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Chapter 1

Introduction and Review of Literature

Abbreviation

CWSS Cell wall sorting signal

eGFP Enhanced green fluorescent protein

GRAS Generally recognized as safe

HPLC High performance liquid chromatography

LAB Lactic acid bacteria

MSCRAMMs Microbial surface components recognizing adhesive matrix molecules
Pl phosphatidyl-myo-inositol

SDP Sortase-dependent protein

1.1. Introduction

Gram-positive bacteria have a thick cell wall that protects the cell from mechanical
stress and also serves as a scaffold for the display of a large number of surface proteins
arbitrated by sortase enzymes. The functional roles regulated by sortase while anchoring
substrates include pilus polymerization, heme transport, nutrient uptake, sporulation, aerial
hyphae formation, and general housekeeping function of the cells (Bradshaw et al., 2015).
Based on the amino acid sequences, sortases are classified into six classes (A-F), of which
Sortase A of Staphylococcus aureus (SaSrtA) is the well-characterized housekeeping enzyme
and recognizes LPXTG sorting signal where P (underlined) is the conserved residue in the
sorting motif of SrtA (Ton-That et al., 1999). The transpeptidation activity of sortase from
SaSrtA and its variants were increasingly being used in a variety of biotechnological
applications such as protein ligation, covalently protein binding to the cells, protein labeling,

cell-surface modification, protein cyclization, and immobilization of proteins (Dai et al.,



2019). Except for SaSrtA, the sortases from other classes are not being utilized for any
application due to low activity and relatively poor enzyme characterization.

The majority of our present understanding of sortases is based on research on
Firmicutes (low G + C Gram-positive bacteria where SrtA is the predominant class).
Interestingly, in Actinobacteria (high G + C Gram-positive bacteria) Class E sortases are
reported but they were not explored much to date and are the focus of the study.

Class E sortases that recognize an unusual LAXTG sorting motif in which the
conserved proline residue is replaced with alanine (underlined). However, limited studies
were reported on Class E sortases in Corynebacterium diphtheriae, Streptomyces coelicolor,
Streptomyces avermitilis, and Streptomyces mobaraensis (Ton-That and Schneewind, 2003;
Kattke et al., 2016; Das et al., 2017; Anderl et al., 2019). There have been few reports in the
Corynebacteriaceae family, which is a suprageneric actinomycete taxon of Gram-positive
bacteria, with the most prominent members being the human diseases Mycobacterium
tuberculosis and Mycobacterium leprae (Bloom and Murray, 1992). Furthermore, the only
existing report of sortase was found in human pathogen C. diphtheriae, which consists of two
classes of sortase which includes class C and class E, of which class C sortase is involved in
assembling different types of pilus structures and class E is involved in anchoring the
assembled pili. All of these bacteria have a unique cell wall matrix made of mycolic acids,
arabinogalactan, and peptidoglycan, which is known as the mycolyl-arabinogalactan-
peptidoglycan complex. They also have a comparable set of cell wall-associated glycolipids,
such as phosphatidyl-myoinositol (PI) (Dover et al., 2004).

However, the Corynebacteriaceae family also includes nonpathogenic bacteria, such
as Corynebacterium glutamicum, which is a soil-dwelling, nonsporulating bacterium with a

G+C content of 53.8 % for the total DNA and employed in the industrial manufacture of



amino acids with the major products being the flavor enhancer L-glutamate (as monosodium
salt) and the feed additive L-lysine (Kalinowski et al., 2003; Ikeda and Takeno, 2013). The
organism is generally recognized as a safe (GRAS) organism and is also used as a model
organism in industrial biotechnology. During in silico analysis, it is observed that the genome
of this nonpathogenic wild-type C. glutamicum ATCC 13032 contains a single Sortase E
(NCgl2838) and was also able to predict a sortase-dependent protein (SDP) Cgl0614 with a
LAXTG sorting motif. Since this enzyme has not yet been identified and its functional role is

unknown, it was decided to conduct more research on it.

1.2. Objectives

To study in detail the Class E sortase of C. glutamicum, the following major objectives
were addressed in this thesis.

e In silico structural modeling and characterization of sortase and sortase-dependent
proteins (SDPs) in wild-type C. glutamicum ATCC 13032.

e Construction of sortase deletion mutant, complemented strain, and overexpressing
strain to study the cellular morphology and physiological alteration.

¢ Cloning, expression, and purification of putative sortase (NCgl2838) of C. glutamicum
in E. coli BL21(DE3).

e Standardization and validation of sortase activity and substrate specificity by FRET
and HPLC analysis.

e To study substrate recognition and structural function importance of the active site

residues by site-directed mutagenesis approach.



e Demonstration of sortase-mediated protein (eGFP and XyIB) immobilization on gold

nanoparticles.

Chapter 1 gives a brief introduction to the thesis and an extensive review of literature on all
recent studies which describes sortases and their various classes in Gram-positive bacteria,
biochemistry of sortase transpeptidation, the structure of sortase family, bioengineering
application, and the major objectives of the thesis. Chapter 2 is basically about the general
materials and methods used in this thesis work. Chapter 3 deals with the insilico
characterization of sortase and SDPs of C. glutamicum. Chapter 4 describes three distinct
variants of C. glutamicum, srtE deletion mutant, complement, and overexpressed strain to
study the potential influence of srtE on cell development, morphology, and physiology.
Chapter 5 describes the biochemical characterization, substrate specificity, and site-directed
mutagenesis of recombinant Sortase E, Chapter 6 demonstrates the C-terminal mediated
immobilization of two recombinant proteins using engineered Sortase E and Chapter 7
summarizes the major highlights of the present work and conclusions from the results

obtained and critically analyzed the prospects of the work.

1.3. Review of Literature

1.3.1. Overview of sortase

Sortases are membrane-bound enzymes that cleave the five amino acid long sorting
motif at the C-terminus of the secreted protein to form an isopeptide bond between the
secreted protein and the peptidoglycan. The sortases are membrane-bound cysteine
transpeptidase enzymes, exclusively found in Gram-positive bacteria involved in covalent

attachment of the surface proteins to the cell wall of peptidoglycan after secretion via sec-



dependent pathway (Pallen et al.,, 2001; Comfort, 2004). They belong to a family of
membrane-anchored enzymes which covalently mount specific target proteins to the growing
cell wall of Gram-positive bacteria by peptide bond formation. Sortase plays a pivotal role in
virulence and pathogenesis and is not indispensable for growth and viability in Gram-positive
bacteria (Mazmanian et al., 2000; Bierne et al., 2002; Weiss et al., 2004; Cheng et al., 2009).
Sortases are generally classified within cysteine transpeptidases which associates with
hydrolysis rather than peptide bond formation. All sortase contains His-Cys-Arg as the
catalytic triad to catalyze transpeptidation reaction (Ton-That et al., 1999). The cysteine in the
active site of the enzyme is involved in bond cleavage and formation of a stable thioacyl
intermediate that is relieved by the nucleophilic attack of the amino group (pentaglycine
cross-bridge) in peptidoglycan synthesis precursors. In site-directed mutagenesis, the
replacement of cysteine (at position 184 in S. aureus) with alanine abolishes sortase catalytic
activity in vitro and in vivo (Frankel et al., 2007). The His residue is believed to have a dual-
acid/base role, donating a proton to the leaving amide nitrogen during the cleavage reaction
and accepting a proton from the amino group of the second substrate to allow nucleophilic
attack by the unprotonated amine. The Arg side chain is implicated in substrate binding and
possibly in the stabilization of a presumed oxyanion intermediate.

A very few studies were reported on sortases of nonpathogenic bacteria with more
focus given on sortase in probiotics and their relevance in the interaction with host cells. The
presence of sortase in probiotic lactic acid bacteria (LAB) provided a new avenue to look into
the role of this enzyme on probiotic attributes, such as adhesion, mucus barrier function,
immune signaling, and nutrient uptake (Call and Klaenhammer, 2013). The hypothesis that
sortase enzymes may play a crucial role in bacterial physiology as well as mediating bacterial-

host interactions, has accelerated the study of this enzyme in different species of LAB.



Sortase-displayed proteins are involved in a wide range of physiological processes that
are essential for cell survival, including cell adhesion, nutrition acquisition, immunological
evasion, aerial hyphae growth, and sporulation (Weiss et al., 2004; Wang et al., 2009) (Figure

1.1).

Protein Secretion

Conjugation

Heme Transport
® e

Nutrient Uptake ' \

Figure 1.1. Physiological functions of sortases in a Gram-positive bacterial cell wall
Cellular functions of sortases include pili assembly, cell adhesion to the host tissues, binding of
surface proteins to the cell wall, spore formation, uptake of nutrients and iron from the surrounding

environment.

Sortase-recognized proteins have a C-terminal cell wall sorting signal which consists
of a pentapeptide motif, a transmembrane region, and a positively charged lysine or arginine
tail (Fischetti et al., 1990).

Sortases are not only found in Gram-positive bacteria but some sortase genes and
potential substrates have also been discovered in Gram-negative bacteria that have yet to be

studied. Some Gram-negative bacteria such as Shewanella putrefascienes, Shewanella



oneidensis, Microbulbifer degradans, Colwellia psychrerythraea, and Bradyrhizobium
japonicum have a gene encoding a single sortase-like protein and a potential sortase substrate

(Comfort and Clubb, 2004).
1.3.2. Sortase-mediated cellular functions

Sortases in bacteria have two distinct functions: they either covalently attach surface
proteins directly to the cell envelope or they assemble long proteinaceous fiber-like structures

called pili that are involved in bacterial adhesion (Jacobitz et al., 2017).
1.3.2.1. Attachment of surface protein

SaSrtA has served as a model for studying the mechanism of sortase by covalently
anchoring surface proteins to the cell wall (Ton-That et al., 1999). The SrtA of S. aureus
covalently anchors the surface proteins onto the bacterial cell wall via a C-terminal cell wall
sorting signal with an LPXTG recognition motif followed by a stretch of hydrophobic amino
acids and a positively charged tail (Das et al., 2017; Novick, 2000). The cell wall anchoring
proteins are synthesized within the cytoplasm and translocated across the membrane through
the Sec machinery. The sortase recognizes the anchoring proteins followed by a nucleophilic
attack at the active site of the cysteine and cleaves the C-terminal of the LPXTG motif
between threonine and glycine forming a thioester intermediate complex which is then
covalently anchored on the pentaglycine cross-bridge of lipid 1. The lipid Il-protein complex
then gets attached to the cell wall via transglycosylation and transpeptidation reactions (Perry

etal., 2002) (Figure 1.2).
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Figure 1.2. lllustration of Sortase A transpeptidation reaction in S. aureus

1) Protein synthesized in the cytosol is translocated by the Sec machinery and anchored on the cell
membrane. 2) Sortase recognizes the LPXTG sorting motif at C-terminus and cleaves between
threonine and glycine. 3) Sortase assembles a protein complex and undergoes a nucleophilic reaction
with a lipid 1l molecule. 4) Through the transpeptidation reaction, the lipid ll-protein molecule is

further anchored to the cell wall.

1.3.2.2. Pili assembly

The genome of C. diphtheriae NCTC 13129 harbors six sortases like genes (named
srtA-F), five of which presumably assembles three distinct types of pilus structures- SrtA for
the SpaA-type pilus, SrtB or SrtC for the SpaD-type pilus, and SrtD or SrtE for the SpaH-type
pilus (Spa for sortase-mediated pilus assembly) which are polymerized by specific Class C
sortases and SrtF which belongs to class A sortase, catalyzes the anchoring of pilin monomers
on the bacterial surface (Ton-That and Schneewind, 2003; Gaspar and Ton-That, 2006;

Swaminathan et al., 2007). All three pilus structures share a similar architecture, a major pilin



(designated as SpaA, SpaD, and SpaH) along the pilus shaft joined to the minor pilins
(designated as SpaB, SpaC, SpaE, SpaF, Spal, and SpaG) located at the tip and base of the
pilin (Figure 1.3). To analyze the functions of sortase in pili formation, Mandlik and his
coworkers (2007) constructed an isogenic mutant strain of NCTC 13129 devoid of all six

sortase genes (srtA—F mutant) that exhibited a severe defect in adherence to epithelial cells.
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Figure 1.3. Schematic illustration of sortase-mediated pili

(A) Pilus assembly which consists of tip pilin (red), shaft (green), and the base (brown); (B) 1) The
pilin precursors synthesized from the cytosol enter through the sec machinery. 2) The pilin-specific
sortase SrtC (yellow) recognizes the tip pilin and cleaves at the sorting motif and forms an acyl sortase
complex. The pilus specific sortase receives a nucleophilic attack from the lysine side chain from the
backbone pilin to form a covalent bond between the pilins and undergoes pilin polymerization. 3) The
housekeeping sortase undergoes a nucleophilic attack from lipid 1l molecules. 4) The polymerized

pilin is further anchored to the cell wall.
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The single pilus-specific SrtA encoded within the spaA gene cluster specifically
catalyzes the covalent crosslinking of individual pilin monomers and also anchors pili to the
cell wall. To analyze the functions of SrtA, immunoelectron microscopy, and biochemical
analysis showed that a strain expressing only SrtA secretes significant amounts of
polymerized pilins into the culture medium, indicating that one or more sortases might be
involved for efficient cell wall anchoring of pili (Ton-That et al., 2004; Mandlik et al., 2007).
Indeed, the strain with the deletion of housekeeping gene srtF releases SpaA polymers into
the culture medium. Thus, two sortases are involved in pilus biogenesis, a pilus-specific
sortase for pilin polymerization and the housekeeping sortase for efficient anchoring of pili to
the cell wall (Swaminathan et al., 2007; Mandlik et al., 2010). The deletion of srtA or spaA
gene completely abrogates the assembly of SpaA pili and deletion of spaC and spaB did not
abolish SpaA pilus formation. This evidence suggests that SrtA catalyzes the assembly of
SpaA pilus and SpaA alone is sufficient to mediate the polymerization of a secreted protein
(Ton-That and Schneewind, 2003; Marraffini et al., 2006). Unlike the SpaA-type pili, which
are assembled by a single sortase, two sortases; SrtB and SrtC catalyze the assembly of the
SpaD-type pili. The deletion of srtB alone or both srtB and srtC abrogated the incorporation
of SpaE into SpaDF pili. These results demonstrate that SpaDEF pilus assembly specifically
requires SrtB for the incorporation of SpaE into SpaDF pili and whose assembly requires
either SrtB or SrtC (Gaspar and Ton-That, 2006). Likewise, the SpaH pilus is independently
assembled and different from the other two corynebacterial pili. The SrtD is specifically
required for the incorporation of SpaH into SpalG pili, whose assembly requires either SrtD
or SrtE, while other remaining sortases are dispensable (Gaspar and Ton-That, 2006;
Swierczynski and Ton-That, 2006). Thus, the housekeeping sortase contributes to efficient

cell wall anchoring with other sortases involved in SpaD and SpaH-type pilus (Swaminathan
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et al., 2007).
1.3.3. Sortase transpeptidation

The multiple kinds of sortase all use the same 'ping-pong bi-bi' transpeptidation
reaction mechanism, in which the sortase initially binds the 5-amino acid recognition motif in
the C-terminal region of the substrate protein (Frankel et al., 2005, 2007). Between the
catalytic cysteine and the substrate threonine, sortases create thioacyl enzyme intermediates,
which are resolved by a nucleophilic attack by bacterial cell wall components. Since the
discovery of several types of sortases, S. aureus sortase A (SrtA) has served as a model for
studying how these enzymes work (Mazmanian et al., 2000). SrtA catalyzes two consecutive
processes after recognizing cell wall surface protein: (i) thioesterification and (ii)
transpeptidation. The pentaglycine sequence on the surface proteins released via the
cytoplasmic membrane is recognized first by the enzyme. The SrtA cleaves the scissile bond
between threonine and glycine residues in the second phase, forming an acyl-enzyme
intermediate that then transfers the carboxyl of threonine, which is amide-linked, to the
pentaglycine cross-bridge of lipid Il (Marraffini et al., 2006). Finally, transglycosylation and
transpeptidation processes insert the lipid Il-surface protein complex into the peptidoglycan
(Paterson and Mitchell, 2004; Spirig et al., 2011). Because the composition of peptidoglycan
layers in the cell envelope varies from strain to strain, the sortase enzyme accepts
nucleophiles that may differ in different Gram-positive bacteria. For example, in Bacillus
anthracis, diaminopimelic acid, which cross-bridges the peptidoglycan, is assumed to be the
point of attachment for the sortase substrate proteins (Severin et al., 2004; Zhang et al., 2009;

Spirig et al., 2011). The acyl-enzyme intermediate complex was demonstrated to be
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hydrolyzed in the absence of a dedicated nucleophile, resulting in recognition sequence

cleavage but no formation of a new peptide bond (Frankel et al., 2005) (Figure 1.4).

Transpeptidation

LPXTG

Hydrolysis
LPXTG

Figure 1.4. Ping-pong transpeptidation by sortase

A glycine residue is released during the cleavage of the LPXTG motif to produce the acyl-enzyme
LPET-SrtA. The enzyme undergoes transpeptidation with pentaglycine (GGGGG) to produce an
'LPETGGGGG' peptide or hydrolyzed to release an 'LPET' peptide from this acyl state.

1.3.4. Sortase classification

Many pathogenic and nonpathogenic bacteria have many sortases in their genomes,
each of which catalyzes comparable transpeptidation processes to sort different proteins to the
cell surface by detecting their class-specific sorting signals. Based on their phylogeny,
projected substrate preference, and functionality, sortase transpeptidase can be classified into
several classes, A to F (Bradshaw et al., 2015) (Table 1.1). At the active site of sortase
superfamilies, there is a conserved signature pattern TLXTC (X can be any amino acid).
Many Gram-positive bacteria have class A sortases, which play a housekeeping role in

anchoring a vast number of proteins to the cell membrane. By connecting iron acquisition
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proteins to the cell membrane, class B sortases have been linked to iron homeostasis
(Mazmanian et al., 2002). In bacteria, the class C sortases catalyze the transpeptidation events
by catalyzing the polymerization of pilin subunits. The class D sortase anchor proteins are
involved in sporulation. Actinobacteria have classes E and F, with class E anchoring proteins
to the cell surface that promotes aerial hyphae development (Kattke et al., 2016), whereas the

role of class F is still not known.

Table 1.1. Classification of sortases

Sortase Cleavage site  Significant role Bacterial genus

Class
A LPXTG Surface protein anchoring Staphylococcus, Listeria, Streptococcus,
Bacillus, Clostridium, Enterobacter,

Lactobacillus
B (N/S/P) PXTG  Heme uptake Bacillus, Listeria, Bacillus,

C LPXTG Pili assembly Corynebacterium, Streptococcus,
Clostridium, Actinomyces, Enterobacter,

Lactobacillus

D LPXTA Spore formation Bacillus

E LAXTG Aerial hyphae formation, Surface Corynebacterium, Streptomyces,
protein anchoring, Pilus Actinomyces
attachment

F LPXTG Unknown Propionibacterium

1.3.4.1. Class A sortase

Class A sortases (SrtA, EC number: 3.4.22.70) are membrane-bound transpeptidase
that catalyzes the transfer and covalent immobilization of surface proteins to peptidoglycan in
the cell wall of Gram-positive bacteria (Cascioferro et al., 2014; Bradshaw et al., 2015;

Jacobitz et al., 2017). S. aureus anchors a vast array of virulence-associated surface proteins
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to the cell wall, which is catalyzed by a cysteine transpeptidase enzyme called Sortase A
(Mazmanian et al., 2000). S. aureus Sortase A (SrtA) has been the prototype for
understanding the mechanism of action of these enzymes (Ton-That et al., 1999). S. aureus
attaches several surface proteins which are characterized by a C-terminal LPXTG motif,
including protein A (Spa), two fibronectin-binding proteins (FnbpA and FnbpB), two
clumping factors (CIfA and CIfB), a collagen-binding protein (Cna), and three serine-
aspartate repeat proteins (SdrC, SdrD, and SdrE). The deletion of srtA has led to the failure of
surface protein anchoring to the cell wall (Clancy et al., 2010).

The genome of Listeria monocytogenes contains the highest number of genes
encoding surface proteins in the range of 40-45 with an LPXTG bearing motif at the C-
terminal. Inactivation of the srtA gene in L. monocytogenes altered the expression of specific
anchored surface proteins containing the canonical LPXTG motif, ultimately decreasing the
ability of the bacterial adhesion, invasion of eukaryotic cells, and affecting host immune
responses (Bierne et al., 2002). The RT-PCR and Western-blot data analysis demonstrates that
the lack of SrtA alters the expression of LPXTG surface proteins and does not completely
abolish the strong attachment of certain surface proteins to cell-wall peptidoglycan (Mariscotti
etal., 2012).

The genome analysis of Streptococcus agalactiae NEM 316 encompasses one class A
and 35 surface proteins containing a cell wall sorting signal motif (26 proteins had an LPXTG
motif, 4 had an IPXTG motif, 2 had an LPXTS motif, 2 had an LPXTN motif, and 1 had an
FPXTG motif (Glaser et al., 2002). S. agalactiae NEM 316 strain lacking srtA gene was
found defective in anchoring cell surface proteins Alp2 (GBS 0470) and ScpB (GBS1308)
bearing LPXTG and LPXTN signature sequence at the C-terminal (Lalioui et al., 2005). To

determine the activity of SrtA in fibronectin and fibrinogen binding, a simple binding assay
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(ELISA) was performed to compare the binding properties of SrtA™ mutant with those of wild-
type and complemented strains. This resulted in reduced binding of fibronectin and fibrinogen
in SrtA” mutant strain. Thus, it is conceivable that the ScpB, a fibronectin protein (Beckmann
et al., 2002), and FbsA (GBS1087) a major GBS fibrinogen-binding protein is a SrtA-
dependent LPXTG-containing protein (Schubert et al., 2002, 2004). The inactivation of srtA
in the NEM 316 strain decreased its adherence to human epithelial cell lines (A549, Caco-2,
and HeLa) and rat cell lines (L2). Interestingly, the deletion of srtA strains did not alter the
virulence in the neonatal rat sepsis model as compared to the wild-type parental strain
(Lalioui et al., 2005).

Streptococcus sanguinis is a member of the oral mitis group of Streptococci and the
initial colonizer for dental plaque formation (Kolenbrander, 2017). Although, during oral
injuries, the harmless members of the group invade into the bloodstream causing bacteremia
and infective endocarditis (Morita et al., 2014). The deficiency of srtA in S. sanguinis causes
an overall reduction in virulence in association with cell surface proteins and decreased cell
surface hydrophobicity. Thus, SrtA of oral streptococci is considered an important molecule
for colonization on the smooth surface of the teeth and a drug target to prevent dental biofilm
formation (Yamaguchi et al., 2006).

Streptococcus uberis contains only a single copy of sortase A (srtA), encoding a
transamidase capable of anchoring surface proteins bearing the LPXTG or LPXXXD motifs
at the bacterial cell surface (Egan et al., 2010). The srtA deficient strain of S. uberis was
unable to colonize the bovine mammary gland to induce clinical mastitis in dairy cattle
indicating that several SrtA-anchored proteins are likely to be involved in the pathogenesis of

this bacterium.
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B. anthracis variants lacking the srtA gene did not anchor the collagen-binding
MSCRAMM (microbial surface components recognizing adhesive matrix molecules) BasC
protein to the bacterial cell wall as opposed to its parent strain. Recombinant expressed and
purified SrtA catalyzed the cleavage reaction with LPETG and LPATG peptides, consistent
with the notion that B. anthracis SrtA is responsible for the cell wall anchoring of surface
proteins with an LPXTG motif (Gaspar et al., 2005). GamR, a B. anthracis phage receptor, is
known to be anchored by SrtA. The strains containing the three chimeric proteins BasB,
BaskE, and BasJ, were resistant to lysis in the srtA mutant and complementation experiments
restored phage lysis indicating they are anchored by Sortase A. Furthermore, BasA was
shown to be anchored by SrtA using immunoblot analysis of peptidoglycan fractions (Aucher
et al., 2011). Apart from the functional roles, BaSrtA has been characterized structurally. The
NMR structure of BaSrtA shows several unique active site features that include the presence
of an N-terminal extension that contacts the catalytically essential histidine which might be
involved in lipid Il recognition. Another feature very unique to this protein is a large
structurally disordered active site loop correlated to the attachment of proteins to the m-DAP
moiety of lipid Il. Based on the NMR structure a lock-and-key mechanism is proposed for
recognizing the sorting signal (Weiner et al., 2010).

Dieye et al. (2010) identified and studied a class A sortase in Lactococcus lactis
IL1403 and showed that it is responsible for the cell wall anchoring of at least five LPXTG-
containing proteins. We, therefore, propose that SrtA is the housekeeping sortase in L. lactis.
Surface proteins are important factors in the interaction of probiotic and pathogenic bacteria
with their environment or host. The sortase mutant and one sortase-dependent protein (mucus-
binding homolog) mutant showed a significant reduction in adherence to human epithelial cell

lines in the case of Lactobacillus salivarius UCC118. Van Pijkeren et al. (2006) identified 10
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sortase-dependent surface proteins in L. salivarius UCC118, by the comparative and
functional analysis of sortase-dependent proteins in the predicted secretome of L. salivarius.

A sortase gene, srtA was identified in Lactobacillus acidophilus NCFM (LBA1244)
and Lactobacillus gasseri ATCC 33323 (LGAS_0825). Additionally, eight and six intact
sortase-dependent proteins were predicted in L. acidophilus and L. gasseri, respectively.
Inactivation of sortase did not cause significant alteration in growth or survival in simulated
gastrointestinal juices. Meanwhile, both srtA” mutants showed decreased adhesion to porcine
mucin in vitro. Murine dendritic cells exposed to the srtA” mutant of L. acidophilus or L.
gasseri induced lower levels of pro-inflammatory cytokines TNF-a and IL-12, respectively,
compared with the parent strains (Call et al., 2015). This study shows that sortase-dependent
proteins contribute to gut retention of probiotic microbes in the gastrointestinal tract.

Among the various classes of identified sortases, most biochemical investigations have
been conducted with Sortase A (SrtA). SrtA is usually found in a single copy per genome and
plays a critical role in cell adhesion and invasion of host cells (Mufioz-Provencio et al., 2012).
The calcium ions stimulate cysteine at the active site of SrtA which attacks the carbonyl
carbon of the threonine residue in the LPXTG motif, breaking the threonine and glycine

peptide bond, which creates a thioester-linked acyl-enzyme intermediate (Spirig et al., 2011).
1.3.4.2. Class B sortase

The mechanism of Sortase B is similar to that of Sortase A, where S. aureus Sortase B
enzyme attaches the heme transporter IsdC protein which is a major component of the iron-
regulated surface determinant system that scavenges the heme-iron from hemoglobin. The
SrtB anchors IsdC to uncross-linked peptidoglycan instead of heavily cross-linked

peptidoglycan. The srtB and isdC genes are located together in the isd iron-acquisition
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operon. However, in contrast to SrtA, SrtB recognizes NPQTN sorting signals from S. aureus
(Mazmanian et al., 2002). Gene knockout studies in S. aureus revealed that the abolition of
the srtB gene is responsible for virulence and does not affect cell viability.

Therefore, as in S. aureus, the listerial SrtB represents the second class of sortase in L.
monocytogenes, generally expressed in operons containing genes encoding their substrates
with NPKSS/NAKTN recognition motifs. The srtB deletion mutants do not have defects in
bacterial entry, growth, or motility in tissue-cultured cells and do not show attenuated
virulence in mice. SrtB-mediated anchoring could therefore be required to anchor surface
proteins involved in the adaptation of this microorganism to different environmental
conditions (Garandeau et al., 2004).

B. anthracis srtB, which encodes Sortase B, anchors IsdC to the cell wall envelopes of
vegetative bacilli a heme-iron binding surface protein. Sortase B cleaves IsdC between the
threonine and the glycine of its NPKTG motif sorting signal. Isogenic variants lacking either
srtB or isdC display significant growth defects due to deficiencies in heme-iron scavenging,
suggesting that IsdC binding to heme-iron in the cell wall envelope contributes to bacterial
uptake of heme.

Clostridium difficile encodes for a single sortase enzyme Sortase B (CD2718),
belonging to the class B sortases, recognizes an entirely different sorting motif (SPXTG or
PPXTG). Remarkably, unlike SrtB from other organisms, the function of this enzyme is not
associated with heme or heme acquisition proteins instead possibly functions as a
housekeeping sortase. The mutation of the catalytic cysteine or the addition of small inhibitors
like MTSET abolishes the Sortase B activity. In vitro ligation of a natural cell wall

nucleophile, DAP is demonstrated (Donahue et al., 2014; van Leeuwen et al., 2014).
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Based on bioinformatics analyses, seven putative sortase substrates have been
identified (van Leeuwen et al., 2014). However, two putative substrates, CD0183 and
CD2768, containing an SPXTG motif were not cleaved or anchored to the cell wall by sortase
in an experimental observation (Peltier et al., 2017). Another two substrates, CD0386 and
CD3392, display very high (94 %) sequence similarity, of which CD0386 is attached to the
cell wall by the sortase as demonstrated by biochemical analysis of subcellular fractions in a
sortase knockout strain (Chambers et al., 2015). Adhesins, CD2831, and CD3246, are
anchored proteins on the cell wall by SrtB activity. The functional role, particularly of
CD2831 in binding to collagen, has been demonstrated in vitro through the cleaving activity
of a Pro-Pro endopeptidase to release CD2831 and CD3246 from the cell surface and is
regulated by C-di-GMP (Hensbergen et al., 2015; Peltier et al., 2015). The last putative
substrate CD2537 contains only a weak signal peptide (Corver et al., 2017).

However, in contrast to SrtA, SrtB recognizes an NPKTG, NPQTN, and (S/P)PXTG
sorting signals from B. anthracis, S. aureus, and C. difficile strain 630 respectively
(Mazmanian et al., 2002; Maresso et al., 2006). Unlike Sa-SrtA, Sa-SrtB does not require

metal binding for activity (Mazmanian et al., 2002).
1.3.4.3. Class C sortase

Among all sortases, class C sortases represent the largest and most heterogeneous
group in a genome (Cozzi et al., 2011) and they are integral membrane cysteine
transpeptidase of Gram-positive bacteria (Marraffini et al., 2006). Class C sortase cleaves at
LPXTG-like motifs similar to class A sortase, but only sortase C can polymerize the pilus-
forming proteins to form high molecular weight structures via transpeptidation mechanism.

As pilin subunits emerge, sortases cleave the peptide bond between threonine and glycine of
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the LPXTG motif of the pilin proteins and covalently join the C-terminus of one pilin subunit
to a Lys side-chain NH2 group on the next subunit (Ton-That et al., 2004; Marraffini et al.,
2006). C. diphtheriae type strain NCTC 13129 produces three distinct types of pilus
structures, SpaA, SpaD, and SpaH-type pili, which are polymerized by specific class C
sortases (Ton-That and Schneewind, 2004) and covalently linked to the cell surface by
Sortase F (Dramsi et al., 2005).

Streptococcus agalactiae contains four genes encoding class C sortases (SrtC) were
found in NEM316, 2603V/R, and A909 genome sequences which are arranged tandemly in
two different loci, srtC1-srtC2 and srtC3-srtC4 coding for pilus biogenesis (Dramsi et al.,
2006; Khare et al., 2011). Based on the electron microscopy and immunogold labeling, the
NEM316 strain assembles pili from the srtC3-srtC4 locus and encodes three pilin subunits,
the major pilin, and two minor pilins. Either SrtC3 or SrtC4 is required for polymerization of
pili and housekeeping SrtA anchors the polymerized pili to the cell wall (Dramsi et al., 2006).

The genome of S. pneumoniae TIGR4 contains srtC-1, srtC-2, and srtC-3 for pilus
assembly. The primary SrtC-1 catalyzes the polymerization of major pilin subunit RrgB.
SrtC-2 binds with RrgA and attaches to other pilins. SrtC-3 preferentially binds with the RrgC
pilin subunit but does not have a strong affinity as SrtC-1 with RrgB (Lemieux et al., 2008;
Shaik et al., 2014; Naziga and Wereszczynski, 2017).

The Class C sortase is involved in pili assembly, especially in the B. cereus vegetative
cells. The pilus operon consists of three genes (bcpA-srtD-bcpB) and deletion of the complete
operon/inactivated srtD leads to the absence of the pili (Budzik et al., 2007). BcpA is
polymerized by Sortase D even in the absence of the BcpB unit. BcpB the minor pilin is
cleaved by Sortase D at C-terminal threonine of IPNTG sorting signal and then amide-linked

to the YPKN motif of BcpA (Budzik et al., 2009). The cleavage reaction of BcpB is very
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specific to Sortase D and is not cleaved by Sortase A. In the case of BcpA, the LPXTG
sorting signal is cleaved at the C-terminal threonine and linked to the amino group of lysine in
the YPKN motif of another BcpA subunit by Sortase D. BcpA is a substrate for both Sortase
D and A, and Sortase A cleaves the BcpA unit at its LPXTG to terminate the pilus assembly
and bond to the cell wall cross-bridge (Budzik et al., 2009).

Actinomyces oris consist of class C sortases, SrtC1 and SrtC2, which are involved in
the assembly of two distinct forms of pili on the Actinomyces cell surface (Mishra et al.,
2007). The SrtC1 is involved in the type | fimbriae formation which is further involved in the
adhesion of Actinomyces to the tooth surface by recognition of proline-rich receptors (Wu et
al., 2011). However, SrtC2 results in the assembly of type Il fimbriae which are essential for
bacterial adhesion to the oral streptococci and host cells by recognizing the polysaccharide
receptors (Wu et al., 2012).

Genome analysis of Enterococcus faecalis V583 revealed the presence of one class C
sortase (SrtC [EF_0194 for biofilm and pilus-associated sortase]) (Paulsen et al., 2003;
Dramsi et al., 2005). The ebp operon in E. faecalis encodes the Ebp pilus structural subunits
EbpA, EbpB, and EbpC and the pilus-associated SrtC. The srtC is shown to be necessary for

the production of the Ebp pili and important for biofilm formation and endocarditis.
1.3.4.4. Class D sortase

Sortase D enzymes can be found in the genome of many bacilli and clostridia. B.
anthracis Class D SrtC anchors two substrates, BasH and Basl to the cell wall of sporulating
B. anthracis. LPNTA sorting signal of two substrates is cleaved by Sortase C (SrtC) at the C-
terminal threonine (T) of the substrate to the amino group of DAP cross-bridges targeting the

polypeptides to the cell wall of sporulating bacilli. Sortase C is also required for the formation
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of infectious spores in the tissues of animals. Where Sortase C acts on two different substrates
in two different subcellular compartments, the different surface proteins decorate different
compartments of the sporulating cell, with Basl present in divisional cells and BasH present in
forespores (Marraffini and Schneewind, 2006, 2007). The knockout experiments in B.
anthracis demonstrated the requirement of sortase activity in sporulation. The spore formation
requires BasH and Basl proteins, which contain LPNTA as a potential sorting signal
(Marraffini and Schneewind, 2006). Moreover, Clostridium perfringens transpeptidase which
belongs to the class D family of sortase enhances its catalytic activity with the presence of

magnesium ion concentration towards the LPQTGS signal motif (Suryadinata et al., 2015).
1.3.4.5. Class E sortase

Class E sortases are predominant in soil and freshwater-dwelling GC rich genome of
Actinobacteria (e.g. Corynebacterium and Streptomyces genera) (Comfort, 2004).

S. coelicolor is one of the best-studied members of Actinobacteria which uses two
class E enzymes, ScSrtE1 and ScSrtE2 to decorate its surface (Duong et al., 2012; Kattke et
al., 2016). Its life cycle encompasses three morphologically distinct stages: vegetative hyphae,
aerial hyphae, and spores. It is known to encode two sortases of class E (Pallen et al., 2001),
SrtE1 and SrtE2 which recognize and cleave LAXTG-containing peptides in vitro. Chaplin
proteins (Chp A, B, and C) required for the aerial development of this organism contain a
LAXTG-sorting signal rendering them as putative sortase substrates (Elliot et al., 2003).
Sortase class E enzymes (SrtE1l and SrtE2) anchor ChpC protein to the cell wall in vivo.
Indeed, srtE1l/srtE2 double mutants delay the formation of aerial hyphae with hindered
sporulation and cease to display short Chaplin proteins (Duong et al., 2012).

S. avermitilis encodes for at least four putative class E sortase enzymes (Duong et al.,
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2012) of which only, SrtE3 (SAV4333) has been biochemically characterized. Class E sortase
of S. avermitilis produces useful transpeptidation yield and can fruitfully complement SaSrtA
in peptide ligation and protein engineering endeavors. The Ca?*-independent activity together
with the preference for an altered substrate LAXTG instead of LPXTG makes this enzyme an
attractive tool for intracellular protein labeling.

Actinomyces oris is an oral bacterium, formerly known as Actinomyces naeslundii,
which results in the formation of dental plaque (Persson, 2011). It consists of a housekeeping
sortases (SrtA), which belongs to class E sortase (Spirig et al., 2011). The housekeeping
sortases generally do not show any role in cell viability, however, SrtA of A. oris was
observed to show some contradictory results. The deletion of the srtA gene was found to be
lethal for the bacterial cells, which resulted in excessive membrane accumulation of the
surface glycoprotein protein perturbing the cell envelope to block the growth and viability of
the cells (Li et al., 2014).

Class E enzymes of C. diphtheriae appear to perform a housekeeping function similar
to class A sortase enzymes (Ton-That and Schneewind, 2003) which contains a conserved
tyrosine residue that may enable it to preferentially recognize alanine instead of proline in the

cell wall sorting signal.
1.3.4.6. Class F sortase

Sortase F is the only housekeeping sortase characterized in the genome of
Propionibacterium acnes. Sortase F from P. acnes shows a behavior similar to sortases from
class A in terms of pH dependence, recognition sequence, and catalytic activity, furthermore
its activity is independent of divalent ions, which contrasts to Sortase A from S. aureus. The

Sortase F can be used as a powerful tool alternative to Sortase A for protein engineering
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applications (Girolamo et al., 2019). S. coelicolor encodes five class F enzymes, however,

their functions are yet unknown (Spirig et al., 2011).
1.3.5. Structural elucidation of sortases

Sortases have offered a tempting target for structural and mechanistic investigation
due to their critical involvement in bacterial physiology and lack of sequence similarity to
known eukaryotic proteins. The first structure of S. aureus SrtA (Figure 1.5) was determined
by NMR spectroscopy, was the first to be reported (PDB 11JA, Ilangovan et al. (2001), and
was further analyzed by X-ray crystallography (Zong et al., 2004). The N-terminal signal
peptide/membrane anchor (N59) was deleted from S. aureus SrtA to express the recombinant
protein in soluble form along with an N-terminal six-histidyl tag. The purified sortase was
used for in vitro activity testing and structural analyses. The structure revealed an eight-
stranded beta-barrel flanked by one short alpha-helix and one 310 helices, revealing a new
structure. The interaction of two structural motifs, each with four strands, results in the sortase
fold. One strand from each motif (B4 and B7) interacts for much of their length, while the
remaining strands (B1, B2, B3 and B8, B6, B5) work together to construct the rest of the barrel,

which is completed by the interactions of B1 and B5.
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His 120

Figure 1.5. Structure of S. aureus SrtA showing active sites
Cartoon rendering of the NMR structure of S. aureus SrtA (PDB 11JA, llangovan et al. (2001) with

active sites.

