and EndoS from Streptococcus pyogenes on
human immunoglobulins. Infect Immun 69: 7187-7189.

Collin, M., and Olsen, A. (2001b) EndoS, a novel secreted protein from Streptococcus
pyogenes with endoglycosidase activity on human 1gG. EMBO J 20: 3046-3055.

Cunningham, M.W. (2000) Pathogenesis of group A streptococcal infections. Clin Microbiol
Rev 13: 470-511.

Cywes, C., and Wessels, M.R. (2001) Group A Streptococcus tissue invasion by CD44-
mediated cell signalling. Nature 414: 648-652.

Deng, T. (1997) Bacterial expression and purification of biologically active mouse c-Fos
proteins by selective codon optimization. FEBS Lett 409: 269-272.

Doran, J.D., Nomizu, M., Takebe, S., Menard, R., Griffith, D., and Ziomek, E. (1999)
Autocatalytic processing of the streptococcal cysteine protease zymogen: processing
mechanism and characterization of the autoproteolytic cleavage sites. Eur J Biochem
263: 145-151.

Egesten, A., Olin, A.l,, Linge, H.M., Yadav, M., Morgelin, M., Karlsson, A., and Collin, M.
(2009) SpeB of Streptococcus pyogenes differentially modulates antibacterial and
receptor activating properties of human chemokines. PLoS One 4: e47609.

Ehrmann, M., and Clausen, T. (2004) Proteolysis as a regulatory mechanism. Annu Rev Genet
38: 709-724.

Elliott, S.D. (1945) A Proteolytic Enzyme Produced by Group a Streptococci with Special
Reference to Its Effect on the Type-Specific M Antigen. J Exp Med 81: 573-592.

Elliott, S.D. (1950) The crystallization and serological differentiation of a streptococcal
proteinase and its precursor. J Exp Med 92: 201-218.

Elliott, S.D., and Dole, V.P. (1947) An Inactive Precursor of Streptococcal Proteinase. J Exp
Med 85: 305-320.

Facklam, R.F., Martin, D.R., Lovgren, M., Johnson, D.R., Efstratiou, A., Thompson, T.A.,
Gowan, S., Kriz, P., Tyrrell, G.J., Kaplan, E., and Beall, B. (2002) Extension of the

73



Lancefield classification for group A streptococci by addition of 22 new M protein gene
sequence types from clinical isolates: emm2103 to emm124. Clin Infect Dis 34: 28-38.

Fischetti, V.A., (2016) M Protein and Other Surface Proteins on Streptococci. In: Streptococcus
pyogenes: Basic Biology to Clinical Manifestations. J.J. Ferretti, D.L. Stevens & V.A.
Fischetti (eds). Oklahoma City (OK), pp.

Foster, T., (1996) Staphylococcus. In: Medical Microbiology. S. Baron (ed). Galveston (TX),
Pp.

Frees, D., Brondsted, L., and Ingmer, H. (2013) Bacterial proteases and virulence. Subcell
Biochem 66: 161-192.

Fu, H., Liang, Y., Zhong, X., Pan, Z., Huang, L., Zhang, H., Xu, Y., Zhou, W., and Liu, Z.
(2020) Codon optimization with deep learning to enhance protein expression. Sci Rep
10: 17617.

Golinska, E., van der Linden, M., Wiecek, G., Mikolajczyk, D., Machul, A., Samet, A.,
Piorkowska, A., Dorycka, M., Heczko, P.B., and Strus, M. (2016) Virulence factors of
Streptococcus pyogenes strains from women in peri-labor with invasive infections. Eur
J Clin Microbiol Infect Dis 35: 747-754.

Gonzalez-Paez, G.E., and Wolan, D.W. (2012) Ultrahigh and high resolution structures and
mutational analysis of monomeric Streptococcus pyogenes SpeB reveal a functional
role for the glycine-rich C-terminal loop. J Biol Chem 287: 24412-24426.

Guo, R.F., and Ward, P.A. (2005) Role of C5a in inflammatory responses. Annu Rev Immunol
23: 821-852.

Gustafsson, C., Govindarajan, S., and Minshull, J. (2004) Codon bias and heterologous protein
expression. Trends Biotechnol 22: 346-353.

Hall, J.M. (1992) Bradykinin receptors: pharmacological properties and biological roles.
Pharmacol Ther 56: 131-190.

Hauser, A.R., and Schlievert, P.M. (1990) Nucleotide sequence of the streptococcal pyrogenic
exotoxin type B gene and relationship between the toxin and the streptococcal
proteinase precursor. J Bacteriol 172: 4536-4542.

Herwald, H., Collin, M., Muller-Esterl, W., and Bjorck, L. (1996) Streptococcal cysteine
proteinase releases kinins: a virulence mechanism. J Exp Med 184: 665-673.

Hollands, A., Aziz, R.K., Kansal, R., Kotb, M., Nizet, V., and Walker, M.J. (2008) A naturally
occurring mutation in ropB suppresses SpeB expression and reduces M1T1 group A

streptococcal systemic virulence. PLoS One 3: e4102.

74



Hsu, C.J., Wong, L.C., and Lee, W.T. (2021) Immunological Dysfunction in Tourette
Syndrome and Related Disorders. Int J Mol Sci 22.

Hu, X., Shi, Q., Yang, T., and Jackowski, G. (1996) Specific replacement of consecutive AGG
codons results in high-level expression of human cardiac troponin T in Escherichia coli.
Protein Expr Purif 7: 289-293.

Hynes, L.W., and Tagg, R.J. (1985) A simple plate assay for detection of group A streptococcus
proteinase. J Microbiol Methods 4: 25-31.

Ingmer, H., and Brondsted, L. (2009) Proteases in bacterial pathogenesis. Res Microbiol 160:
704-710.

Jia, B., and Jeon, C.O. (2016) High-throughput recombinant protein expression in Escherichia
coli: current status and future perspectives. Open Biol 6.

Johnson, A.F., and LaRock, C.N. (2021) Antibiotic Treatment, Mechanisms for Failure, and
Adjunctive Therapies for Infections by Group A Streptococcus. Front Microbiol 12:
760255.

Kagawa, T.F., Cooney, J.C., Baker, H.M., McSweeney, S., Liu, M., Gubba, S., Musser, J.M.,
and Baker, E.N. (2000) Crystal structure of the zymogen form of the group A
Streptococcus virulence factor SpeB: an integrin-binding cysteine protease. Proc Natl
Acad Sci U S A 97: 2235-2240.

Kagawa, T.F., O'Connell, M.R., Mouat, P., Paoli, M., O'Toole, P.W., and Cooney, J.C. (2009)
Model for substrate interactions in C5a peptidase from Streptococcus pyogenes: A 1.9
A crystal structure of the active form of ScpA. J Mol Biol 386: 754-772.

Kagawa, T.F., O'Toole P, W., and Cooney, J.C. (2005) SpeB-Spi: a novel protease-inhibitor
pair from Streptococcus pyogenes. Mol Microbiol 57: 650-666.

Kane, J.F. (1995) Effects of rare codon clusters on high-level expression of heterologous
proteins in Escherichia coli. Curr Opin Biotechnol 6: 494-500.

Kansal, R.G., McGeer, A., Low, D.E., Norrby-Teglund, A., and Kotb, M. (2000) Inverse
relation between disease severity and expression of the streptococcal cysteine protease,
SpeB, among clonal M1T1 isolates recovered from invasive group A streptococcal
infection cases. Infect Immun 68: 6362-6369.

Kapur, V., Maffei, J.T., Greer, R.S., Li, L.L., Adams, G.J., and Musser, J.M. (1994)
Vaccination with streptococcal extracellular cysteine protease (interleukin-1 beta
convertase) protects mice against challenge with heterologous group A streptococci.
Microb Pathog 16: 443-450.

75



Kapur, V., Majesky, M.W., Li, L.L., Black, R.A., and Musser, J.M. (1993a) Cleavage of
interleukin 1 beta (IL-1 beta) precursor to produce active IL-1 beta by a conserved
extracellular cysteine protease from Streptococcus pyogenes. Proc Natl Acad Sci U S A
90: 7676-7680.