Cys 184 and His 120 are found in or near the active site, and Arg 197 is close to the
cysteine in the active site. His and Cys are located on two separate [3-sheets, and the thiol
group of Cys184 in SrtA N59 is positioned 7 A away from the imidazole ring of His120 in
sortase. Measuring mutant enzyme activity shows that the replacement of Cys 184, His 120,
and Arg 197 with Ala completely reduces the enzyme activity. Therefore, three key residues
that are responsible for the enzyme activity are Cys 184, His 120, and Arg 197. Between
strands B7 and B8, the LPXTG substrate-binding site is placed in a concave plane, and the T
and G peptide bond is near to Cys 184 and Arg 197. As a result, the enzyme action is driven
by a Cys-Arg catalytic dyad, and the Arg 197 side chain, which can be shifted close to Cys

184 (3.5 A), acts as an ionizable group to protonate the amide atom of the substrate scissile
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bond and facilitate the Cys nucleophile attack. Additionally, Thr 180, lle 182, and Ala 118 are
conserved in most sortases seem to be responsible for binding to leucine and threonine of the
LPXTG substrate (Maresso and Schneewind, 2008).

In S. aureus SrtA, the side chains of E105, E108, and D112 within the B3—p4 loop, as
well as E171 from the B6—p7 loop, appear to create a structurally well-ordered calcium-
binding region. In the absence of calcium, the B6/B7 loop is disordered and undergoes some
conformational changes. As a result, Ca?" activation activates sortase by a mechanism that
affects the shape and dynamics of the active site loop, perhaps facilitating substrate binding

(llangovan et al., 2001) (Figure 1.6).

Ca* binding sites
(Glu 105, Glu 108, Asp 112 and Asn 114)

Figure 1.6. Structure of S. aureus SrtA with Ca?* binding sites
Cartoon rendering of the NMR structure of S. aureus SrtA (PDB 11JA, Ilangovan et al. (2001) with
Ca?*- binding sites at Glu 105, Glu 108, Asp 112, and Asn 114.
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Unlike Sa-SrtA (S. aureus Sortase A), Sp-SrtA (Streptococcus pyogenes Sortase A)
does not need Ca®* to be activated. Although they have a 24 % sequence identity in the core
catalytic domain, Sa-SrtA and Sp-SrtA have substantially similar structures. These two
structures differ in some ways, particularly in the connecting loops and the N/C termini. There
have been several shifts in the loop connecting the 32/ 33, B3/ B4, p6/ B7, B7/ P8, and B3 loop.
The essential catalytic residues are Cys 208, His 142, and Arg 216, and unlike other sortases,
His 142 is located close to the active site to play the job of protonating the intermediate
(Marraffini et al., 2006).

Structures for other class A sortases, as well as members of classes B, C, D, and E,
have been documented so far, in addition to SaSrtA. Sortases from different classes have a
similar overall structure, but varied numbers of peripheral a-helices and other differences that
presumably affect the function and regulate substrate specificity, according to structural
studies. For example, in S. aureus Sortase B, an extended B6/B7 loop is involved in
recognizing the NPQTN sorting signal substrate, while the two short extra N-terminal helices
may play a role in attaching substrates to buried parts of the cell wall (Marraffini et al., 2006;
Jacobitz et al., 2014). Nonetheless, in class C sortases, an extended N-terminal region has
been demonstrated to function as a lid, occluding the active site and possibly regulating
enzyme activity (Mandlik et al., 2008; Manzano et al., 2009).

Class A and B sortases detect their substrates and catalyze the transpeptidation
reaction comparably, according to structural and computational analyses of Sortase A from B.
anthracis and Sortase B from S. aureus in complex with respective sorting signals peptides
(Jacobitz et al., 2014). These findings show that all sortases may share a common mode of

action.
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1.3.6. Invitro sortase activity and substrate specificity

Ton-That et al. (2004) demonstrated SaSrtA proteolytic activity against peptides with
the LPXTG motif and its transpeptidation process in the presence of the nucleophile NH>-
Glysz demonstrated in experiments shortly after its discovery. These studies showed the
SaSrtA cleaves between threonine and glycine at the LPXTG motif, however, in the absence
of the nucleophile, the thioacyl intermediate is hydrolyzed, resulting in in the cleavage of the
LPETG motif without the formation of a new peptide bond. Later, in addition to identifying
the 3D structure of SaSrtA, llangovan and his colleagues (2001) discovered that in the
presence of calcium ions, SaSrtA activity increased by 8-fold. FRET-based experiments,
which use sorting signal peptides with donor and quencher fluorophores at either end were
initially used to evaluate the kinetic characteristics of SaSrtA. The donor is liberated from the
quencher when this peptide is cleaved either by hydrolysis, hydroxylaminolysis, or the native
transpeptidation reaction, and this activity can be observed by an increase in fluorescence.
While the first study only showed cleavage and hydroxylaminolysis, further investigations
showed that SaSrtA can catalyze the native transpeptidation reaction in vitro using just short
peptide substrates, one of which has a sorting signal motif and the other a series of 1 to 5
glycine. However, due to constraints associated with the fluorescence inner filter effect
quenching at high substrate concentrations, HPLC-based methods were developed, allowing
for more precise measurements (Kruger et al., 2004; Frankel et al., 2005). Although, enzyme
kinetics of SaSrtA vary widely with other sortases depending on their substrate sequences

(Table 1.2).
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Table. 1.2. Kinetic constants Km and Kca of different sortases

Enzyme Peptide Km Keat Reference
S. aureus SrtA LPETG 7.33+x1.01mM 0.086 +0.015 s* (Frankel et al., 2005)
S. aureus SrtA LPATG 17.5uM - (Zhang et al., 2014)
S. avermitilis SrtE LAETG 1.14+0.14mM 58.18 + 3.47 51 (Das et al., 2017)
C. difficile SrtB SPKTG  74.7+48.2 uM 1.1x10 2 £ 6x10“mint  (Peltier et al., 2017)
C. difficile SrtB PPKTG  53.3+25.6 uM 8.3x107* £ 3x104min?  (Peltier et al., 2017)
S. suis LPATG 6.7uM - (Chen et al., 2017)

The in vitro enzymatic activity of additional sortases like Streptococcus suis has been
explored, which showed a maximal activity at pH 6.0-7.5, 45 °C with abz-LPATG-dnp, and
the enzyme was found to be Ca?*-independent (Chen et al., 2017), unlike SaSrtA which is
found to be calcium-dependent. The sequence specificities of most sortases have been hardly
defined due to the low reaction rate and extended incubation time necessary for reaction
product characterization. Therefore, the substrate specificity and recognition sequences were

mostly predicted using bioinformatics methods (Kruger et al., 2004).
1.3.7. Sortase as bioengineering tool

The discovery of Sortase A from S. aureus could break a peptide bond inside the
LPXTG motif in vitro and then reform a new bond with an entering oligo-glycine nucleophile
(Mazmanian et al., 1999) paved the path for sortases to become useful tools for protein
engineering. Sortases catalyzed transpeptidation reaction known as "sortagging™ or sortase-
mediated ligation (Popp et al., 2007) has been used to site-specifically bind fluorescent dyes,
carbohydrates, and other moieties to protein substrates and the surface of cells (Antos et al.,

2016).
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SML has been used in several bioconjugate chemistry and protein engineering
applications. Protein N/C-terminal labeling, protein sugar modification, protein-lipid
modification, protein-protein fusion, peptide/protein cyclization, and cell-surface labeling are
only a few examples. Surface functionalization, hydrogel modification, biomolecules
PEGylation, virus-like particle decorating, protein immobilization/purification, and in vivo
protein labeling have all been added to the SML toolbox in recent years. SaSrtA and its
engineered versions were employed in the majority of cases.

Immobilized sortase on the surface was used to modify biomolecules on a large scale
(Steinhagen et al., 2013). Sortase-mediated ligation was also used to mark proteins at their N
and C termini at particular sites (Williamson et al., 2012). Using an orthogonal sortase
approach, the M13 bacteriophage was doubly labeled (Hess et al., 2012). Sortase was used to
conjugate unnatural chemicals such fluorescein, biotin, PEG, and tetramethylrhodamine to
proteins.

The site-specific sortase transpeptidation reaction can be used to ligate
protein/peptides with the short pentapeptide recognition sequence LPETG at the C-terminus
of the protein to another protein or peptide with the other sortase substrate GGG at the N-
terminus, or to the surface modified with this peptide. Sortase reaction can be used to
accomplish site-specific protein oligomerization or circularization if these two tags, LPETG

and GGG, are positioned at two termini of a protein.

1.3.8. Sortase as drug targets

The most studied sortase is Sortase A (SrtA) from S. aureus because this bacterium
has increased pathogenicity, virulence, and high level of drug resistance (Shrestha and

Wereszczynski, 2016). Many of the MSCRAMMs are LPXTG-bearing proteins linked to the
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cell wall of S. aureus by Sortase A. These proteins are virulence factors that play key roles in
staphylococcal infections, such as bacterial attachment to host tissues, biofilm development,
and immune response evasion (Foster et al., 2014). The role of sortase in the virulence of
many Gram-positive pathogens, including staphylococci, streptococci, enterococci, and L.
monocytogenes, is proved by the fact that mutants lack genes for SrtA display attenuated
virulence, without affecting the growth of the bacteria (Marraffini et al., 2006). The
development and also the search for new inhibitors of SrtA use the S. aureus enzyme as a
prototype. The deletion of srtA in S. aureus reduced the ability to infect the host was
demonstrated in several models. SrtA activity has been observed to improve S. aureus
survival inside macrophages after phagocytosis, as srtA deletion mutants are more sensitive to
macrophage death (Josefsson et al., 2008). Other Gram-positive bacteria, such as L.
monocytogenes (Bierne et al., 2002), S. pneumonia (Kharat and Tomasz, 2003), Enterococcus
faecalis (Kemp et al., 2007), and Streptococcus suis (Fittipaldi et al., 2012), have shown a
relationship between sortase activity and pathogenicity. Overall, these investigations have
demonstrated the potential of sortase inhibition for the treatment of Gram-positive infectious
illnesses, and the search for compounds that might limit sortase activity has become a focus of
research. The identification and characterization of a consistent number of reversible and
irreversible SaSrtA inhibitors were made possible by screening natural or synthesized
chemical libraries, as well as molecular modeling, pharmacophore hypotheses, 3D-QSAR
models, and virtual screening techniques (Cascioferro et al., 2014). The first reported inhibitor
of SrtA was MTSET, a thiol-reactive compound that reacts irreversibly with the cysteine thiol
of the sortase active site (Zong et al., 2004). However, the short half-life and broad reactivity

of this compound render it useful only as an experimental in vitro inhibitor. However, the
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majority of these compounds showed activity in the high micromolar range, and none of them

have been developed as drugs as a result of their low potency.

1.4. Summary

The first part of this chapter provided a brief introduction of the topic selected and
described the rationale for the present study, the gap areas to be addressed, and the defined
objectives. The second part contains a relevant updated review of the literature about the area
to highlight the major studies and finding so far. It covers cellular functions, sortase
classification, structure elucidation, biochemical properties, substrate specificity, and recent

engineering applications using sortase.
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Abbreviations

%

Mg

MM
ML
Abz
APS
ATP
BCIP
BHI
bp
BSA
Dap
DNA
Dnp
DMSO
DTT
EDTA
EtBr
FRET

X9

IPTG
LB
min

mL

Percent

Microgram

Micromolar

Microliter

2-aminobenzoyl

Ammonium persulphate

Adenosine triphosphate
5-Bromo-4-chloro-3-indolyl phosphate
Brain Heart Infusion

Base pair

Bovine Serum Albumin

Diamino propionic acid

Deoxy Ribonucleic acid

2,4- dinitrophenyl

Dimethyl sulfoxide

Dithiothreitol

Ethylenediamine tetra acetic acid
Ethidium bromide

Fluorescence Resonance Energy Transfer
Gram

Times gravity

Hour
Isopropylp-D-1-thiogalactopyranoside
Luria Bertani

Minutes

Milliliter

35



mg Milligram

NAD"* Nicotinamide Adenine Dinucleotide

NBT Nitro blue tetrazolium

NEB New England Biolabs

PCR Polymerase Chain Reaction

PEG Polyethylene glycol

PVDF Polyvinylidene fluoride

S Seconds

SDS-PAGE Sodium dodecy! sulphate-polyacrylamide gel electrophoresis
SOC Super optimal broth with catabolites repression
B Terrific broth

TBST Tris buffered saline with tween

TEMED Tetramethyl ethylenediamine

TFA Trifluoro acetic acid

2.1. General Materials

2.1.1. Chemicals, culture media and reagent kits

Luria-Bertani (LB) broth or LB agar medium, Brain Heart Infusion (BHI) broth, or
BHI agar medium were procured from HiMedia, India. Plasmid isolation kits, PCR clean-up
kits, and Gel extraction kits were obtained from Qiagen, Germany. Q5® Site-directed
mutagenesis kit, was obtained from New England Biolabs, USA. Ni-NTA spin columns for
His-tag assisted Ni-affinity chromatography was purchased from GE Healthcare, USA.
Antibodies supplied by Abcam (Cambridge, UK).

Restriction enzymes (BamHI, EcoRI, Ndel, Nhel, Notl, Sall), 2X Taq Master mix, T
DNA ligase were purchased from New England Biolabs, USA. Isopropylp-D-1-
thiogalactopyranoside (IPTG), Lysozyme, Bovine Serum Albumin (BSA), Antibiotics like

kanamycin, Nicotinamide Adenine Dinucleotide (NAD™), Dithiothreitol (DTT), Xylose were
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procured from HiMedia, India. Molecular biology grade chemicals like Sorbitol, Polyethylene
glycol (PEG) MW 4000, Tris-base, Agarose, Glycine, Ethylenediaminetetraacetic acid
(EDTA), Glycerol were obtained from Sigma-Aldrich, India. Analytical grade solvents like
Dimethyl sulfoxide (DMSO), Trifluoroacetic acid (TFA), Acetonitrile, and Glacial acetic acid

were purchased from Merck, Germany.
2.1.2. Fluorescent peptides

Fluorescently self-quenched peptides were synthesized by Shanghai GL Biochem,
China, and solubilized in 50 % DMSO before use. The peptides were predicted based on the
reports available on the substrate sequence. The peptide substrates were tagged with a 2-
aminobenzoyl (Abz) fluorophore at the N-terminus and 2, 4-dinitrophenyl (Dnp) as the

quencher at the C-terminus. All peptides used in the study are listed in Table 2.1.

Table 2.1. FRET peptides used in the study

Peptide Sequence* Description Mass (Da)

Abz-LAHTG-Dap (Dnp) substrate of SrtE 859.86

Abz-LAETG-Dap (Dnp) substrate of SrtE 867.88

Abz-LPETG-Dap (Dnp) The substrate of SrtA (negative control in this 885.90
study)

G-Dap (Dnp) product after the substrate cleavage 326.27

*Where Abz is 2-aminobenzoyl and Dap (Dnp) is diaminopropionic acid-dinitrophenyl

2.1.3. Bacterial strains and plasmids

Corynebacterium glutamicum ATCC 13032 (Abe et al., 1967) obtained from Bielefeld
University, Germany as a part of the Indo-German, bilateral exchange program (DST-
DAAD), was used for the study. The bacterial strains and plasmids used in this study are

listed in Table 2.2.
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Table 2.2. Bacterial strains and plasmids

Strains/Plasmids

Reference/Source

E. coli

DH5a

BL21 (DE3)

Description/Genotype

Fthi-1 endAl hsdrl17(r-, m-) supE44 lacU169
(f80lacZ_M15) recAl gyrA96 relAl

F- ompT gal decm lon hsdSB(rB- mB-) A(DE3)

(Hanahan, 1983)

Novagen, USA

C. glutamicum

ATCC 13032 Wild-type (WT) (Abe et al., 1967)

Plasmids

pET28a T7 expression vector (N-terminal Hiss-Tag), Kan' Novagen, USA

pVWEXx1 E. coli-C. glutamicum shuttle vector for regulated (Peters-Wendisch et al.,
gene expression (Ptac, laclqg, pCGl, oriVCg) 2001)

pK19mobsacB Km", vector for integration of insert into the (Schagfer et al., 1994)

genome of C. glutamicum

Recombinant plasmids

pK19Cgl2838

pVWCgl2838

pSrtE

pTSrE

PGFP

pXylIB

PGFP-LAHTG

pXyIB-LAHTG

pK19mobsacB harboring the upstream and
downstream flanking regions of NCgl2838 (srtE)
gene with EcoR1 and BamHlI restriction site

NCgl2838 cloned at Sall and BamHI site of
pVWEXx1 along with the insertion of ribosome
binding site

srtE cloned at Nhel and Notl of pET28a with an
N-terminal Hise-tag

srtE cloned at Ndel and Sall of pET28a without
the signal peptide and transmembrane domain of
the gene and contains an N-terminal Hiss-tag
pRSET vector harboring eGFP

XyIB cloned at Pstl and BamHI of pVWEXx1

GFP-LAHTG cloned at Ndel and BamHI of
PET28a with a C-terminal Hisg-tag

XyIB-LAHTG cloned at EcoRl and BamHI of
pPET28a with a C-terminal Hiss-tag

This study

This study

This study

This study

(Madhavan et al., 2017)

(Sundar et al., 2020)

This study

This study

38



2.1.4. Oligonucleotides

The oligonucleotides used for the present work are listed in Table 2.3.

Table 2.3. Oligonucleotides for the study

Primer Name

Sequence (5'-3°) *

Characteristics

Sortase wild and truncated

NCgl2838 F TTTGCTAGCATGACAGCCACGTTAAGCGCGGAATC Nhel

NCgl2838 R TTTGCGGCCGCGTTTTCCTCCAAAGCTGCAGGGCGTTC Notl

CgSrtE F CCCCATATGGCCTATTGGACCAACGTGGAATC Ndel

CgSrtER CCCGTCGACTTAGTTTTCCTCCAAAGCTGCAGGGCGTTC Sall

Site-directed mutagenesis

C240A F CTTGACCACGGCACACCCGCAGTTC

C240A R GTAAGCAGAGCTTCTGATC

Y118A F TCCTGGCCGTGCTGTGGATTCC

Y118A R CCGGCAAGAAGGTCTTCC

H135A F AGTGGCAGGCGCGCGAGTGGGCAAG

H135A R GCAAAGTTTCCGGCTTCA

R249A F CAACGCTGAGGCCATGATTGTGCAC

R249A R GAGAACTGCGGGTGACAC

Vector confirmation

T7 Promoter F TAATACGACTCACTATAGGG

T7 Terminator R GCTAGTTATTGCTCAGCGG

pVW F GAAACAGAATTAAAAGA

pVW R CCAGTGAATTCGAGC

Sortase application

eGFP-LAHTG F GCCCATATGGTGAGCAAGGGCGAGGAGCTGTTCAC Ndel

eGFP-LAHTG R CCCGGATCCACCAGTATGAGCTAACTTGTACAGCTCGTCCAG BamHI

XyIB-LAHTG F GATGATGGATCCATGTCCTCAGCCATCTATCC BamHI

XylB-LAHTG R TATGAATTCTCAACGCCAGCCGGCGTCGATCCAG EcoRlI

C. glutamicum mutant strains

Cgl2838 F TTTGTCGACGAAAGGAGGCCCTTCAGAATGACAGCCACGTTAAG Sall
CG

Cgl2838 R TTTGGATCCTTAGTTTTCCTCCAAAGCTGCAGGGCGTTCG BamHI

2838-1AF GCGAATTCTGCGGCCCGACTTATACATC EcoRlI

2838-2A R CCCATCCACTAAACTTAAACACCGCGCTTAACGTGGCTGTC Linker 21 bp

2838-3AF TGTTTAAGTTTAGTGGATGGGCGAACGCCCTGCAGCTTTGG Linker 21 bp

2838-4A R GCGGATCCCGGTGATTGTCCGCGATATG BamHI

Cgl38 F GCTTCTGCAACTCCCGAATG

Cgl 38R TCACGGGTTACGGCACAGAC

*Restriction sites are underlined and linker sequences are shown in italics.
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2.2.

General Methods

2.2.1. Bioinformatics and software

The in silico and genome analytic tools employed are listed in Table 2.4,

Table 2.4. Online tools and other software used in the study

Softwares
Bioedit

BLAST

Clone Manager 9

ClustalW
ClusPro
Expasy

ProtParam tool

ESPript 3

Image Lab

I-TASSER
LC solution
MEGA X
PDB
PSIPRED
PyMOL

SWISS-MODEL

Application
Sequencing editing and analysis

Sequence homology search

Primer designing

Multiple sequence alignment
Protein-protein and protein-peptide
docking

Physicochemical properties of
protein

Sequence similarity and secondary
structure prediction

Gel documentation (Nucleic acid and
protein)

3D structure prediction

HPLC chromatograms
Phylogenetic analysis
Structural analysis

Secondary structure prediction
Structure visualization

3D structure prediction

Source
www.mbio.ncsu.edu/BioEdit

https://blast.ncbi.nlm.nih.gov/Blast.
cqi

https://scied.com/dl cm9.htm

https://www.genome.jp/tools-
bin/clustalw

https://cluspro.bu.edu/login.php

https://web.expasy.org/protparam/

https://espript.ibcp.fr/ESPript/ESPri

pt/

www.biorad.com

https://zhanggroup.org/I-TASSER/

www.shimadzu.com

https://www.megasoftware.net/

https://www.rcsb.org/

http://bioinf.cs.ucl.ac.uk/psipred/

http://www.pymol.org

https://swissmodel.expasy.org/
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2.2.2. Culture growth conditions

C. glutamicum strain ATCC 13032 was generally cultivated in BH1 medium
(Annexure-1) at 30 °C. All E. coli strains were routinely grown in liquid or agar Luria Bertani
(LB) medium (Annexure-1) at 37 °C. E. coli DH5a was used for cloning and maintenance
purposes and E. coli BL21 (DE3) for expression of recombinant proteins. Antibiotics were
used at the following concentration: kanamycin, 25 pgml* for C. glutamicum and 50 pgmi*
for E. coli wherever necessary. The fully grown cultures were stored at 4 °C, and their

glycerol stocks were maintained at -80 °C.

2.3. Molecular Methods

The molecular biology techniques were followed as described by Sambrook et al.,

(2001) with some necessary modifications.
2.3.1. Isolation of DNA
2.3.1.1. Genomic DNA isolation

The genomic DNA of C. glutamicum was isolated from overnight static culture by cell
lysis, phenol/chloroform extraction, and ethanol precipitation with some modification
(Andreou, 2013). The 10 mL of the overnight culture broth was centrifuged at 6000 x g for 5
min. After discarding the supernatant, the cell pellet was frozen at -20 °C for 30-60 min.
Resuspended the cell pellet in 250 pL fresh 10 mgmL™ lysozymes in TE buffer (10 mM Tris;
1 mM EDTA, pH 8.0) and transferred to a microcentrifuge tube. The mixture was incubated
at 37 °C for 1-2 h with gentle shaking. 50 pL of 0.5 M EDTA, 50 pL 10 % SDS and 50 pL 5
M NaCl was added to the cell suspension and mixed well, followed by 10 uL RNase (100

mgmL™) and incubated at 37 °C for 30 mins. Around 20 pL of Proteinase K (20 mgmL™) was
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added and incubated at 37 °C for 60 mins. The complete lysis of cells can be confirmed based
on the lucidity of the suspension. The suspension was mixed thoroughly with an equal volume
of Phenol, Chloroform, and Isoamy! alcohol (25:24:1). The mixed solution was centrifuged at
12,000 x g for 15 min at RT. After transferring the aqueous phase to a new microcentrifuge
tube, 500 pL of Phenol: Chloroform: Isoamyl alcohol (25:24:1) was added and mixed
thoroughly before centrifuging at 12,000 x g for 15 min at room temperature. The aqueous
phase was transferred to a new microfuge tube, and an equal volume of 99 % isopropanol was
added. The tubes were centrifuged at 12,000 x g for 30 min at 4 °C after gentle mixing by
inversion. The supernatant was discarded, and the pellet was thoroughly cleaned in 500 pL of
ethanol (70 %, v/v). The pellet was recollected by centrifugation at 12,000 x g for 5 min at 4
°C. The washed pellet was air-dried for 10 min at room temperature (RT). The dried pellet
was dissolved in 60 pL nuclease-free water and mixed well by gentle pipetting. The DNA was
visualized in 1 % prestained (EtBr) agarose gel (0.8 %) and quantified by UV-Vis

spectrophotometer (Nanodrop, USA).
2.3.1.2. Plasmid DNA isolation

Plasmid DNA was isolated from E. coli and C. glutamicum strains using the QIlAprep
Spin Miniprep kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions.
Purity and quantification were assessed using a NanoDropl000 spectrophotometer
(NanoDrop Technologies, Inc. USA). Plasmid DNA quality was visualized in 1 % prestained

(EtBr) agarose gel.
2.3.2. PCR amplification

Unless otherwise specified, the PCR mixture used to create gene inserts consisted of

nuclease-free water, 2X PCR master mix (NEB), 0.5 mM MgCl, (NEB), 0.24 uM of forward
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and reverse primers, and 500 ng template DNA. The PCR was carried out using automated
PCR machines from BioRad, USA (MyCycler) and Eppendorf, Germany (Ep gradient). As
shown in Table 2.5, the reaction was incubated. The finished reaction was kept at -20 °C until
it was analyzed on an agarose gel, purified with a gel extraction kit, and used for restriction

analysis.

Table 2.5. PCR cycling conditions

Steps Temperature (°C) Time

Initial Denaturation 95 1 min

Denaturation 95 30s
Annealing 60 1 min 35 cycles

Extension 72 30s

Final extension 72 5 min

4 hold

2.3.3. Quantification of DNA

A Nanodrop ND-1000 spectrophotometer (Thermo fisher scientific, India) was used to
calculate the amount of DNA in a sample. The Beer-Lambert law is used to calculate the
amount of DNA based on its absorbance at 260 nm: A=ecl, where A represents absorbance at
260 nm, e represents the extinction coefficient, ¢ represents concentration, and | represents
path length. The extinction coefficient of double-stranded DNA seems to be 0.02 ngmL*cm™.
The degree of purity of the DNA was determined by the quotient Azsorso Or Azeor230, Which
lies in between 1.8 and 2.0. Lower values of DNA were contaminated by proteins or

polysaccharides.
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2.3.4. Agarose electrophoresis of DNA

PCR fragments, plasmid, and genomic DNA were separated on agarose gel at varied
concentrations between 0.8 % -2 % with TAE buffer (40 mM Tris-base, 1 mM EDTA, and 20
mM Glacial acetic acid). Samples were mixed with 6X loading dye (Thermo fisher scientific)
and separated at a voltage of 70-100 V for 1 h depending on the varied gel size and were
visualized in 1 % prestained (Ethidium bromide) gel under far UV (320 nm) illumination

using Chemi, Biorad, USA and kept at -20 °C for further cloning studies.
2.3.5. Sequencing of DNA

Colony PCR was performed with heat-denatured bacterial biomass pricked from a
single colony containing crude DNA as a template. Sequencing was performed with Sanger’s
(dideoxy termination) Genetic Analyzer 3500 using SeqScape® Software v2.7 Applied
Biosystems. The instrument uses a fluorescence-based DNA analysis system that uses high-
resolution capillary electrophoresis technology. The standard operating procedure and
consumables used in this method were provided by the instrument manufacturer. When the
gene source was genomic DNA, specific primers were used for gene amplification, whereas
T7 FIR primers were used when the gene was inserted in the pET28a vector (Annexure-11)
and pVW F/R primers were used when the gene was inserted in the pVWEX1 vector
(Annexure-I1). 10 pL PCR reactions were set up with concerned forward and reverse primer
as per the protocol mentioned earlier. PCR amplified genes were purified by gel extraction
method and analyzed by UV-Spectrophotometer (Nanodrop, USA). 50 ng of high purity DNA

(Az60/Azgo ratio between 1.7 and 1.9) was used for sequencing.
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2.3.6. Restriction digestion

Amplified PCR products and the vectors were purified, eluted, and digested with the
respective restriction enzymes. The 30 pL reaction contains DNA (1 pg), compatible buffer
(1X), restriction enzymes (1 U), and nuclease-free water. The components were gently mixed
by flicking the tube, and spun down for a few seconds. The contents were incubated at 37 °C

for 1 h.
2.3.7. Ligation

Digested PCR products were ligated into respective vectors for expression. A ligation
reaction was performed in a 20 pL set-up. A typical reaction contains water, 1X T4 DNA
ligase buffer (40 mM Tris-HCI (pH 8.0), 10 mM MgClz, 10 mM DTT, 1 mM ATP), DNA
fragments, and finally T4 DNA ligase (1 U). The contents were added and mixed by keeping

the tube in ice, and incubated at 16 °C for 12 h or 4 °C for 18 h.
2.3.8. Preparation of competent cells and transformation
2.3.8.1. Preparation of competent E. coli- CaCl, and TSS method

Chemical methods of competent cell preparation were used for E. coli strains.
Competent cell preparation by using TSS (Transformation & Storage Solution) was used for
E. coli DH5 alpha cells (Chung and Miller, 1993). 5 mL of the starter culture was prepared
from a single colony from a fresh LB plate and incubated aerobically at 37 °C for overnight. 1
mL starter culture was inoculated to 100 mL LB broth and incubated aerobically at 37 °C for
2-4 h till it reaches an ODgoo Of 0.4. The cells were harvested by centrifugation in a cooling
centrifuge (Kubota, Japan) at 2,700 x g for 10 min. After decanting the supernatant, the cells

were gently suspended in 10 mL of ice-cold TSS buffer containing 85 % LB medium, 10 %
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PEG (w/v, MW 4000), 5 % DMSO (v/v), and 50 mM MgCl: (pH 6.5), and incubated 15 min
on ice. Following incubation, 200 pL of cells were aliquoted into a new sterile tube and stored
immediately at -80 °C.

Competent cells of E. coli BL21 (DE3) were prepared by using the calcium chloride
method. 5 mL of the starter culture was prepared from a single colony from a fresh LB plate
and incubated aerobically at 37 °C for overnight. 1 mL starter culture was inoculated into 100
mL LB broth and incubated aerobically at 37 °C for 2-4 h till it reaches an ODgoo 0f 0.4. The
culture sample was immediately chilled in ice and harvested the cells by centrifugation in a
cooling centrifuge (Kubota, Japan) at 3,600 x g for 10 min. The supernatant was decanted and
cells were gently suspended in 100 mL ice-cold MgCl, (100 mM). The cell suspensions were
spun down by centrifuging at 3,600 x g for 10 min. After discarding the supernatant, the pellet
was re-suspended in 20 mL ice-cold CaCl, solution (100 mM) and incubated in ice for 20
min. The cells were separated in a cooling centrifuge operated at 3,600 x g for 10 min. After
decanting the supernatant, the pellet was re-suspended in 5 mL of pre-chilled CaCl> (85 mM)-
Glycerol (15 %, wi/v) solution. The cells were harvested again by centrifugation at 3,600 x g
for 15 min, and the supernatant was discarded. Finally, the pellet was resuspended in 2 mL of
pre-chilled CaCl (85 mM)-Glycerol (15 %) solution. The cells were aliquoted to 1.5 mL pre-

chilled microfuge tubes and stored immediately at -80 °C.
2.3.8.2. Transformation into competent E. coli

Competent cell aliquots (50-100 pL) were gently mixed in ligation reaction mixtures
(10-20 pL) or purified plasmid DNA (1 pL) after being thawed on ice for 30 min. The
reaction mixture was kept cold for 30 min before being heat shocked in a temperature-

controlled water bath (42 °C, 45-90 s). The cultures were then placed on ice, and SOC
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medium (Annexure-1) 400-500 puL was added. After 1 h in a shaker (37 °C, 200 rpm),
cultures were spread onto agar plates containing the appropriate antibiotic and incubated
overnight (37 °C). Mini and midi-preps were used to process colonies, which were then
characterized using analytical digestion. The transformation efficiency is calculated as per the

formula given,

No. of Transformants (colonies) x Final volume at recovery

Transformation efficiency =
ug of plasmid DNA x Volume plated (mL)

2.3.8.3. Preparation of electrocompetent C. glutamicum cells

The complex cell wall structure of C. glutamicum resists the action of CaCl; on its cell
wall. Thus, the cells were electroporated to achieve the transformation (Van der Rest et al.,
1999).

A fresh single colony of C. glutamicum was inoculated into a 10 mL LB medium
containing 2 % (w/v) filter-sterilized glucose and cultivated overnight (16 h) at 200 rpm at 30
°C. 100 mL Epo medium containing Trypton 1g, Yeast Extract 0.5 g, and NaCl 1 g per 100
mL of LB medium was dissolved in water and autoclaved in a final volume of 80 mL. Shortly
before inoculation of the medium, 400 mg isonicotinic acid hydrazide (isoniazid), 2.5 ¢
glycine, and 0.1 mL Tween 80 were solubilized in 20 mL water and added to the medium
filter-sterilized. The overnight culture was inoculated into Epo medium to an optical density
of 0.3 at ODeoo. The cells were then allowed to grow for 28 h in a shaker at 120 rpm at 18 °C
until the ODeoo reached approximately 1. The cells were chilled on ice for 10 min before

being harvested using a 4,000 x g centrifuge for 10 min. Before being resuspended in 0.5 mL
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(v/v) glycerol, the cells were washed four times with 50 mL of ice-cold 10 % (v/v) glycerol.

100 pL of cells were aliquoted and stored at -80 °C in pre-chilled microfuge tubes.
2.3.8.4. Transformation into electrocompetent C. glutamicum cells

The electro-competent cells were thawed in ice for 30 min. 1 mL regeneration medium
containing Brain Heart Infusion and 0.5 M Sorbitol was taken in a microfuge tube and kept at
46 °C for pre-warming. 100-300 ng plasmid DNA and for suicidal vectors like pK19mobsacB
(Annexure-I1), a higher amount of DNA (1-20 pg) (Van der Rest et al., 1999) was taken in a
fresh pre-chilled microfuge tube and mixed with 100 pL of the electro-competent cells and
kept in ice for 15 min. 100 pL of the content was transferred to pre-chilled fresh and sterile
electroporation cuvette (2 mm) and placed in ice for 5 more min. The cells were
electroporated at 2500 V, 25 pF, 600 Q. The contents were transferred to warm regeneration
media and incubated at 46 °C for 6 min in a dry incubator. The cells were regenerated at 30
°C for 1 h by vigorous mixing (~200 rpm) in a shaker. 100 pL of the cell suspension was
plated in BHI medium supplemented with suitable antibiotics. The transformants appeared
after 24-36 h of incubation at 30 °C. The transformation efficiency is calculated as per the

formula given,

. . No. of Transformants (colonies) x Final volume at recovery
Transformation efficiency =

ug of plasmid DNA x Volume plated (mL)

2.4. General Protein Methods

2.4.1. Recombinant protein production and purification

For enzymatic assays, E. coli BL21 (DE3) cells harboring recombinant plasmids were
cultivated in complex media (TB and LB) supplemented with kanamycin (50 pgmL™) at an

ODsoo between 0.6-0.8. The cells were harvested by centrifugation at 3500 x g at 4 °C for 30
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min. The cells were resuspended in appropriate lysis buffer and lysed by sonication for 10
min (Sonics Vibra cell, U.S.A.) at 35 % amplitude and pulse: 10 s ON and 10 s OFF in an ice
bath. Cell debris was removed further by centrifugation at 20,000 x g for 30 min at 4 °C. The
lysate was then loaded onto a HisTrap column (GE Healthcare, USA), rinsed with lysis and
wash buffers, and the protein was eluted using an imidazole concentration gradient. The

excess imidazole was removed with the help of a PD-10 desalting column.
2.4.2. Protein quantification

The purified recombinant protein was pooled and concentrated using 10 kDa Amicon
Ultra centrifugal filters (Millipore). Concentrated protein samples were quantified
spectrophotometrically using Infinite 200 PRO microplate reader at 595 nm along with
Bradford reagent. Bovine serum albumin (BSA) was used as the standard. 10 pL of the
sample was mixed with 300 pL of Bradford reagent and incubated for 5 min at RT. A
standard curve was plotted against BSA concentration within a range of 0.1-1 mgmL™

(Figure 2.1). All the readings were taken in triplicates in a 96-well microtiter plate.
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Figure 2.1. Bradford assay standard curve
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2.4.3. SDS Polyacrylamide gel electrophoresis

The polyacrylamide gel is cast between 10 cm X 10 cm glass plates provided with
Bio-Rad protean mini electrophoresis unit (Bio-Rad, USA). A separating gel solution (8 mL)
with 30 % acrylamide-bis acrylamide (30:1) in 1.5 M Tris-HCI (pH 8.8) with 10 % SDS is
poured with 10 % freshly prepared ammonium persulphate (APS) and 8 pL of Tetramethyl
ethylenediamine (TEMED). A small layer of isopropanol layer is poured over this layer to
prevent oxidation of the end groups. This is followed by decanting the isopropanol layer and
pouring the stacking gel (5 mL) with 30 % acrylamide-bis acrylamide (30:1) and 0.5 mM
Tris-HCI with pH 6.8, 10 % SDS and 10 % APS with 5 pL TEMED. A comb for forming
wells is placed before the gel sets. The buffer tank is filled with Tris-glycine buffer (5X) for
100 mL contains 1.5 g Tris-base, 9.4 g Glycine, and 10 % SDS. 25 pL of the protein samples
were mixed with 4 pL of 4X sample buffer (50 mM Tris-base (pH 6.8), 2 % SDS, 10 %
glycerol, 0.1 % bromophenol blue, 0.9 pL B-mercaptoethanol freshly added), heated to 95 °C
for 7 min. The protein expression profiles were analyzed within a range of 12-15 % SDS-
PAGE with a voltage of 70-100 V depending on the size of the protein. The SDS gels were
either stained with Coomassie Brilliant Blue R-250 for visualization or transferred to

nitrocellulose membrane for western blotting (Laemmli, 1970).
2.4.4. Western blotting of His-tagged protein

20 pg and 40 pg of purified protein were mixed with 4X sample buffer and loaded on
to 15 % SDS-PAGE with a voltage of 70 V. 10 puL of 10-245 kDa colored protein marker
(NEB) loaded on the first lane. The gel was equilibrated in a small container of transfer buffer
(10X contains 250 mM Tris-base and 1.92 M glycine) for 15 min. Approximately 4 pieces of

blot papers were rinsed with transfer buffer and activated the PVDF membrane by immersing
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for 1 min in 100 % methanol. The proteins were transferred into nitrocellulose membrane
using transfer buffer at 18 V for 30 min. The membrane was blocked with blocking buffer (5
% non-fat milk (skim) in TBST (10X) containing 200 mM Tris-base, 1.5 M NaCl, 1 % Tween
20) at RT for 30-60 min. The blocked membrane was then labeled with 10 mL of primary
antibody (anti-his tag; 1:1000 dilution) at 4 °C O/N and washed 5 times with TBST for 5 min.
The membrane was blocked with 10 mL of secondary antibody (goat anti-mouse 1gG H/L
(alkaline phosphatase); 1:5000) at RT for 1 h. 2-3 mL of alkaline phosphatase chromogen
(BCIP/NBT) was added over the membrane and incubated in dark for 5 min. The images were

taken using the Chemi, Biorad imaging system.
2.4.5. Site-directed mutagenesis

Q5-site directed mutagenesis kit protocol (NEB, USA) was used for creating specific
substitutions nucleotides from the recombinant construct. The PCR reactions (25 pL) were
done following the protocol of New England Biolabs (NEB) in terms of contents amounts and
concentrations. Contents of the kit contained Q5 hot start high-fidelity 2X master mix, KLD
reaction buffer for Kinase, Ligase and Dpnl treatment, and KLD enzyme mix. The
oligonucleotide primers were designed as per the free online primer designed tool

NEBaseChanger. The entire steps for site-directed mutagenesis were shown in Figure 2.2.