Kapur, V., Topouzis, S., Majesky, M.W., Li, L.L., Hamrick, M.R., Hamill, R.J., Patti, J.M.,
and Musser, J.M. (1993b) A conserved Streptococcus pyogenes extracellular cysteine
protease cleaves human fibronectin and degrades vitronectin. Microb Pathog 15: 327-
346.

Kehoe, M.A., Miller, L., Walker, J.A., and Boulnois, G.J. (1987) Nucleotide sequence of the
streptolysin O (SLO) gene: structural homologies between SLO and other membrane-
damaging, thiol-activated toxins. Infect Immun 55: 3228-3232.

Kortt, A.A., Wysocki, R.J., and Liu, T.Y. (1976) Primary structure of streptococcal proteinase.
| Isolation, composition, and amino acid sequences of the tryptic and chymotryptic
peptides of cyanogen bromide fragments 1 to 4. J Biol Chem 251: 1941-1947.

Kreikemeyer, B., Talay, S.R., and Chhatwal, G.S. (1995) Characterization of a novel
fibronectin-binding surface protein in group A streptococci. Mol Microbiol 17: 137-
145,

Kuo, C.F., Tsao, N., Hsieh, I.C., Lin, Y.S., Wu, J.J., and Hung, Y.T. (2017) Immunization with
a streptococcal multiple-epitope recombinant protein protects mice against invasive
group A streptococcal infection. PLoS One 12: e0174464.

Lancefield, R.C. (1933) A Serological Differentiation of Human and Other Groups of
Hemolytic Streptococci. J Exp Med 57: 571-595.

Lancefield, R.C. (1962) Current knowledge of type-specific M antigens of group A
streptococci. J Immunol 89: 307-313.

Lane, M.D., and Seelig, B. (2016) Highly efficient recombinant production and purification of
streptococcal cysteine protease streptopain with increased enzymatic activity. Protein
Expr Purif 121: 66-72.

Liu, T.Y., and Elliott, S.D. (1965a) Activation of Streptococcal Proteinase and Its Zymogen by
Bacterial Cell Walls. Nature 206: 33-34.

Liu, T.Y., and Elliott, S.D. (1965b) Streptococcal Proteinase: The Zymogen to Enzyme
Transfromation. J Biol Chem 240: 1138-1142.

Liu, T.Y., Neumann, N.P., Elliott, S.D., Moore, S., and Stein, W.H. (1963) Chemical properties
of streptococcal proteinase and its zymogen. J Biol Chem 238: 251-256.

76



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

Ludwig, B.S., Kessler, H., Kossatz, S., and Reuning, U. (2021) RGD-Binding Integrins
Revisited: How Recently Discovered Functions and Novel Synthetic Ligands (Re-
)Shape an Ever-Evolving Field. Cancers (Basel) 13.

Lukomski, S., Burns, E.H., Jr., Wyde, P.R., Podbielski, A., Rurangirwa, J., Moore-Poveda,
D.K., and Musser, J.M. (1998) Genetic inactivation of an extracellular cysteine protease
(SpeB) expressed by Streptococcus pyogenes decreases resistance to phagocytosis and
dissemination to organs. Infect Immun 66: 771-776.

Lukomski, S., Sreevatsan, S., Amberg, C., Reichardt, W., Woischnik, M., Podbielski, A., and
Musser, J.M. (1997) Inactivation of Streptococcus pyogenes extracellular cysteine
protease significantly decreases mouse lethality of serotype M3 and M49 strains. J Clin
Invest 99: 2574-2580.

Matsumoto, H., Haniu, H., and Komori, N. (2019) Determination of Protein Molecular Weights
on SDS-PAGE. Methods Mol Biol 1855: 101-105.

Mauro, V.P. (2018) Codon Optimization in the Production of Recombinant Biotherapeutics:
Potential Risks and Considerations. BioDrugs 32: 69-81.

Mauro, V.P., and Chappell, S.A. (2014) A critical analysis of codon optimization in human
therapeutics. Trends Mol Med 20: 604-613.

McKenna, S., Huse, K.K., Giblin, S., Pearson, M., Majid Al Shibar, M.S., Sriskandan, S.,
Matthews, S., and Pease, J.E. (2022) The Role of Streptococcal Cell-Envelope
Proteases in Bacterial Evasion of the Innate Immune System. J Innate Immun 14: 69-
88.

McMillan, D.J., Dreze, P.A., Vu, T., Bessen, D.E., Guglielmini, J., Steer, A.C., Carapetis, J.R.,
Van Melderen, L., Sriprakash, K.S., and Smeesters, P.R. (2013) Updated model of
group A Streptococcus M proteins based on a comprehensive worldwide study. Clin
Microbiol Infect 19: E222-229.

Metzgar, D., and Zampolli, A. (2011) The M protein of group A Streptococcus is a key
virulence factor and a clinically relevant strain identification marker. Virulence 2: 402-
412.

Mierendorf, R.C., Morris, B.B., Hammer, B., and Novy, R.E. (1998) Expression and
Purification of Recombinant Proteins Using the pET System. Methods Mol Med 13:
257-292.

77



Moore, H.C., Cannon, J.W., Kaslow, D.C., Lamagni, T., Bowen, A.C., Miller, K.M., Cherian,
T., Carapetis, J., and Van Beneden, C. (2022) A Systematic Framework for Prioritizing
Burden of Disease Data Required for VVaccine Development and Implementation: The
Case for Group A Streptococcal Diseases. Clin Infect Dis 75: 1245-1254.

Morefield, G., Touhey, G., Lu, F., Dunham, A., and HogenEsch, H. (2014) Development of a
recombinant fusion protein vaccine formulation to protect against Streptococcus
pyogenes. Vaccine 32: 3810-3815.

Nelson, D.C., Garbe, J., and Collin, M. (2011) Cysteine proteinase SpeB from Streptococcus
pyogenes - a potent modifier of immunologically important host and bacterial proteins.
Biol Chem 392: 1077-1088.

Newberger, R., and Gupta, V., (2022) Streptococcus Group A. In: StatPearls. Treasure Island
(FL), pp.

Nomizu, M., Pietrzynski, G., Kato, T., Lachance, P., Menard, R., and Ziomek, E. (2001)
Substrate specificity of the streptococcal cysteine protease. J Biol Chem 276: 44551-
44556.

O'Connor, S.P., and Cleary, P.P. (1986) Localization of the streptococcal C5a peptidase to the
surface of group A streptococci. Infect Immun 53: 432-434.

Olsen, J.G., Dagil, R., Niclasen, L.M., Sorensen, O.E., and Kragelund, B.B. (2009) Structure
of the mature Streptococcal cysteine protease exotoxin mSpeB in its active dimeric
form. J Mol Biol 393: 693-703.

Patterson, M.J., (1996) Streptococcus. In: Medical Microbiology. S. Baron (ed). Galveston
(TX), pp.

Persson, H., Vindebro, R., and von Pawel-Rammingen, U. (2013) The streptococcal cysteine
protease SpeB is not a natural immunoglobulin-cleaving enzyme. Infect Immun 81.:
2236-2241.

Pettersen, E.F., Goddard, T.D., Huang, C.C., Couch, G.S., Greenblatt, D.M., Meng, E.C., and
Ferrin, T.E. (2004) UCSF Chimera--a visualization system for exploratory research and
analysis. J Comput Chem 25: 1605-1612.

Pillai-Kastoori, L., Schutz-Geschwender, A.R., and Harford, J.A. (2020) A systematic
approach to quantitative Western blot analysis. Anal Biochem 593: 113608.

Pinkney, M., Kapur, V., Smith, J., Weller, U., Palmer, M., Glanville, M., Messner, M., Musser,
J.M., Bhakdi, S., and Kehoe, M.A. (1995) Different forms of streptolysin O produced
by Streptococcus pyogenes and by Escherichia coli expressing recombinant toxin:

cleavage by streptococcal cysteine protease. Infect Immun 63: 2776-2779.

78



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

Raeder, R., Woischnik, M., Podbielski, A., and Boyle, M.D. (1998) A secreted streptococcal
cysteine protease can cleave a surface-expressed M1 protein and alter the
immunoglobulin binding properties. Res Microbiol 149: 539-548.

Rao, M.B., Tanksale, A.M., Ghatge, M.S., and Deshpande, V.V. (1998) Molecular and
biotechnological aspects of microbial proteases. Microbiol Mol Biol Rev 62: 597-635.