51



3. High-Efficiency

|
L\ 1. Exponential Amplification 2. Treatment and Enrichment: .
l (PCR) Kinags, Ligass and Dpnl Trangformation
‘a + 05 Hot St 1OXKLD - NEB 5-apha
2X Master Mix Enzyme Mix Compstant Calls
Subsitutions \ 6)/
& —
- = |
B\ —
\ \‘5 “
" ) 1‘ di

V}\ / - & min sl;oomremp.
\A Phoephotylnm 28. Ligation  \ X Tomplm Removal

'00/ 0

Ingartions

et fj;.:» N

Figure 2.2. Schematic representation of steps involved in introducing site-directed mutations into

intact plasmids by PCR based NEB protocol

The composition of the PCR reaction mixture was shown in Table 2.6 and the

programs used for PCR was shown in Table 2.7

Table 2.6. PCR reaction mixture for mutagenesis
Reagents Quantity (uL)
Q5 hot start high-fidelity 2X master mix 125
1.25

10 pM Forward primer
10 pM Reverse primer 1.25
Template DNA (1-25 nguL™) 1
9

Nuclease free water
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Table 2.7. PCR program for mutagenesis

Steps Temperature (°C) Time
Initial Denaturation 98 30s
Denaturation 98 10s
Annealing 60 30s 25 cycles
Extension 72 30 s/kb plasmid length
Final extension 72 2 min
4 hold

After the PCR reactions, a total of 10 pL reaction was set up for treatment and
enrichment of kinase, ligase, and Dpnl, for which 5 pL KLD reaction buffer (10X) and 1 pL
KLD enzyme mix was added in a tube containing 1 pL of PCR product. The reaction mix was
incubated for 5 min at room temperature and transformed to E. coli DH5alpha competent cells
(Section 2.3.8.1) and confirmed by sequencing. The plasmids bearing the intended mutants
were transformed to E. coli BL21 (DE3) competent cells (Section 2.3.8.1) for expression and

purification according to the standard protocol (Section 2.4.1).

2.5. Summary

This chapter deals with general materials and methods such as biological, molecular,
and analytical protocols. It followed all standard protocols. However, certain specific

protocols will be described in the appropriate working chapters.
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Chapter 3

In silico structural modeling and characterization of sortase and

sortase-dependent protein (SDP) in C. glutamicum

Abbreviation

ATCC
BLAST
C-score
Da

FFT
GMQE
GRAVY
I-TASSER
kDa

ORF
PDB

pl
QMEAN
RMSD
SOPMA
TM-score

3.1. Introduction

American Type Culture Collection

Basic Local Alignment Search Tool
Confidence score

Dalton

Fast Fourier Transform

Global Model Quality Estimation

Grand Average Hydropathicity

Iterative Threading Assembly Refinement
Kilodalton

Open Reading Frame

Protein Data Bank

Isoelectric point

Qualitative Model Energy Analysis

Root Mean Square Deviation
Self-Optimized Prediction Method with Alignment
Template Model score

Sortases are membrane-bound enzymes that catalyze the covalent binding of surface

proteins to the cell wall. Each class of sortases described so far performs a specific functional

role in attaching a range of surface proteins in Gram-positive bacteria. Sortases not only have

virulence and pathogenesis properties in host cells, but also play a significant role in human

gut retention and immunomodulation in non-pathogenic bacteria, like probiotics.
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Sortase-dependent proteins (SDPs) recognized by sortase share some common
characteristics which include a pentapeptide motif at the C-terminus, followed by a
transmembrane domain and a positively charged tail (Schneewind et al., 1992). However,
based on the pentapeptide recognition motif, predicted a surface protein from the genome of
C. glutamicum which is considered to be hypothetical. The overall genome annotation has not
yet been achieved due to some constraints, including cost and time for creative methodologies
(Munir et al., 2016). In silico methodologies for explaining hypothetical proteins are less
expensive and take less time to investigate their functionality (Naveed et al., 2017). To
establish protein functions, computational approaches incorporating several databases and
diverse algorithms are effective alternative tools to laboratory methods (Singh and Chaube,
2014).

Protein structure clarity is critical for understanding biological activities at the
molecular level. In C. glutamicum ATCC 13032, however, little is known about sortase and
its substrate proteins. It is extremely tough and complex to determine the structure of the
protein. The protein structure was determined using X-ray crystallography or NMR
spectroscopy, although these approaches take time and aren't always successful, especially
with membrane proteins. Thus, an alternative promising approach was generated to build the
3D structure of proteins models of unknown function by in silico analysis, and proteins
showing more than 35 % similarity served as an objective with greater validation (Fiser,
2010).

The genome sequencing of C. glutamicum suggests that the gene NCgl2838 later
designated as srtE, encodes a single sortase like transpeptidase. C. glutamicum SrtE (CgSrtE)
consists of 274 amino acids and is estimated to be 29.86 kDa in size was classified as a class

E sortase based on sequence similarities to C. diphtheriae Sortase F (CdSrtF). LAXTG was
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proposed as the expected recognition sequence for CgSrtE. Based on the recognition sequence
LAXTG can predict a hypothetical membrane protein Cgl0614 as the substrate of CgSrtE.
The present study was to use the in-silico analysis to model Sortase E and substrate protein
Cgl0614 from C. glutamicum which includes physicochemical properties of the designed
secondary structure, homology modeling, evaluation, and analysis of the modeled structures
(CgSrtE and Cgl0614) and their docking analysis using various standard computational tools

to understand and detect the possible residues which modulate the substrate specificity.

3.2. Materials and Methods

3.2.1. Sequence retrieval

The srtE (NCgl2838) gene from C. glutamicum ATCC 13032 was annotated in the
database records as GenBank: BA000036 and UniProt: Q8NLKS3 was retrieved from National
Center for Biotechnology Information (NCBI). The protein contains 274 amino acids with an
appropriate open reading frame (ORF) and is employed in the current study for further

analysis.
3.2.2. Multiple sequence alignment

A multiple sequence alignment of the Sortase E of C. glutamicum (CgSrtE) with those
of other reported class E sortases of Streptomyces sp. was done using multiple sequence

alignment tool (Clustal W).
3.2.3. Phylogenetic analysis

A phylogenetic tree was created to examine the evolutionary relationships of C.
glutamicum sortase with other Corynebacterium species. Mega X software (Kumar et al.,

2018) was used to perform the phylogenetic analysis, and the Tree View Program was used to
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create a phylogenetic tree using the neighbor-joining method and JTT matrix-based model

(Jones et al., 1992). A bootstrap study was used to verify the branching pattern repeatability.
3.2.4. Primary structure prediction of CgSrtE

The physicochemical properties of sortase were calculated using the ExPasy
ProtParam tool (Colovos and Yeates, 2020). The theoretical isoelectric point (pl) of the
protein, molecular weight, total number of positive and negative residues, extinction
coefficient, instability index, aliphatic index, and grand average hydropathicity (GRAVY)

were computed using the default parameters.
3.2.5. Secondary structure prediction of CgSrtE

The secondary structure (alpha helices and beta sheets) of CgSrtE protein was
predicted using the self-optimized prediction method with alignment (SOPMA) (Geourjon
and Deléage, 1995). Alternatively, PSIPRED (PSI-blast-based secondary structure prediction)
server (Cuff and Barton, 2000) was also used to validate the results obtained by the SOPMA

server.
3.2.6. Template sequence and alignment

The appropriate template for the CgSrtE protein was found using ClustalW (Clustal,
1994) and SWISS-MODEL. The ClustalW (Clustal, 1994) was used to confirm the similarity
identity between the amino acid sequences of the homology model of CgSrtE obtained from
SWISS-MODEL with the template structure, which was then further processed with the

ESPript programs (Robert and Gouet, 2014).
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3.2.7. Homology modeling of CgSrtE

The experimental crystal structure of CgSrtE is not available in the Protein Data Bank
(PDB) (Burley et al., 2019); thus, its 3D structure was modeled. The protein ID of the target
(C. glutamicum ATCC 13032 sortase) was obtained from the UniProt Knowledgebase
(UniProtKB) with the accession number Q8NLK3 (Bateman, 2019). Following that, the
protein ID was submitted to the SWISS-MODEL (Waterhouse et al., 2018) webserver to
develop a model with adequate query sequence coverage and sequence identity. Based on the
Global Model Quality Estimation (GMQE) (Cardoso et al., 2018) and Qualitative Model
Energy Analysis (QMEAN) (Benkert et al., 2009) values, the most reliable 3D structure was
chosen. The GMQE values are typically between 0 and 1, with the higher the number, the
more reliable the predicted structure, but a value less than 4.0 suggests reliability for
QMEAN. The best model structure was then compared with the template protein structure by

superimposing both the structures via PyMOL for visualization.
3.2.8. Structure validation of the generated model

The generated SrtE protein structure of C. glutamicum by SWISS-MODEL was
validated by Ramachandran plot using PROCHECK (Laskowski et al., 1996) and checking

the Z-score value acquired by ProSA (Wiederstein and Sippl, 2007).
3.2.9. ldentification and analysis of C. glutamicum sortase-dependent protein

The genome of C. glutamicum ATCC 13032 was searched for proteins containing a
LAXTG motif using the Basic Local Alignment Search Tool (BLAST) of the National Centre
for Biotechnology Information (Altschul et al., 1990). Thus, we extensively searched for

proteins having the signal peptide at the N-terminus and a LAXTG motif, a membrane-

59



spanning region, and positively charged residues within 50 amino acids of the C-terminus of

the protein.
3.2.10. Primary structure prediction of Cgl0614

The physicochemical properties of Cgl0614 were calculated using the ExPasy
ProtParam tool (Colovos and Yeates, 2020). The theoretical isoelectric point (pl) of the
protein, molecular weight, total number of positive and negative residues, extinction
coefficient, instability index, aliphatic index, and grand average hydropathicity (GRAVY)

were computed using the default parameters.
3.2.11. Secondary structure prediction of Cgl0614

The secondary structure (alpha helices and beta sheets) of Cgl0614 protein was
predicted using the self-optimized prediction method with alignment (SOPMA) (Geourjon
and Deleage, 1995). Alternatively, the PSIPRED server (Cuff and Barton, 2000) was also

used to validate the results obtained by the SOPMA server.
3.2.12. Modeling of 3D structure of Cgl0614

The three-dimensional structure of SDP (Cgl0614) was predicted by I-TASSER
(Iterative Threading Assembly Refinement) (Roy et al., 2010). The I-TASSER server is a
web-based platform for predicting protein structure and function. It enables users to produce
high-quality 3D structure and biological function predictions for protein molecules, based on
fold recognition and comparing sequence similarity of known proteins (templates) in the
Protein Data Bank (PDB). The quality of the anticipated protein model was predicted using
the C-score, TM-score, and RMSD. To measure the confidence of each model, the C-score

(Confidence score) is calculated based on the importance of threading template alignments
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and the convergence factors of structure assembly models. The C-score is normally in the
range of [-5, 2], with a higher C-score indicating a more confident model and vice versa.
Following the observed correlation between these attributes, TM-score (Template model
score) and RMSD (Root Mean Square Deviation of atomic position) are calculated using C-

score and protein length (Yang et al., 2014).
3.2.13. Validation of the generated model

The stereochemical quality of the generated Cgl0614 protein structure of C.
glutamicum was validated using various bioinformatics tools such as PROCHECK and
ProSA. The best model structure was then compared with the template protein structure by

superimposing both the structures via PyMOL for visualization.
3.2.14. Protein-protein docking

Protein-protein docking was carried out using ClusPro 2.0 server (Kozakov et al.,
2017) between the generated structures, CgSrtE (enzyme) and Cgl0614 (substrate protein).
The docking results were visualized by using PyMOL to confirm and understand the binding
energy of substrate protein Cgl0614 with the CgSrtE enzyme. The ClusPro server performs
three steps in the computation process: (i) rigid-body docking utilizing the fast Fourier
transform (FFT) correlation technique, (ii) RMSD-based grouping of the structures developed
to locate the largest cluster that would represent the most likely models of the complex, and

(iii) refining of selected structures.
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3.3. Results

3.3.1. Genome search for srtE gene in C. glutamicum ATCC 13032

The full genome sequence of C. glutamicum ATCC 13032 was available in the NCBI
database, and it revealed only one copy of the srtE (NCgl2838) gene, which codes for sortase-
like transpeptidase. The translated amino acid sequences were also retrieved from the same
website and it was found to be 274 amino acid polypeptides, expected to have an approximate

molecular mass of 29.86 kDa (Table 3.1).

Table 3.1. Nucleotide and amino acid sequences of srtE gene

C. glutamicum ATCC 13032|NCgl2838|srtE: 825 bp - Putative sortase-like transpeptidase (Sortase E)

atgacagccacgttaagcgcggaatcttctcecgcaatggtaaaaagccgcggcectcgagtgagtgttteccag
gttgttggtgaaatcttgctcaccgtaggcattttggeccttgttattcgcatactatgaggecctattggacce
aacgtggaatctgggaaattacaagaatcggctggtcaaaagcttgatgaagactggaatgaagctcgggtyg
aatcctcgacaaaagctcaccccggaacttggtgaggcatttgecccggatgtatgttccagetttecggetcet
gacttcaacttcgcagtgattgaaggaaccgatgaggaagaccttcttgeccggtectggecgttatgtggat
tcccaaatgcctggtgaageccggaaactttgcagtggcaggeccaccgagtgggcaagggtgcgecattcaat
gatctaggaaacctggaagtctgcgatgcgatcgtggtggagacttacaattcctgggatgtgtaccgegtyg
atgccgatgtccaccaacggtgcagatcgtgcagcagaagctgcggattgcttcaacgaaaaccaggtcage
cgcatggctgaaggtgactatgtgaatgtgtccggacgaagcatcaccactccggatcgecatcgatgcecacce
taccccacaccgggcgtcecttcgacactgcagtgecgtgaaggatcagaagectctgettaccttgaccacgtgt
cacccgcagttctccaacgctgagcgcatgattgtgcacgcaatgttggtggaagaaatcgataaatcaagt
ggcgaacgccctgcagctttggaggaaaactaa

C. glutamicum ATCC 13032|SrtE: 274 aa - Putative sortase-like transpeptidase (Sortase E)

MTATLSAESSRNGKKPRPRVSVSQVVGEILLTVGILALLFAYYEAYWTNVESGKLOQESAGOKLDEDWNEARV
NPROQKLTPELGEAFARMYVPAFGSDEFNFAVIEGTDEEDLLAGPGRYVDSQOMPGEAGNFAVAGHRVGKGAPEN
DLGNLEVCDAIVVETYNSWDVYRVMPMSTNGADRAAEAADCENENQVSRMAEGDYVNVSGRSITTPDRIDAT
YPTPGVFDTAVREGSEALLTLTTCHPQFSNAERMIVHAMLVEEIDKSSGERPAALEEN

3.3.2. Amino acid sequence analysis

The BlastP analysis of the SrtE protein sequence showed a 100 % similarity to class E

sortase of C. glutamicum (Figure 3.1).
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Figure 3.1. BLAST analysis of amino acid sequence

Using the Pfam database the conserved residues in the SrtE protein sequences belong

to the sortase domain (Figure 3.2).

Fny | Mm Bt Pediced | Show/hide
' e WPE MMMMM g | s adests | dioe

e Sotsedoma Dol 1Ll I w

i ﬁpa!g..ﬂnﬁvﬂegtdeedlkagﬂgﬂdﬂspgeagnfﬂamwgkgaﬁd@eﬁdaiwetkYr@..................................iﬂt sl ..........ﬂaﬂt@[@ﬁserﬁeﬂ]iuh@lﬁ
e 1 R G +a+ltL+T[+p++s +eR+ith1
0 T s L

i _—-

Figure 3.2. The conserved domain of CgSrtE by Pfam database
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3.3.3. Multiple sequence alignment of class E sortase

Multiple sequence alignment reveals several motifs which were conserved in the class
E sortases. His, Cys, and Arg residues of other reported sortases were aligned well with active
sites residues of C. glutamicum (Cgl2838) respectively, indicating that these three highly
conserved residues might constitute the catalytic triads of the enzyme. The Tyr residue is
located in a similar place in numerous Class E sortase sequences, suggesting that this is a

common feature that explains Sortase E specificity for putative LAXTG-containing substrates

in their genomes (Figure 3.3).
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Figure 3.3. Multiple sequence alignment of Class E sortase

Tyrosine (Y) residue conserved only in Sortase E enzyme, which is depicted in a pink triangle, TLXTC
(marked by a red rectangle) motif which is characteristic of sortase enzymes containing the active site
cysteine (C) residue (marked by green triangle), a conserved arginine (R) downstream of the TLXTC

motif (marked by green triangle) and the catalytic Histidine (H) residue is marked by a green triangle.
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3.3.4. Phylogenetic analysis

The phylogenetic study of C. glutamicum SrtE demonstrates that the protein is
conserved in the genomes of Corynebacterium sp. and acts as a housekeeping gene within the
organism (Figure 3.4). The study found 29 Corynebacterium sp., of which class E sortase of

Corynebacterium diphtheriae was reported as a housekeeping gene in the organism.
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Figure 3.4. Phylogeny of Sortase E homologs of Corynebacterium sp.

The phylogenetic tree of the housekeeping Sortase E was built by MEGA X using maximum
likelihood strategy and JTT matrix-based model. The proportion of trees with the relevant taxa
grouped is presented beside the branches. The scale bar represents 0.1 substitutions per site. The

analysis showed 29 genomes of Corynebacterium sp.
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3.3.5. Primary structure prediction of CgSrtE

The physicochemical properties of the CgSrtE protein sequence were analyzed by
using the ExPasy ProtParam tool. The calculated molecular weight of the protein (CgSrtE)
containing 274 amino acids was 29857.21 Da, and the theoretical pl was 4.52, indicating that
the protein will precipitate in acidic conditions. The number of negatively charged protein
residues (Asp and Glu) is 23, whereas the number of positively charged protein residues (Arg
and Lys) is 42. The instability index of the protein showed 29.55, indicating that the protein is
stable, since the obtained result is less than the cut-off of 40. The aliphatic index and GRAVY
values were 74.78 and -0.33 respectively. Overall, the GRAVY score (-0.33) suggested that

the protein is hydrophilic and soluble (Table 3.2).

Table 3.2. Physicochemical properties of C. glutamicum SrtE

S. No Physicochemical properties of CgSrtE Values
1 Amino acid residues 274
2 Molecular weight (Da) 29857.21
3 Theoretical pl 4,52
4 Positively charged residue 42
5 Negatively charged residue 23
6 Total number of atoms 4121
7 Molecular formula Ci1302H2024N 3600424511
8 Instability index 29.55
9 Aliphatic index 74.78
10 GRAVY -0.33

3.3.6. Secondary structure prediction of CgSrtE
The secondary structure prediction of CgSrtE was performed by using the tool

SOPMA. The random coil was determined to be the most abundant, accounting for 53.65 %,
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alpha-helix for 27.37 %, extended strand for 16.42 %, and beta turns for 2.55 %. These results

were confirmed by PSIPRED were presented in Figure 3.5.
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Figure 3.5. Validation of predicted secondary structure of C. glutamicum SrtE protein by PSIPRED
server

3.3.7. Secondary structure sequence alignment between CgSrtE and CdSrtF

There is no crystal structure for SrtE of C. glutamicum, yet its sequence is highly
conserved within the genus of Corynebacterium sp. Our studies showed that the crystal

structure of 5SUUS (CdSrtF) from C. diphtheriae, has the highest level of sequence homology
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in the Protein Data Bank (PDB). Based on this fact, we opted to develop a three-dimensional
(3D) structural model of CgSrtE via homology with CdSrtF (PDB ID: 5UUS). The first stage
was comparing the expected secondary structure of CgSrtE to the template (CdSrtF) by using
ESPript 3.0. The sequence and secondary structure analysis between CgSrtE and CdSrtF were

shown in Figure 3.6.
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Figure 3.6. Secondary structure comparison between CgSrtE and CdSrtF

ClustalW was used to construct multiple sequence alignments of C. glutamicum Sortase E (CgSrtE)
with C. diphtheriae sortase F (CdSrtF), and ESPript 3 was used to create the figure. Above the
alignment are the secondary structural components which contain helices (a), strands (B), 310 helices
(), and turns (T). The green triangle represents the catalytic triads His, Cys, and Arg, whereas the

blue star represents the Tyr residue, which is conserved solely in the Sortase E enzyme.
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3.3.8. CgSrtE protein homology modeling and structure validation
In silico modeling of SrtE of C. glutamicum was generated with the available crystal
structure in the PDB database and the best hit was found to be 5UUS (crystal structure of SrtF

from C. diphtheriae, CdSrtF) with 62.22 % sequence identity (Figure 3.7).

Figure 3.7. Homology modeling of CgSrtE
The modeled CgSrtE is shown as a cartoon representation in green color along with conserved
residues at C 240, R 249, H 135, and Y 118.

The modeled protein was indeed obtained to be monomeric by SWISS-MODEL.
Inside the SWISS-MODEL, the GMQE score reflects the accuracy of the alignment, and
values range from 0-1, with higher values representing better models. The GMQE score for
the CgSrtE protein structure is 0.83 and the QMEAN value was found to be -2.33 were shown

in Figure 3.8.
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Figure 3.8. Protein structure prediction of CgSrtE
The protein structure was predicted by SWISS-MODEL showing a sequence similarity of 62.22 %

with sortase F from C. diphtheriae.

Figure 3.9 generated by PyMOL, shows a structural superposition of the modeled

CgSrtE on CdSrtF.

Figure 3.9. Model of CgSrtE on CdSrtF

(A) Homology modeled CgSrtE (yellow); (B) The structural superimposition of the homology
modeled CgSrtE (yellow) on the CdSrtF template (cyan) (PDB ID: 5UUS). The figure was generated
using PyMOL.
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The quality of the modeled structure was assessed using PROCHECK and ProSA
score analysis. The stereochemical quality and accuracy of the predicted model were
evaluated using the Ramachandran Map calculation by the PROCHECK program. The
Ramachandran plot showed a tight grouping or clustering of phi~ -50 and psi~ -50 and the
backbone conformation of the models. Indeed, the Ramachandran plot grouped the residues
based on their quadrangle sections. The red graph areas reflect the most allowed regions,
while the yellow regions represent allowed regions. Other residues were depicted by squares,
whereas glycine is represented by triangles. The Ramachandran plot shows 157 amino acid
residues excluding glycine and proline (88.7 %) in most favorable regions, 17 amino acid
residues (9.6 %) fall into additionally allowed regions, 2 amino acid residue (1.1 %) falling
into the generously allowed regions and one amino acid residues (0.6 %) in the disallowed
region (Figure 3.10). These indicate that the modeled CgSrtE is in good agreement with the

template structure (PDB ID: 5UUS).
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Figure 3.10. Structure validation of CgSrtE by PROCHECK

The red, bright yellow and light yellow color in the Ramachandran plot represents that 88.7 % residues
of CgSrtE protein residues were present in the favorably allowed region (red color), 1.1 % residues
were present in the generously allowed region (bright yellow) and 0.6 % residues were present in the
disallowed region (light yellow).



In addition, the model quality was assessed using the Z-score derived from the ProSA
tool. ProSA compares the Z-Scores of predicted structures to protein structures obtained by
NMR and X-ray crystallography of the same size. The projected model had a Z-score of -
6.67, which is within the range of Z-scores for protein structures of similar size. The structural

validity of the CgSrtE model was validated by these results (Figure 3.11).
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Figure 3.11. Structure validation of CgSrtE by ProSA

ProSA showing Z-score (highlighted as a black dot) of the predicted structure in a plot relative to Z-
scores of all experimentally determined protein chains, which were currently accessible in the Protein
Data Bank solved using NMR and X-ray. The light blue and dark blue colors were used to

differentiate the structures from different sources (X-ray and NMR).

3.3.9. Bioinformatic prediction of Sortase E substrates

The preliminary identification of sortase substrate proteins in C. glutamicum ATCC

13032 was done using a bioinformatics technique. LAXTG has been proposed as the expected
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recognition sequence for CgSrtE. The potential candidates were then tested for sortase
substrate characteristics which should contain an N-terminal signal peptide sequence and a C-
terminal cell wall sorting signal, which includes a hydrophobic transmembrane region
followed by a sortase pentapeptide recognition sequence along with two consecutive basic
residues (arginine or lysine). Following all these conditions, predicted a substrate protein,
Cgl0614 which fulfills all the criteria to be the substrate of Sortase E of C. glutamicum (Table

3.3).

Table 3.3. C. glutamicum Sortase E substrate protein

C. glutamicum ATCC 13032|Cgl0614: 163 aa — Hypothetical membrane protein

MHSCSMGFGKAILLEIMDPMNSYNTMKSHVTPIPTPVSVRLSSSVLVGAAIAS
LTTDLAPAVKFSVTGVGLALALLIAFAHPYRGEMRMYRFQNNISPVPTIGQV
MPLFFTWLALMLAPIISGAPLWATILVFLAATGWMYLTFPHVDGSRKLAFAE
GPRRNT

CWSS
LAXTG Hydrophobic region charged tail
Cgl0614 - LAATG WMYLTFPHVDGSRKLAFAEGP RRNT

3.3.10. Primary structure prediction of Cgl0614

The physicochemical properties of the Cgl0614 protein sequence were analyzed by
using the ExPasy ProtParam tool. The calculated molecular weight of the protein (Cgl0614)
containing 163 amino acids was 17668.98 Da, and the theoretical pl was 9.8, indicating that

the protein will precipitate in basic conditions. The number of negatively charged protein
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residues (Asp and Glu) is 11, whereas the number of positively charged protein residues (Arg
and Lys) is 6. The instability index of the protein showed 37.46, indicating that the protein is
stable, since the obtained result is less than the cut-off of 40. The aliphatic index and GRAVY

values were 101.78 and 0.548 respectively (Table 3.4).

Table 3.4. Physicochemical properties of C. glutamicum Cgl0614

Sr. No Physicochemical properties of CgSrtE Values
1 Amino acid residues 163
2 Molecular weight (Da) 17668.98
3 Theoretical pl 9.80
4 Positively charged residue 6
5 Negatively charged residue 11
6 Total number of atoms 2517
7 Molecular formula Ce12H1276N2060212511
8 Instability index 37.46
9 Aliphatic index 101.78
10 GRAVY 0.548

3.3.11. Secondary structure validation of Cgl0614
The secondary structure prediction of Cgl0614 was obtained using the SOPMA tool
which contains only a combination of alpha-helix (69.3 %) and random coil (30.7 %). These

results were further confirmed by PSIPRED were presented in Figure 3.12.
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Figure 3.12. Validation of predicted secondary structure of SDP (Cgl0614) of C. glutamicum protein
by PSIPRED server.

3.3.12. Modeling and validation of Cgl0614

I-TASSER is used for estimating the 3D structure and function of unknown proteins.
Using I-TASSER threading approach, the 3D structure of SDP (Cgl0614) of C. glutamicum
was predicted. For protein structure prediction, I-TASSER (lIterative-Threading/Assembly/
Refinement) was proven to be a better server. I-TASSER structural models are of high quality
and resolution. The server generates five models, from which the best one can be chosen
using C-score. The correlation quality of the model prediction outcomes was demonstrated by
the C-score, which is a measure of the quality of the resultant models. Model 1 was chosen as
the best-projected structure model of Cgl0614 based on the C-score. RMSD and TM-score

were used to assess the overall model predictions. The Cgl0614 model had a TM score of 0.37



+ 0.13 and RMSD of 11.9 + 4.5A. The results confirmed the ability of I-TASSER to generate

high-quality models for Cgl0614 protein (Figure 3.13).

Figure 3.13. Homology modeling of Cgl0614
The modeled Cgl0614 is shown as cartoon representation in magenta color and the sortase substrate
motif LAATG in purple color

The Cgl0614 model created by I-TASSER was used to scan the PDB for proteins with
structural homologous regions. Ten of the structures were found to be structurally and
functionally comparable to Cgl0641 from the PDB database, based on the TM-score (Table
3.5). To analyze the function of the modeled protein, we selected the second-best model,
crystal structure of mycolic acid transporter MmpL3 from Mycobacterium smegmatis
complexed with NITD-349 (PDB ID: 72CM) which function as a transporter protein in M.
smegmatis. Figure 3.14 generated by PyMOL, shows a structural superposition of the
modeled Cgl0614 on the crystal structure of mycolic acid transporter MmpL3 from M.

smegmatis complexed with NITD-349.
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Table 3.5. Proteins structurally close to the Cgl0614 in the PDB

SL. PDB- TM- RMSD | IDENTITY COVERA FUNCTION

No HIT score GE

1 7DZQ 0.851 2.22 0.080 0.994 Cryo-EM structure of patched lipid
nano disc-the wildtype

2 7C2M 0.780 2.68 0.064 0.951 Crystal structure of mycolic acid

transporter MmpL3 from M.
smegmatis complexed with NITD-
349

3 2V50 0.778 2.49 0.093 0.945 The missing part of the bacterial
MexAB-OprM system: structural
determination of the multidrug
exporter MexB

4 7NVH 0.774 2.61 0.090 0.939 Cryo-EM structure of the mycolic
acid transporter MmpL3 from M.
tuberculosis

5 6N3T 0.771 2.71 0.063 0.951 Crystal structure of MmpL3 from M.
smegmatis complexed with
phosphatidylethanolamine

6 3AQP 0.770 2.55 0.064 0.932 Crystal structure of SecDF, a
translocon-associated membrane
protein, from Thermus thermophilus

7 7M4P 0.769 256 0.102 0.926 Multidrug efflux pump as AdeJ with
eravacycline bound

8 7KGD 0.766 2.70 0.108 0.969 Cryo-EM structures of AdeB from
Acinetobacter baumannii: AdeB-I

9 6VEJ 0.765 2.30 0.103 0.908 TriABC transporter from
Pseudomonas aeruginosa

10 5LQ3 0.763 2.90 0.108 0.969 Structures and transport dynamics of
the Campylobacter jejuni multidrug
efflux pump CmeB
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Figure 3.14. Model of Cgl0614 on transporter MmpL3 from M. smegmatis

The structural superimposition of the homology modeled Cgl0614 in (magenta) along with the sortase
substrate motif LAATG (purple) on the crystal structure of mycolic acid transporter MmpL3 from M.
smegmatis complexed with NITD-349 (Cyan) (PDB ID: 7C2M) and the figure was generated using
PyMOL.

The quality of the modeled structure was assessed by PROCHECK and ProSA score
analysis. The stereochemical quality and accuracy of the predicted model were evaluated
using the Ramachandran Map calculation using the PROCHECK program. The
Ramachandran plot showed a tight grouping or clustering of phi~ -50 and psi~ -50 and the
backbone conformation of the models. Indeed, the Ramachandran plot grouped the residues
based on their quadrangle sections. The red graph areas reflect the most allowed regions,
while the yellow regions represent allowed regions. Other residues were depicted by squares,
whereas glycine is represented by triangles. The Ramachandran plot shows 112 amino acid
residues excluding glycine and proline (81.8 %) in most favorable regions, 14 amino acid

residues (10.2 %) fall into additionally allowed regions, 3 amino acid residue (2.2 %) falling
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into the generously allowed regions and 8 amino acid residues (5.8 %) in the disallowed
region (Figure 3.15). This indicates that the modeled Cgl0614 is in good agreement with the

template structure (PDB ID: 7C2M).
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Figure 3.15. Structure validation of Cgl0614 by PROCHECK

The red, bright yellow and light yellow color in the Ramachandran plot represents that 81.8 % residues
of Cgl0614 protein residues were present in the favorably allowed region (red color), 2.2 % residues
were present in the generously allowed region (bright yellow) and 5.8 % residues were present in the
disallowed region (light yellow).




In addition, the model quality was assessed using the Z-score derived from the ProSA
tool. ProSA compares the Z-Scores of predicted structures to protein structures obtained by
NMR and X-ray crystallography of the same size. The projected model had a Z-score of -
2.46, which is within the range of Z-scores for protein structures of similar size. The structural

validity of the Cgl0614 model was validated by these results (Figure 3.16).
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Figure 3.16. Structure validation of Cgl0614 by ProSA

ProSA showing Z-score (highlighted as a black dot) of the predicted structure in a plot relative to Z-
scores of all experimentally determined protein chains, which were currently accessible in the Protein
Data Bank solved using NMR and X-ray. The light blue and dark blue colors were used to

differentiate the structures from different sources (X-ray and NMR).

3.3.13. Molecular docking between CgSrtE and Cgl0614
The molecular process of protein-protein docking was done on the ClusPro web
server. Our results showed the docking of active sites (Cys, Arg, and His) of CgSrtE on the

LAATG motif of Cgl0614, the results were displayed in PyMol software in the form of rigid
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surface structure, the lowest energy obtained was -936.7 KJ/mol. The energy might be

required to form a stable complex between CgSrtE and Cgl0614 (Figure 3.17).

Substrate protein
(Cglo614)

LAATG motif of Active sites
substrate residues of CgSrtE Substrate protein (Cgl0614)
protein

Figure 3.17. CgSrtE-Cgl0614 molecular docking
CgSrtE active sites Cys, Arg, and His binding to the LAATG motif of Cgl0614. The predicted binding
site region LAATG showed cyan color on Cgl0614 (magenta color). The CgSrtE (yellow color) active

site regions are shown as purple color.

3.4. Discussion

The development of novel sortases with increased catalytic efficiency and specificity
is the major focus (Antos et al., 2016). The current section is structured around the idea of
determining the protein function from its structure. Bioinformatics analyses were carried out
to better understand the distribution of sortase-like proteins in C. glutamicum, as well as to
uncover putative sortase substrate proteins. The genome analysis of C. glutamicum ATCC
13032 predicted a single sortase like transpeptidase (Boekhorst et al., 2005). The SrtE from C.
glutamicum shows sequence similarity with C. diphtheriae and Streptomyces species (Das et

al., 2017). Based on the expected recognition patterns of CgSrtE, our investigations led to the
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revelation that CgSrtE is conserved throughout all the Corynebacterium lineages, as well as
the identification of a possible sortase substrates protein Cgl0614 with LAATG at the C-
terminal in C. glutamicum ATCC 13032. The TLXTC sequence towards the C-terminus is the
signature motif of sortase enzymes and contains the equivalent of catalytic Cys 239 in C.
diphtheriae SrtF obtained from the template sequence alignment. The conserved His and Arg
of CgSrtE were also aligned well with His 134 and Arg 248 of CdSrtF respectively (Spirig et
al., 2011). Despite being missing in other sortases, the tyrosine residue at this site is highly
conserved in class E enzymes predicted to recognize LAXTG sorting signals, according to
multiple sequence alignment (Comfort and Clubb, 2004; Dramsi et al., 2005). The
phylogenetic analysis, multiple alignments, and homology modeling with C. diphtheriae
revealed that sortase plays a housekeeping role in the organism (Chang et al., 2011).

This study has demonstrated the physicochemical, structural and functional
characterization of sortase E and the identification of its substrate protein. The predicted
aliphatic index of CgSrtE protein was 74.78 % and Cgl0614 101.78 %, indicating the
thermostable nature of the protein. The isoelectric point is at which an amino acid retains the
same level of positive and negative charges while having a net charge of zero. The pl value of
CgSrtE was 4.52, considering the acidic nature of the enzyme whereas Cgl0614 was found to
be basic in nature with a pl value of 9.8. The instability index provides an estimate stability of
proteins with value less than 40 (Kim et al., 2011). The instability index of CgSrtE and

Cgl0614 were 29.55 and 37.46, suggesting the stability of the proteins.

3.5.  Summary

This chapter deals with in silico characterization of sortase and identification sortase-

dependent protein anchored by Sortase E in C. glutamicum. The bioinformatic analysis
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revealed that the NCgl2838 gene encodes for Sortase E transpeptidase. The phylogenetic
analysis of C. glutamicum SrtE revealed that the protein is conserved within the genomes of
Corynebacterium sp. and functions as a housekeeping gene within the organism. The 3D
structure of CgSrtE was built by the SWISS-MODEL server and showed 62 % similarity with
that of C. diphtheriae SrtF in PDB. Using the I-TASSER threading technique, a 3D structural
model of Cgl0614 was created. C-scores, TM scores, and RMSD were used to evaluate
structural models. The generated substrate protein (Cgl0614) with a LAATG sorting motif
was found to be a similar to the crystal structure of mycolic acid transporter MmpL3 from M.
smegmatis complexed with NITD-349 (PDB ID: 72CM) and predicted to function as a
transporter in C. glutamicum. The generated modeled protein by SWISS-MODEL and I-
TASSER was then validated using multiple quality assessment methods such as PROCHECK
and ProSA. The Ramachandran plot using PROCHECK for CgSrtE and predicted substrate
protein (Cgl0614) showed more than 80 % amino acid residues in the most favored region. In
addition, the model quality was assessed using the Z-score derived from the ProSA tool.
According to the X-ray and NMR experiments, the Z-score for the CgSrtE and Cgl0614
model were -6.67 and -2.46 respectively, which were within the acceptable range. The key
residues at the binding site of the CgSrtE were determined to be Cys 240, Arg 249, His 135,
and Tyr 118. Based on the computational studies we were able to predict a single sortase-
dependent protein Cgl0614 which fulfills all the criteria; an N-terminal signal peptide, a C-
terminal sorting motif, a transmembrane region, and a positively charged tail in C.
glutamicum. The lowest docking energy between Sortase E and substrate was -936.7 KJ/mol,

which was displayed using PyMOL using the ClusPro web-server.
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Chapter 4

Construction of srtE deletion and overexpression strains of
C. glutamicum to study the morphological and physiological

alterations
Abbreviation
BHI Brain Heart Infusion
nt Nucleotides
PBS Phosphate Buffered Saline
SEM Scanning Electron Microscope
viv % volume per volume
WT Wild-type

4.1. Introduction

Most pathogenic and nonpathogenic Gram-positive bacteria contain sortase enzymes
that are involved in two functions within the cell wall, one is surface protein anchoring and
another one is pilus assembly. In pathogenic bacteria, surface proteins or pili proteins play a
significant role in contributing towards cell adhesion and pathogenesis by attaching to specific
organ tissues of the host cells during infection or providing a way to escape from the host
immune response (Pallen et al., 2001; Cheng et al., 2009). Since, sortase is widely distributed
among pathogenic bacteria, they constitute a promising therapeutic target for the development
of novel antibiotics. However, in nonpathogenic bacteria especially in probiotics, the sortase
plays a pivotal role in eliciting adhesion to epithelial cell lines, modulating the immune
response of host cells, and also aiding in bile salt stress resistance (Dieye et al., 2010; Mufioz-

Provencio et al., 2012; Kebouchi et al., 2016).
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Among the Coryneform bacteria, C. glutamicum is a well-known industrial microbe
for the production of amino acids and other low-molecular-weight substances (Suzuki et al.,
2005; Becker and Wittmann, 2012; Wendisch et al., 2016). Besides this, C. glutamicum
expression system has been commercialized as CORYNEX®, an alternative potential platform
for the secretion of heterologous proteins (Yokoyama et al., 2010; Matsuda et al., 2014). The
secretory proteins in C. glutamicum are generally translocated via the secretory pathway in an
unfolded manner through the SecYEG translocation pore. Upon the arrival of the secretory
protein, the signal peptidase cleaves the signal peptide followed by the folding of the protein
into its functional conformation (Hemmerich et al., 2019). While the membrane-bound sortase
E enzyme recognizes the surface proteins translocated via a secretory pathway with a LAXTG
motif. The sorting signal stops translocation across the membrane, allowing sortase to cleave
the LAXTG motif and anchor to the surface. Generally, deletion of sortase prevents virulence
factors from attaching to the cell wall in Gram-positive bacteria.