Rawlings, N.D., and Salvesen, G., (2013) Handbook of Proteolytic Enzymes.

Razzaq, A., Shamsi, S., Ali, A., Ali, Q., Sajjad, M., Malik, A., and Ashraf, M. (2019) Microbial
Proteases Applications. Front Bioeng Biotechnol 7: 110.

Rosano, G.L., and Ceccarelli, E.A. (2014) Recombinant protein expression in Escherichia coli:
advances and challenges. Front Microbiol 5: 172.

Rosenberg, A.H., Lade, B.N., Chui, D.S., Lin, S\W., Dunn, J.J., and Studier, F.W. (1987)
Vectors for selective expression of cloned DNAs by T7 RNA polymerase. Gene 56:
125-135.

Shankar, R., Upadhyay, P.K., and Kumar, M. (2021) Protease Enzymes: Highlights on
Potential of Proteases as Therapeutics Agents. Int JPept Res Ther 27: 1281-1296.

Shedlovsky, T., and Elliott, S.D. (1951) An electrophoretic study of a streptococcal proteinase
and its precursor. J Exp Med 94: 363-372.

Shilling, P.J., Mirzadeh, K., Cumming, A.J., Widesheim, M., Kock, Z., and Daley, D.O. (2020)
Improved designs for pET expression plasmids increase protein production yield in
Escherichia coli. Commun Biol 3: 214.

Shumba, P., Mairpady Shambat, S., and Siemens, N. (2019) The Role of Streptococcal and
Staphylococcal Exotoxins and Proteases in Human Necrotizing Soft Tissue Infections.
Toxins (Basel) 11.

Sims Sanyahumbi, A., Colquhoun, S., Wyber, R., and Carapetis, J.R., (2016) Global Disease
Burden of Group A Streptococcus. In: Streptococcus pyogenes: Basic Biology to
Clinical Manifestations. J.J. Ferretti, D.L. Stevens & V.A. Fischetti (eds). Oklahoma
City (OK), pp.

Smeesters, P.R., McMillan, D.J., and Sriprakash, K.S. (2010) The streptococcal M protein: a
highly versatile molecule. Trends Microbiol 18: 275-282.

Steer, A.C., Batzloff, M.R., Mulholland, K., and Carapetis, J.R. (2009) Group A streptococcal

vaccines: facts versus fantasy. Curr Opin Infect Dis 22: 544-552.

79



Stockbauer, K.E., Magoun, L., Liu, M., Burns, E.H., Jr., Gubba, S., Renish, S., Pan, X., Bodary,
S.C., Baker, E., Coburn, J., Leong, J.M., and Musser, J.M. (1999) A natural variant of
the cysteine protease virulence factor of group A Streptococcus with an arginine-
glycine-aspartic acid (RGD) motif preferentially binds human integrins alphavbeta3
and alphallbbeta3. Proc Natl Acad Sci U S A 96: 242-247.

Studier, F.W., and Moffatt, B.A. (1986) Use of bacteriophage T7 RNA polymerase to direct
selective high-level expression of cloned genes. J Mol Biol 189: 113-130.

Svensson, M.D., Sjobring, U., Luo, F., and Bessen, D.E. (2002) Roles of the plasminogen
activator streptokinase and the plasminogen-associated M protein in an experimental
model for streptococcal impetigo. Microbiology (Reading) 148: 3933-3945.

Tai, J.Y., Kortt, A.A., Liu, T.Y., and Elliott, S.D. (1976) Primary structure of streptococcal

proteinase. I11. Isolation of cyanogen bromide peptides: complete covalent structure of
the polypeptide chain. J Biol Chem 251: 1955-1959.
Tai, J.Y., and Liu, T.Y. (1976) Primary structure of streptococcal proteinase. Il. Isolation,

composition, and amino acid sequences of the tryptic and chymotryptic peptides of
cyanogen bromide fragment 5. J Biol Chem 251: 1948-1954.

Talay, S.R., Valentin-Weigand, P., Jerlstrom, P.G., Timmis, K.N., and Chhatwal, G.S. (1992)
Fibronectin-binding protein of Streptococcus pyogenes: sequence of the binding
domain involved in adherence of streptococci to epithelial cells. Infect Immun 60: 3837-
3844.

Talkington, D.F., Schwartz, B., Black, C.M., Todd, J.K., Elliott, J., Breiman, R.F., and
Facklam, R.R. (1993) Association of phenotypic and genotypic characteristics of
invasive Streptococcus pyogenes isolates with clinical components of streptococcal
toxic shock syndrome. Infect Immun 61: 3369-3374.

Tecza, M., Kagawa, T.F., Jain, M., and Cooney, J.C. (2021) Enzyme Kinetic and binding
studies identify determinants of specificity for the immunomodulatory enzyme ScpA,
a Cba inactivating bacterial protease. Comput Struct Biotechnol J 19: 2356-2365.

Terao, Y. (2012) The virulence factors and pathogenic mechanisms of Streptococcus pyogenes.
J Oral Biosci 54: 96-100.

Tripathi, N.K., and Shrivastava, A. (2019) Recent Developments in Bioprocessing of
Recombinant Proteins: Expression Hosts and Process Development. Front Bioeng
Biotechnol 7: 420.

80



Tsai, W.H., Chang, C.W., Lin, Y.S., Chuang, W.J., Wu, J.J., Liu, C.C., Tsai, P.J., and Lin,
M.T. (2008) Streptococcal pyrogenic exotoxin B-induced apoptosis in A549 cells is
mediated through alpha(v)beta(3) integrin and Fas. Infect Immun 76: 1349-1357.

Ulrich, R.G. (2008) Vaccine based on a ubiquitous cysteinyl protease and streptococcal
pyrogenic exotoxin A protects against Streptococcus pyogenes sepsis and toxic shock.
J Immune Based Ther Vaccines 6: 8.

Vernet, T., Tessier, D.C., Chatellier, J., Plouffe, C., Lee, T.S., Thomas, D.Y., Storer, A.C., and
Menard, R. (1995) Structural and functional roles of asparagine 175 in the cysteine
protease papain. J Biol Chem 270: 16645-16652.

Vincents, B., von Pawel-Rammingen, U., Bjorck, L., and Abrahamson, M. (2004) Enzymatic
characterization of the streptococcal endopeptidase, IdeS, reveals that it is a cysteine
protease with strict specificity for 1IgG cleavage due to exosite binding. Biochemistry
43: 15540-15549.

von Pawel-Rammingen, U., Johansson, B.P., and Bjorck, L. (2002) IdeS, a novel streptococcal
cysteine proteinase with unique specificity for immunoglobulin G. EMBO J 21: 1607-
1615.

Walkinshaw, D.R., Wright, M.E.E., Mullin, A.E., Excler, J.L., Kim, J.H., and Steer, A.C.
(2023) The Streptococcus pyogenes vaccine landscape. NPJ Vaccines 8: 16.

Wang, C.C., Houng, H.C., Chen, C.L., Wang, P.J., Kuo, C.F., Lin, Y.S., Wu, J.J., Lin, M.T,
Liu, C.C., Huang, W., and Chuang, W.J. (2009) Solution structure and backbone
dynamics of streptopain: insight into diverse substrate specificity. J Biol Chem 284:
10957-10967.

Wenig, K., Chatwell, L., von Pawel-Rammingen, U., Bjorck, L., Huber, R., and Sondermann,
P. (2004) Structure of the streptococcal endopeptidase IdeS, a cysteine proteinase with
strict specificity for 1gG. Proc Natl Acad Sci U S A 101: 17371-17376.

Wessels, M.R., and Bronze, M.S. (1994) Critical role of the group A streptococcal capsule in
pharyngeal colonization and infection in mice. Proc Natl Acad Sci U S A 91: 12238-
12242.

Wexler, D.E., Chenoweth, D.E., and Cleary, P.P. (1985) Mechanism of action of the group A
streptococcal Cbha inactivator. Proc Natl Acad Sci U S A 82: 8144-8148.

Xiao, S., Shiloach, J., and Betenbaugh, M.J. (2014) Engineering cells to improve protein
expression. Curr Opin Struct Biol 26: 32-38.

81



Yang, D., Chen, Q., Hoover, D.M., Staley, P., Tucker, K.D., Lubkowski, J., and Oppenheim,
J.J. (2003) Many chemokines including CCL20/MIP-3alpha display antimicrobial
activity. J Leukoc Biol 74: 448-455.