In this work, srtE deletion was created using the pK19mobsacB suicide vector to
better understand the impacts on bacterial physiology and morphology, which have yet to be
completely investigated. In C. glutamicum, gene insertion, deletion, or replacement is often
accomplished using homologous recombination with non-replicative integration vectors and
genome alteration can be accomplished through two rounds of positive selection (Schagfer et
al.,, 1994). The non-replicative plasmid pK19mobsacB is made up of a Tn5-derived
kanamycin resistance cassette, flanking sequences of about 500 nt homologous to
chromosomal sequences upstream and downstream of the DNA sequence to be exchanged,
and a sacB gene encoding levansucrase, which catalyzes sucrose. When cultivated in the
presence of sucrose, this chemical Kills the C. glutamicum cells. Since, pK19mobsacB
plasmid cannot multiply in C. glutamicum, only cells with the chromosomally integrated

plasmid are chosen following electroporation, as kanamycin resistance may be developed.
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After culture, recombinant cells are chosen for vector sequence loss by a second homologous
recombination event by spreading cells on sucrose-containing plates. Sortase E was also
overexpressed in C. glutamicum utilizing the pVWEX1 vector which is a well-established
expression vector for C. glutamicum that uses the Piwc promoter and contains a lacl gene for
IPTG-inducible gene expression (Peters-Wendisch et al., 2001). Because C. glutamicum lacks
a homolog, these IPTG-inducible expression methods utilize the Lac repressor from E. coli
and supply lac operator (Oehler et al., 1994).

In this study, sortase deletion mutants and overexpression strains in C. glutamicum
were created with the goal of better understanding the morphological and physiological
changes in the cells. In the course of the studies, it became evident that SrtE being a
housekeeping gene of C. glutamicum did not affect the growth and viability when sortase was
deleted. However, when sortase was overexpressed, the results showed retarded growth as

compared with the wild-type or the AsrtE deletion mutant cells.

4.2. Material and Methods

4.2.1. Construction of deletion mutant of C. glutamicum

The plasmid cloning was done in E. coli DHS5a bacteria. A non-replicative
pK19mobsacB was used to make the in-frame deletion mutant. pK19mobsacB is a suicide
plasmid that performs homologous recombination in two steps (Schagfer et al., 1994). A
kanamycin resistance cassette and the sacB gene-producing levansucrase are both present on
this plasmid. The amplification of upstream and downstream flanking regions of ~500 bp of
the gene was PCR amplified using the primers srtE-1A F/srtE-2A R and srtE-3A F/srtE-4A R
to create a srtE deletion plasmid. The amplification conditions were mentioned in Table 2.4
(Chapter 2). After the first round of PCR, the gel extraction was used to purify the PCR

products by QIAquick gel extraction kit (Qiagen, Germany). Purified PCR products from
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both flanking areas were subjected to crossover PCR by 21 bp overlap sequence and
amplified using the primer pairs srtE-1A F/ srtE-4A R. The 1000 bp segments were digested
with EcoRI/BamHI and ligated into the pK19mobsacB plasmid. Electroporation (Section
2.2.4.4 in Chapter 2) is used to fully incorporate the plasmid into the genome of
electrocompetent cells of C. glutamicum (Section 2.2.4.3 in Chapter 2) after the first
homologous recombination, and selection was performed on a BHI agar plate with 25 pgmL™*
kanamycin. The kanamycin-resistant clones were chosen and grown for 2 h at 30 °C and 180
rpm on a BHI medium. The cultures were diluted to 1:10, 1:100, and 1:1000 dilutions after 2
h and plated on BHIS agar plates with 10 % sucrose. SacB permits sucrose to be broken down
into glucose and fructose. It also transforms fructose into the oligomeric levan, which causes
death (Jager et al., 1992). As a result of the second recombination, only kanamycin-sensitive
and sucrose-resistant cells were developed, resulting in the deletion of the sacB gene (Figure
4.1). The clones were confirmed by colony PCR using the primer pair Cgl F/Cgl R and DNA
sequencing carried out to determine the chromosomal deletion of the gene of interest. All the

primers synthesized were listed in Table 2.3 (Chapter 2).
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Figure 4.1. Generation of a gene deletion cassette

(A) pK19mobsacB, a non-replicating vector in C. glutamicum used to generate gene deletion mutants
in this organism. This vector contains a kanamycin resistance gene (KmR), sacB, a multiple cloning
site (MCS) within a lacZa fragment, and origins of replicon oriV and oriT. To delete a gene of interest
(off-white color), two sets of primers (srtE-1A F/srtE-2A R and srtE-3A F/srtE-4A R) were designed
for two PCR reactions (PCR1 and PCR2) that respectively generate ~500 bp fragments. Restriction
enzyme sites are incorporated into primers srtE-1A F and srtE-4A R which permits the annealing of
third PCR reaction by crossover PCR to generate 1 kb fragment and cloned into pK19mobsacB; (B)
The recombinant plasmid is electroporated into the genome of C. glutamicum after two rounds of

homologous recombination.
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4.2.2. Construction of plasmids for complementation of srtE

To complement the srtE deletion in C. glutamicum, the srtE native expression cassette
was amplified using the primer pair NCgl2838 F/R, digested with Sall and BamHI, and
ligated into similarly digested pVWEX1 to generate pVWEXx1-comsrtE. The pVWEXx1-
comsrtE plasmid was electroporated into C. glutamicum-AsrtE to generate the sortase E
complemented strain of C. glutamicum AsrtE/srtE. Colony PCR was used to confirm the
transformants, followed by PCR on DNA isolated from pure cultures. PCR and sequencing

were used to verify the final complemented strain.
4.2.3. Homologous overexpression of srtE from C. glutamicum

For overexpression of srtE, the following primers NCgl2838 F/ NCgl2838 R (Table
2.3 in Chapter 2) were designed for amplification of the gene from genomic DNA of wild-
type (WT) C. glutamicum (Table 2.4 in Chapter 2). The PCR product was purified and
double digested at the Sall/BamHI (NEB, Japan) restriction sites in the pVWEx1
(Corynebacterium/E. coli) shuttle vector. The digested PCR product and pVWEX1 vector
were ligated together with T4 DNA ligase (NEB, Japan) by an overnight reaction at 4 °C,
transformed into E. coli DH5 alpha cells and selected on Luria Bertani (LB)-kanamycin (50
ugmL™?) plates. The resulting plasmid psrtE was confirmed by sequencing and electroporated

into C. glutamicum for studying overexpression of the srtE gene.
4.2.4. Growth dynamics

For the cultivation of C. glutamicum and its derivatives (ASrtE, AsrtE/srtE, and psrtg),
initially, a pre-culture was inoculated with single colonies from agar plates into 10 mL of BHI
medium and incubated overnight with shaking at 180 rpm. Secondary cultures were

inoculated by a dilution factor of 1/100 with shaking at 180 rpm at 30 °C. A reading of optical
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density at 600 nm (ODeoo) was recorded up to 30 h, of which every 2 h from 0-12 h was

recorded and then 30 h.
4.2.5. Cell surface hydrophobicity

Hexadecane was used to test cell surface hydrophobicity as a measure of bacterial
adherence (Divya et al., 2012). A freshly produced culture was harvested for 5 min by
centrifugation (8000 x g) at 4 °C. The cells were washed twice in PBS (pH 7.2) before being
resuspended in the same buffer with the optical density (ODeoo) set to 0.8-1.0. Then, by
vortexing for 2 min, this cell suspension was completely mixed with an equal amount of
hexadecane. For 30 min, the two stages were allowed to separate at room temperature. The
optical density of the aqueous phase was measured spectrophotometrically at 600 nm before

and after mixing with n-hexadecane. The percentage hydrophobicity was calculated as follow:

Hydrophobicity (%) = [(ODbefore-ODafter)/ODpefore] X 100

4.2.6. Scanning electron microscopy

The WT C. glutamicum and its derivatives (AsrtE, AsrtE/srtE, and psrtE) were
cultured for 20 h at 30 °C and 180 rpm. The culture was centrifuged for 5 min at 4 °C at 3500
X g. The cells were centrifuged at 3500 x g for 2 min after being rinsed with 0.1 M PBS. The
supernatant was discarded, and the cells were fixed in 0.1 M PBS for 4 h at 4 °C with 3 %
(v/v) glutaraldehyde. The cells were centrifuged at 3,500 x g for 3 min, washed in 0.1 M PBS
for 15 min, and dehydrated twice in an ascending acetone series (30, 50, 70, 90, and 100
percent) for 10 min, with the last step done three times. The stubs were then carefully
removed and 10 uL of the samples dehydrated in 100 % acetone were coated on a thin coating
of aluminium foil and a gold layer on top for 15-20 min under vacuum and viewed on the

scanning electron microscope (JSM - 5600LV, JEOL, Japan).
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4.2.7. Spot dilution assay

WT C. glutamicum and its derivatives (AsrtE, AsrtE/srtE and psrtE) were grown
overnight in a 5 mL BHI medium at 30 °C. Measured ODsoo and prepared dilutions of ODeoo
= 1 with 0.9 % saline. Prepared a series of sequential from 10%-10%. The final three dilutions
(10, 107 and 10®) of each 10 pL of WT and AsrtE were dropped on BHI plate and
ASItE/srtE and psrtE were dropped on BHI plate supplemented with 25 pguL™ of kanamycin.
The plates were allowed to dry fully before being incubated for 48 h at different temperatures

(30 °C, 37 °C, and 40 °C).

4.3. Results

4.3.1. Construction of sortase-deficient mutant in C. glutamicum

The ~500 bp both upstream and downstream flanking regions of srtE were amplified
from the genomic DNA of C. glutamicum using upstream primer pair SrtE-1A F/srtE-2A R
and downstream primer pair srtE-3A F/srtE-4A R shown in chapter 2 (Table 2.3) and Taq
DNA polymerase at an annealing temperature of 60 °C. The optimized PCR condition of both
flanking regions was similar to that of the srtE gene as shown in Chapter 2 (Table 2.4). The
purified PCR products from both flanking areas were subjected to crossover PCR and
amplified using the primer pairs srtE-1A F/ srtE-4A R. The ~1000 bp segments were digested
with EcoRI/BamHI and ligated into the pK19mobsacB plasmid and transformed into E. coli

DHS5 alpha cells (Figure 4.2).
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pK19mobsacB

1000 bp
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500 bp

1000 bp flanking region

Figure 4.2. Restriction digestion of deletion mutant in pK19mobsacB
Lane M: 1 kb DNA ladder; Lane 1: Native plasmid pK19mobsacB with EcoRI/BamHI double digest;
Lane 2: pK19mobsacB-AsrtE with EcoRI/BamHI double digest showing insert release at 1000 bp

flanking region (upstream and downstream flanking region).

A sortase deletion mutant of C. glutamicum was generated by two-step homologous
recombination. The AsrtE mutant of C. glutamicum was confirmed by colony PCR and PCR
isolated from DNA of WT and AsrtE mutant of C. glutamicum using primer pair Cgl F/Cgl R
flanking the srtE deletion target (Figure 4.3). The resulting mutants were sequenced by Cgl
F/Cgl R primers, sequences were verified and the ORF analysis proved that the amplicon
obtained was devoid of srtE gene sequence. The following deletion mutant was designated as
AsrtE, which comprises around 1000 bp both upstream and downstream flanking regions

together.
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WT (1846 bp)

AsrtE (1000 bp)

Figure 4.3. Confirmation of srtE gene deletion by PCR
Gel picture showing AsrtE gene amplification in C. glutamicum 13032, Lane M: 1 kb DNA ladder,
Lanel: WT srtE (1846 bp), Lane 2: AsrtE (1000 bp).

4.3.2. Complementation of srtE gene in the deletion mutant

The identity of the deleted gene was verified by complementing the AsrtE strain with a
plasmid. Native srtE gene was amplified from the genomic DNA of C. glutamicum and Taq
DNA polymerase at an annealing temperature of 60 °C. The optimized PCR condition was
shown in Chapter 2 (Table 2.4). The PCR product was digested with Sall/BamHI and cloned
into pVWEX1 digested with Sall and BamHI, creating pVWEXx1-comsrtE. The plasmid was
further electroporated into electrocompetent cells of srtE mutant. The complemented strain
was confirmed by upstream and downstream flanking primers Cgl F/R and by gene-specific

primer pair Cgl2838 F/R (Figure 4.4).

95



1846 bp

1000 bp 825 bp

Figure 4.4. Confirmation of complement strain by upstream and downstream primers
(Cal F/R) and srtE gene-specific primers (Cgl2838 F/R)

Amplification by Cgl F/R primers; Lane M;: 1kb DNA ladder; Lane 1: WT; Lane 2: AsrtE; Lane 3:
AsrtE/srtE; Amplification by Cgl2838 F/R primers; Lane Mz: 1kb DNA ladder; Lane 4: WT; Lane 5:
AsrtE; Lane 6: AsrtE/srtE

4.3.3. Overexpression of srtE in C. glutamicum

srtE was overexpressed in C. glutamicum 13032 to determine the rate of surface
protein anchoring in vivo. srtE of 825 bp were amplified from isolated C. glutamicum
genomic DNA. The genes were cloned into pVWEXx1 and electroporated within the host cell.
The recombinant plasmids were confirmed by double digestion with Sall/BamHI restriction
enzymes (Figure 4.5). The clones were sequenced by pVWEX1 primers, sequences were
verified and the ORF analysis proved that the amplicons were completed without any kind of

mutation.
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Figure 4.5. Homologous expression of srtE in C. glutamicum
Lane M: 1 kb DNA ladder; Lanel: Native plasmid pVWEXx1 with EcoRI/BamHI double digest; Lane
2: pVWEX1-srtE with EcoRI/BamHI double digest showing insert release at 825 bp.

4.3.4. Effect of srtE deletion and overexpression on cell growth

To investigate the role of srtE, we created a C. glutamicum AsrtE mutant, complement
and overexpressing strain, and observed its growth characteristics in BHI medium at an
optimum temperature of 30 °C. As shown in Figure 4.6, the wild-type and the AsrtE mutant
strains showed an almost identical growth rate (0.082 + 0.007 h™). The complemented strain
showed a slightly reduced rate of growth (0.065 + 0.001 h'* and this could be due to the
presence of the expression vector. However, cells overexpressing the srtE gene, grew at a
much slower rate (0.042 + 0.001 ht). The srtE-overexpressing cells initially grew slowly in

the BHI medium, but later the turbidity was nearly comparable to that of the original strain.
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Figure 4.6. Comparison of growth profile of C. glutamicum and its derivatives
Comparative growth of wild-type (blue color) and srtE deletion (orange color), complemented strains
(grey color) and overexpression (yellow color). The cultures were grown for 30 h at 30 °C in BHI

medium, and the optical density at 600 nm was measured at the indicated times.

4.3.5. Cell surface hydrophobicity of Corynebacterium strain and its derivatives

The bacterial adherence to hydrocarbon by WT C. glutamicum and its derivatives were
examined by the liquid partitioning method. The C. glutamicum wild-type was highly
hydrophobic (64 % adhesion to hexadecane), while the adhesion of AsrtE to hexadecane was
significantly reduced to 15 %. The complement was able to restore the hydrophobicity similar
to that of WT. However, the overexpressed sortase gene showed a reduction in
hydrophobicity around 30 %, similar to that of the sortase deletion mutant (Figure 4.7). The
reduction in cell surface hydrophobicity in C. glutamicum mutant might be influenced by

sortase-dependent protein, anchored by SrtE-dependent mechanism.
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Figure 4.7. Cell surface hydrophobicity of C. glutamicum and its derivatives

Results are the means from three experiments, and the bars represent standard deviations.

4.3.6. SEM analysis

To identify the morphological changes in the cells, WT C. glutamicum and its
derivatives (AsrtE, AsrtE/srtE, and psrtE) were examined under a scanning electron
microscope. The morphology of the AsrtE mutant cells, which had been grown on BHI media
was unchanged, according to observations made under a scanning electron microscope. The
complement did not show much changes in the morphology and was more or less similar to
that of the parental strain. However, the cells of an overexpressed strain containing psrtE,

showed an elongated cell growth when compared to WT C. glutamicum (Figure 4.8).
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Figure 4.8. Cellular morphology analyzed by SEM
Late-exponential-phase bacterial cultures were treated with acetone gradient were fixed on a specimen
holder with a thin coating of aluminium foil and a gold layer on top. The samples (WT, AsrtE,

AsrtE/srtE, and psrtE) were examined by scanning electron microscope.

4.3.7. Involvement of srtE in heat stress response

The spot dilution assay at temperature 30 °C and 37 °C were carried out with WT C.
glutamicum and its derivatives (AsrtE, AsrtE/srtE, and psrtE) to analyze the viability of the
cells after heat stress. The deletion mutant as measured by optical density, noted a significant
difference in the numbers of cells. Surprisingly, in the deletion mutant strain, the number of
viable cells after the temperature had shifted from 30 °C to 37 °C was significantly reduced
by 20 % compared to the parental strain (Figure 4.9). However, the complement was able to
restore its viability as that of the parental strain. In the wild-type strain, the number of viable
cells did not change appreciably. This indicates that the srtE gene is relevant to survival after

heat stresses. On the other hand, psrtE the overexpressing strain did not show any viable




growth when the temperature was shifted from 30 °C to 37 °C, indicating the loss of

membrane integrity which may result in cell death.

30°C 37°C
10¢ 107 10° 10¢ 107 10°

Figure 4.9. Heat stress response of mutant and overexpressing strain of C. glutamicum
C. glutamicum and its derivatives were grown at 30 °C and 37 °C in BHI medium and viable cells
were counted by plating 10 pL of 107 diluted cell cultures on BHI medium.

4.4. Discussion

We demonstrated the physiological and morphological changes that occur in C.
glutamicum when sortase is deleted or overexpressed. The absence of the srtE gene in C.
glutamicum had no effect on cell growth or morphology when compared to wild-type. This is
similar to the previous research on srtA gene of most pathogenic Gram-positive bacteria,
where inactivation of the sortase gene had no effect on microbial cell culture growth or
morphology (Mazmanian et al., 1999; Bierne et al., 2002; Lalioui et al., 2005; Wang et al.,
2009). The studies also showed that inactivation of sortase does not cause any significant

alterations in growth in lactobacilli (Malik et al., 2013). The deletion of Streptococcus
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pyogenes sortase A, on the other hand, resulted in the accumulation of sorting intermediates,
particularly at the septum, altering cellular morphology and physiology and impeding
membrane integrity. Actinomyces oris is a notable exception, where sortase deletion is lethal
due to membrane accumulation of a surface glycoprotein (Wu et al., 2014).

The overexpressed strain of C. glutamicum was found to be thermal sensitive with the
increase in temperature when compared to mutant cells. The heat-induced stress causes
changes in the physical characteristics of live cell membranes. When lipids become more
fluid as temperature rises above the organism tolerance limit, this can result in increased
membrane permeability, disorder of the lipid/protein membrane order, and finally loss of
membrane integrity and cell death (Chapman, 1975; Los and Murata, 2004). The srtE gene on
overexpression resulted an elongated rod-shaped cell when compared to wild-type and mutant
cells. Sortase A overexpression has a dominant negative effect on L. monocytogenes invasion,
most likely by anchoring an excess of surface proteins that mask other surface factors
required for invasion (Garandeau et al., 2004).

The significant reduction of cell surface hydrophobicity in srtE mutant cells correlates
with the report of srtA in L. gasseri Kx110A1. The srtA inactivation dramatically reduced the
cell surface hydrophobicity, indicating the contribution of cell wall associated mechanism of
Sortase A dependent proteins (Zuo et al., 2019). The deficiency of srtA in S. sanguinis causes
an overall reduction in virulence in association with cell surface proteins and decreased cell

surface hydrophobicity (Yamaguchi et al., 2006).

4.5. Summary

This chapter discusses the variants of C. glutamicum mutants, such as the AsrtE
deletion mutant created by double-crossover homologous recombination, the sortase

complemented strain (AsrtE/srtE) created by inserting a native srtE expression cassette into
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plasmid pVWEX1 after transformation into the AsrtE mutant, and the overexpression of srtE
gene using the pVWEX1 shuttle vector. The absence of the srtE gene in C. glutamicum did not
result in changes in growth rate or morphology, but it did result in a decrease in cell surface
hydrophobicity, which might be attributed to the changes in the sortase-dependent protein
build-up in the cell membrane. By inserting a srtE expression vector, the complement was
able to restore its activity to that of WT. Interestingly, psrtE overexpressed strains grew
slower in the log phase than the wild-type strain, requiring a longer incubation time to reach
the stationary phase and resulting in an elongated cell morphology when compared to the
parental strain, implying that excessive srtE during this phase may interfere with the
appropriate expression of other genes. When the incubation temperature was raised from 30
°C to 37 °C, the number of viable cells at 107 dilution was reduced by 20 % in deletion
mutant compared to the parental strain. However, the overexpressed strain did not show any

growth when the temperature shifted from 30 °C to 37 °C.
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Chapter 5

Molecular cloning, expression and biochemical characterization of
Sortase E of C. glutamicum

Abbreviation

CQSrtEana4 C. glutamicum truncated sortase (N-terminal 44 amino acids removed)

DTT Dithiothreitol

ESI-MS Electrospray ionization mass spectrometry

MALDI-TOF/MS Matrix-Assisted Laser Desorption/lonization-Time of Flight Mass
Spectrometer

ORF Open Reading Frame

5.1. Introduction

The Class E sortases are widely distributed in GC-rich Actinobacteria, especially in
Corynebacterium and Streptomyces sp. Similar to class A sortase, class E sortase anchors
distinct surface proteins on the bacterial cell wall. Sortase E recognizes a novel LAXTG
sorting motif in which the conserved proline residue is replaced with alanine (underlined).
Class E sortases share just a small amount of basic sequence homology with other sortases
and are expected to play a general housekeeping role. In addition, genes producing class A
and E sortases are never found together in the same organism, and, similarly to class A
sortases, genes encoding class E enzymes are not located near genes encoding possible
protein substrates (Comfort and Clubb, 2004). Two class E sortases of Streptomyces sp. have
been examined in more depth so far, and their structures have recently been discovered. The
genome of S. coelicolor contains two types of class E sortase, SrtE1 and SrtE2 which anchors
Chaplin proteins promoting in aerial hyphae formation. The genome of S. avermitilis contains
four putative SrtE enzymes of which SrtE3 has been enzymatically and structurally

characterized in E. coli for in vitro studies and found to be Ca?*- independent unlike SrtA
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enzyme. C. diphtheriae contains a single class E sortase (named as Cd-SrtF) which helps in
anchoring assembled pili to the cell wall peptidoglycan (Chang et al., 2011; Swaminathan et
al., 2007). Similarly, based on the in-silico analysis we could able to identify a single class E
sortase in C. glutamicum that recognizes a LAXTG substrate motif.

However, in the literature reports there are no experimental records that support the
sortase activity and substrate specificity of sortase E of C. glutamicum, since Sortase E is a
membrane-bound enzyme, isolation and characterization of the enzyme in C. glutamicum has
proven challenging and time-consuming. As a result, planned to express and purify the
enzyme in E. coli, to investigate the in vitro catalytic activity and substrate selectivity. The
detailed characterization of the recombinant enzyme was also carried out to bring out the

salient features which enabled the enzyme to be used in various sortagging applications.

5.2. Materials and Methods

5.2.1. Cloning of srtE gene into pET28a vector

The genomic DNA of C. glutamicum was isolated as previously described (Section
2.2.3.1). The srtE from C. glutamicum ATCC 13032 is annotated in database records as
GenBank: BA000036, Uniprot: Q8NLK3 with an appropriate ORF. A full-length srtE gene
construct was generated by PCR amplification mentioned in Table 2.5 (Chapter 2) from C.
glutamicum using NCgl2838 F/R primers specified in Table 2.3 (Chapter 2). The PCR
product was purified and double digested at the Nhel/Notl (NEB, Japan) restriction sites in
the pET28a vector (Novagen, U.S.A.). The digested PCR product and pET28a vector were
ligated together with T4 DNA ligase (NEB, Japan) by an overnight reaction at 16 °C,
transformed into E. coli DH5 alpha cells and selected on Luria Bertani (LB)-kanamycin (50

ugmL™) plates. The positive clones were further confirmed by DNA sequencing and
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transformed into E. coli BL21 (DE3) expression host strain to generate an N-terminally Hise-

tagged recombinant protein designated as pSrtE.
5.2.2. Expression and purification of full-length C. glutamicum (CgSrtE)

E. coli BL21 (DE3) harboring pSrtE was allowed to grow in LB medium
supplemented with kanamycin at 37 °C with continuous shaking until ODeoo reaches 0.8. At
this point, 1 mM IPTG was used to induce gene expression for 3.5 h at 37 °C. The cells were
harvested by centrifugation at 3500 x g for 30 min at 4 °C. Cell pellets were resuspended in
lysis buffer (50 mM Tris-HCI, pH 7.5, 300 mM NaCl, 0.1 % Tween 20, 2 mM B-
mercaptoethanol, and 20 mM imidazole) and sonicated (Sonics Vibra cell, USA) before
centrifugation at 20,000 x g for 30 min at 4 °C. SDS-PAGE was used to examine the isolated

protein from the soluble and insoluble fractions.
5.2.3. Synthesis of CgSrtEanss by DNA manipulation

The CgSrtEanss residues containing Ala45-Asn274 amino acids were amplified using
the primers CgSrtE F/R primers specified in Table 2.3 (Chapter 2), gel-purified and double
digested with Ndel/Sall restriction sites. To increase the solubility of the protein, the N-
terminal transmembrane regions containing 1-44 amino acids were deleted and the truncated
gene was subsequently cloned into the pET28a vector to yield pTSrtE. The construct was
verified by DNA sequencing and transformed into E. coli BL21 (DE3) cells for protein

expression.
5.2.4. Expression and purification of recombinant CgSrtEanas

E. coli BL21 (DE3) harboring the pTSrtE was grown in 1 L of terrific broth (TB)
medium (Annexure-1) supplemented with kanamycin (50 pgmL™) at 37 °C with continuous
shaking. When the ODegoo reached 0.6-0.8, 1 mM IPTG was used to induce CgSrtEanas

expression and incubated further for 3.5 h. The cells were harvested by centrifugation at 3,500
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x g for 30 min at 4 °C. Cell pellets were resuspended in lysis buffer containing 50 mM Tris-
HCI (pH 7.5), 300 mM NaCl, 0.1 % Tween 20, 2 mM B-mercaptoethanol, and 20 mM
imidazole, lysed by sonication (Sonics Vibra cell, USA), and centrifuged at 20,000 x g for 30
min at 4 °C. After loading the lysate onto a HisTrap HP 5-mL column (GE Healthcare, USA),
it was rinsed with lysis buffer and wash buffer (50 mM Tris-HCI, pH 7.5, 300 mM NaCl, 0.1
% Tween 20, 2 mM B-mercaptoethanol, and 60 mM imidazole), and the protein was eluted
with 200 mM imidazole. The excess imidazole was freed out using a PD-10 desalting column.
The purified protein was stored in a buffer containing 50 mM Tris-HCI, pH 7.5, 150 mM
NaCl, and 2 mM B-mercaptoethanol and concentrated using 10 kDa Amicon Ultra centrifugal
filters (Millipore). The protein sample was quantified using Bradford reagent with an
estimated concentration of ~1.3 mgmL™ and using bovine serum albumin (BSA) as the
standard (Section 2.3.2). The purity of the protein was detected using 15 % SDS-PAGE for
two independent protein preparation with different concentrations of 20 pg and 40 pg. The
His-tagged recombinant protein was confirmed by Western blotting using anti-His antibodies
(Section 2.3.4). The molecular weight of the proteins was further analyzed by MALDI-

TOF/MS using an Ultraflex TOF/TOF instrument.
5.2.5. Site-directed mutagenesis

Four active site mutations were generated based on multiple sequence alignment and
secondary structure analysis of C. glutamicum class E sortase. Plasmid pTSrtE was used as
the template for the introduction of single amino acid substitution generated by PCR using a
Q5 site-directed mutagenesis kit (NEB) (Section 2.4.5 in Chapter 2). The amino acid
residues, C240, H135, R249, and Y118 were mutated to encode Ala at these positions using
appropriate mutagenic primers shown in Table 2.3 (Chapter 2), designed by using primer
designing program from NEBase Changer™ primer design software. After PCR, the mutant

plasmids were transformed into E. coli DH50 and the transformants were selected on
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kanamycin-LB agar plates. All the constructed mutants C240A, Y118A, H135A, and R249A
were subsequently detected and confirmed by DNA sequencing and positive mutants were

further purified as described in Section 5.2.4.
5.2.6. Protein-peptide docking

Protein-peptide docking was carried out using ClusPro 2.0 server (Kozakov et al.,
2017) between CgSrtEanss and LAXTG peptide where X is replaced with three amino acids,
H, E, and A. The docking results were visualized by using PyMOL to confirm and understand
the binding energy of three peptides with the CgSrtEanss enzyme. The ClusPro server
performs three steps in the computation process: (i) rigid-body docking utilizing the fast
Fourier transform (FFT) correlation technique, (ii) RMSD-based grouping of the structures
developed to locate the largest cluster that would represent the most likely models of the

complex, and (iii) refining of selected structures.
5.2.7. FRET analysis

Peptide substrates such as Abz-LAHTG-Dap (Dnp), Abz-LAETG-Dap (Dnp), and
Abz-LPETG-Dap (Dnp) were synthesized by Shanghai GL Biochem, China. The peptide
substrates were tagged with a 2-aminobenzoyl (Abz) fluorophore at the N-terminus and 2,
4-dinitrophenyl (Dnp) as the quencher at the C-terminus. The assay was performed in 100 pL
reaction volume in a 96-well black microtiter plate (Thermofisher) containing 50 M of each
peptide substrate Abz-LAHTG-Dap (Dnp), Abz-LAETG-Dap (Dnp), and Abz-LPETG-Dap
(Dnp) individually in a cleavage buffer (50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM
DTT and 5 mM CaCl). The reaction was monitored by the addition of 5 pM of purified
CgSrtEanss. The increase in the fluorescence intensity was measured at 37 °C for 6 h using an
Infinite M200 PRO multimode microplate reader (Tecan, Switzerland) at an excitation

wavelength of 320 nm and an emission wavelength of 420 nm. Fluorescence was measured by
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subtracting the fluorescence of the peptide from the overall reaction fluorescence. Each

reaction was performed in triplicate and averaged, and plotted as arbitrary fluorescence units.
5.2.8. Kinetic measurements

To understand the basic enzyme kinetics of CgSrtEanss with Abz-LAHTG-Dap (Dnp),
the sortase assay was set up to monitor the increase in fluorescence with respect to time. The
Abz-LAHTG-Dap (Dnp) was dissolved in 50 % dimethyl sulfoxide (DMSO) and incubated at
a concentration between 2.5-50 pM with a constant 5 pUM enzyme (CgSrtEans4)
concentration. The same peptide concentration without adding enzyme for the reaction served
as the control. Assay mixture consisted of 50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM
DTT and 5mM CaCl; and incubated at 37 °C. The fluorescence intensity was monitored for 6
h at an excitation wavelength of 320 nm and an emission wavelength of 420 nm at regular
intervals of 10 min. The fluorescence intensity (Vo) was plotted against substrate
concentration [S]. The constants Km and Vmax values were determined from the slopes of
various concentrations of substrates by applying nonlinear curve fit of Michaelis-Menton

equation;
V=Vmax[S]/Km+[S]
The kinetic analysis was performed using GraphPad Prism version 5.0 (GraphPad software).
5.2.9. Biochemical characterization of CgSrtEanas
5.2.9.1. Effect of pH

The pH stability of CgSrtEanss was carried out in a 100 uL reaction system with
appropriate buffers. Na-acetate buffers were used for pH < 5.2, while for pH > 6, Tris-HCI
buffers were used with 50 mM concentration along with 5 pM enzyme and reaction mixtures
(40 uM Abz-LAHTG-Dap (Dnp), 150 mM NaCl, 1 mM DTT, and 5 mM CaClz) were

incubated at 37 °C for 6 h.
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5.2.9.2. Effect of temperature

The optimum temperature was determined by incubating the enzyme reaction mixtures
at different temperatures 25, 30, 37, 45, 60, and 70 along with 5 uM CgSrtEans4 enzyme and
reaction mixtures (50 mM Tris-HCI (pH 7.5), 40 uM Abz-LAHTG-Dap (Dnp), 150 mM

NaCl, 1 mM DTT and 5 mM CacCl>) were incubated for 6 h.
5.2.9.3. Effect of metal ions

The effects of metal ions were determined by incubating 5 uM CgSrtEanss with 5 mM
metal ions (Ca?*, K*, Mg?*, Mn?* and in the absence of Ca?*) in a reaction mixture containing
50 mM Tris-HCI (pH 7.5), 40 uM Abz-LAHTG-Dap (Dnp), 150 mM NaCl and 1 mM DTT

incubated at 37 °C for 6 h.
5.2.9.4. Effect of enzyme concentration

The optimum enzyme concentration was checked with a wide range of CgSrtEanas
enzyme concentration (1 puM, 2.5 uM, 5 uM, 7.5 uM, 10 uM, 15 uM, 25 uM, and 35 pM)
using 40 uM Abz-LAHTG-Dap (Dnp) substrate in a buffer containing 50 mM Tris-HCI (pH

7.5), 150 mM NaCl, and 5 mM CaClat 37 °C for 6 h.
5.2.10. In vitro cleavage assay for sortase activity

For the enzyme activity confirmation, sortase cleavage action was also monitored by
HPLC (Kruger et al., 2004). The reaction mixture contains 40 uM Abz-LAHTG-Dap (Dnp),
50 mM Tris-HCI, 150 mM NaCl, 1 mM DTT and 5 mM CaCl,. The reaction was initiated
with an addition of 5 uM CgSrtEanss and incubated at 37 °C for 6 h. The reaction was further
quenched by adding 10-fold excess 0.1 % TFA and injected onto a Vydac reversed-phase C18
RP-HPLC column (4.6 X 50 mm, 3 pum). A linear gradient of 10 to 40 % (Acetonitrile/0.1 %
TFA) for 10 min at a flow rate of 3 mLmin™ was used for the separation of peptides. The Dnp

containing peaks were observed at 355 nm UV absorbance.
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5.2.11. Detection of G-Dap (Dnp) product

The sortase cleavage product identity was determined using electrospray ionization
mass spectrometry (ESI-MS) on an Agilent 1100 MSD Trap SL mass spectrometer in
negative ion mode. The individual product peak G-Dap (Dnp) from HPLC assay was
collected, pooled, concentrated using a vacuum concentrator. The dried, concentrated
products were dissolved in 500 pL of MillQ/0.1 % TFA and subjected to ESI-MS to confirm

the identity.

5.3. Results

5.3.1. PCR amplification and cloning of full-length srtE gene

The srtE gene was amplified from the genomic DNA of C. glutamicum using gene-
specific primers (Table 2.3 in Chapter 2) and Tag DNA polymerase at an annealing
temperature of 60 °C. The optimized PCR condition of the srtE gene was shown in Table 2.5
(Chapter 2). The amplicon showed an expected size of 825 bp on 1.5 % agarose gel (Figure

5.1).

- 825 bp

Figure 5.1. PCR amplification of srtE gene
Lane: 1 kb DNA ladder; Lane 2: srtE PCR amplicon
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The amplified srtE gene was incorporated with Nhel/Notl restriction sites and ligated
into pET28a which was previously digested with the same restriction sites. The recombinant
plasmid was confirmed by double digestion with Nhel/Notl restriction sites (Figure 5.2).
Clones were sequenced by T7 primers, sequences were verified and the ORF analysis proved

that the amplicon was completed without any kind of mutation.

pPET28a

srtE (825 bp)

Figure 5.2. Restriction digestion of recombinant plasmid pSrtE
Lane M: 1 kb DNA ladder; Lane 1: Native plasmid pET28a Nhel/Notl double digest; Lane 2: pET-
28a-srtE Nhel/Notl double digest showing insert release at 825 bp.

5.3.2. Expression of full-length Sortase E (CgSrtE) in E. coli

E. coli BL21 (DE3) cells carrying pET28a-srtE designated as pSrtE, was chosen for

expressing full-length sortase designated as CgSrtE, under the control of IPTG inducible T7

promoter (Figure 5.3).
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Figure 5.3. Schematic diagram of pSrtE construct
Protein expression from pET28a is under the control of IPTG inducible promoter, and results in an N-

terminally Hise-tagged recombinant protein with an expected mass of 32.31 kDa.

The bacterial culture was grown at 37 °C in LB kanamycin medium until the culture
density reached an absorbance of 0.8 at ODeoo. The cultures were induced with 1 mM IPTG
for 3.5 h. Then, the cells were harvested by centrifugation and disrupted by sonication as
described in Section 2.3.1 (Chapter 2). Both soluble and insoluble fractions were loaded
along with crude protein. All the proteins were resolved on 12 % SDS-PAGE, but our protein
of interest with a MW of 32.31 kDa (including N-terminal Hiss tag) was able to detect on
SDS-PAGE gel in the inclusion bodies (Figure 5.4) which was found to be difficult to carry

out for the further downstream process.

34 kDa G CGSIEE

26 kDa

17 kDa

10 kDa

Figure 5.4. SDS-PAGE showing the expression of pSrtE in E. coli BL21 (DE3) cells
Lane M: Molecular weight marker; Lane 1: Induced pET28a; Lane 2: Induced putative sortase; Lane

3: Soluble fraction; Lane 4: Insoluble fraction
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5.3.3. Synthesis of truncated srtE gene

The 1-44 amino acids coding the N-terminal transmembrane region were removed from
the sortase protein, predicted by the TMHMM server (Figure 5.5). The primers were
designed after excluding the signal peptide and transmembrane encoding regions. The srtE
gene was amplified from the genomic DNA of C. glutamicum using gene-specific primers and
Taq DNA polymerase at an annealing temperature of 60 °C. The optimized PCR conditions of
the truncated srtE gene was shown in Table 2.3 (Chapter 2). The amplicon showed an

expected size of 693 bp on 1.5 % agarose gel (Figure 5.6).
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1a0 170 180 1490 200
VCDAIVVETY MNSWDVYRVME MSTHNGADRAL EALDCFNEND VSBEMAEGDYV
210 220 230 240 250
MNWVSGRSITTF DRIDATYPTFE GVFDTAVEEG SEALLERTTE HEPOFSNLAERM
260 270
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Figure 5.5. Transmembrane region of sortase E in C. glutamicum

The transmembrane region was analyzed using the TMHMM server, where 21-43 amino acid

sequence contains the transmembrane region (red).
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srtE (693 bp)

Figure 5.6. PCR amplification of truncated gene
Lane: 1 kb DNA ladder; Lane 2: srtE PCR amplicon

The gene was incorporated with restriction sites Ndel/Sall and cloned to pET28a
vector for expression of protein with N-terminal His-tag and the plasmid was designated as
pTSrtE. The pTSrtE plasmid was confirmed by releasing the insert by double digestion with
restriction enzymes Ndel/Sall (Figure 5.7). Clones were sequenced by T7 primers, sequences
were verified and the ORF analysis proved that the amplicon was completed without any kind

of mutation.
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pET28a

srtE (693 bp)

Figure 5.7. Restriction digestion of recombinant plasmid pTSrtE

Lane M: 1 kb DNA ladder; Lanel: Native plasmid pET28a Ndel/Sall double digest; Lane 2: pET-
28a-srtE Ndel/Sall double digest showing insert release at 693 bp.

5.3.4. Expression and purification of CgSrtEanas in E. coli

The solubility of the recombinant C. glutamicum sortase enzyme was generally
improved following the removal of N-terminal transmembrane segment of CgSrtE which
includes 2-44 amino acids as transmembrane region, so 45-274 residues were amplified from
the full-length gene, expressed in E. coli BL21 (DE3) with an N-terminal Hises-tag and the

expressed protein was designated as CgSrtEans4 (Figure 5.8).

Ndel Sall
T7F
—> RBS I7_R
T7 Promoter ATG Hisg-Tag CgSrtE, \aa
5’ 3’

Figure 5.8. Schematic diagram of pTSrtE construct

Protein expression from pET28a is under the control of IPTG inducible promoter, and results in an N-

terminally Hiss-tagged recombinant protein with an expected mass of 27.4 kDa.
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The N-terminal Hise-tagged protein was purified using the HisTrap HP 5-mL column.
The expression, purity, and homogeneity of CgSrtEanss Were analyzed and confirmed through
SDS-PAGE analysis. All the proteins were resolved on 15 % SDS-PAGE, but our protein of
interest with a MW of 27.4 kDa (including N-terminal Hises tag) was able to detect on SDS-
PAGE gel in the soluble fraction and able to purify at 200 mM imidazole (Figure 5.9 A & B)
and its recombinant nature was further confirmed by western blotting with anti-polyhistidine
antibody (Figure 5.9 C). MALDI-TOF MS analyses revealed the presence of two peptide

fragments, showing identity with the sortase of C. glutamicum ATCC 13032 (Figure 5.10).
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CgSrtEANM

Figure 5.9. Purification and confirmation of CgSrtEana4

(A) Lane M: Molecular protein marker; Lane 1: Uninduced crude protein; Lane 2: Induced crude
protein; Lane 3: Soluble fraction; Lane 4: Purified protein at 200 mM imidazole gradient; (B)
Expression and SDS-PAGE analysis of purified recombinant CgSrtEanss with an N-terminal His tag
comprising 45-274 amino acids; Lane M: Molecular weight marker; Lane 1: 20 pg CgSrtEanss; Lane
2: 40 pg CgSrtEanas; (C) Western blotting; Lane 1: Prestained protein marker; Lane 1 & 2:
CgSrtEanas detected on western blot.




Peak | Start End Observed | Mr (expt) | Mr (calc) Peptide sequence
~Name |
P1 55 1988.856 1987.948 1987.924 K. LQESAGQKLDEDWNEAR.V
p2 213 228 1722.785 1721.777 1721.863 R. IDATYPTPGVFDTAVR. E
1 MTATLSAESS RNGKKPRPRV SVSQVFGEIL LTVGILALLF AYYEAYWTNV
51 ESGKLQESAG QKLDEDWNEA RVNPRQKLTP ELGEAFARMY VPAFGSDENF
101 AVIEGTAEED LLAGPGRYVD SQMPGEAGNF AVAGHRVGKG APEFNDLGNLE
151 VCDAIVVETY NSWDVYRVMP MSTNGADRAA EAADCEFNETQ VSRMAEGDYV
201 NVSGRSITTP DRIDATYPTP GVFDTAVREG SEALLTLTTC HPQFSNAERM
251 IVHAMLVEEI DKSSGERPAA LEEN

Figure 5.10. Mass spectrometric analysis of purified CgSrtEana4

Matched sortase sequence (red) identified in C. glutamicum through MALDI-TOF MS analysis.

5.3.5. Docking of CgSrtEanss4 and substrate (LAXTG) peptides by ClusPro

The generated structure of CgSrtE by homology modeling (Section 3.3.8 in Chapter
3) was found to be similar even after removing 44 amino acids at the N-terminal of the
protein. The molecular docking CgSrtEanss with the peptide substrates (LAHTG, LAATG,
and LAETG) were performed by ClusPro to discover and synthesize the best and least affinity
substrates for in vitro sortase activity. Our results showed that the docking of the enzyme with
LAHTG substrate displayed the lowest binding energy when compared to the other two
substrates (Figure 5.11). Thus, the enzyme showed a strong binding affinity with LAHTG

and the least affinity with LAETG peptide as shown in Table 5.1.
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Table 5.1. ClusPro results for Sortase E protein and LAXTG peptide sequence

Energy
Peptide Total-ACE Interaction- Total Interaction vacuum
ACE vacuum
LAATG -2747.86567 -5.97200 -159.90818 -53.82283
LAHTG -2747.09073 -6.42418 -170.44357 -6828139
LAETG -2758.47843 -3.37608 -171.40988 -68.74154

—» Active sites of sortase

— LAATG substrate motif

) p- g &\\
S ’] /' CgSrtEanaa
s
- % 3 ¥ 3 \;\
e N \/ .

Figure 5.11. CgSrtEanss-LAHTG molecular docking
CgSrtEanss active sites Cys, Arg, and His binding to the LAHTG peptide. The predicted binding site
region LAHTG showed with red color. The CgSrtEanass (yellow color) active site regions are shown as

blue color.

5.3.6. Invitro sortase activity by FRET

To confirm the sortase activity and substrate specificity of CgSrtEana4, three peptides
that encompass the sortase sorting motifs were fluorescently labeled with a 2-aminobenzoyl

(Abz) fluorophore at the N-terminus and dinitrophenyl (Dnp) quencher group at the C-
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terminus were tested: Abz-LAHTG-Dap (Dnp), Abz-LAETG-Dap (Dnp) and Abz-LPETG-
Dap (Dnp). The fluorescence signals get reduced when the peptides are nearby due to the
quencher in the peptides, while the fluorescence signal gets enhanced when the peptide is

cleaved by the enzyme, separating the fluorophore and quencher apart (Figure 5.12).

A, =320nm
Abz Dnp
(Fluorophore) (Quencher)
WM, 09“
5 Z : Cg-Srt E cleavage
LaxrTe 0000 ©)
- Yr\‘i\_'*
A, =420 nm

Figure 5.12. Enzyme activity of CgSrtEanss by using a FRET-based cleavage assay
Schematic representation of Abz-LAXTG-Dap (Dnp) cleavage by CgSrtEanss. The fluorophore (Abz)
and quencher (Dnp) are sandwiched between the peptide substrate. The fluorescence is measured

when the sortase E-mediated reaction separates the fluorophore from the quencher.

The peptides Abz-LAHTG-Dap (Dnp) and Abz-LAETG-Dap (Dnp) were synthesized
based on the reports available on a substrate of class E sortases such as SrtE1l and SrtE2
substrates of S. coelicolor (Duong et al., 2012) and by protein-peptide docking analysis. The
motif LPXTG is the substrate for class A sortase of S. aureus (Mazmanian et al., 1999), hence
Abz-LPETG-Dap (Dnp) serves as a negative control for the assay. We observed that the
CgSrtEanas were able to cleave both Abz-LAHTG-Dap (Dnp) and Abz-LAETG-Dap (Dnp)
peptides within 6 h of incubation (Figure 5.13). However, as expected, the enzyme failed to

cleave the Abz-LPETG-Dap (Dnp), the substrate of SrtA.
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Figure 5.13. Substrate specificity of CgSrtEan4s by FRET-based cleavage assay

Purified recombinant CgSrtEana44 incubated with recognized substrate motifs Abz-LAHTG-Dap (Dnp),
Abz-LAETG-Dap (Dnp), and Abz-LPETG-Dap (Dnp) to investigate the substrate specificity. The
enzyme failed to cleave the LPETG motif recognized by S. aureus sortase A. The results shown here

is an average of three independent enzyme assays each done in triplicates.

5.3.7. Kinetic studies by FRET analysis

To determine the kinetic parameters of CgSrtEanss with Abz-LAHTG-Dap (Dnp) and
Abz-LAETG-Dap (Dnp) peptides, Kinetic analysis of sortase-catalyzed transpeptidation
reaction was performed. Varying concentrations (2.5, 5, 7.5, 10, 15, 20, 25, 30, 35, 40, 45, 50
pM) of each peptide were incubated with 5 uM CgSrtEan4s and the reaction was monitored in
every 10 min interval for a period of 6 h. The level of cleavage observed for the Abz-LAETG-
Dap (Dnp) peptide was too low to facilitate the kinetic analysis. On the other hand, initial
velocities (Vo) obtained from the progress curves were able to plot against the varying

concentration of Abz-LAHTG-Dap (Dnp). Thus, with Abz-LAHTG-Dap (Dnp) substrate,
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calculated an apparent Ky of 12 £ 1 uM and an apparent Vmax of 1.3 £ 0.04 RFU/sec for

CgSrtEanss (Figure 5.14).
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Figure 5.14. FRET assay with Abz-LAHTG-Dap (Dnp)

Progress curves were obtained from the cleavage reaction of Abz-LAHTG-Dap (Dnp) fluorescent
peptide catalyzed by recombinant CgSrtEanss. Reactions containing 5 pM of CgSrtEanss enzyme
incubated with 2.5 to 50 uM of fluorescent peptide at 37 °C in 50 mM Tris-HCI (pH 7.5), 150 mM
NaCl, 5 mM CaCl; and 1 mM DTT. (B) The kinetic parameters, Ky of 12 + 1 pM and Vpmax of 1.3 £
0.04 RFU/sec were determined for CgSrtEanss with Abz-LAHTG-Dap (Dnp).

5.3.8. Biochemical evaluation of CgSrtEanss

The optimum temperature for CgSrtEanss activity was determined in a reaction
mixture with 50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM DTT, 5 mM CaCl; and 40 uM
Abz-LAHTG-Dap (Dnp) as the substrate. The increase in fluorescence associated with the
catalytic efficiency of the enzyme at different temperatures. Recombinant CgSrtEanaa is less
efficient with Abz-LAHTG-Dap (Dnp) substrate when incubated at 25 °C and 30 °C.
However, the transpeptidase activity of the enzyme can be improved by incubating
the CgSrtEana44 at higher temperatures with the maximal catalytic efficiency being observed at

60 °C (Figure 5.15 A). Among the different concentrations tried, optimum enzyme
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concentration was found to be 15 puM (Figure 5.15 B). Similarly, sortase activity was
examined over a pH range of 3.6-10.5 of which the enzyme showed significant activity over a
wide pH range of 7.5-10.2 with an optimal activity at pH 9.5 (Figure 5.15 C). The activity of
CgSrtEanas was compared with a standard reaction buffer containing Ca®*, with other metal
ions (K*, Mg?" and Mn?*) and also in the absence of Ca?*. None of the metal ions showed any
significant effect on the activity of CgSrtEanss (Figure 5.15 D). A decrease in activity was
noted with Mn?*. However, the presence of Ca?* did not have any positive influence on the
catalytic efficiency of CgSrtEanss and it distinguishes this enzyme from the calcium-
dependent sortase of S. aureus. Besides, the ideal reaction parameters, such as temperature,
pH, incubation duration, metal ion, substrate, and enzyme concentrations, were carried out in
a single reaction and revealed 7-fold greater sortase E activity with LAHTG substrate within 1

h when compared to the original experiment before optimization (Figure 5.16).
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Figure 5.15. Effect of temperature, enzyme concentration, pH, and metal ions on enzyme
activity and stability with Abz-LAHTG-Dap (Dnp)

The enzyme assay was performed under standard conditions with 50 mM Tris-HCI (pH 7.5), 150 mM
NaCl, 5 mM CaCl,, and 1 mM DTT; (A) The effect of temperature was examined. The optimum
temperature for the enzymatic activity was 60 °C; (B) Maximum sortase E activity was observed at 15
UM enzyme concentration with 40 uM substrate concentration; (C) Optimum pH stability was
determined at a range of 7.5-10.5; (D) The presence or absence of cations Ca?*, Mg?*, K* and Mn?*
showed no significant effect on the activity of CgSrtEanss. The influence of Ca?* did not affect the
catalytic efficiency of CgSrtEans. However, the activity of CgSrtEanss is observed to be Ca?*

independent.
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Figure 5.16. CgSrtEan44 activity before and after optimization
All the above-mentioned parameters provided an effective increase with optimized conditions for

enzyme assay.

5.3.9. HPLC confirmation of substrate specificity of Sortase E

The hydrolytic activity of CgSrtEanss was checked by HPLC as well. The CgSrtEana4
(5 M), was incubated with all the three substrates 40 uM Abz-LAHTG-Dap (Dnp), Abz-
LAETG-Dap (Dnp), and Abz-LPETG-Dap (Dnp) in a 500 pL reaction mixture at 37 °C for 6
h. The G-Dap (Dnp) product peak released after the cleavage between threonine and glycine
was monitored at a UV absorbance of 355 nm (Figure 5.17). Both Abz-LAHTG-Dap (Dnp)
and Abz-LAETG-Dap (Dnp) substrates reacted with an enzyme to form G-Dap (Dnp)
products. However, the product formed from LAETG was comparatively less than LAHTG.
The LPETG when reacted with CgSrtEanss did not form any product. The product peak was
further collected and analyzed by ESI-MS and it showed a mass of 325.08 Da which is similar

to the expected mass of 326.86 Da (Figure 5.18).

127



T T
( A) Abz-LAHTG-Dap(Dnp) | B Abz-LAETG-Dap(Dnp) '(C) Abz-LPETG-Dap(Dnp)
i(B) i
o I !
5 12 120
4 < <
£ | E ¥ 12
£ 1 g 1 E
5 2] o 2] )ia
0 () 1 1 W
o0 o0 o0
- I o I o
L3 1 ® | ®
g 15 18 1 8
g ¥ L 1§ of
2 1 2
5 o] - J :8
2 1 2 -I | Q2
2 < i
T T 1 U T 1 T 1
00 25 50 i 00 25 50 ; Q0 25 S0
Retention time (min) 1 Retention time (min) 1 Retention time (min)
1 1
1 1
iz :y 1 1
5 G-Dap(Dnp) | 40 1
E 1 1
= 1= 1=
E "] 13 ¥ 122
c 1 E 1 E
i g I's
m 14 1 g 1 g
® I n Ly | v
8 I, 11
g 7 1% P
2 1o 1 G-Dap(Dnp) 19
s 12 |
i 5 | / | 2]
o o A 1o
(I 13
a 1 < 1<
I 1
T T
00 25 50 Lo 25 50 o 2 50
Retention time (min) Retention time (min) I Retention time (min)
1 1

Figure 5.17. Sortase cleavage assay by HPLC with different substrates

(A) Representative HPLC profile of peptide substrate Abz-LAHTG-Dap (Dnp) alone and product G-
Dap (Dnp) formed after 6 h reaction with CgSrtEanss enzyme; (B) Representative HPLC profile of
peptide substrate Abz-LAETG-Dap (Dnp) alone and product G-Dap (Dnp) formed after 6 h reaction
with CgSrtEanss enzyme; (C) Representative HPLC profile of peptide substrate Abz-LPETG-Dap
(Dnp) alone and product G-Dap (Dnp) formed after 6 h reaction with CgSrtEns4 enzyme. The reaction
products were separated using the C18 RP-HPLC column, and the eluent was monitored at 355 nm
UV absorbance.
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Figure 5.18. ESI-MS analysis of sortase product after cleavage
(A) MS analysis of standard product m/z 326.86; (B) MS analysis of purified sample revealed the

presence of an ion at m/z 325.08, corresponding to the expected cleavage product G-Dap (Dnp)-NHa.

5.3.10. Construction of site-directed mutants of CgSrtEan4s

The four substitution mutants of CgSrtEanas (C240A, Y118A, H135A, and R249A)
were constructed and the recombinant plasmids bearing these mutations were confirmed by
DNA sequencing (Figure 5.19). The mutant plasmids were transformed into E. coli BL21

(DE3) cells for overexpression studies.
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Figure 5.19. Confirmation of site-specific mutations on pTSrtE

(A-D) The chromatogram in each figure shows the wild-type sequence and the lower one shows the
mutated sequence. The codons mutated are underlined in red in each case and the corresponding

amino acids replaced at those sites are denoted below.

5.3.11. Overexpression and purification of site-directed mutants of CgSrtEana4

Each mutation that occurred on pTSrtE was overexpressed as described in section
(Section 5.2.4). The mutants were isolated from the soluble fractions and purified through Ni-
NTA columns. The expression, purity, and homogeneity of mutants were analyzed and
confirmed through 15 % SDS-PAGE analysis (Figure 5.20). The protein sample was
quantified using Bradford reagent and bovine serum albumin (BSA) as a standard in section

(Section 2.3.2 in Chapter 2).
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Figure 5.20. SDS-PAGE showing purified site-directed mutant proteins of CgSrtEanas
Lane M: Protein marker 11-245 kDa; Lane 1: Wild-type (WT); Lane 2: C240A; Lane 3: Y118A;
Lane 4: H135A; Lane 5: R249A

5.3.12. Conserved residues in the active site of CgSrtEanaa

To functionally confirm the proposed roles of the active site residues H135, C240,
R249 based on the previously identified roles in S. aureus SrtA and to confirm whether Y118
has a prominent role in class E sortase based on the previous reports on Streptomyces sp., site-
directed mutagenesis was done. The constructed mutant proteins were incubated with the
FRET peptide Abz-LAHTG-Dap (Dnp). All the active site mutants showed more than 50 %
loss in catalytic activity (Figure 5.21). Mutation in tyrosine residue also drastically decreased
the activity indicating that the -OH group of Y118 could be involved in a hydrogen bond with
the backbone nitrogen of the Ala residue for the recognition of the LAXTG sorting signal
instead of LPXTG. Thus, it is experimentally validated that the conserved catalytic residues

mainly include H135, C240, R249, and Y118.
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Figure 5.21. Confirmation of conserved residue required for in vitro CgSrtEanas activity
Single mutations at C240A, H135A, R249A, and Y118A resulted in the loss of enzymatic activities
against Abz-LAHTG- Dap (Dnp), indicating that these four residues played critical roles in CgSrtEanas
activity.

5.4. Discussion

Sortase transpeptidases are present in Gram-positive bacteria to covalently attach
proteins to their cell wall or to construct pili (Scott and Barnett, 2006). C. diphtheria has a
single class E sortase (called Cd-SrtF) that aids in the attachment of formed pili to the cell
wall peptidoglycan (Swaminathan et al., 2007; Chang et al., 2011) with a sequence
resemblance to non-pathogenic C. glutamicum with unclear function. There are at least six
varieties of sortases (class A-F) based on their amino acid sequences; however, class E
enzymes have not been widely explored. Soil and freshwater-dwelling Actinobacteria use
class E sortases to display proteins with a non-canonical LAXTG sorting signal, which differs
from 90 % of known sorting signals by substituting alanine for proline (Kattke et al., 2016).

Among the three peptides, the enzyme CgSrtEanss demonstrated a higher substrate affinity
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towards Abz-LAHTG-Dap (Dnp) with an apparent Km of 0.012 mM which is higher than the
reported SavSrtE K of 1.14 mM for the LAXTG motif (Das et al., 2017). The CgSrtEana4
also failed to cleave the Abz-LPETG-Dap (Dnp) substrate of SrtA, hence proving that the
CgSrtEanss belongs to the class E family. The calcium ions enhance the catalytic efficiency of
SrtA of S. aureus which mainly contains E105, E108, D112, and E171 residues on f3-pf4 and
B6-B7 loops within the structure (Antos et al., 2009; Das et al., 2017). Since, these calcium-
binding sites are not found in Cg-SrtE, which proves that Ca?* is not essential for the
enhancement of sortase E activity in C. glutamicum. The sortase-catalyzed transpeptidation
involves Cys-His-Arg catalytic triads, the Cys residue at the active site of sortase cleaves the
Thr-Gly bond and forms a stable thioacyl intermediate complex, His protonates the substrate
leaving group and Arg believes to function as an oxyanion hole to stabilize the transition state
and further help in proper positioning of substrate in the active site of the enzyme (Frankel et
al., 2005, 2007; Bentley et al., 2008). The Tyr residue which is highly conserved in class E
sortase recognizes the alanine residue of the LAXTG sorting signal. However, mutating at the
conserved residues H135, C240, R249, and Y118 of CgSrtEanas has led to the conformational
destabilization of the protein with a drastic reduction in catalytic efficiency, believing that

these residues might play a significant part in the enzyme.

5.5. Summary

Due to the hydrophobic nature of the N-terminus membrane anchor sequence, the full-
length CgSrtE protein is not favorable for recombinant expression and purification as it is
insoluble and sediments along with the membranous fraction of the cell lysate. As a result, the
signal peptide and transmembrane region of C. glutamicum sortase fraction which comprises
around 1-44 amino acids were removed from the protein to increase the solubility of the

protein. CgSrtanas protein was purified from soluble fraction using Ni-NTA columns in 200
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mM imidazole fraction. The recombinant sortase comprising residues 45-274, CgSrtEanas has
been demonstrated to be enzymatically active indicating that removal of nonconserved
residues did not affect the catalytic activity. The HPLC and FRET were used to measure
sortase E cleavage activity in vitro with synthesized peptides. CgSrtEanas had a higher
substrate affinity for Abz-LAHTG-Dap (Dnp), with an apparent Kmn of 0.012 mM, but failed
to cleave SrtA substrate Abz-LPETG-Dap (Dnp), indicating that it belongs to class E. The
absence of calcium-binding sites in CgSrtEanss demonstrates that Ca®* is not required for the
enhancement of sortase E activity in C. glutamicum. This evidence supports the findings of
the FRET analysis. Furthermore, the enzyme demonstrated significant activity across a wide
pH range of 7.5-10.2, with an optimum pH of around 9.5. When incubated at a higher
temperature of around 60 °C, the enzyme catalytic efficiency was improved, and an enzyme
concentration of around 15 pM was found to be optimal. Sortase-catalyzed transpeptidation
involves Cys-His-Arg catalytic triads, which on mutation showed a 50 % decrease in activity

when compared to wild-type.
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Chapter 6

Sortase E-mediated site-specific immobilization of green
fluorescent protein and xylose dehydrogenase on gold

nanoparticles

Abbreviation

AUNPs
DCM
DIC
DLS
DMF
EDC
eGFP
HMPB
MBHA
NHS
NMR
SERS
TEM

Gold nanoparticles

Dichloromethane

N, N’-Diisopropylcarbodiimide

Dynamic Light Scattering

Dimethylformamide
N-(3-(dimethylamino)-propyl)-N’-ethyl carbodiimide
Enhanced green fluorescent protein
4-Hydroxymethyl-3-methoxyphenoxybutyric acid
4-Methylbenzhydrylamine
N-hydroxysuccinimide

Nuclear magnetic resonance

Surface-enhanced Raman scattering

Transmission electron microscopy

6.1. Introduction

Enzymes produced from live cells act as natural biocatalysts, perform biochemical

reactions under mild conditions with a high degree of substrate specificity (Girolamo et al.,

2019). Compared with chemical catalysts, the ease of production, catalytic efficiency, the

chemo-, regio- and stereospecificity greatly promotes the enzyme to be used in

pharmaceutical, chemical, and food industry applications (Zhang et al., 2013). However, poor

stability of the enzyme, low shelf life, and high cost limits its use in industrial application.

One of the best strategies to overcome this problem is to immobilize enzymes using a carrier
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such as a hydrogel, biopolymer, synthetic polymers, nanoparticles, etc (Bornscheuer, 2003;
Homaei et al., 2013).

The recent reports validate that enzymes immobilized on nanostructured materials
have an efficient surface area, improved enzyme loading, and enhanced activity (Ansari and
Husain, 2012). The use of nanoparticles has brought significant medical applications in
wound healing, cell imaging, tissue engineering, and drug delivery. Among various
nanoparticles used, gold nanoparticles (AuNPs) are considered to be an ideal model for
studying the effects of immobilization on the activity and stability of different functional
proteins (Saware et al., 2015; Ma et al., 2018). The AuNPs have an extremely large surface
area which allows a significant amount of proteins to get adsorbed on their surface when
introduced into biological entities (Kong et al., 2017). Also, PEGylated AuNPs exhibit
promising advantages like enhanced biocompatibility, stability, etc. Interestingly, AuNPs
serves as a promising surface-enhanced Raman scattering (SERS) substrate for getting
amplified Raman signals of the molecular fingerprint. SERS provides high sensitivity and
molecular specificity along with its capability to resolve complex molecular level biological
conformations. The integration of advanced technologies and minimal sample volume
improved the utility of SERS in quantitative and qualitative identification of various
biomolecules such as nucleic acids and proteins, as they provide characteristic signals (Bantz
et al., 2011). Herein, we made use of this technique to track the immobilization of eGFP and
XyIB on triglycine PEGylated AuNPs via Sortase E-mediated technique.

In recent years, sortase-mediated ligation (sortagging) developed as a robust and
powerful tool for peptide or protein conjugation through site-specific modification. The target
proteins were altered based on the substrate specificity of the enzyme under mild conditions
and without prior chemical modifications (Hata et al., 2015; Zou et al., 2019). Sortases are

membrane-bound cysteine transpeptidase that catalyzes a sequence-specific ligation of
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proteins to the cell wall of Gram-positive bacteria. Among different classes of sortases, the
sortase A from S. aureus (SaSrtA) is studied extensively. SrtA recognizes an LPXTG motif at
the C-terminal of the protein, cleaves the amide bond between threonine (T) and glycine (G),
and covalently links to the N-terminal glycine residues (Mazmanian et al., 1999). Due to its
high degree of substrate selectivity, SaSrtA has been widely used in immobilizing proteins or
enzymes on solid supports (Chan et al., 2007), nanoparticles (Hata et al., 2015), microgels
(Zou et al., 2019), and hydrogels (Cambria et al., 2015). However, C. glutamicum ATCC
13032, a non-pathogenic and well-known industrial microbe for amino acid production,
contains a Sortase E transpeptidase with high substrate selectivity with LAXTG. The Ca?*
independence, high substrate specificity, and ability to accept N-terminal (oligo) residues
make C. glutamicum Sortase E (CgSrtE) much more efficient than pathogenic SaSrtA in live
cells and for industrial sortagging applications.

In this study, we used CgSrtEanss to immobilize green fluorescent protein (eGFP) and
xylose dehydrogenase (XyIB) on triglycine functionalized AuNPs. Our initial attempt was to
demonstrate successful immobilization of enhanced eGFP, a model protein with a C-terminal
LAHTG-Hise recognition sequence attached to an N-terminal GGG@PEG@AUNP, and once
that was accomplished, we subsequently immobilized and analyzed the activity of XyIB from
Caulobacter cresentus, which uses NAD* as a cofactor to convert D-xylose to produce

xylonic acid, which serves as a platform chemical (Lee et al., 2018).

6.2. Materials and Methods

6.2.1. Instrumentation

The UV-Vis absorption and emission spectra were obtained using Shimadzu UV-2600
UV-Vis spectrophotometer. Absorbance spectra were recorded from 200-800 nm. *H NMR

spectra were recorded on Bruker Advance 500 NMR spectrometer, and chemical shifts are
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expressed in parts per million (ppm). SERS measurements were performed in a WiTec
Raman microscope (WITec Inc. Germany, alpha 300R) with a laser beam focused on the
sample through a 20x objective and a Peltier-cooled CCD detector. Samples were excited
using a 633 nm laser, and Raman spectra were accumulated in the Stokes-shifted range of
400-4000 cm* with 1 cm™ resolution. Before every measurement, calibration using a silicon
standard with Raman peak centered at 520 cm™* was carried out. For data analysis, the WITec
Project plus (v5.2) software was used. TEM measurements were performed on a JEOL 2010
high-resolution transmission electron microscope with an accelerating voltage of 200 kV. The
samples were prepared by pipetting a drop of the aqueous solution of nanoparticles onto a
230-mesh copper grid coated with carbon, and the samples were air-dried before doing the

measurement.
6.2.2. AUNP synthesis

AUNPs were synthesized using the standard citrate reduction method (Narayanan et
al., 2015). 300 mL of deionized water was heated to 100 °C with continuous stirring (600
rpm). To this, hot deionized water, 300 pL of 250 mM chloroauric acid solution was added
and allowed to stir for another 5 min. After this, 750 pL of 100 mM trisodium citrate solution
was added and allowed to stir until the color changed to purple. Once the color is changed to
wine red, heating was stopped and cooled to room temperature with continuous stirring. The
obtained AuNPs were purified by centrifugation followed by resuspension in Milli-Q water

and kept in the refrigerator for further use.
6.2.3. Amine PEG encapsulation on AuNPs

To the AuNPs, 3.6 mL of 100 uM HS-PEG-NH> was added. This mixture was
vortexed and allowed to incubate for 3-4 h to get maximal surface coverage and PEG

stabilization. Excess HS-PEG-NH: was removed after 3-4 h of thorough mixing and
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centrifugation at 4000 x g for 20 min. Repeated centrifugation twice and re-suspended in

Milli-Q water (Narayanan et al., 2015; Saranya et al., 2018).

6.2.4. Synthesis of resin-bound GGG peptide sequence

200 mg (0.142 mmol) of HMPB-MBHA resin was swelled using dichloromethane
(DCM) for 30 min and then allowed to react with N, N’-Diisopropylcarbodiimide (DIC)
activated Fmoc-Gly-OH (337.7 mg, 1.136 mmol) for 24 h. After this, the reaction mixture
was washed with dimethylformamide (DMF) (3 x 3 mL) and the Fmoc protection group was
cleaved using 20 % piperidine in DMF. The reaction was continued similarly with Fmoc-
Gly-OH for another two cycles. The resulting resin-bound (Gly)s peptide was washed 3 times
each with 5 mL DMF and DCM. Then washed with 5 mL n-hexane and dried for 1 h. The
resin-bound peptide was kept in the refrigerator (at least for 1 day). Then the desired amount
of peptide sequence was cleaved from the resin using 2 % TFA in dichloromethane (5 x 3
mL). Yield 68 % 1H NMR (500 MHz, CDCls): & 8.02 (s, 2H), 7.70-7.62 (m, 4H), 7.35-7.29
(m, 4H), 7.26-7.22 (m, 4H), 4.23 (s, 3H), 2.98 (s, 2H) 2.88 (s, 2H). HRMS (ESI): Calcd for

C21H21N30¢: 411.14; Found [M*Na*]: 434.1318 (Figure 6.1) (Saranya et al., 2018; Sujai et

al., 2021).
o NHFmoc
DMF/DCM el C
piperidine NH,
DIC in DMF
Fmoc-Gly-OH > Fmoc-GIyO—O > Fmoc-GIy-G!yOO
DIPEA Fmoc-Gly-OH
HO—O HBTU,DIPEA
(RESIN)
20% NHFmoc
piperidine NH, Resin Cleavage
in DMF > Fmoc-GIy-GIy-GIyOO > HOGIy-Gly-Gly-Fmoc
Fmoc-Gly-OH
HBTU, DIPEA

Figure 6.1. The synthetic route adopted in GGG peptide synthesis
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6.2.5. Coupling of GGG peptide to PEGylated AuNPs

Here, EDC (N-(3-(dimethylamino)-propyl)-N’-ethyl carbodiimide) (25 mM) and NHS
(N-hydroxysuccinimide) (25 mM) solutions were taken together to activate the -COOH
groups present on the peptide sequence (2.0 mgmL™). Later, this activated solution (100 pM)
was added to the PEGylated AuNPs solution and was allowed to react for 6 h. After this, the
solution was centrifuged at 4000 x g for 20 min and the pellet was washed using Milli-Q
water. For deprotecting Fmoc, 200 pL of 20 % piperidine in DMF was added to the solution
and properly mixed for another 10 min. Further, the solution was centrifuged at 4000 x g for
20 min and the pellet was washed using Milli-Q water. The resulting pellet was redispersed in

water and kept at 4 °C for further use (Ramya et al., 2016; Sujai et al., 2021).

6.2.6. Cloning of constructs

LAHTG coding nucleotide residues were added to eGFP and xyIB genes at the 3* end
of the sequences. Each gene sequence was amplified using the recombinant plasmids pGFP
and pXyIB by gene-specific primers eGFP-LAHTG F/R and XyIB-LAHTG F/R as shown in
Table 2.3 (Chapter 2). eGFP-LAHTG and xylB-LAHTG sequences were flanked by
Ndel/BamHI and EcoRI/BamHI restriction sites respectively. The eGFP and XyIB fused to C-
terminal LAHTG sequences were amplified by PCR and cloned into Ndel/BamHI and
EcoRI/BamHI digested pET28a to yield recombinant plasmids pGFP-LAHTG and pXyIB-
LAHTG, respectively. Similarly, a recombinant CgSrtEanss enzyme was constructed from C.
glutamicum ATCC 13032, flanked by Ndel/Sall restriction sites, was prepared by PCR and
cloned into pET28a, linked at its N-terminal Hise sequence to give pTSrtE (Section 5.2.4 in
Chapter 5). All the three plasmids were transformed into E. coli BL21 (DE3) to generate
recombinant eGFP, XylB, and CgSrtEanss respectively for protein expression and

purification.
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6.2.7. Protein expression and purification of eGFP-LAHTG and XyIB-LAHTG

The calcium-independent CgSrtEanss Was expressed, purified, and showed a higher
substrate activity towards LAHTG substrate in Chapter 5. The pGFP-LAHTG construct was
allowed to grow in LB medium supplemented with 50 ugmL™* kanamycin concentration at 37
°C with continuous shaking until ODeoo reaches 0.8 and induced with 1 mM IPTG for 20 h at
16 °C. The cells were harvested by centrifugation at 3500 x g at 4 °C for 30 min. Cell pellets
were resuspended in lysis buffer containing 100 mM NaCl, 10 mM Tris-HCI, 50 mM
NaH2PO4, pH 8.0 which was lyzed by sonication (Sonics Vibra cell, U.S.A.), and then
centrifuged at 20,000 x g for 30 min at 4 °C. The lysate was purified using HisTrap HP 1-mL
column (GE Healthcare, USA), subsequently rinsed with lysis buffer and wash buffer with
increasing concentrations (25 mM, 50 mM, 75 mM, and 100 mM) of imidazole, and the
protein was eluted with 250 mM imidazole. The excess imidazole was removed using the PD-
10 desalting column. The purified eGFP-LAHTG protein was stored in buffer containing 50
mM Tris-HCI, pH 8.0, and 150 mM NaCl and concentrated using a MWCO of 10 kDa
(Millipore).

The pXyIB-LAHTG was expressed in E. coli BL21 (DE3), culturing in LB medium to
ODeoo nm = 0.6 at 37 °C, adding 1 mM IPTG, and further culturing for 3 h at 37 °C. Cell
pellets were resuspended in 0.5 M phosphate buffer saline (PBS) lysed by sonication and
centrifuged at 20000 x g for 30 min at 4 °C. The supernatant was then purified using HisTrap
HP 5-mL column, subsequently rinsed with 5 volumes of lysis buffer (50 mM NaH2POs, 300
mM NaCl, 20 mM imidazole, pH 8.0), and wash buffer (50 mM NaH2PO4, 300 mM NacCl,
100 mM imidazole, pH 8.0), and the protein was eluted directly with 500 mM imidazole. The
excess imidazole was removed using the PD-10 desalting column. The XyIB was stored in
buffer containing 100 mM NaH>PO4 and 50 mM NacCl, pH 8.0, and concentrated using 10

kDa Amicon ultra centrifugal filters.
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All these protein samples were quantified using Bradford reagent with an estimated
concentration of bovine serum albumin (BSA) as a standard (Figure 2.1 in Chapter 2) and

stored at -80 °C. The purity of the protein was detected using 15 % SDS-PAGE.
6.2.8. Sortase E-mediated protein ligation

Immobilization of protein was performed with a functionalized G-tag modified AuNPs
at a total volume of 40 pL and 15 pM of pGFP-LAHTG or pXyIB-LAHTG. The reaction was
initiated by the addition of 5 pM SrtE along with ligation buffer (50 mM Tris-HCI pH 8.0,
150 mM NaCl, and 1 mM DTT) for 2 h at 37 °C. The immobilized AuNPs were separated
from the reaction mixture by centrifugation at 4000 x g for 20 min at 4 °C. The immobilized
AuNPs with GFP-LAHTG or XyIB-LAHTG were further stored at 4 °C until subsequent
analysis. The protein content after the immobilization of XyIB with AUNP was estimated by

using the standard Bradford method (Emami Bistgani et al., 2017).
6.2.9. Bioconversion of xylose to xylonic acid by immobilized XyIB

The reaction mixture contains 50 mM NazHPO4 (pH 8.0), 2 mM NAD" and 200 mM
xylose. The reaction was initiated with the addition of 15 uM free or immobilized XyIB and
incubated at 30 ‘C for 72 h. The amount of xylonic acid (xylonate) produced were detected by
automated high-performance liquid chromatography (HPLC) system (Prominence UFLC,
Shimadzu, Japan) equipped with auto-sampler, Rezex™ ROA-Organic Acid H* LC column
300 x 7.8 mm (Phenomenex), 0.01 N H2SO4 mobile phase, oven, and PDA detector. The

amount of xylonic acid was evaluated by plotting a standard graph (Figure 6.2).
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Figure 6.2. Calibration curve for xylonic acid vs peak area

The xylose estimation was carried out spectrophotometrically by Bial's method using
the orcinol reagent (Pham et al., 2011). In this test, acid degrades xylose to furfural. Furfural
is then combined with FeClz and orcinol to create a blue-green precipitate measured at an
absorbance of 620 nm wavelength. Bial’s reagent was prepared by dissolving 300 mg of
orcinol in 5 mL ethanol. Added 3.5 mL of this mixture to 100 mL of 0.1 % solution of
FeCL3.6H20. The reagent thus formed is to be stored in a dark bottle and used within a couple
of hours. A standard curve was plotted against xylose concentration within a range of 1-10
mgmL™ (Figure 6.3). To each 1 mL of the sample, 2.5 mL of the Bial’s reagent was added

and incubated for 10 min in boiling water. All the readings were taken in triplicates.
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Figure 6.3. Calibration curve for xylose concentration vs absorbance by Orcinol assay

6.2.10. Reusability of immobilized XyIB

The reusability of immobilized XyIB was evaluated based on the catalytic conversion
of xylose to xylonic acid. Each cycle lasted for 72 h and was carried out under optimal
conditions using a reaction mixture consisting of 50 mM NaHPO. (pH 8.0), 2 mM NAD" and
200 mM xylose at 30 °C, and the product detection was done by HPLC. After each cycle, the
enzyme bounded nanoparticle was recovered by centrifugation at 4000 x g for 20 min and
washed twice with MillQ, and resuspended in a new reaction solution. The reaction was
repeated for 4 cycles. The xylonic acid produced after the first cycle was defined as 100 %,

which was compared with other repeated cycles to calculate the relative activity.