82



Appendices

Appendix 1: Reagents and buffers used in this study and their preparation.

Name of preparation

Preparation procedure

Chloramphenicol (50 mg/mL)

500 mg of Chloramphenicol is dissolved in 10 mL of
ethanol and stored at -20°C in aliquots.

Ampicillin (100 mg/mL)

1 g of Ampicillin is dissolved in 10 mL of Milli-Q water.
Filter sterilized using 0.45 um filter and stored at -20°C in

aliquots.

2x YT Media

16 g of tryptone, 10 g of yeast, and 5 g of NaCl were
dissolved in ~900 mL of Milli-Q water and the pH is
adjusted to 7 with 5 N NaOH, bringing the volume to 1 L
with Milli-Q water. Sterilized at 121°C for 15 min. Stored
at 4°C.

2xX YT agar

1.6 g of tryptone, 1 g of yeast, 0.5 g of NaCl and 1.5 g of
agar were dissolved in ~90 mL of Milli-Q water and pH is
adjusted to 7.0 with 5 N NaOH, bringing the volume to 100
mL with Milli-Q water. Sterilized at 121°C for 15 min.
Stored at 4°C. Prior to use, the solidified 2x YT agar was
brought gently to boil in the microwave and cooled down
to room temperature in a sterile hood. 200pL of Ampicillin
(100 mg/mL) and 100puL Chloramphenicol (50 mg/mL)
were added, mixed well, and poured into Petri dishes and

allowed to solidify in the same hood. Stored at 4°C

LB media

1 g of LB broth powder dissolved in 100 mL Milli-Q water.
Sterilized at 121°C for 15 min. Stored at 4°C volumes were

scaled up as per the requirement.

IMIPTG

2.38 g of IPTG dissolved in 10 mL of Milli-Q water. Filter
sterilized using 0.45 pm filter and stored at -20°C in

aliquots.
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LB Agar plates

3.5 g of LB Agar powder dissolved in 100 mL Milli-Q
water. Sterilized at 121°C for 15 min. Stored at 4°C. Prior
to use, the solidified LB agar was brought gently to boil in
the microwave and cooled down to room temperature in a
sterile hood. 200 pL of Ampicillin (100 mg/mL) was added,
mixed well, and poured into Petri dishes and allowed to
solidify in the same hood. Stored at 4°C.

10X PBS buffer

81.81 g of NaCl, 2.01 g of KCI, 14.196 g of Na;HPO, and
2.45 g of KH2HPO4 were dissolved in ~900 mL of Milli-Q
water and brought the volume to 1 L in a volumetric flask
to obtain 10X PBS containing 1.4 M NaCl, 27 mM KCl, 0.1
M Na2HPO4 and 18 mM KH;HPO4, pH 6.9.

50X TAE buffer

242 g Tris, 57.1 mL glacial acetic acid and 100 mL of 0.5
M EDTA (pH 8.0) were dissolved in ~900 mL of Milli-Q
water and brought the volume to 1 L in a volumetric flask
to obtain 50X TAE containing 2 M Tris, 1 M glacial acetic
acid and 50 mM EDTA.

1X TAE buffer

20 mL of 50X TAE buffer was made up to 1 L to obtain 1X
TAE buffer containing 40 mM Tris, 20 mM glacial acetic
acid and 1 mM EDTA.

6X DNA loading dye

0.025 g of Bromophenol, 3.75 mL glycerol, made up to 10
mL with distilled water.

Lysozyme

25 mg of lysozyme dissolved in 1 mL of Milli-Q water.
Filter sterilized using 0.45 um filter and stored at -20°C in

aliquots.

1X SDS Running buffer

3.0 g of Trizma base, 14.4 g of Glycine and 1.0 g of SDS
were dissolved in ~900 mL of Milli-Q water and the volume
was adjusted to 1 L in a volumetric flask with Milli-Q

water.

10% SDS

1 g of SDS was dissolved in 10 mL of Milli-Q water and

stored at room temperature.

84




1.5 M Tris pH -8.8

90.855 g of Trizma base was dissolved in ~450 mL of Milli-
Q water and the pH was adjusted to 8.8 with HCL. Volume
was adjusted to 500 mL in a volumetric flask with Milli-Q

water.