6.3. Results

6.3.1. PCR amplification and cloning of eGFP-LAHTG and xylB-LAHTG gene

LAHTG sequences were added to eGFP and xylIB genes at the 3’ end of the sequences.
Each gene sequence was amplified using the recombinant plasmids pGFP and pXyIB by gene-

specific primers eGFP-LAHTG F/R and XyIB-LAHTG F/R as shown in Table 2.3 (Chapter
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2). The optimized PCR condition of the eGFP-LAHTG gene was shown in Table 6.1 and
xylB-LAHTG gene conditions were shown in Table 2.5 (Chapter 2). The amplicons eGFP-
LAHTG and xylB-LAHTG gene showed an expected size of 738 bp and 765 bp on 1.5 %

agarose gel (Figure 6.4).

1000 bp

IB-LAHTG
800 bp X

eGFP-LAHTG
600 bp

Figure 6.4. PCR amplification of eGFP and xyIB gene
Lane: 1 100 bp DNA ladder; Lane 2: eGFP (738 bp) PCR amplicon; Lane 3: xylB (765 bp) PCR

amplicon

Table 6.1. PCR cycling conditions of eGFP gene

Steps Temperature (°C) Time

Initial Denaturation 94 3 min

Denaturation 94 30s
Annealing 57 30s 35 cycles

Extension 72 2 min

Final extension 72 7 min

4 hold

The eGFP-LAHTG and xylB-LAHTG genes were incorporated with Ndel/BamHI and
BamHI/EcoRl restriction sites respectively. The genes were individually ligated into pET28a
and the recombinant plasmids pGFP-LAHTG and pXyIB-LAHTG were confirmed by double

digestion with the respective restriction sites (Figure 6.5). Clones were sequenced by T7
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primers, sequences were verified and the ORF analysis proved that the amplicons were

completed without any kind of mutation.

pET28a

pET28a

eGFP-LAHTG 500 bp

Figure 6.5. Restriction digestion of recombinant plasmids pGFP-LAHTG and pXyIB-
LAHTG

Lane Mi: 1 kb DNA ladder; Lane 1: Native plasmid pET28a Ndel/BamHI double digest; Lane 2:
pET28a-eGFP-LAHTG Ndel/BamHI double digest showing insert release at 738 bp; Lane Mz: 1 kb
DNA ladder; Lane 3: Native plasmid pET28a BamHI/EcoRI double digest; Lane 4: pET28a-xylIB-
LAHTG BamHI/EcoRI double digest showing insert release at 765 bp

6.3.2. Expression and purification of eGFP-LAHTG and XyIB-LAHTG in E. coli

E. coli BL21 (DE3) cells carrying pGFP-LAHTG and pXyIB-LAHTG, were chosen
for the expression of eGFP-LAHTG and XyIB-LAHTG, under the control of IPTG inducible

T7 promoter (Figure 6.6 A and B).
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Figure 6.6. Schematic diagram of pGFP-LAHTG and pXyIB-LAHTG construct

(A) eGFP-LAHTG expression from pET28a is under the control of IPTG inducible promoter, and
results in an N-terminally Hises-tagged recombinant protein with an expected mass of 31.2 kDa; (B)
XyIB-LAHTG expression from pET28a is under the control of IPTG inducible promoter, and results

in an N-terminally Hisg-tagged recombinant protein with an expected mass of 32.3 kDa

The N-terminal Hise-tagged protein was purified using the HisTrap HP 5-mL column.
The expression, purity, and homogeneity of eGFP-LAHTG were analyzed and confirmed

through SDS-PAGE analysis (Figure 6.7).
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Figure 6.7. Expression and purification of eGFP-LAHTG

(A) Gradient of imidazole fractions [25(1), 50 (2), 75 (3), 100 (4) and 250 mM (5)] collected after
passing through Ni-NTA column; (B) Lane M: Molecular protein marker; Lane 1: Uninduced crude
protein; Lane 2: Induced crude protein; Lane 3: Soluble fraction; Lane 4: 25 mM imidazole gradient;
Lane 5: 50 mM imidazole gradient; Lane 6: 75 mM imidazole gradient; Lane 7: 100 mM imidazole
gradient; Lane 8: Partially purified at 250 mM imidazole gradient; Lane 9: Expression of eGFP-
LAHTG in the insoluble fraction as inclusion body.

The N-terminal Hise-tagged protein was purified using the HisTrap HP 5-mL column.
The expression, purity, and homogeneity of XylB-LAHTG were analyzed and confirmed

through SDS-PAGE analysis (Figure 6.8).
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Figure 6.8. Purification of XyIB-LAHTG
Expression and SDS-PAGE analysis of purified recombinant protein with C-terminal LAHTG tag;
Lane M: Molecular protein marker; Lane 1: purified XyIB-LAHTG.

6.3.3. Fabrication of peptide conjugated AuNPs

The fabrication of NH2-PEG@AUNP was started with the synthesis of ~ 40 nm AuNP.
AUNPs were synthesized through the well-known Turkevich method (Narayanan et al., 2015)
and were characterized via UV-Vis spectroscopy, HR-TEM, and DLS. The synthesized
AuNPs were further encapsulated with NH2-PEG-SH for introducing the amine group. Sulfur
has a strong binding affinity towards AuNPs; the adsorption of PEG over AuNPs is facilitated
by chemisorption. NH2-PEG coating over AuNPs has been characterized using UV-Vis
spectroscopy, which showed a 2-3 nm shift in absorption maxima. The shift in plasmonic
absorption peak from 530 nm to 532 nm indicates the PEG coating over AuNPs. This
conjugation was further confirmed by HR-TEM and DLS studies. A thin layer of 3-4 nm
thickness of PEG was visible over the AuNP surface in the TEM image, and the increase in
size after NH»>-PEG encapsulation was also evident from DLS analysis (Figure 6.9). The size
observed in TEM and DLS were comparable. For PEG encapsulated AuNP, the size obtained

from DLS analysis was slightly higher because of the higher hydrodynamic size possessed by
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PEG coating due to the high rate of solvation This hydrodynamic size is always greater than
the dry size obtained from HR-TEM. The NH2-PEG@AUNP was used for further conjugation

with tri-peptide.
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Figure 6.9. TEM and DLS analysis of gold nanoparticles

(A) TEM images of AuNPs with an average diameter of 45 nm; (B) DLS analysis of AuNPs; (C)
TEM images of PEG encapsulated AuNPs with an average diameter of 66 nm; (D) DLS analysis of
PEG encapsulated AuNPs

Triglycine has been synthesized via solid-phase peptide synthesis, conjugated to the
amine terminal of NH2-PEG@AUNP using carbodiimide chemistry. After the coupling of
tripeptide with PEGylated AuNPs, the Fmoc was deprotected using 20 % piperidine in DMF
to yield NH2>-terminal peptide conjugated AuNPs (GGG@PEG@AUNP). UV-Vis spectra of
GGG@PEG@AUNP showed absorption bands centered at 260 nm and 532 nm (Figure 6.10).

This triglycine conjugated AuNPs was further used for enzyme immobilization.
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Figure 6.10. UV-Vis spectrum of AuNPs and PEG encapsulated AuNPs

6.3.4. Immobilization of eGFP and XyIB on AuNPs using Sortase E

The two recombinant proteins eGFP and XylIB, with LAHTG sequence at the C-
terminus, were expressed in E. coli and purified by Ni-NTA columns. We employed calcium-
independent CgSrtEanss, for sortagging a C-terminal oriented immobilization of enhanced
green fluorescent protein (eGFP-LAHTG) and xylose dehydrogenase enzyme (XylB-
LAHTG) over triglycine functionalized PEGylated gold nanoparticles. CgSrtEanss cleaves
between T and G at the C-terminal of the LAHTG tag of the recombinant proteins to form a
new peptide bond between the carboxyl group of T with an amino group of triglycine

PEGylated AuNPs (Figure 6.11).
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Figure 6.11. Site-specific Sortase E-mediated immobilization of enzymes

(A) Amine terminated PEGylated gold nanoparticle was synthesized; (B) The amine terminal of NH.-
PEG@AUNP was coupled with triglycine produced by solid-phase peptide synthesis; (C) The purified
recombinant proteins with LAHTG tag were immobilized via Sortase E-mediated ligation on

functionalized AuNP.

The conjugation of immobilized proteins (eGFP and XyIB) was monitored by UV-Vis
and Raman spectra. The UV-Vis spectrum of the immobilized protein showed a clear
absorption peak of proteins at 265 nm and 532 nm. Thus, immobilization of protein over

AuNPs is shown to be evident from the UV-Vis spectrum (Figure 6.12).
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Figure 6.12. UV-Vis spectrum of eGFP/XyIB LAHTG and immobilized eGFP/XyIB-

LAHTG
(A) Absorbance of GFP-LAHTG, GGG-PEG, & GFP-LAHTGGG@AU; (B) Absorbance of XylIB-
LAHTGGG-PEG@AU & XyIB-LAHTG

Further, surface-enhanced Raman spectroscopy (SERS) was employed to confirm the
enzyme immobilization using the sortase enzyme. The native Raman fingerprints of eGFP-
LAHTG were characterized using SERS with prominent peaks at 826 cm™, 1305 cm™, 1405
cm?, and 1460 cm™ (Figure 6.13). These peaks correspond to the significant protein vibration
bands, particularly the amide Il band, CH> wagging, COO stretching, and CH2/CHs stretching
(Table 6.2). We utilized these unique Raman patterns to examine the immobilized protein.
The distinctive peaks of eGFP-LAHTG were found to be combined with the immobilized
protein after purification. This appearance of characteristic peaks of eGFP-LAHTG in the

immobilized protein confirms the effective immobilization process.
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Figure 6.13. Raman spectrum of eGFP/XylB LAHTG and immobilized eGFP/XyIB-

LAHTG

(A) GFP-LAHTG & GFP-LAHTGGG@AUu; (B) XylB-LAHTGGGG-PEG@AU & XyIB-LAHTG

Table 6.2. The Raman spectra peaks and assignment

Raman spectroscopic

peaks

Assignments

334
826
1021
1305

1405
1460

C-C vibrations in aliphatic chains

Protein bands

C-O stretching

d(CH2) twisting, wagging, collagen (protein assignment)
Vs COO

CH2/CHjs deformation

6.3.5. Evaluation of eGFP immobilization on AuNP

The relative fluorescence of free eGFP-LAHTG and eGFP-LAHTG immobilized on

GGG@PEG@AUNP was evaluated by fluorescence spectroscopy at an excitation wavelength

of 488 nm and emission wavelength of 509 nm after 2 h of incubation at 37 °C. After the

conjugation of eGFP-LAHTG with AuNPs, the excess protein was removed by centrifugation.
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The free GFP-LAHTG showed a high fluorescence intensity when compared to GFP-LAHTG

immobilized on AuNPs (Figure 6.14).
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Figure 6.14. Validation of eGFP immobilization on AuNPs
Showing a high fluorescence intensity with free eGFP at excitation of 488 nm and emission of 509 nm
when compared to immobilized eGFP-LAHTG on AuNP.

6.3.6. Analysis of xylonic acid production

XyIB catalyzes the conversion of xylose to xylonic acid with the concomitant

reduction of the NAD™ cofactor, as presented in Figure 6.15.
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Figure 6.15. Bioconversion of xylose to xylonic acid
XyIB catalyzes the conversion of xylose to xylonic acid while simultaneously reducing the
NAD" cofactor.

HPLC was used to test the detection of xylonic acid generation from free and
immobilized XyIB with GGG@PEG@AUNP. During a 72-h incubation at 30 °C, the xylose
utilization and xylonic acid consumption were evaluated. After 72 h, the free XyIB utilizes
xylose efficiently around 38.23 mM and produced a maximum of 2.7 mM of xylonic acid.
Meanwhile, following immobilization, xylose utilization and xylonic acid generation were
38.96 mM and 1.2 mM, respectively, which were lower than the free enzyme (Figure 6.16).
This might be related to changes in the microenvironment of the enzyme after immobilization

(Zdarta et al., 2020).
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Figure 6.16. Validation of xylonic acid production by HPLC
(A) Xylonic acid standard; (B) Substrate control; (C) Production of xylonic acid; (D) Comparison of
Xylonic acid production from free XyIB and immobilized XyIB, detected by HPLC.

6.3.7. Reusability of the immobilized XyIB

The reusability of the immobilized XyIB was examined based on the conversion

efficiency of xylose to xylonic acid via HPLC. Each cycle was carried out for 3 days at 30 °C,




centrifuged at 4000 x g 20 min at 4 °C, and stored for 1 week to repeat the next cycle. Thus,
the enzyme immobilized by site-specific oriented ligation using Sortase E was found to be
stable and retain over 80 % reaction yield after four consecutive cycles (Figure 6.17).
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Figure 6.17. The efficiency of the immobilized XyIB on repeated cycle use

6.4. Discussion

Enzymatic approaches on site-specific immobilization are gaining considerable
interest due to their substrate-binding affinity. Sortase A, a transpeptidase from S. aureus,
cleaves between the T and G residues in the sequence LPXTG and then forms a native peptide
bond between the carboxyl group of the T residue and an amino group of N-terminal glycine
oligomers (Ton-That et al., 1999). Although, there are several types of sortases found in
Gram-positive bacteria, little is known about their expression and substrate specificity. The
Ca2'- independent Sortase E of C. glutamicum with a high substrate specificity towards the
LAHTG motif was used to immobilize proteins on AuNPs. The Sortase E-mediated surface
immobilization on a PEGylated AuNPs was performed under mild reaction conditions in a
single step without the supplement of Ca?* ions and without any prior chemical modification.

The site-specific covalent attachment enables the protein to be arranged in an ordered fashion
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without affecting its biological activity. This was similar to the reports performed by Sortase
A on immobilizing a-amylase and B-glucosidase on polystyrene nanoparticles. The catalytic
activity of the immobilized a-amylase or B-glucosidase particles was higher than that of the
corresponding proteins immobilized by chemical cross-linking (Hata et al., 2015). The
immobilized enzyme on AuNPs produced via Sortase E-mediated method exhibited higher
reusability (3-4 cycles with more than 80 % activity) and enzyme stability. Since, chemically
immobilized enzymes may be more susceptible to denaturation during recycling due to
binding of particles at the active site residue and thereby lowering its reusability (Cho et al.,

2012).

6.5. Summary

Immobilization on gold nanoparticles is a versatile method to improve the efficacy,
recyclability, and stability of the enzymes for industrial application. In this chapter, we used
Corynebacterium glutamicum Sortase E, which is calcium-independent and has high substrate
specificity towards the LAHTG sequence, for sortase-mediated ligation (sortagging). Using
an engineered Sortase E-mediated ligation, a pioneering attempt was made on C-terminal
oriented immobilization of enhanced green fluorescent protein (eGFP) and xylose
dehydrogenase enzyme (XyIB) on PEGylated gold nanoparticles (AuNPSs). Surface-Enhanced
Raman Scattering (SERS) and UV-Vis spectroscopy were used to confirm the successful
enzyme/protein conjugation using triglycine functionalized AuNPs. The immobilized XyIB
was catalytically efficient and able to retain >80 % of its initial activity after four consecutive
cycles. Furthermore, the isolation and purification SrtE from a non-pathogenic C. glutamicum
was easier than isolating and purifying SrtA from organisms that require extensive biosafety
procedures. As a result, CgSrtE can be utilized instead of SrtA in bioengineering or

biotechnological applications.
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Chapter 7



Chapter 7

Summary and Conclusion

The transpeptidation reaction catalyzed by sortases, particularly sortase A from S.
aureus (SaSrtA), has been intensively investigated in recent years, and it is increasingly being
used in the synthesis of new protein derivatives and challenging conjugation processes in
vitro as well asin cellulo in the presence of Ca?*. Several ways have been developed to
improve the sortase performance and broaden the spectrum of substrates that can be used with
a sortase-based strategy. However, for the time being, the vast majority of protocols rely on
the well-studied S. aureus sortase A (SaSrtA) and its derived forms. Although, evolved
variants of SaSrtA outperform the wild-type enzyme in terms of reaction speeds and new
research suggests that they aren't ideal for all applications. To facilitate intracellular
sortagging applications, Ca®*-independent sortase activity is desirable. However, other
sortases, except SaSrtA, are not being employed for sortagging applications due to their low
activity. However, based on the genome analysis, C. glutamicum ATCC 13032 enabled to
identify of a single class E sortase and prediction of a single sortase-dependent protein
(Cgl0614) with the LAATG motif at the C-terminal of the CWSS in C. glutamicum. The
biochemical characterization of the enzyme describes the ideal LAXTG substrate, Ca®*-
independency, and catalytic efficiency which indicates the possible functional differences
between CgSrtE and SaSrtA. The key residues that influence the preference for a non-
canonical LAXTG recognition motif over LPXTG have been found by structural modeling,
substrate docking, and mutagenesis studies. This is a kind of the first report on the sortase
family of transpeptidase enzyme from a nonpathogenic C. glutamicum which makes them

more friendly for several applications like sortagging.
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The sortase E was found to be conserved among the genomes of Corynebacterium sp.
and function as a housekeeping gene within the organism. The Cys 240, Arg 249, His 135,
and Tyr 118 were found to be conserved in the CgSrtE binding site. The SWISS-MODEL
server produced the 3D structure of CgSrtE, which revealed a 62 % similarity to CdSrtF in the
PDB database. Cgl0614, a surface protein predicted to function as a transporter in C.
glutamicum, was built using the I-TASSER threading approach and meets all of the criteria
for sortase substrate protein: an N-terminal signal peptide, a C-terminal sorting motif
LAATG, a transmembrane domain, and a positively charged tail. All the generated models
were validated using PROCHECK and ProSA. The in-silico protein-protein docking by
ClusPro identified Cgl0614 sorting motif LAATG predicted to interact with catalytic site
residues of C. glutamicum Sortase E protein.

Three different derivatives such as deletion, complement, and overexpression of srtE
gene of C. glutamicum were constructed to monitor the possible impact of this gene on cell
growth, morphology, and physiological properties. The srtE deletion mutant was constructed
in C. glutamicum ATCC 13032 by double-crossover homologous recombination. The identity
of srtE was verified by constructing a complement, by inserting a native srtE expression
cassette into the pVWEXx1 plasmid. Homologous expression of the srtE gene was achieved in
C. glutamicum with the help of the pVWEx1 plasmid. The gene was cloned under IPTG
inducible P promoter of the plasmid for controlled expression. The absence of the srtE gene
did not alter the growth rate or morphology in C. glutamicum but resulted in decreased cell
surface hydrophobicity. When compared to WT C. glutamicum, the overexpressed gene
resulted in slowed growth and elongated cell morphology. The growth recovery for AsrtE
deletion mutant was 20 % lower than the wild-type C. glutamicum but found to be viable
when temperature shifted from 30 °C to 37 °C. However, in the overexpressed strain (psrtE)

the growth was completely retarded with the rise in temperature.
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Heterologous expression of sortase gene from C. glutamicum was expressed in E. coli
as a soluble fraction with the removal of 1-44 aa from the N-terminal transmembrane anchor
domain of the protein. Expression was carried out after cloning the gene to the pET28a vector
and the his-tagged recombinant protein (MW 29.6 kDa) was designated as CgSrtEan4s. The
cleavage activity of Sortase E was measured in vitro by HPLC and FRET using synthetic
peptides. CgSrtEan44 cleaved SrtA substrate Abz-LAHTG-Dap (Dnp) with an apparent Kn of
0.012 mM but failed to cleave Abz-LPETG-Dap (Dnp), indicating that it belongs to class E.
The absence of calcium-binding sites in CgSrtEanss shows that Ca®* is not necessary for
sortase E activity enhancement in C. glutamicum. Furthermore, the enzyme was active
throughout a wide pH range of 7.5-10.2, with an optimal pH of about 9.5. The enzyme
catalytic performance was increased when incubated at a higher temperature of roughly 60
°C, and an enzyme concentration of around 15 pM was determined to be ideal. Site-directed
mutagenesis of the active site residues of CgSrtEan44 resulted in a 50 % reduction in activity
when compared to wild-type, indicating that enzyme is essential for substrate recognition and
catalysis.

Demonstrated for the first time the C-terminal mediated sortagging of eGFP and XyIB
on PEGylated AuNPs by CgSrtE under mild reaction conditions in a single step without the
supplement of Ca2* ions or any chemical modification. The resulting recombinant eGFP and
XylIB from Caulobacter cresentus were expressed in E. coli with LAHTG-tag at the C-
terminal. eGFP-LAHTG and XyIB-LAHTG were recombinantly purified by Ni-NTA
columns and immobilized separately on a functionalized triglycine gold nanoparticle by SrtE-
mediated technique and sortagging was confirmed by SERS and UV-Vis spectral analysis.
The effect of XylIB oriented sortagging on its activity and reusability were evaluated by
comparing free enzymes. The immobilized XyIB was found to be catalytically efficient and

able to retain >80 % of its initial activity after four consecutive cycles.
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To conclude, the present study is about the identification of a novel class E sortase of
non-pathogenic C. glutamicum, that shows a substrate specificity different from that of class
A sortases, and understanding its biological activity at the molecular level requires a clear
understanding of protein structure. However, X-ray crystallography and NMR spectroscopy
were used to identify the protein structure, albeit both methods take time and aren't always
effective, especially with membrane proteins. So, in silico research was used to generate the
structure of sortase and its substrate protein and explained by structural analysis and
computation. The function of sortase as a housekeeping role without affecting the cell growth
and morphology was explained by gene deletion. The Ca?* ion-independent activity and
ability to withstand a higher temperature can be utilized as an alternative to SaSrtA.
Furthermore, isolating and purifying SrtE from a non-pathogenic C. glutamicum was
determined to be easier than isolating and purifying SrtA from organisms that need significant
biosafety procedures. As a result, CgSrtE can be used as a potential candidate for broadening
the capabilities of site-specific modification of protein/enzyme in various bioengineering
applications which includes protein dimerization, circularization of proteins to enhance the
catalytic activity and stability of the proteins, and site-specifically modifying liposomes with

proteins.
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C. glutamicum ATCC 13032 is an industrial organism recognized for amino acid synthesis.
The sequence analysis confirmed that C. glutamicum encodes a single sortase, Sortase E
(NCgl2838), but little is known about its function. In this study, based on the in-silico analysis
identified a single sortase-dependent protein with LAXTG sorting motif which is predicted to
function as a transporter protein. Three distinct variants of C. glutamicum, srtE deletion
mutant, complement and overexpressed strain were generated to study the potential influence
of srtE on cell development, morphology, and physiology. A FRET-based assay and HPLC
were developed, to confirm that recombinant Sortase E catalyzes the cleavage of fluorescently
labelled peptides containing LAXTG motifs in vitro. Mass spectrometry reveals the cleavage
site is between the threonine and glycine residues of the LAXTG peptide. The key residues
Cys, His, Arg and Tyr that influences the preference for a non-canonical LAXTG recognition
motif has been found by structural modeling, substrate docking, and mutagenesis studies. The
biochemical characterization of the enzyme shows a Kn of 12 + 1 uM with LAHTG substrate,
Ca2*- independency and catalytic efficiency at higher temperature indicates the possible
functional differences between CgSrtE and SaSrtA. Using engineered Sortase E, a pioneer
attempt was made to immobilize enhanced green fluorescent protein (eGFP) and xylose
dehydrogenase enzyme (XyIB) over triglycine functionalized PEGylated gold nanoparticles
via sortase-mediated ligation or sortagging. This is a kind of first report on class E sortase
family from non-pathogenic C. glutamicum which enabled the enzyme to site-specifically

modify protein/enzyme for various bioengineering applications.
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ANNEXURE I- Media Composition

1. Luria Bertani Medium (LB) gL*

Tryptone 10

NaCl 10.0
Yeast Extract 50
Agar (for solid medium) 15.0

Adjust the pH to 7.0 by 1 N HCI/ NaOH, and sterilized by autoclaving

2. Brain Heart Infusion (BHI) gL

Beef heart infusion 25
Calf brain infusion 6.25
Na;HPO, 1.75
Glucose 1.0
Peptone 5.0
NaCl 2.5
Agar (for solid medium) 15.0

Adjust the pH to 7.0 by 1 N HCI/ NaOH, and sterilized by autoclaving

4. SOC Medium (gL

Glucose 20.0 mM
Bacto-tryptone 20 g/L
Yeast extract 59/L
MgCl; 10 mM
KCI 0.186 g/L
NaCl 0.5¢g/L
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6. Epo Medium (gL?)

Tryptone 10gL?
Yeast extract 5¢gL?
NaCl 10 gL
LB broth 1L

8. Terrific broth (TB) gL*

TB-A (900 mL)

Yeast extract 24 g
Trypton 12 ¢
Glycerol 49

Sterilize TB-A by autoclaving and allow media to cool and add 100 mL of TB-B

TB-B (100 mL)
KHPO, 234

KoHPO4 125¢
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ANNEXURE I1-Vector map and sequences

pET28a (5569 bp) (Novagen, USA)

Xha 158)
Mot 1[168)

E l{168
H?r?d I:I:;*I%'zi
Sal Ipiray
Sac f190)
EcoR lj182)
BamH [[188)
Mhe K231
MNde I[238)
Noo [296)

Dra {5127

Py 1j2428)
Sgf lj1426)

Sma l[4300) Milu 1j1123)

Bdl I{1137)
Cla 4117
Mru [[40a3) B=iE 11[1304)
pET-28a(+) Apa 1{1334)
(5368bp)

BesH Ij1534)

Eco&7 1(3772) EcoR V{1573)
Hpa I{1823)
AhwH [3840)
Bss3 1{3307) Pshuf 1 1568)

BspLU11 [{z3224)
ap [3108)

Bst1107 1j2235)

Tth111 liz963)

Egl I2187)
Fsp [{2205)
Psp5 (lj2230)
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T7 promoter primer #69348-3
ET upstream primer #89214-3
p__f mp T7promoter lac operator Xbal rbs
AGATCTCEATCCCGCGAAARTTAATACGACTCACTATAGGGGAATTGTGAGCOCATAACAATTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGACA
Neol His'Tag _Nde| Nhel — T2T:
TATACCATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGETGCCGCOCOGCAGCCATATGGLTAGCATGACTCGTGEACAGCAA
MetGlySerSerHisHIsHisHIsHIsHI sSerSerClyLeuValProArqllySerHistatAlaSerMetTheClyGlyGInGin
Eag| thrombin
BarH | EcR | Sacl _Sall Hind Il _ Notl  Xhol His+Tag
ATBGGTCECGGATCCGAATTCGAGCTCCGTCOACAAGCTTGCGECCECACTCOAGCACCACCACCACCACCACTGAGATCCOGCTOCTAACAAAGCCC pET-28a(+)
NetGlyArgGlySerGluPheGluleuArgArglinAlaCysClyArgThrArghlaProProProProProleulrgSerGlyCysEnd
...COTCOGGATCCGAATTCGAGCTCCOTCGACAAGCTTGCOGCCGCACTCCAGCACCACCACCACCACCACTGACATCCGOCTGCTAACARAGLCC  pET-28b(+)
...GlyArgAspProAsnSerSerSerVal AsplysLeuAloAlcAloLeuCluHisKisHIsHisHIsHIsEnd
...GGTCOGATCCGAATTCGAGCTCCOTCGACAAGC TTGCGECCGCACTCGAGCACCACCACCACCACCACTGAGATCCGOCTGCTAACAAAGCCE  pET-28c (+)
...ClyhrglleAralleArghioProSerThrSerLeuArgProHisSerSerTheTheTheTheTheTheGlul leArgleuLeuThrlysPro. ..
Bput1021 T7 terminator
GAAAGGAAGCTGAGTTGECTGCTGCCACCCCTCAGCAATAACTAGCATAACCCCTTCOGGCCTCTARACGRGTCTTGAGGEETTTTTTG
-«
T7 terminator primer #89337-3
pET-28a-c(+) cloning/expression region

TGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCA
GCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTT
CTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCG
ATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGGTTCACGTAGTG
GGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGT
GGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATA
AGGGATTTTGCCGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACG
CGAATTTTAACAAAATATTAACGTTTACAATTTCAGGTGGCACTTTTCGGGGAAATGTGCGC
GGAACCCCTATTTGTITTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAATTAATT
CTTAGAAAAACTCATCGAGCATCAAATGAAACTGCAATTTATTCATATCAGGATTATCAATA
CCATATTTTTGAAAAAGCCGTTTCTGTAATGAAGGAGAAAACTCACCGAGGCAGTTCCATAG
GATGGCAAGATCCTGGTATCGGTCTGCGATTCCGACTCGTCCAACATCAATACAACCTATTA
ATTTCCCCTCGTCAAAAATAAGGTTATCAAGTGAGAAATCACCATGAGTGACGACTGAATCC
GGTGAGAATGGCAAAAGTTTATGCATTTCTTTCCAGACTTGTTCAACAGGCCAGCCATTACG
CTCGTCATCAAAATCACTCGCATCAACCAAACCGTTATTCATTCGTGATTGCGCCTGAGCGA
GACGAAATACGCGATCGCTGTTAAAAGGACAATTACAAACAGGAATCGAATGCAACCGGCGC
AGGAACACTGCCAGCGCATCAACAATATTTTCACCTGAATCAGGATATTCTTCTAATACCTG
GAATGCTGTTTTCCCGGGGATCGCAGTGGTGAGTAACCATGCATCATCAGGAGTACGGATAA
AATGCTTGATGGTCGGAAGAGGCATAAATTCCGTCAGCCAGTTTAGTCTGACCATCTCATCT
GTAACATCATTGGCAACGCTACCTTTGCCATGTTTCAGAAACAACTCTGGCGCATCGGGCTT
CCCATACAATCGATAGATTGTCGCACCTGATTGCCCGACATTATCGCGAGCCCATTTATACC
CATATAAATCAGCATCCATGTTGGAATTTAATCGCGGCCTAGAGCAAGACGTTTCCCGTTGA
ATATGGCTCATAACACCCCTTGTATTACTGTTTATGTAAGCAGACAGTTTTATTGTTCATGA
CCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAA
GGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACC
GCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTG
GCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCAC
TTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGC
TGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGG
CGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTAC
ACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAA
GGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAG
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GGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGA
TTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTT
ACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATT
CTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACC
GAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTTCTCCTTAC
GCATCTGTGCGGTATTTCACACCGCATATATGGTGCACTCTCAGTACAATCTGCTCTGATGC
CGCATAGTTAAGCCAGTATACACTCCGCTATCGCTACGTGACTGGGTCATGGCTGCGCCCCG
ACACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTACA
GACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGAAA
CGCGCGAGGCAGCTGCGGTAAAGCTCATCAGCGTGGTCGTGAAGCGATTCACAGATGTCTGC
CTGTTCATCCGCGTCCAGCTCGTTGAGTTTCTCCAGAAGCGTTAATGTCTGGCTTCTGATAA
AGCGGGCCATGTTAAGGGCGGTTTTTTCCTGTTTGGTCACTGATGCCTCCGTGTAAGGGGGA
TTTCTGTTCATGGGGGTAATGATACCGATGAAACGAGAGAGGATGCTCACGATACGGGTTAC
TGATGATGAACATGCCCGGTTACTGGAACGTTGTGAGGGTAAACAACTGGCGGTATGGATGC
GGCGGGACCAGAGAAAAATCACTCAGGGTCAATGCCAGCGCTTCGTTAATACAGATGTAGGT
GTTCCACAGGGTAGCCAGCAGCATCCTGCGATGCAGATCCGGAACATAATGGTGCAGGGCGC
TGACTTCCGCGTTTCCAGACTTTACGAAACACGGAAACCGAAGACCATTCATGTTGTTGCTC
AGGTCGCAGACGTTTTGCAGCAGCAGTCGCTTCACGTTCGCTCGCGTATCGGTGATTCATTC
TGCTAACCAGTAAGGCAACCCCGCCAGCCTAGCCGGGTCCTCAACGACAGGAGCACGATCAT
GCGCACCCGTGGGGCCGCCATGCCGGCGATAATGGCCTGCTTCTCGCCGAAACGTTTGGTGG
CGGGACCAGTGACGAAGGCTTGAGCGAGGGCGTGCAAGATTCCGAATACCGCAAGCGACAGG
CCGATCATCGTCGCGCTCCAGCGAAAGCGGTCCTCGCCGAAAATGACCCAGAGCGCTGCCGG
CACCTGTCCTACGAGTTGCATGATAAAGAAGACAGTCATAAGTGCGGCGACGATAGTCATGC
CCCGCGCCCACCGGAAGGAGCTGACTGGGTTGAAGGCTCTCAAGGGCATCGGTCGAGATCCC
GGTGCCTAATGAGTGAGCTAACTTACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTC
GGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGC
GTATTGGGCGCCAGGGTGGTTTTTCTTTTCACCAGTGAGACGGGCAACAGCTGATTGCCCTT
CACCGCCTGGCCCTGAGAGAGTTGCAGCAAGCGGTCCACGCTGGTTTGCCCCAGCAGGCGAA
AATCCTGTTTGATGGTGGTTAACGGCGGGATATAACATGAGCTGTCTTCGGTATCGTCGTAT
CCCACTACCGAGATATCCGCACCAACGCGCAGCCCGGACTCGGTAATGGCGCGCATTGCGLC
CAGCGCCATCTGATCGTTGGCAACCAGCATCGCAGTGGGAACGATGCCCTCATTCAGCATTT
GCATGGTTTGTTGAAAACCGGACATGGCACTCCAGTCGCCTTCCCGTTCCGCTATCGGCTGA
ATTTGATTGCGAGTGAGATATTTATGCCAGCCAGCCAGACGCAGACGCGCCGAGACAGAACT
TAATGGGCCCGCTAACAGCGCGATTTGCTGGTGACCCAATGCGACCAGATGCTCCACGCCCA
GTCGCGTACCGTCTTCATGGGAGAAAATAATACTGTTGATGGGTGTCTGGTCAGAGACATCA
AGAAATAACGCCGGAACATTAGTGCAGGCAGCTTCCACAGCAATGGCATCCTGGTCATCCAG
CGGATAGTTAATGATCAGCCCACTGACGCGTTGCGCGAGAAGATTGTGCACCGCCGCTTTAC
AGGCTTCGACGCCGCTTCGTTCTACCATCGACACCACCACGCTGGCACCCAGTTGATCGGCG
CGAGATTTAATCGCCGCGACAATTTGCGACGGCGCGTGCAGGGCCAGACTGGAGGTGGCAAC
GCCAATCAGCAACGACTGTTTGCCCGCCAGTTGTTGTGCCACGCGGTTGGGAATGTAATTCA
GCTCCGCCATCGCCGCTTCCACTTTTTCCCGCGTTTTCGCAGAAACGTGGCTGGCCTGGTTC
ACCACGCGGGAAACGGTCTGATAAGAGACACCGGCATACTCTGCGACATCGTATAACGTTAC
TGGTTTCACATTCACCACCCTGAATTGACTCTCTTCCGGGCGCTATCATGCCATACCGCGAA
AGGTTTTGCGCCATTCGATGGTGTCCGGGATCTCGACGCTCTCCCTTATGCGACTCCTGCAT
TAGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGCAT
GCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAA
CAAGCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATA
GGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCGGCGTAGAGGA
TCGAGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACA
ATTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACCATGGGCAGCAGCCA
TCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGCTAGCATGACTG
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GTGGACAGCAAATGGGTCGCGGATCCGAATTCGAGCTCCGTCGACAAGCTTGCGGCCGCACT
CGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGT
TGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTG
AGGGGTTTTTTGCTGAAAGGAGGAACTATATCCGGAT

pVWEXx1 (8471 bp) (Peters-Wendisch et al., 2001)
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AAGCTTGCATGCCTGCAGGTCGACTCTAGAGGATCCCCGGGTACCGAGCTCGAATTCACTGG
CCGTCGTTTTACAGCCAAGCTTGGCTGTTTTGGCGGATGAGAGAAGATTTTCAGCCTGATAC
AGATTAAATCAGAACGCAGAAGCGGTCTGATAAAACAGAATTTGCCTGGCGGCAGTAGCGCG
GTGGTCCCACCTGACCCCATGCCGAACTCAGAAGTGAAACGCCGTAGCGCCGATGGTAGTGT
GGGGTCTCCCCATGCGAGAGTAGGGAACTGCCAGGCATCAAATAAAACGAAAGGCTCAGTCG
AAAGACTGGGCCTTTCGTTTTATCTGTTGTTTGTCGGTGAACGCTCTCCTGAGTAGGACAAA
TCCGCCGGGAGCGGATTTGAACGTTGCGAAGCAACGGCCCGGAGGGTGGCGGGCAGGACGLCC
CGCCATAAACTGCCAGGCATCAAATTAAGCAGAAGGCCATCCTGACGGATGGCCTTTTTGCG
TTTCTACAAACTCTTTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGAC
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AATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTC
CGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAAC
GCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTTACATCGAACTGG
ATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAATGATGAGC
ACTTTTGATCCCCCTGCGGCGTCGCTGATCGCCCTCGCGACGTTGTGCGGGTGGCTTGTCCC
TGAGGGCGCTGCGACAGATAGCTAAAAATCTGCGTCAGGATCGCCGTAGAGCGCGCGTCGCG
TCGATTGGAGGCTTCCCCTTTGGTTGACGGTCTTCAATCGCTCTACGGCGATCCTGACGCTT
TTTTGTTGCGTACCGTCGATCGTTTTATTTCTGTCGATCCCGAAAAAGTTTTTGCCTTTTGT
AAAAAACTTCTCGGTCGCCCCGCAAATTTTCGATTCCAGATTTTTTAAAAACCAAGCCAGAA
ATACGACACACCGTTTGCAGATAATCTGTCTTTCGAAAAATCAAGTGCGATACAAAATTTTT
AGCACCCCTGAGCTGCGCAAAGTCCCGCTTCGTGAAAATTTTCGTGCCGCGTGATTTTCCGC
CAAAAACTTTAACGAACGTTCGTTATAATGGTGTCATGACCTTCACGACGAAGTACCAAAAT
TGGCCCGAATCATCAGCTATGGATCTCTCTGATGTCGCGCTGGAGTCCGACGCGCTCGATGC
TGCCGTCGATTTAAAAACGGTGATCGGATTTTTCCGAGCTCTCGATACGACGGACGCGCCAG
CATCACGAGACTGGGCCAGTGCCGCGAGCGACCTAGAAACTCTCGTGGCGGATCTTGAGGAG
CTGGCTGACGAGCTGCGTGCTCGGCAGCGCCAGGAGGACGCACAGTAGTGGAGGATCGAATC
AGTTGCGCCTACTGCGGTGGCCTGATTCCTCCCCGGCCTGACCCGCGAGGACGGCGCGCAAA
ATATTGCTCAGATGCGTGTCGTGCCGCAGCCAGCCGCGAGCGCGCCAACAAACGCCACGCCG
AGGAGCTGGAGGCGGCTAGGTCGCAAATGGCGCTGGAAGTGCGTCCCCCGAGCGAAATTTTG
GCCATGGTCGTCACAGAGCTGGAAGCGGCAGCGAGAATTATCCGCGATCGTGGCGCGGTGCC
CGCAGGCATGACAAACATCGTAAATGCCGCGTTTCGTGTGGCCGTGGCCGCCCAGGACGTGT
CAGCGCCGCCACCACCTGCACCGAATCGGCAGCAGCGTCGCGCGTCGAAAAAGCGCACAGGC
GGCAAGAAGCGATAAGCTGCACGAATACCTGAAAAATGTTGAACGCCCCGTGAGCGGTAACT
CACAGGGCGTCGGCTAACCCCCAGTCCAAACCTGGGAGAAAGCGCTCAAAAATGACTCTAGC
GGATTCACGAGACATTGACACACCGGCCTGGAAATTTTCCGCTGATCTGTTCGACACCCATC
CCGAGCTCGCGCTGCGATCACGTGGCTGGACGAGCGAAGACCGCCGCGAATTCCTCGCTCAC
CTGGGCAGAGAAAATTTCCAGGGCAGCAAGACCCGCGACTTCGCCAGCGCTTGGATCAAAGA
CCCGGACACGGGAGAAACACAGCCGAAGTTATACCGAGTTGGTTCAAAATCGCTTGCCCGGT
GCCAGTATGTTGCTCTGACGCACGCGCAGCACGCAGCCGTGCTTGTCCTGGACATTGATGTG
CCGAGCCACCAGGCCGGCGGGAAAATCGAGCACGTAAACCCCGAGGTCTACGCGATTTTGGA
GCGCTGGGCACGCCTGGAAAAAGCGCCAGCTTGGATCGGCGTGAATCCACTGAGCGGGAAAT
GCCAGCTCATCTGGCTCATTGATCCGGTGTATGCCGCAGCAGGCATGAGCAGCCCGAATATG
CGCCTGCTGGCTGCAACGACCGAGGAAATGACCCGCGTTTTCGGCGCTGACCAGGCTTTTTC
ACATAGGCTGAGCCGGTGGCCACTGCACGTCTCCGACGATCCCACCGCGTACCGCTGGCATG
CCCAGCACAATCGCGTGGATCGCCTAGCTGATCTTATGGAGGTTGCTCGCATGATCTCAGGC
ACAGAAAAACCTAAAAAACGCTATGAGCAGGAGTTTTCTAGCGGACGGGCACGTATCGAAGC
GGCAAGAAAAGCCACTGCGGAAGCAAAAGCACTTGCCACGCTTGAAGCAAGCCTGCCGAGCG
CCGCTGAAGCGTCTGGAGAGCTGATCGACGGCGTCCGTGTCCTCTGGACTGCTCCAGGGCGT
GCCGCCCGTGATGAGACGGCTTTTCGCCACGCTTTGACTGTGGGATACCAGTTAAAAGCGGC
TGGTGAGCGCCTAAAAGACACCAAGATCATCGACGCCTACGAGCGTGCCTACACCGTCGCTC
AGGCGGTCGGAGCAGACGGCCGTGAGCCTGATCTGCCGCCGATGCGTGACCGCCAGACGATG
GCGCGACGTGTGCGCGGCTACGTCGCTAAAGGCCAGCCAGTCGTCCCTGCTCGTCAGACAGA
GACGCAGAGCAGCCGAGGGCGAAAAGCTCTGGCCACTATGGGAAGACGTGGCGGTAAAAAGG
CCGCAGAACGCTGGAAAGACCCAAACAGTGAGTACGCCCGAGCACAGCGAGAAAAACTAGCT
AAGTCCAGTCAACGACAAGCTAGGAAAGCTAAAGGAAATCGCTTGACCATTGCAGGTTGGTT
TATGACTGTTGAGGGAGAGACTGGCTCGTGGCCGACAATCAATGAAGCTATGTCTGAATTTA
GCGTGTCACGTCAGACCGTGAATAGAGCACTTAAGTCTGCGGGCATTGAACTTCCACGAGGA
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CGCCGTAAAGCTTCCCAGTAAATGTGCCATCTCGTAGGCAGAAAACGGTTCCCCCCGTAGGG
GTCTCTCTCTTGGCCTCCTTTCTAGGTCGGGCTGATTGCTCTTGAAGCTCTCTAGGGGGGCT
CACACCATAGGCAGATAACGGTTCCCCACCGGCTCACCTCGTAAGCGCACAAGGACTGCTCC
CAAAGATCTTCAAAGCCACTGCCGCGACTCCGCTTCGCGAAGCCTTGCCCCGCGGAAATTTC
CTCCACCGAGTTCGTGCACACCCCTATGCCAAGCTTCTTTCACCCTAAATTCGAGAGATTGG
ATTCTTACCGTGGAAATTCTTCGCAAAAATCGTCCCCTGATCGCCCTTGCGACGTTGCTCGC
GGCGGTGCCGCTGGTTGCGCTTGGCTTGACCGACTTGATCCTCCGGCGTTCAGCCTGTGCCA
CAGCCGACAGGATGGTGACCACCATTTGCCCCATATCACCGTCGGTACTGATCCCGTCGTCA
ATAAACCGAACCGCTACACCCTGAGCATCAAACTCTTTTATCAGTTGGATCATGTCGGCGGT
GTCGCGGCCAAGACGGTCGAGCTTCTTCACCAGAATGACATCACCTTCCTCCACCTTCATCC
TCAGCAAATCCAGCCCTTCCCGATCTGTTGAACTGCCGGATGCCTTGTCGGTAAAGATGCGG
TTAGCTTTTACCCCTGCATCTTTGAGCGCTGAGGTCTGCCTCGTGAAGAAGGTGTTGCTGAC
TCATACCAGGCCTGAATCGCCCCATCATCCAGCCAGAAAGTGAGGGAGCCACGGTTGATGAG
AGCTTTGTTGTAGGTGGACCAGTTGGTGATTTTGAACTTTTGCTTTGCCACGGAACGGTCTG
CGTTGTCGGGAAGATGCGTGATCTGATCCTTCAACTCAGCAAAAGTTCGATTTATTCAACAA
AGCCGCCGTCCCGTCAAGTCAGCGTAATGCTCTGCCAGTGTTACAACCAATTAACCAATTCT
GATTAGAAAAACTCATCGAGCATCAAATGAAACTGCAATTTATTCATATCAGGATTATCAAT
ACCATATTTTTGAAAAAGCCGTTTCTGTAATGAAGGAGAAAACTCACCGAGGCAGTTCCATA
GGATGGCAAGATCCTGGTATCGGTCTGCGATTCCGACTCGTCCAACATCAATACAACCTATT
AATTTCCCCTCGTCAAAAATAAGGTTATCAAGTGAGAAATCACCATGAGTGACGACTGAATC
CGGTGAGAATGGCAAAAGCTTATGCATTTCTTTCCAGACTTGTTCAACAGGCCAGCCATTAC
GCTCGTCATCAAAATCACTCGCATCAACCAAACCGTTATTCATTCGTGATTGCGCCTGAGCG
AGACGAAATACGCGATCGCTGTTAAAAGGACAATTACAAACAGGAATCGAATGCAACCGGCG
CAGGAACACTGCCAGCGCATCAACAATATTTTCACCTGAATCAGGATATTCTTCTAATACCT
GGAATGCTGTTTTCCCGGGGATCGCAGTGGTGAGTAACCATGCATCATCAGGAGTACGGATA
AAATGCTTGATGGTCGGAAGAGGCATAAATTCCGTCAGCCAGTTTAGTCTGACCATCTCATC
TGTAACATCATTGGCAACGCTACCTTTGCCATGTTTCAGAAACAACTCTGGCGCATCGGGCT
TCCCATACAATCGATAGATTGTCGCACCTGATTGCCCGACATTATCGCGAGCCCATTTATAC
CCATATAAATCAGCATCCATGTTGGAATTTAATCGCGGCCTCGAGCAAGACGTTTCCCGTTG
AATATGGCTCATAACACCCCTTGTATTACTGTTTATGTAAGCAGACAGTTTTATTGTTCATG
ATGATATATTTTTATCTTGTGCAATGTAACATCAGAGATTTTGAGACACAACGTGGCTTTGT
TGAATAAATCGAACTTTTGCTGAGTTGAAGGATCAGATCACGCATCTTCCCGACAACGCAGA
CCGTTCCGTGGCAAAGCAAAAGTTCAAAATCACCAACTGGTCCACCTACAACAAAGCTCTCA
TCAACCGTGGCTCCCTCACTTTCTGGCTGGATGATGGGGCGATTCAGGCCTGGTATGAGTCA
GCAACACCTTCTTCACGAGGCAGACCTCAGCGCTAGCGGAGTGTATACTGGCTTACTATGTT
GGCACTGATGAGGGTGTCAGTGAAGTGCTTCATGTGGCAGGAGAAAAAAGGCTGCACCGGTG
CGTCAGCAGAATATGTGATACAGGATATATTCCGCTTCCTCGCTCACTGACTCGCTACGCTC
GGTCGTTCGACTGCGGCGAGCGGAAATGGCTTACGAACGGGGCGGAGATTTCCTGGAAGATG
CCAGGAAGATACTTAACAGGGAAGTGAGAGGGCCGCGGCAAAGCCGTTTTTCCATAGGCTCC
GCCCCCCTGACAAGCATCACGAAATCTGACGCTCAAATCAGTGGTGGCGAAACCCGACAGGA
CTATAAAGATACCAGGCGTTTCCCCCTGGCGGCTCCCTCGTGCGCTCTCCTGTTCCTGCCTT
TCGGTTTACCGGTGTCATTCCGCTGTTATGGCCGCGTTTGTCTCATTCCACGCCTGACACTC
AGTTCCGGGTAGGCAGTTCGCTCCAAGCTGGACTGTATGCACGAACCCCCCGTTCAGTCCGA
CCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGAAAGACATGCAAAAGCAC
CACTGGCAGCAGCCACTGGTAATTGATTTAGAGGAGTTAGTCTTGAAGTCATGCGCCGGTTA
AGGCTAAACTGAAAGGACAAGTTTTGGTGACTGCGCTCCTCCAAGCCAGTTACCTCGGTTCA
AAGAGTTGGTAGCTCAGAGAACCTTCGAAAAACCGCCCTGCAAGGCGGTTTTTTCGTTTTCA
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GAGCAAGAGATTACGCGCAGACCAAAACGATCTCAAGAAGATCATCTTATTAAGGGGTCTGA
CGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCT
TCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAA
ACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATT
TCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTAC
CATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCA
GCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTC
CATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGC
GCAACGTTGTTGCCATTGCCGATGATAAGCTGTCAAACATGGCCTGTCGCTTGCGGTATTCG
GAATCTTGCACGCCCTCGCTCAAGCCTTCGTCACTGGTCCCGCCACCAAACGTTTCGGCGAG
AAGCAGGCCATTATCGCCGGCATGGCGGCCGACGCGCGGGGAGAGGCGGTTTGCGTATTGGG
CGCCAGGGTGGTTTTTCTTTTCACCAGTGAGACGGGCAACAGCTGATTGCCCTTCACCGCCT
GGCCCTGAGAGAGTTGCAGCAAGCGGTCCACGCTGGTTTGCCCCAGCAGGCGAAAATCCTGT
TTGATGGTGGTTAACGGCGGGATATAACATGAGCTGTCTTCGGTATCGTCGTATCCCACTAC
CGAGATATCCGCACCAACGCGCAGCCCGGACTCGGTAATGGCGCGCATTGCGCCCAGCGCCA
TCTGATCGTTGGCAACCAGCATCGCAGTGGGAACGATGCCCTCATTCAGCATTTGCATGGTT
TGTTGAAAACCGGACATGGCACTCCAGTCGCCTTCCCGTTCCGCTATCGGCTGAATTTGATT
GCGAGTGAGATATTTATGCCAGCCAGCCAGACGCAGACGCGCCGAGACAGAACTTAATGGGC
CCGCTAACAGCGCGATTTGCTGGTGACCCAATGCGACCAGATGCTCCACGCCCAGTCGCGTA
CCGTCTTCATGGGAGAAAATAATACTGTTGATGGGTGTCTGGTCAGAGACATCAAGAAATAA
CGCCGGAACATTAGTGCAGGCAGCTTCCACAGCAATGGCATCCTGGTCATCCAGCGGATAGT
TAATGATCAGCCCACTGACGCGTTGCGCGAGAAGATTGTGCACCGCCGCTTTACAGGCTTCG
ACGCCGCTTCGTTCTACCATCGACACCACCACGCTGGCACCCAGTTGATCGGCGCGAGATTT
AATCGCCGCGACAATTTGCGACGGCGCGTGCAGGGCCAGACTGGAGGTGGCAACGCCAATCA
GCAACGACTGTTTGCCCGCCAGTTGTTGTGCCACGCGGTTGGGAATGTAATTCAGCTCCGCC
ATCGCCGCTTCCACTTTTTCCCGCGTTTTCGCAGAAACGTGGCTGGCCTGGTTCACCACGCG
GGAAACGGTCTGATAAGAGACACCGGCATACTCTGCGACATCGTATAACGTTACTGGTTTCA
CATTCACCACCCTGAATTGACTCTCTTCCGGGCGCTATCATGCCATACCGCGAAAGGTTTTG
CACCATTCGATGGTGTCAACGTAAATGCATGCCGCTTCGCCTTCGCGCGCGAATTGCAAGCT
GATCCGGGCTTATCGACTGCACGGTGCACCAATGCTTCTGGCGTCAGGCAGCCATCGGAAGC
TGTGGTATGGCTGTGCAGGTCGTAAATCACTGCATAATTCGTGTCGCTCAAGGCGCACTCCC
GTTCTGGATAATGTTTTTTGCGCCGACATCATAACGGTTCTGGCAAATATTCTGAAATGAGC
TGTTGACAATTAATCATCGGCTCGTATAATGTGTGGAATTGTGAGCGGATAACAATTTCACA
CAGGAAACAGAATTAAAAGATATGACCATGATTACGCC
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pK19mobsacB (5719 bp) (Schagfer et al., 1994)

(5524) Smal EcoRI (5538)
(5517) BamHI \
(5511) Xbal
(5505) Sall -
(5503) Pstl — —
(5457) Sphl — j,_—_,.r-
5487y HindIII —

pK19mobsacB
5719 bp

e 4-""'-4". —
< Jrowiod @2 -

HindIII SphI  Pstl Sall Xbal BamHI Smal EcoRI

gctatgacatgattacgccaagcttgcatgcctgcaggtcgactctagaggatccccgggtaccgagctcgaattcactg

cgatactgtactaatgcggttcgaacgtacggacgtccagctgagatctcctaggggcccatggctcgagcttaagtgac
| NCS |

TGCCGCAAGCACTCAGGGCGCAAGGGCTGCTAAAGGAAGCGGAACACGTAGAAAGCCAGTCC
GCAGAAACGGTGCTGACCCCGGATGAATGTCAGCTACTGGGCTATCTGGACAAGGGAAAACG
CAAGCGCAAAGAGAAAGCAGGTAGCTTGCAGTGGGCTTACATGGCGATAGCTAGACTGGGCG
GTTTTATGGACAGCAAGCGAACCGGAATTGCCAGCTGGGGCGCCCTCTGGTAAGGTTGGGAA
GCCCTGCAAAGTAAACTGGATGGCTTTCTTGCCGCCAAGGATCTGATGGCGCAGGGGATCAA
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GATCTGATCAAGAGACAGGATGAGGATCGTTTCGCATGATTGAACAAGATGGATTGCACGCA
GGTTCTCCGGCCGCTTGGGTGGAGAGGCTATTCGGCTATGACTGGGCACAACAGACAATCGG
CTGCTCTGATGCCGCCGTGTTCCGGCTGTCAGCGCAGGGGCGCCCGGTTCTTTTTGTCAAGA
CCGACCTGTCCGGTGCCCTGAATGAACTCCAAGACGAGGCAGCGCGGCTATCGTGGCTGGLC
ACGACGGGCGTTCCTTGCGCAGCTGTGCTCGACGTTGTCACTGAAGCGGGAAGGGACTGGCT
GCTATTGGGCGAAGTGCCGGGGCAGGATCTCCTGTCATCTCACCTTGCTCCTGCCGAGARAAG
TATCCATCATGGCTGATGCAATGCGGCGGCTGCATACGCTTGATCCGGCTACCTGCCCATTC
GACCACCAAGCGAAACATCGCATCGAGCGAGCACGTACTCGGATGGAAGCCGGTCTTGTCGA
TCAGGATGATCTGGACGAAGAGCATCAGGGGCTCGCGCCAGCCGAACTGTTCGCCAGGCTCA
AGGCGCGGATGCCCGACGGCGAGGATCTCGTCGTGACCCATGGCGATGCCTGCTTGCCGAAT
ATCATGGTGGAAAATGGCCGCTTTTCTGGATTCATCGACTGTGGCCGGCTGGGTGTGGCGGA
CCGCTATCAGGACATAGCGTTGGCTACCCGTGATATTGCTGAAGAGCTTGGCGGCGAATGGG
CTGACCGCTTCCTCGTGCTTTACGGTATCGCCGCTCCCGATTCGCAGCGCATCGCCTTCTAT
CGCCTTCTTGACGAGTTCTTCTGAGCGGGACTCTGGGGTTCGCTAGAGGATCGATCCTTTTT
AACCCATCACATATACCTGCCGTTCACTATTATTTAGTGAAATGAGATATTATGATATTTTC
TGAATTGTGATTAAAAAGGCAACTTTATGCCCATGCAACAGAAACTATAAAAAATACAGAGA
ATGAAAAGAAACAGATAGATTTTTTAGTTCTTTAGGCCCGTAGTCTGCAAATCCTTTTATGA
TTTTCTATCAAACAAAAGAGGAAAATAGACCAGTTGCAATCCAAACGAGAGTCTAATAGAAT
GAGGTCGAAAAGTAAATCGCGCGGGTTTGTTACTGATAAAGCAGGCAAGACCTAAAATGTGT
AAAGGGCAAAGTGTATACTTTGGCGTCACCCCTTACATATTTTAGGTCTTTTTTTATTGTGC
GTAACTAACTTGCCATCTTCAAACAGGAGGGCTGGAAGAAGCAGACCGCTAACACAGTACAT
AAAAAAGGAGACATGAACGATGAACATCAAAAAGTTTGCAAAACAAGCAACAGTATTAACCT
TTACTACCGCACTGCTGGCAGGAGGCGCAACTCAAGCGTTTGCGAAAGAAACGAACCAAAAG
CCATATAAGGAAACATACGGCATTTCCCATATTACACGCCATGATATGCTGCAAATCCCTGA
ACAGCAAAAAAATGAAAAATATCAAGTTTCTGAATTTGATTCGTCCACAATTAAAAATATCT
CTTCTGCAAAAGGCCTGGACGTTTGGGACAGCTGGCCATTACAAAACGCTGACGGCACTGTC
GCAAACTATCACGGCTACCACATCGTCTTTGCATTAGCCGGAGATCCTAAAAATGCGGATGA
CACATCGATTTACATGTTCTATCAAAAAGTCGGCGAAACTTCTATTGACAGCTGGAAAAACG
CTGGCCGCGTCTTTAAAGACAGCGACAAATTCGATGCAAATGATTCTATCCTAAAAGACCAA
ACACAAGAATGGTCAGGTTCAGCCACATTTACATCTGACGGAAAAATCCGTTTATTCTACAC
TGATTTCTCCGGTAAACATTACGGCAAACAAACACTGACAACTGCACAAGTTAACGTATCAG
CATCAGACAGCTCTTTGAACATCAACGGTGTAGAGGATTATAAATCAATCTTTGACGGTGAC
GGAAAAACGTATCAAAATGTACAGCAGTTCATCGATGAAGGCAACTACAGCTCAGGCGACAA
CCATACGCTGAGAGATCCTCACTACGTAGAAGATAAAGGCCACAAATACTTAGTATTTGAAG
CAAACACTGGAACTGAAGATGGCTACCAAGGCGAAGAATCTTTATTTAACAAAGCATACTAT
GGCAAAAGCACATCATTCTTCCGTCAAGAAAGTCAAAAACTTCTGCAAAGCGATAAAAANCG
CACGGCTGAGTTAGCAAACGGCGCTCTCGGTATGATTGAGCTAAACGATGATTACACACTGA
AAAAAGTGATGAAACCGCTGATTGCATCTAACACAGTAACAGATGAAATTGAACGCGCGAAC
GTCTTTAAAATGAACGGCAAATGGTACCTGTTCACTGACTCCCGCGGATCAAAAATGACGAT
TGACGGCATTACGTCTAACGATATTTACATGCTTGGTTATGTTTCTAATTCTTTAACTGGCC
CATACAAGCCGCTGAACAAAACTGGCCTTGTGTTAAAAATGGATCTTGATCCTAACGATGTA
ACCTTTACTTACTCACACTTCGCTGTACCTCAAGCGAAAGGAAACAATGTCGTGATTACAAG
CTATATGACAAACAGAGGATTCTACGCAGACAAACAATCAACGTTTGCGCCGAGCTTCCTGC
TGAACATCAAAGGCAAGAAAACATCTGTTGTCAAAGACAGCATCCTTGAACAAGGACAATTA
ACAGTTAACAAATAAAAACGCAAAAGAAAATGCCGATGGGTACCGAGCGAAATGACCGACCA
AGCGACGCCCAACCTGCCATCACGAGATTTCGATTCCACCGCCGCCTTCTATGAAAGGTTGG
GCTTCGGAATCGTTTTCCGGGACGCCCTCGCGGACGTGCTCATAGTCCACGACGCCCGTGAT
TTTGTAGCCCTGGCCGACGGCCAGCAGGTAGGCCGACAGGCTCATGCCGGLCCGLCGLCCGLCT
TTTCCTCAATCGCTCTTCGTTCGTCTGGAAGGCAGTACACCTTGATAGGTGGGCTGCCCTTC
CTGGTTGGCTTGGTTTCATCAGCCATCCGCTTGCCCTCATCTGTTACGCCGGCGGTAGCCGG
CCAGCCTCGCAGAGCAGGATTCCCGTTGAGCACCGCCAGGTGCGAATAAGGGACAGTGAAGA

202



AGGAACACCCGCTCGCGGGTGGGCCTACTTCACCTATCCTGCCCGGCTGACGCCGTTGGATA
CACCAAGGAAAGTCTACACGAACCCTTTGGCAAAATCCTGTATATCGTGCGAAAAAGGATGG
ATATACCGAAAAAATCGCTATAATGACCCCGAAGCAGGGTTATGCAGCGGAAAAGCGCTGCT
TCCCTGCTGTTTTGTGGAATATCTACCGACTGGAAACAGGCAAATGCAGGAAATTACTGAAC
TGAGGGGACAGGCGAGAGACGATGCCAAAGAGCTCCTGAAAATCTCGATAACTCAAAAAATA
CGCCCGGTAGTGATCTTATTTCATTATGGTGAAAGTTGGAACCTCTTACGTGCCGATCAACG
TCTCATTTTCGCCAAAAGTTGGCCCAGGGCTTCCCGGTATCAACAGGGACACCAGGATTTAT
TTATTCTGCGAAGTGATCTTCCGTCACAGGTATTTATTCGGCGCAAAGTGCGTCGGGTGATG
CTGCCAACTTACTGATTTAGTGTATGATGGTGTTTTTGAGGTGCTCCAGTGGCTTCTGTTTC
TATCAGCTCCTGAAAATCTCGATAACTCAAAAAATACGCCCGGTAGTGATCTTATTTCATTA
TGGTGAAAGTTGGAACCTCTTACGTGCCGATCAACGTCTCATTTTCGCCAAAAGTTGGCCCA
GGGCTTCCCGGTATCAACAGGGACACCAGGATTTATTTATTCTGCGAAGTGATCTTCCGTCA
CAGGTATTTATTCGGCGCAAAGTGCGTCGGGTGATGCTGCCAACTTACTGATTTAGTGTATG
ATGGTGTTTTTGAGGTGCTCCAGTGGCTTCTGTTTCTATCAGGGCTGGATGATCCTCCAGCG
CGGGGATCTCATGCTGGAGTTCTTCGCCCACCCCAAAAGGATCTAGGTGAAGATCCTTTTTG
ATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTA
GAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAAC
AAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTC
CGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTTCTTCTAGTGTAGCCGTAG
TTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTT
ACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGT
TACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAG
CGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCC
CGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGA
GGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGA
CTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAA
CGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGT
TATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGC
AGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCCAATACGCAA
ACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGACT
GGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTCACTCATTAGGCACCCCAG
GCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGATAACAATTTCA
CACAGGAAACAGCTATGACATGATTACGCCAAGCTTGCATGCCTGCAGGTCGACTCTAGAGG
ATCCCCGGGTACCGAGCTCGAATTCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAAC
CCTGGCGTTACCCAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAG
CGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGCGAT
AAGCTAGCTTCACGC
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ANNEXURE I11-List of instruments

Instruments

Model and Country

Autoclave
Balance

Centrifuge

Cold room
Deep freezer

DNA sequencer

Electrophoresis unit
Electroporator

Fluorescence spectrophotometer

Gel documentation

Heating water bath

Hot air Oven

HPLC

Incubator

Laminar air flow chamber
Microplate reader

Nanodrop spectrophotometer
pH meter

PCR machine

Raman microscope

Scanning electron microscope

Sonicator

Transmission electron microscope

Thermostat

UV-Vis Spectrophotometer

Labline, India
Mettler Toledo, Mumbai, India

Kubota 7780, Japan; Eppendorf, Germany; MICRO CL
17, Thermo Fisher Scientific, India

Rinac Pvt. Ltd, India
Elanpro, India; Haier, China

3500 Genetic Analyzer, Applied Biosystems, Hitachi,
Japan

Bio-Rad, USA
Eppendorf, Germany

Infinite M200 PRO multimode microplate reader, Tecan,
Switzerland

ChemiDoc, Biorad, USA

B20G, Lab companion, South Korea
Kemi Instruments, India

Shimadzu, Japan

Infors Ht, Switzerland

Labline, India

Infinite 200, Tecan, Switzerland

ND1000, Thermo Fisher Scientific, India
Eutech, Thermo Fisher Scientific, India
MyCycler, Bio-Rad, USA; Eppendorf, Germany
Alpha 300R, WITec Inc. Germany

JSM - 5600LV, JEOL, Japan

Vibra cell, Sonics and materials Inc., USA
JEM2010, JEOL, Japan

Eppendorf, USA

UV-160A, Shimadzu, Japan,
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ANNEXURE IV-AcSIR course work

Level 100 Course No. and Title

B10-101 Biostatistics Completed
2. B10-102 Bioinformatics Completed
3. B10-103 Basic Chemistry Completed
4, B10-104 Research Methodology, communication/ Completed

ethics/ safety

I T N

BIO-NIIST-201 Biotechnology and Instrumentation Completed
2. BIO-NIIST-206 Protein Sciences and Proteomics Completed
3. BIO-NIIST-239 Basic Molecular Biology Completed
BIO-NIIST-301 Seminar Course Completed
2. BIO-NIIST-337 Bioprocess Technology Completed
3 BIO-NIIST-369 Enzymology and Enzyme Technology Completed
BIO-NIIST-4-0001 Project Proposal Completed
2. BIO-NIIST-4-0002 Review Completed
1. BIO-NIIST-4-0003 Project work Completed
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Most Gram-positive bacteria contain a membrane-bound transpeptidase known as
sortase which covalently incorporates the surface proteins on to the cell wall. The
sortase-displayed protein structures are involved in cell attachment, nutrient uptake and
aerial hyphae formation. Among the six classes of sortase (A-F), sortase A of S. aureus is
the well-characterized housekeeping enzyme considered as an ideal drug target and a
valuable biochemical reagent for protein engineering. Similar to SrtA, class E sortase in
GC rich bacteria plays a housekeeping role which is not studied extensively. However, C.
glutamicum ATCC 13032, an industrially important organism known for amino acid pro-
duction, carries a single putative sortase (NCg/l2838) gene but neither in vitro peptide
cleavage activity nor biochemical characterizations have been investigated. Here, we
identified that the gene is having a sortase activity and analyzed its structural similarity
with Cd-SrtF. The purified enzyme showed a greater affinity toward LAXTG substrate with
a calculated Ky of 12+1 pM, one of the highest affinities reported for this class of
enzyme. Moreover, site-directed mutation studies were carried to ascertain the structure
functional relationship of Cg-SriE and all these are new findings which will enable us to
perceive exciting protein engineering applications with this class of enzyme from a non-
pathogenic microbe.

Introduction

The surface proteins were displayed on to the cell wall of Gram-positive bacteria by a cysteine trans-
peptidase enzyme referred as sortase which was first reported and extensively studied in
Staphylococcus aureus [1]. The SrtA of S. aureus covalently anchors the surface proteins onto the bac-
terial cell wall via a C-terminal cell wall sorting signal with an LPXTG recognition motif followed by a
stretch of hydrophobic amino acids and a positively charged tail [2,3]. The nucleophilic attack was
carried out by cysteine at the active site of sortase and cleaves the C-terminal of LPXTG motif
between threonine and glycine forming a thioester intermediate complex which is then covalently
anchored on the pentaglycine crossbridge of the lipid II moiety. The lipid II protein complex gets
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engineering [12,13]. In recent years, sortagging has been used for a variety of applications such as protein liga-
tion, covalently attaching proteins to the cells, protein labeling, cell-surface modification, protein cyclization
and immobilization of proteins [14-21].

According to Spirig et al. sortases have being classified into six distinct types based on amino acid sequences,
the classes A, B, C, D, E and F evolved a high substrate specificity towards LPXTG, NPXTN, LPXTG, LPXTA,
LAXTG and LPXTG recognition motifs, respectively [11,22,23]. The prototype and housekeeping class A
sortase was well characterized in Gram-positive bacteria and helps in anchoring a large number of proteins to
the cell envelope. The class B sortase have been implicated in iron homeostasis by attaching the iron acquisition
proteins to the cell envelope [24]. The class C sortase are responsible for the transpeptidation reactions by cata-
lyzing the polymerization of pilin subunits in bacteria [25]. The sortase of class D anchor proteins that are
involved in sporulation [26]. In contrast, there are only limited reports on E and F classes of sortases. The first
enzymatic characterization on class F sortase has been reported recently in a human pathogen
Propionibacterium acnes which contains an LPXTG sorting motif similar to class A sortase [11].

Class E sortase are widely distributed in GC rich Actinobacteria especially in Corynebacterium and Streptomyces
sp. Similar to class A sortase, class E sortase anchors distinct surface proteins on the bacterial cell wall and func-
tion as a housekeeping sortase in the organism. The sortase E enzyme recognizes an unusual LAXTG sorting
motif in which the conserved proline residue is replaced with alanine (underlined) [27]. Class E sortase are
reported in two Streptomyces sp., one in S. coeliocolor and other one in S. avermitilis, which are structurally charac-
terized and studied in detail [3,11,23,28]. The genome of S. coeliocolor contains two types of class E sortase, SrtE1
and SrtE2 which anchors chaplin proteins promoting in aerial hyphae formation. The genome of S. avermitilis
contains four putative SrtE enzymes of which SrtE3 has been enzymatically and structurally characterized in E. coli
for in vitrostudies and found to be Ca®" independent unlike SrtA enzyme. C. diphtheria contains a single class E
sortase (named as Cd-SrtF) which help in anchoring assembled pili to the cell wall peptidoglycan [29,30].

Several studies were documented on the role of sortases in the context of virulence and colonization factors
on bacterial cell surfaces. A very few studies were reported on sortases of non-pathogenic bacteria with more
focus given on sortase in probiotics and their relevance in the interaction with host cells [31]. Similarly, C. glu-
tamicum ATCC 13032 is a soil dwelling, non-pathogenic, industrially important microbe metabolically engi-
neered for producing various amino acids and value-added chemicals [32]. The genome sequencing reveals that
C. glutamicum contains a single sortase gene NCgl2838 which encodes a putative sortase (Cg-SrtE) [33] and
the sequence shows a similarity to Cd-SrtF of C. diphtheriae showing a high substrate specificity towards
LAXTG recognition motif of class E sortase. However, in the literature reports there is no experimental records
that support the sortase activity and substrate specificity of sortase E of C. glutamicum.

Therefore, the aim of the study was to produce a recombinant purified Cg-SrtE to identify the in vitrocatalytic
activity, biochemical properties and structure-functional relationship of the enzyme by site directed mutation.

Experimental

Bacterial strains and growth conditions

Bacterial strains and plasmids used are listed in (Table 1). C. glutamicum strain ATCC 13032 was cultivated in
LB medium at 30°C. E. coli DH50. was used for cloning purposes and E. coli BL21 (DE3) (Novagen) for expres-
sion of recombinant proteins. The E. coli cells were routinely grown aerobically in Luria-Bertani (LB) broth at
37°C and 50 pg/ml kanamycin supplementation was done wherever necessary.

Bioinformatic analysis

The signal peptide of sortase protein was predicted by SignalP 4.1 [34]. Transmembrane helices and membrane
topology of sortase protein sequences were predicted using TMHMM [35] and multiple protein sequence align-
ments were performed using ClustalW [36] and further processed with the ESPript programs [37].

DNA manipulation

The genomic DNA of C. glutamicum was isolated by previously established method [38]. The srtE from C. glu-
tamicum ATCC 13032 is annotated in database records as GenBank: BA000036, Uniprot: Q8NLK3 with an
appropriate ORF. The Cg-SrtE residues containing Ala45-Asn274 amino acids was amplified using the primers
CglSrtE FP 5'-CCCCATATGGCCTATTGGACCAACGTGGAATC-3' and CglSrtE RP 5-CCCGTCGACTTAGT
TTTCCTCCAAAGCTGCAGGGCGTTCGAT-3', gel-purified and double digested with appropriate restriction
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Table 1 Bacterial strains and plasmids used in this study

Strains/plasmids Description/genotype Reference/source

C. glutamicum

ATCC13032 Wild type (WT) [39]
E. coli

DH5a SupE44 AlacU169 hsdR17 recA1 endA1 gyrA96 thi-1 relA1 [40]

BL21 (DE3) F~ ompT hsdSg (r5-mg) gal dcm (DE3) Novagen, U.S.A.
Plasmids

pET28 (a) T7 expression vector (N-terminal Hisg-Tag), Kan" Novagen, U.S.A.

sites (Ndel and Sall sites, underlined). To increase the yield of the protein, N-terminal transmembrane region
containing 2-44 amino acids were deleted and the truncated gene was subsequently cloned into pET28a vector,
yielding p28Cg-SrtE. The construct was verified by DNA sequencing and transformed into E. coli BL21 (DE3)
cells for protein expression.

Expression and purification of Cg-SrtE

E. coli BL21 (DE3) harboring p28Cg-SrtE were grown in one liter of terrific broth (TB) medium supplemented
with kanamycin (50 pg/ml) at 37°C with continuous shaking. When ODgqy reached between 0.6 and 0.8,
Cg-SrtE expression was induced by 1 mM IPTG for 3.5 h and cells were harvested by centrifugation at 3500xg
at 4°C for 30 min. Cell pellets were resuspended in lysis buffer containing 50 mM Tris-HCI, pH 7.5, 300 mM
NaCl, 0.1% Tween 20, 2 mM B-mercaptoethanol and 20 mM imidazole which was lysed by sonication (Sonics
Vibra cell, U.S.A.), and then centrifuged at 20 000xg for 30 min at 4°C. The lysate was then loaded onto a
HisTrap HP 5-ml column (GE Healthcare), subsequently rinsed with lysis buffer and wash buffer (50 mM
Tris-HCI, pH 7.5, 300 mM NaCl, 0.1% Tween 20, 2 mM B-mercaptoethanol and 60 mM imidazole), and the
protein was eluted with 200 mM imidazole. The excess imidazole was freed out using PD-10 desalting column.
The purified protein was stored in buffer containing 50 mM Tris-HCI, pH 7.5, 150 mM NaCl and 2 mM
B-mercaptoethanol and concentrated using 10 kDa Amicon ultracentrifugal filters (Millipore). Protein samples
were quantified using Bradford reagent with an estimated concentration of ~1.3 mg/ml and bovine serum
albumin (BSA) as a standard. The purity of the protein was detected using 15% SDS-PAGE for two independ-
ent protein preparation with different concentration of 20 pg and 40 pg. The molecular mass of the proteins
was analyzed by MALDI-TOF/MS using an Ultraflex TOF/TOF instrument.

Site-directed mutagenesis

Plasmid p28Cg-SrtE was used as the template for the introduction of single amino acid substitution generated
by PCR. The amino acid residues, C240, H135, R249 and Y118 were mutated to encode Ala at these positions
using appropriate primers listed in (Table 2) using Q5 site-directed mutagenesis kit (NEB). After PCR, the
mutant plasmids were transformed into E. coli DH50 and the transformants were selected on kanamycin-LB

Table 2 Primers designed for site-directed mutagenesis

Mutants Oligonucleotide sequences (5'-3') orientation
C240A-F 5'-CTTGACCACGGCACACCCGCAGTTC-3
C240A-R 5'-GTAAGCAGAGCTTCTGATC-3

Y118A-F 5'-TCCTGGCCGTGCTGTGGATTCC-3'

Y118A-R 5'-CCGGCAAGAAGGTCTTCC-3

H135A-F 5'-AGTGGCAGGCGCGCGAGTGGGCAAG-3
H135A-R 5'-GCAAAGTTTCCGGCTTCA-3

R249A-F 5'-CAACGCTGAGGCCATGATTGTGCAC-3
R249A-R 5'-GAGAACTGCGGGTGACAC-3
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agar plates. All the constructed mutants C240A, Y118A, H135A and R249A were subsequently detected and
confirmed by DNA sequencing and positive mutants were further purified as described for wild type protein.

FRET analysis

Peptide substrates such as Abz-LAHTG-Dap(Dnp), Abz-LAETG-Dap(Dnp) and Abz-LPETG-Dap(Dnp) were
synthesized by Shanghai GL Biochem. The peptide substrates were tagged with a 2-aminobenzoyl (Abz) fluoro-
phore at the N-terminus and 2, 4-dinitrophenyl (Dnp) as the quencher at the C-terminus. The assay was per-
formed in 100 pl reaction volume in a 96-well black microtiter plates (Thermofisher) containing 50 uM of
each peptide substrate Abz-LAHTG-Dap(Dnp), Abz-LAETG-Dap(Dnp) and Abz-LPETG-Dap(Dnp) individu-
ally in a cleavage buffer (50 mM Tris-HCl (pH 7.5), 150 mM NaCl, ] mM DTT and 5mM CaCl,). The
reaction was monitored by the addition of 5 uM of purified Cg-SrtE. The increase in the fluorescence intensity
was measured at 37°C for 6 h using an Infinite M200 PRO multimode microplate reader (Tecan) at an excita-
tion wavelength of 320 nm and emission wavelength of 420 nm. Fluorescence was measured by subtracting the
peptide alone fluorescence from the overall reaction fluorescence. Each reactions were performed in triplicate
and averaged, and plotted as arbitrary fluorescence units.

Kinetic measurements

Abz-LAHTG-(Dap)Dnp of Cg-SrtE were dissolved in 50% dimethyl sulfoxide and incubated at a concentration
between 2.5-50 uM with a constant 5 uM enzyme (Cg-SrtE) concentration. The same peptide concentration
without adding enzyme for the reaction served as control. Assay mixture consisted of 50 mM Tris-HCI (pH
7.5), 150 mM NaCl, 1 mM DTT and 5 mM CaCl, and incubated at 37°C. The fluorescence intensity was moni-
tored for 6 h at regular 10 min intervals. The fluorescence intensity (V,) was plotted against substrate concen-
tration. The constants Ky and V. was calculated by fitting the Michaelis-Menton equation; V= V,.«[S]/
Ky + [S], using GraphPad Prism software.