0.5 M Tris pH 6.8

6.057 g of Trizma base was dissolved in ~80 mL of Milli-
Q water and the pH was adjusted to 6.8 with HCL. Volume
was adjusted to 100 mL in a volumetric flask with Milli-Q

water.

10%
(APS)

Ammonium  persulfate

0.1 g of APS was dissolved in 1 mL of Milli-Q water prior

to use.

SDS-PAGE staining solution

0.5 g of Coomassie blue dye was dissolved in a solution of
200 mL of methanol, 50 mL of glacial acetic acid and 250
mL of Milli-Q water to achieve a final concentration of 0.1
% of Coomassie blue, 40% methanol and 10% glacial acetic
acid.

SDS-PAGE destaining solution

400 mL of methanol and 100 mL of glacial acetic acid were
added to 500 mL of Milli-Q water to achieve a final
concentration of 40% methanol and 10% glacial acetic acid.

Towbin buffer

3.0 g of Tris, 14.4 g of glycine, and 1.0 g of SDS were
dissolved in ~600 mL of Milli-Q water, followed by the
addition of 200 mL of methanol. The volume was adjusted
to 1 L with Milli-Q water (pH should be between 8.2 and
8.4) to achieve a final concentration of 25 mM Tris, 192
mM glycine, 0.1% SDS and 20% methanol.

Blocking solution (2% BSA)

2 g of BSA was resuspended in 100 mL of 1X PBS and
stored in 50 mL aliquots at -20°C.

Washing solution (PBS-T)

Prior to the preparation, 10% (v/v) Tween-20 solution was
prepared by slowly resuspending 1 mL of Tween-20 into 9
mL of Milli-Q water. The solution was mixed thoroughly
until homogeneous. PBS-T solution was then prepared
using 1 mL of 10% Tween-20 in into 199 mL of 1 x PBS to
achieve a final concentration of 0.05% w/v Tween-20 in 1x
PBS.
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0.2 M NiSO4 stock solution

1.548 g of NiSO4 was dissolved in ~40 mL of Milli-Q water
and the volume was adjusted to 50 mL in a volumetric flask
using Milli-Q water. The solution was filtered using a 0.45
um syringe filter which was prewashed with Milli-Q water

and stored at room temperature.

5M NaCl

146.1 g of NaCl was dissolved in ~400 mL of Milli-Q water
and the final volume was made up to 500 mL in a
volumetric flask with Milli-Q water. The final solution was

filtered using a 0.45 pum filter membrane.

PBS500 (1X PBS containing 500
mM NacCl)

100 mL of 10X PBS and 100 mL 5M NaCl were added to
a 1 L volumetric flask and the volume was adjusted to 1 L
with Milli-Q water. The final solution was filtered using a
0.45 um filter and stored at 4°C.

PBS500, 300 mM imidazole

buffer (1X PBS containing 500

20.42 g of imidazole was dissolved in ~500 mL of Milli-Q
water, followed by the addition of 100 mL of 10X PBS and
100 mL of 5M NaCl. The solution was mixed thoroughly,
and the final volume was made up to 1L in a volumetric

flask using Milli-Q water and filtered using a 0.45 pm filter.

mM NaCl and 300 mM
imidazole)
PBS500, 20 mM imidazole

buffer (1X PBS containing 500
mM NaCl and 20 mM imidazole)

PBS500, 20 mM imidazole solution was prepared by
diluting the 66.6 mL of PBS500, 300 mM imidazole to a
final volume of 1 L using PBS500.

Skim milk agar plates

1 g of agar powder was dissolved in 100 mL of Milli-Q
water and sterilized by autoclaving at 121°C for 15 minutes,
stored at 4°C. 1 g of skim milk powder was dissolved in 100
mL of Milli-Q water and sterilized at 121°C for 5 minutes,
stored at 4°C. Prior to use, the solidified agar was boiled to
melt and allowed to cool to 50°C in a sterile hood. Both the
skim milk and melted agar were mixed and poured into
Petri dishes and allowed to solidify in the same hood. Using
a glass plaster pipette tip, appropriate size holes were made

and stored at 4°C until further use.
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