Effect of pH, temperature, metal ions and enzyme concentration

The pH stability of Cg-SrtE was carried out in 100 pl reaction system with appropriate buffers. Na-acetate
buffer was used for pH < 5.2, while for pH > 6, Tris/HCI buffers was used along with 5 uM enzyme and reac-
tion mixtures (40 puM Abz-LAHTG-(Dap)Dnp, 150 mM NaCl, ] mM DTT and 5 mM CaCl,) incubated at
37°C for 6 h. The optimum temperature was determined by incubating the enzyme reaction mixtures at differ-
ent temperatures 25°C, 30°C, 37°C, 45°C, 60°C and 70°C. The effects of ions were determined by incubating
Cg-SrtE with 5 mM metal ions (Ca**, K¥, Mg2+, Mn*" and in the absence of Ca®*) at standard conditions. The
optimum enzyme concentration was checked with a wide range of enzyme concentration (1, 2.5, 5, 7.5, 10, 15,
25 and 35 puM) using 40 puM Abz-LAHTG-(Dap)Dnp substrate in a buffer containing 50 mM Tris-HCI,
150 mM NaCl, pH 7.5, 5 mM CaCl, at 37°C for 6 h as mentioned in the above protocol.

In vitro cleavage assay for sortase activity

For the activity confirmation, sortase cleavage assay was also monitored by HPLC [41]. The reaction mixture
contains 40 puM Abz-LAHTG-(Dap)Dnp, 50 mM Tris-HCI, 150 mM NaCl, 1 mM DTT and 5 mM CaCl,. The
reaction was initiated with an addition of 5 uM Cg-SrtE and incubated for 37°C for 6 h. The reaction was
further quenched by adding 10-fold excess 0.1% TFA and injected onto a Vydac reversed-phase C18 RP-HPLC
column (4.6 x 50 mm, 3 wm). A linear gradient of 10% to 40% B (Acetonitile/0.1% TFA) for 10 min at a flow
rate of 3 ml/min was used for the separation of peptides. The Dnp containing peaks were observed at 355 nm
UV absorbance. The G-(Dap)Dnp peaks were collected and approximate mass was confirmed by LC-MS.

Results

In silico analysis of putative sortase of C. glutamicum

The complete genome sequence of C. glutamicum ATCC 13032 was available in NCBI database and it pre-
dicted only a single copy of sortase-like transpeptidase [33]. The sortase protein was identified and confirmed
on the basis of TLXTC signature motif. The respective gene NCgl2838 consisted of 274 amino acids protein
(accession- NP_602126), which is further annotated in the context as SrtE. The protein sequence alignment by
BLASTP, exhibited a 62% sequence similarity with that of Cd-SrtF of C. diphtheria. The multiple alignments
revealed that H134, C239 and R248 of Cd-SrtF were aligned well with active sites residues of C. glutamicum
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SrtE of H135, C240 and R249, respectively, signifying that these three highly conserved residues might be the
key catalytic triads of the enzyme (Figure 1). Whereas, the Y118 is highly conserved in class E sortase, which
helps in recognition of LAXTG sorting signals. Moreover, the structure prediction analysis of SrtE was pre-
formed using Phyre2 Protein Fold Recognition Server and also showed a high level of similarity to the known
crystal structure of Cd-SrtF deposited in the Protein Data Bank (PDB code 5UUS).

Expression and purification of Cg-SrtE

To increase the solubility of the recombinant C. glutamicum sortase enzyme, 2-44 amino acids at the
N-terminal transmembrane region of the protein was deleted and expressed in E. coli BL21 (DE3) which was
designated as Cg-SrtE. The N-terminal His-tagged protein was purified using HisTrap HP 5-ml column. The
expression, purity and homogeneity of Cg-SrtE was analyzed and confirmed through SDS-PAGE analysis
(Figure 2A). The theoretical molecular mass of the full protein was found to be 29 857.21 Da which was nearly
identical with mass of 30 001 Da obtained from MALDI-TOF/MS analysis (Figure 2B).

In vitro sortase activity and kinetic studies by FRET

To confirm the sortase activity and substrate specificity of Cg-SrtE, three peptides that encompass the sortase
sorting motifs and were fluorescently labeled with a 2-aminobenzyl (Abz) fluorophore at the N-terminus and
dinitrophenyl (Dnp) quencher group at the C-terminus were tested: Abz-LAHTG-Dap(Dnp), Abz-LAETG-Dap
(Dnp) and Abz-LPET-GDap(Dnp). The fluorescence signals gets reduced when the peptides are in close prox-
imity due to the quencher in the peptides, while the fluorescence signal gets enhanced when the peptide is
cleaved by the enzyme, separating the fluorophore and quencher apart (Figure 3A). The peptides
Abz-LAHTG-Dap(Dnp) and Abz-LAETG-Dap(Dnp) is synthesized based on the reports available on the sub-
strate of E class sortase such as SrtE1 and SrtE2 substrates of S. coeliocolor [28]. The motif LPXTG is the

p1 nl p2
TT —— 000 TT —>
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Figure 1. In silico analysis of C. glutamicum putative sortase.

The multiple sequence alignments of C. glutamicum sortase E with C. diphtheriae sortase F was performed with ClustalW, and
the figure was produced using ESPript 3. The secondary structure elements helices (), strands (B), 31o helices (n) and turns (T)
are shown above the alignment. The catalytic triads His, Cys and Arg are marked by green triangle and Tyr residue conserved

only in sortase E enzyme, which is depicted in blue star.
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Figure 2. Characterization of recombinant Cg-SrtE.

(a) Expression and SDS-PAGE analysis of purified recombinant Cg-SrtE with an N-terminal His tag comprising 45-274 amino
acids. Lane M, Molecular mass marker; Lane 1, 20 ng Cg-SrtE; Lane 2, 40 ng Cg-SrtE. (b) MALDI-TOF mass spectra of the
protein.
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Figure 3. Enzyme activity and substrate specificity of Cg-SrtE by using a FRET-based cleavage assay.
(@) Schematic representation of Abz-LAXTG-Dap(Dnp) cleavage by Cg-SrtE. The fluorophore (Abz) and quencher (Dnp) is
sandwiched between the peptide substrate. The fluorescence is measured when the sortase E-mediated reaction separates
the fluorophore from the quencher. (b) Purified recombinant Cg-SrtE incubated with recognized substrate motifs Abz-LAHTG-
Dap(Dnp), Abz-LAETG-Dap(Dnp) and Abz-LPETG-Dap(Dnp) to investigate the substrate specificity. The enzyme failed to cleave
the LPETG motif recognized by S. aureus sortase A. Results shown here is an average of three independent enzyme assay
each done in triplicates.
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substrate for class A SrtA of S. aureus [1], hence Abz-LPETG-Dap(Dnp) serves as a negative control for the
assay. We observed that the Cg-SrtE were able to cleave both Abz-LAHTG-Dap(Dnp) and Abz-LAETG-Dap
(Dnp) peptide within 6 hours of incubation (Figure 3B). However, as expected the enzyme failed to cleave the
Abz-LPETG-Dap(Dnp), the peptide of SrtA.

To determine the kinetic parameters of Cg-SrtE with Abz-LAHTG-Dap(Dnp) and Abz-LAETG-Dap(Dnp)
peptides, kinetic analysis of sortase-catalyzed transpeptidation reaction was performed. Varying concentrations
(2.5, 5, 7.5, 10, 15, 20, 25, 30, 35, 40, 45, 50 uM) of each peptides were incubated with 5 uM Cg-SrtE and the
reaction was monitored in every 10 min interval for a period of 6 h. The level of cleavage observed for
Abz-LAETG-Dap(Dnp) peptide was too low to facilitate the kinetic analysis (data not shown). On the other
hand, initial velocities (V) obtained from the progress curves was able to plot against the varying concentration
of Abz-LAHTG-Dap(Dnp) (Figure 4A). Thus, with Abz-LAHTG-Dap(Dnp) substrate, calculated an apparent
Ky of 12+ 1 pM and an apparent Vi, of 1.3 +0.04 RFU/sec for Cg-SrtE (Figure 4B).

Effect of temperature, enzyme concentration, pH and metal ions on Cg-SrtE

catalysis

The optimum temperature for Cg-SrtE activity was determined in a reaction mixture with 50 mM Tris-HCl
(pH 7.5), 150 mM NaCl, 1 mM DTT, 5 mM CaCl, and 40 pM Abz-LAHTG-Dap(Dnp) as the substrate. The
increase in fluorescence associates with the catalytic efficiency of the enzyme at different temperatures.
Recombinant Cg-SrtE is less efficient with Abz-LAHTG-Dap(Dnp) substrate when incubated at 25°C and 30°C.
However, the transpeptidase activity of the enzyme can be improved by incubating the Cg-SrtE at higher tem-
peratures with the maximal catalytic efficiency being observed at 60°C (Figure 5A). Among the different concen-
trations tried, optimum enzyme concentration was found to be 15 wM (Figure 5B). Similarly, sortase activity
was examined over a pH range of 3.6-10.5 of which the enzyme showed significant activity over a wide pH
range of 7.5-10.2 with an optimal activity at pH 9.5 (Figure 5C). The activity of Cg-SrtE was compared with
standard reaction buffer containing Ca®*, with other metal ions (K*, Mg** and Mn>") and also in the absence of
Ca®". None of the metals ions showed any significant effect on the activity of Cg-SrtE (Figure 5D). A decrease in
activity noted with Mn**. However, the presence of Ca** did not have any positive influence in the catalytic effi-
ciency of Cg-SrtE and it distinguishes this enzyme from the calcium-dependent sortase of S. aureus.

Conserved residues in the active site of Cg-SrtE
To functionally confirm the proposed roles of the active site residues H135, C240, R249 based on the previously
identified roles in S. aureus SrtA and to confirm whether Y118 has a prominent role in class E sortase based
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Figure 4. FRET assay with Abz-LAHTG-Dap(Dnp).

(A) Progress curves obtained from the cleavage reaction of Abz-LAHTG-Dap(Dnp) fluorescent peptide catalyzed by
recombinant Cg-SrtE. Reactions containing 5 uM of Cg-SrtE enzyme incubated with 2.5 to 50 wM of fluorescent peptide at 37°
C in 50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 5 mM CaCl, and 1 mM DTT. (B) The kinetic parameters, Ky, of 12 +1 pM and
Vmax of 1.3 £0.04 RFU/sec was determined for Cg-SrtE with Abz-LAHTG-Dap(Dnp).
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Figure 5. Effect of temperature, enzyme concentration, pH and metal ions on enzyme activity and stability with Abz-LAHTG-Dap(Dnp).

The enzyme assay was performed under standard conditions with 50 mM Tris—HCI (pH 7.5), 150 mM NaCl, 5 mM CaCl, and 1 mM DTT. (A) The
effect of temperature was examined. The optimum temperature for the enzymatic activity was 60°C.(B) Maximum sortase E activity was observed at
15 wM enzyme concentration with 40 wM substrate concentration. (C) Optimum pH stability was determined at a range of 7.5-10.5. (D) The
presence or absence of cations Ca?*, Mg?*, K* and Mn?* showed no significant effect on the activity of Cg-SrtE. The influence of Ca®* did not
affect catalytic efficiency of Cg-SrtE. However, the activity of Cg-SrtE is observed to be Ca®* independent.

3842

on the previous reports on Streptomyces sp., site-directed mutagenesis were done. The constructed mutant pro-
teins were incubated with the fluorescence resonance energy transfer (FRET) peptide Abz-LAHTG-Dap(Dnp).
As expected, all the active site mutants showed more than 50% loss in catalytic activity (Figure 6). Mutation in
tyrosine residue also drastically decreased the activity indicating that the -OH group of Y118 could be involved
in a hydrogen bond with the backbone nitrogen of the Ala residue for the recognition of LAXTG sorting signal
instead of LPXTG. Thus, it is experimentally validated that the conserved catalytic residues mainly include
H135, C240, R249 and Y118.

HPLC confirmation of substrate specificity of SrE to LAXTG

Hydrolytic activity of Cg-SrtE was checked by HPLC as well. The Cg-SrtE (5 uM), was incubated with 40 pM
Abz-LAHTG-Dap(Dnp) in a 500 pl reaction mixture at 37°C for 6 h. The G-Dap(Dnp) product peak released
after the cleavage between threonine and glycine was monitored at an absorbance of 355 nm (Figure 7A). The
product peak was collected and analyzed by ESI-MS and it showed a mass of 325.08 Da (Figure 7B) which is
similar to the expected mass of 326.86 Da.

Discussion

Most pathogenic and non-pathogenic Gram-positive bacteria contains sortase enzyme which are involved in
two functions within the cell wall, one is surface protein anchoring and other one is pilus assembly. In patho-
genic bacteria, surface proteins or pili proteins play a significant role in contributing towards cell adhesion and
pathogenesis by attaching to specific organ tissues of the host cells during infection or providing a way to
escape from host immune response [8,42]. Since sortase are widely distributed among pathogenic bacteria, they
constitute a promising therapeutic target for the development of novel antibiotics. However, in non-pathogenic
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Figure 6. Confirmation of conserved residue required for in vitro Cg-SrtE activity.
Single mutations at C240A, H135A, R249A and Y118A resulted in the loss of enzymatic activities against Abz-LAHTG- Dap
(Dnp), indicating that these four residues played critical roles in Cg-SrtE activity.

bacteria especially in probiotics, the sortase plays a pivotal role in eliciting health benefits to the host. Sortase
and sortase-dependent proteins in lactic acid bacteria promote adhesion to epithelial cell lines, modulating
immune response of host cells and also aid in bile salt stress resistance [43-45].
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Figure 7. Sortase cleavage assay by HPLC with Abz-LAHTG-Dap(Dnp) substrate.

(A) Representative HPLC profile of peptide substrate Abz-LAHTG-Dap(Dnp), non-substrate Abz-LPETG-Dap(Dnp) (as control) and product G-Dap
(Dnp) formed by the action of Cg-SrtE. The reaction products were separated using C18 RP-HPLC column; and the eluent was monitored at

355 nm UV absorbance. (B) MS analysis of purified sample revealed the presence of an ion at m/z 325.08, corresponding to the expected cleavage
product G-Dap(Dnp)-NH..

© 2019 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society 3843

020z Jequisidag L.z uo ni|emH noys ‘SN Aq jpd-z1.80-6102-00/LG¥E68/SE8E/FT/9 L biPpd-aloNue/wayoolq/wod ssaidpuepuod)/:dpy woly papeojumoq



. PORTLAND Biochemical Journal (2019) 476 3835-3847
..‘ PRESS https://doi.org/10.1042/BCJ20190812

Among the Coryneform bacteria, C. glutamicum is a well-known industrial microbe for the production of
amino acids and other low-molecular mass substances [46-48]. Besides this, C. glutamicum expression system
has been commercialized as CORYNEX®, an alternative potential platform for the secretion of heterologous
proteins [49,50]. The secretory proteins in C. glutamicum are generally translocated via secretory (sec) pathway
in an unfolded manner through the SecYEG translocation pore. Upon the arrival of the secretory protein, the
signal peptidase cleaves the signal peptide followed by folding of protein into its functional conformation [51].
While the membrane-bound sortase E enzyme recognizes the surface proteins translocated via secretory (sec)
pathway with a LAXTG sorting motif at the C-terminal of the protein and covalently anchors the surface pro-
teins on the cell wall. C. glutamicum being a non-pathogenic bacterium also possess two secA homologous
genes (secAl and secA2) which help in the translocation of proteins and deletion of either of the genes will
affect growth and viability of the cells [52]. The phylogenetic analysis of SrtE of C. glutamicum reveals that the
protein was found to be conserved within the genomes of Corynebacterium sp. and act as a housekeeping gene
within the organism (Figure 8). The analysis showed 29 genomes of Corynebacterium sp. C. diphtheriae
encodes six sortases of which class E sortase plays a housekeeping role in the organism. However, the multiple
alignment and structure homology modeling of C. glutamicum SrtE exhibited 62% similarity with the available
crystal structure of C. diphtheriae of SrtF from the protein data bank.

In this study, in vitrosortase E cleavage activity was performed by HPLC and FRET with the synthesized pep-
tides. Among the three peptides, the enzyme Cg-SrtE demonstrated a higher substrate affinity towards
Abz-LAHTG-Dap(Dnp) with an apparent Ky of 0.012 mM which is higher than the reported SavSrtE Ky of
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Figure 8. Phylogeny of Sortase E homologs of Corynebacterium.

The phylogenetic tree of the housekeeping sortase E was constructed by MEGA X [53] using maximum likelihood method and
JTT matrix-based model [54]. The percentage of trees in which the associated taxa clustered together is shown next to the
branches. The scale bar represents 0.1 substitutions per site. The analysis showed 29 genomes of Corynebacterium sp.
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1.14 mM for the LAXTG motif [3]. The Cg-SrtE also failed to cleave Abz-LPETG-Dap(Dnp) substrate of SrtA,
hence proving that the Cg-SrtE belongs to class E family. The calcium ions enhances the catalytic efficiency of
SrtA of S. aureus which mainly contains E105, E108, D112 and E171 residues on B3-f4 and B6-B7 loops
within the structure [3,55]. Since, these calcium binding sites are not found in Cg-SrtE, which proves that Ca®*
is not essential for the enhancement of sortase E activity in C. glutamicum. These evidences matches with the
report obtained from FRET analysis. Moreover, the enzyme showed significant activity over a wide pH range of
7.5-10.2 with an optimum pH ~9.5 which is similar to the optimum pH of SrtA [11]. The enzyme catalytic
efficiency was improved when incubated at higher temperature ~60°C and enzyme concentration of ~15 uM
was found to be optimum. The sortase-catalyzed transpeptidation involves Cys-His—Arg catalytic triads, the
Cys residue at the active site of sortase cleaves the Thr-Gly bond and forms a stable thioacyl intermediate
complex, His protonates the substrate leaving group and Arg believes to function as an oxyanion hole to stabil-
ize the transition state and further help in proper positioning of substrate in the active site of the enzyme
[5,6,56]. The Tyr residue which is highly conserved in class E sortase recognizes the alanine residue of the
LAXTG sorting signal. However, mutating at the conserved residues H135, C240, R249 and Y118 of Cg-SrtE
has led to the conformational destabilization of the protein, with a drastic reduction in catalytic efficiency,
believing that these residues might play a significant part in the enzyme.

The high catalytic efficiency with LAXTG substrate and the Ca®" independency, allows non-pathogenic
Cg-SrtE to be used subsequently in sortagging applications such as protein immobilization, sortase assay kit
and self-cleaving tag for protein purification etc., which makes the enzyme more efficient than the pathogenic
S. aureus SrtA variants.
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ARTICLE INFO ABSTRACT

Keywords: The bacterial cell wall contains numerous surface-exposed proteins, which are covalently anchored and
Sortase assembled by a sortase family of transpeptidase enzymes. The sortase are cysteine transpeptidases that catalyzes
Cell wall " the covalent attachment of surface protein to the cell wall peptidoglycan. Among the reported six classes of
Gram-positive h disti 1 13 1 . biological role i hori . £ surf: .

Pathogenic sortases, each distinct class of sortase plays a unique biological role in anchoring a variety of surface proteins to

the peptidoglycan of both pathogenic and non-pathogenic Gram-positive bacteria. Sortases not only exhibit
virulence and pathogenesis properties to host cells, but also possess a significant role in gut retention and
immunomodulation in probiotic microbes. The two main distinct functions are to attach proteins directly to the
cell wall or assemble pili on the microbial surface. This review provides a compendium of the distribution of
different classes of sortases present in both pathogenic and non-pathogenic Gram-positive bacteria and also the
noteworthy role played by them in bacterial cell wall assembly which enables each microbe to effectively interact

Non-pathogenic

with its environment.

1. Introduction

The cell wall of Gram-positive bacteria contains a multi-layered
cellular component that acts as a cytoskeletal element for maintaining
physical integrity and also acts as a scaffold for displaying a large
number of surface proteins mediated by sortase enzymes. Sortases are
membrane-bound transpeptidases that cleave the sorting signal of the
secreted protein to form an isopeptide bond between the secreted pro-
tein and peptidoglycan. They are either responsible for covalently
anchoring specific surface proteins or polymerizing pilin sub-units to
form a proteinaceous structure termed pili (Hendrickx et al., 2011).
Sortase-displayed surface structures play a pivotal role in displaying
virulence and pathogenesis properties without affecting the growth and
viability of cells. They are responsible for cell attachment, heme trans-
port, nutrient uptake, sporulation and aerial hyphae formation (Cheng
et al., 2009; Weiss et al., 2004) (Fig. 1). The surface proteins recognized
by the sortase enzyme contain a C-terminal pentaglycine recognition
motif followed by a stretch of hydrophobic amino acids and a positively
charged tail (Schneewind et al., 1992).

Sortases are classified into six different classes (A-F), based on their
primary sequences (Spirig et al., 2011) (Table 1). Class A sortase is well
characterized and found mostly in low GC content Gram-positive

bacteria. They play a housekeeping role in anchoring a variety of
functionally distinct surface proteins with an LPXTG recognition
sequence. Class B sortase actively participates in iron acquisition by
recognizing iron transporter proteins with a NPQTN motif and cova-
lently anchors them to the cell wall. Class C sortases are responsible for
constructing complex pili polymers by recognizing the LPXTG motif.
Class D sortases display proteins containing a LPXTA recognition motif
on the cell wall that enables spore formation. GC-rich actinobacteria, in
particular Corynebacterium and Streptomyces spp. contain Class E sortase
which performs a similar function to Class A sortases. Class E sortases are
involved in anchoring surface proteins and aerial hyphae proteins by
recognizing a LAXTG sorting motif. Class F sortases were initially re-
ported in Propionibacterium acnes which contains an LPXTG sorting
signal similar to sortase A (Girolamo et al., 2019). All sortases contain a
His-Cys-Arg as the catalytic triad, which catalyzes the transpeptidation
reaction (Frankel et al., 2005, 2007; Perry et al., 2002). The cysteine in
the active site of the enzyme is involved in bond cleavage and formation
of a stable thioacyl intermediate that is relieved by the nucleophilic
attack of the amino group (pentaglycine crossbridge) in peptidoglycan
synthesis precursors (Mazmanian et al., 1999). In site-directed muta-
genesis, the replacement of cysteine (at position 184 in S. aureus) with
an alanine abolishes sortase catalytic activity in vitro and in vivo. The
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dual acid/base role was carried out by His residue which donates a
proton to the leaving amide nitrogen during the cleavage reaction and
the second substrate accepts the proton from the amino group to allow
the nucleophilic attack by the unprotonated amine. The Arg side chain is
implicated in substrate binding and possibly in stabilisation of a pre-
sumed oxyanion intermediate (Frankel et al., 2007).

Among different classes of sortases, the SrtA of Staphylococcus aureus
is the pioneer for understanding the mechanism of these enzymes. After
recognition of cell wall surface protein, SrtA catalyzes two sequential
reactions: (i) thioesterification and (ii) transpeptidation. The enzyme
first recognizes the pentaglycine sequence on the surface proteins, which
are being secreted through the cytoplasmic membrane. The pentagly-
cine sequence contains an LPXTG motif at the C-terminus of the protein.
In the second step, the SrtA cleaves the scissile bond between threonine
and glycine residues to form an acyl-enzyme intermediate which sub-
sequently transfers the carboxyl of threonine which is amide-linked to
the pentaglycine cross-bridge of lipid II (Marraffini et al., 2006). Finally,
the lipid II surface protein complex gets incorporated into the peptido-
glycan by means of transglycosylation and transpeptidation reactions
(Paterson and Mitchell, 2004; Spirig et al., 2011). The sortase enzyme
accepts the nucleophiles which might vary in different Gram-positive
bacteria, as the composition of peptidoglycan layers in the cell enve-
lope vary from strain to strain..

Sortases are not only restricted to Gram-positive bacteria, however
some sortase genes and its potential substrates are also found in Gram-
negative bacteria which are not well characterized. Some Gram-
negative bacteria such as Shewanella putrefascienes, Shewanella onei-
densis, Microbulbifer degradans, Colwellia psychrerythraea and Bradyrhi-
zobium japonicum consist of a gene encoding a single sortase-like protein
and a potential sortase substrate (Comfort and Clubb, 2004).

Although there are many studies on sortases, referencing virulence
and colonization factors, there are only a few reports on sortases that
display proteins in non-pathogenic bacteria which includes food grade
microbes of the lactic acid bacteria (LAB) and in Corynebacterium glu-
tamicum, an industrial important microbe for the production of amino
acids. In non-pathogenic bacteria, especially in probiotics, the sortase
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Table 1
Sortase classification.

Sortase Cleavage Main Function Bacterial genus
Class site
A LPXTG Surface protein Staphylococcus, Listeria,
anchoring Streptococcus, Bacillus,
Clostridium, Entrobacter,
Lactobacillus
B (N/S/P) Heme uptake Bacillus, Listeria, Bacillus,
PXTG
C LPXTG Pili assembly Corynebacterium,
Streptococcus, Clostridium,
Actinomyces, Entrobacter,
Lactobacillus
D LPXTA Spore formation Bacillus
E LAXTG Aerial hyphae Corynebacterium, Streptonyces,
formation, Surface Actinomyces
protein anchoring,
Pilus attachment
F LPXTG Unknown Propionibacterium

plays a pivotal role in eliciting health benefits to the host. Distinctive
sortases in pathogenic and non-pathogenic bacteria are shown in Table 2
and this review provides a description about the virulence and func-
tional aspects of sortases reported in each Gram-positive species that has
been published.

2. Pathogenic bacteria
2.1. Staphylococcus aureus

S. aureus is one of the most predominant pathogens responsible for
causing mastitis, an inflammation of breast tissue (Duarte et al., 2015),
skin infection, pneumonia, sepsis, and endocarditis in humans (Zhang
et al., 2015). However, most of these infections are caused by the
anchoring of a vast array of virulence-associated surface proteins to the
cell wall, which are catalyzed by a cysteine transpeptidase enzyme
called Sortase A (Mazmanian et al., 2000). S. aureus sortase A (SrtA) has

Protein Secretion

Heme Transport
® e

Nutrient Uptake

Conjugation

Fig. 1. General functions of sortases in a bacterial cell wall. Sortases are involved in pili formation, cell attachment to the host tissues, anchoring surface proteins to
the cell wall, spore formation, uptake of nutrients and iron from the surrounding environment.
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Table 2
Distinctive sortases in pathogenic and non-pathogenic bacteria.
Bacterial Species Sortase protein Putative References
CWSS
proteins
Actinomyces oris SrtA, SrtC 14 (Wu et al., 2011, 2012)
(SrtC1 and
SrtC2)
Bacillus anthracis SrtA, SrtB, SrtC 10 (Gaspar et al., 2005;
Maresso et al., 2006;
Marraffini et al., 2006)
Bacillus cereus SrtA, SrtB, SrtC 2 (Budzik et al., 2007)
(SrtC1 and
SrtC2), SrtD
Bacillus subtilis YhcS 2 (Duc Nguyen et al.,
2011)
Bifidobacterium SrtA 14 (Westermann et al.,
bifidum 2012; Wei et al., 2016)
Clostridium SrtB 13 (Boekhorst et al., 2005;
perfringens van Leeuwen et al.,
2014)
Corynebacterium SrtA, SrtB, SrtC, 17 (Mandlik et al., 2007)
diphtheriae SrtD, SrtE, SrtF
Corynebacterium SrtE 1 (Susmitha et al., 2019)
glutamicum
Enterobacter faecalis SrtA, SrtC 41 (Kemp et al., 2007)
Lactobacillus SrtA 32 (Pretzer et al., 2005)
plantarum
Lactobacillus SrtA, SrtC 6 (Douillard et al., 2014)
rhamnosus (SrtC1 and
SrtC2)
Lactococcus lactis SrtA, SrtC 14 (Dieye et al., 2010)
Lactobacillus SrtA 10 (Van Pijkeren et al.,
salivarius 2006)
Lactobacillus casei SrtA (SrtAl and 23 (Munoz-Provencio et al.,
SrtA2), SrtC 2012)
(SrtC1 and
SrtC2)
Lactobacillus SrtA 12 (Call et al., 2015)
acidophilus
Lactobacillus gasseri SrtA 12 (Call et al., 2015)
Lactobacillus SrtA 2 (Van Pijkeren et al.,
delbrueckii 2006)
Listeria SrtA, SrtB 43 (Bierne et al., 2002;
monocytogenes Garandeau et al., 2004)
Propionibacterium SrtF 4 (Girolamo et al., 2019;
acnes Lodes et al., 2006)
Staphylococcus SrtA, SrtB 22 (Mazmanian et al.,
aureus 2000, 2002)
Streptococcus suis SrtA, SrtB, SrtC, 3 (Osaki et al., 2002; Lu
SrtD, SrtE et al., 2011)
Streptococcus SrtA, SrtB 15 (Barnett and Scott,
pyogenes 2002)
Streptococcus SrtA, SrtC 35 (Lalioui et al., 2005;
agalactiae (SrtCl1, SrtC2, Dramsi et al., 2006)
SrtC3 and
SrtC4)
Streptococcus SrtA, SrtC 16 (Kharat and Tomasz,
pneumoniae (SrtC1, SrtC2 2003; Lemieux et al.,
and SrtC3) 2008)
Streptomyces SrtE (SrtE3) 16 (Das et al., 2017)
avermitilis
Streptococcus SrtA 6 (Lee and Boran, 2003)
mutans
Streptomyces SrtE (SrtE1 and 17 (Duong et al., 2012)
coelicolor SrtE2)
Streptococcus SrtA 7 (Davies et al., 2009;
gordonii Nobbs et al., 2007)
Streptococcus SrtA 32 (Yamaguchi et al., 2006;
sanguinis Turner et al., 2009)
Streptococcus uberis SrtA 10 (Egan et al., 2010; Eigh
et al., 2010)
Streptococcus SrtA 2 (Kebouchi et al., 2016)
thermophilus
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been the prototype for understanding the mechanism of action of these
enzymes (Mazmanian et al., 1999). The SrtA of S. aureus covalently
anchors the surface proteins onto the bacterial cell wall via a C-terminal
cell wall sorting signal with an LPXTG recognition motif followed by a
stretch of hydrophobic amino acids and a positively charged tail (Das
et al., 2017; Novick, 2000). The cell wall anchoring proteins are syn-
thesized within the cytoplasm and translocated across the membrane
through the Sec machinery. The sortase recognizes the anchoring pro-
teins followed by a nucleophilic attack at the active site of the cysteine
and cleaves the C-terminal of LPXTG motif between threonine and
glycine forming a thioester intermediate complex which is then cova-
lently anchored on the pentaglycine cross-bridge of lipid II. The lipid II
protein complex then gets attached to the cell wall via trans-
glycosylation and transpeptidation reactions (Perry et al., 2002) (Fig. 2).
S. aureus attaches several surface proteins which are characterized by a
C-terminal LPXTG motif, including protein A (Spa), two fibronectin-
binding proteins (FnbpA and FnbpB), two clumping factors (CIfA and
CIfB), a collagen-binding protein (Cna), and three serine-aspartate
repeat proteins (SdrC, SdrD, and SdrE). The deletion of SrtA has led to
the failure of surface protein anchoring to the cell wall (Clancy et al.,
2010). The mechanism of sortase B is similar to that of sortase A, where
S. aureus sortase B enzyme attaches the heme transporter IsdC protein
which is a major component of the iron-regulated surface determinant
system that scavenges the heme-iron from hemoglobin. The SrtB an-
chors IsdC to uncross-linked peptidoglycan instead of heavily cross-
linked peptidoglycan. The srtB and isdC genes are located together in
the isd iron-acquisition operon. However, in contrast to SrtA, SrtB rec-
ognizes NPQTN sorting signals from S. aureus (Mazmanian et al., 2002).
Gene knockout studies in S. aureus revealed that the abolition of srtB
gene is responsible for virulence and does not affect cell viability.

2.2. Corynebacterium spp.

C. diphtheriae is the etiological agent of pharyngeal diphtheria in
humans (Hadfield et al.,, 2000). The genome of C. diphtheriae
NCTC13129 harbors six sortases like genes (named srtA-F), five of which
presumably assembles three distinct types of pilus structures- SrtA for
the SpaA-type pilus, SrtB or SrtC for the SpaD-type pilus, and SrtD or
SrtE for the SpaH-type pilus (Spa for sortase-mediated pilus assembly)
which are polymerized by specific Class C sortases and SrtF which be-
longs to class A sortase, catalyzes the anchoring of pilin monomers on
the bacterial surface (Gaspar and Ton-That, 2006; Swaminathan et al.,
2007; Ton-That and Schneewind, 2003). All three pilus structures share
a similar architecture, a major pilin (designated as SpaA, SpaD, and
SpaH) along the pilus shaft joined to the minor pilins (designated as
SpaB, SpaC, SpaE, SpaF, Spal and SpaG) located at the tip and base of the
pilin (Fig. 3). To analyze the functions of sortase in pili formation,
Mandlik and his coworkers constructed an isogenic mutant strain of
NCTC13129 devoid of all six sortase genes (srtA-F mutant) that
exhibited a severe defect in adherence to epithelial cells.

The single pilus-specific SrtA encoded within the spaA gene cluster
specifically catalyzes the covalent crosslinking of individual pilin
monomers and also anchors pili to the cell wall. To analyze the functions
of SrtA, immunoelectron microscopy, and biochemical analysis showed
that a strain expressing only SrtA secretes significant amounts of poly-
merized pilins into the culture medium, indicating that one or more
sortases might be involved for efficient cell wall anchoring of pili
(Mandlik et al., 2007; Ton-That et al., 2004). Indeed, the strain with the
deletion of housekeeping gene srtF releases SpaA polymers into the
culture medium. Thus, two sortases are involved in pilus biogenesis, a
pilus-specific sortase for pilin polymerization and the housekeeping
sortase for efficient anchoring of pili to the cell wall (Mandlik et al.,
2010; Swaminathan et al., 2007). The deletion of srtA or spaA gene
completely abrogates the assembly of SpaA pili and deletion of spaC and
spaB did not abolish SpaA pilus formation. This evidence suggests that
SrtA catalyzes the assembly of SpaA pilus and SpaA alone is sufficient to
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mediate the polymerization of a secreted protein (Marraffini et al., 2006;
Ton-That and Schneewind, 2003).

Unlike the SpaA-type pili, which are assembled by a single sortase,
two sortases; SrtB and SrtC catalyze the assembly of the SpaD-type pili.
The deletion of srtB alone or both srtB and srtC abrogated the incorpo-
ration of SpaE into SpaDF pili. These results demonstrate that SpaDEF
pilus assembly specifically requires SrtB for the incorporation of SpaE
into SpaDF pili and whose assembly requires either SrtB or SrtC (Gaspar
and Ton-That, 2006).

Likewise, the SpaH pilus is independently assembled and different
from the other two corynebacterial pili. The SrtD specifically required
for the incorporation of SpaH into SpalG pili, whose assembly requires
either SrtD or SrtE, while other remaining sortases are dispensable
(Swierczynski and Ton-That, 2006). Thus, the housekeeping sortase
contributes to efficient cell wall anchoring with other sortases involved
in SpaD and SpaH-type pilus (Swaminathan et al., 2007). Corynebacte-
rium spp also contains an industrially important non-pathogenic
microbe, C. glutamicum which encodes a single sortase enzyme. The
sortase enzyme shows high substrate specificity towards the LAXTG
sorting sequence of class E sortase. The two-dimensional structure of Cg-
SrtE was found to be similar to C. diphtheriae sortase. The Cg-SrtE was
biochemically characterized and shows a Ca?" independent catalytic
mechanism (Susmitha et al., 2019). The high catalytic efficiency with
LAXTG substrate and the Ca?* independency, allows such non-
pathogenic Cg-SrtE to be used in sortagging applications such as pro-
tein immobilization, for sortase assay kit and as a self-cleaving tag for
protein purification etc., which makes the enzyme more robust than the
pathogenic S. aureus SrtA variants.

2.3. Listeria monocytogenes

L. monocytogenes is a facultative intracellular food-borne Gram-pos-
itive bacterium, responsible for life-threatening infections in humans
and animals. It is a causative agent of listeriosis, which is characterized
by gastroenteritis, meningitis, encephalitis, bacteremia, soft tissue, and
parenchymal infections, and mother-to-fetus transmission (Dussurget
et al., 2004; Posfay-barbe and Wald, 2009). Among the Gram-positive
bacteria, the genus Listeria contains the highest number of genes
encoding surface proteins in the range of 40-45 with an LPXTG bearing
motif at the C-terminal, 2 surface proteins containing an NPKSS/NAKTN
motif (Lmo2185 and Lmo2186), and two sortases (SrtA and SrtB)
(Boekhorst et al., 2005; Cabanes et al., 2002; Cossart, 2007; Garandeau

Lipid I ; . . {
‘ Cell wall
Srt A

Protein synthesized from the cytosol gets
translocated through the Sec machinery
and gets anchored on the cell mem-
brane. 2) Sortase recognizes the C-ter-
minal of the LPXTG sorting motif and
cleaves between threonine and glycine.
3) Sortase forms a protein complex and
undergoes a nucleophilic reaction from
lipid II molecule. 4) Lipid II- protein
molecule gets further anchored to the
cell wall via transpeptidation reaction.

Cell
membrane

etal., 2004). Inactivation of the srtA gene in L. monocytogenes altered the
expression of specific anchored surface proteins containing the canoni-
cal LPXTG motif, ultimately decreasing the ability of the bacterial
adhesion, invasion of eukaryotic cells, and affects host immune re-
sponses (Bierne et al., 2002). The RT-PCR and Western-blot data anal-
ysis demonstrates that the lack of SrtA alters the expression of LPXTG
surface proteins and does not completely abolish the strong attachment
of certain surface proteins to cell-wall peptidoglycan (Mariscotti et al.,
2012). Therefore, as in S. aureus, the listerial SrtB represents the second
class of sortase in L. monocytogenes, generally expressed in operons
containing genes encoding their substrates with NPKSS/NAKTN recog-
nition motifs. The srtB deletion mutants do not have defects in bacterial
entry, growth, or motility in tissue-cultured cells and do not show
attenuated virulence in mice. SrtB-mediated anchoring could therefore
be required to anchor surface proteins involved in the adaptation of this
microorganism to different environmental conditions (Garandeau et al.,
2004).

2.4. Streptococcus spp.

Streptococcus pyogenes is a human pathogen which causes life-
threatening diseases such as necrotizing facititis, septicemia and toxic
shock syndrome which results in 500,000 death per year (Dekker and
Boersma, 2018). S. pyogenes contains SrtA which localizes LPXTG cell
surface virulent factors; M protein, GRAB, protein F, and ScpA. The other
class of enzyme SrtB anchors T6 protein and its role on pathogenesis is
still unclear (Barnett and Scott, 2002). The deletion of sortase A mutant
leads to accumulation of surface proteins onto the cell wall, aberrant
morphology, reduced growth, and increased membrane permeability
(Raz et al., 2015).

Streptococcus agalactiae is known for life-threatening neonatal in-
fections, such as pneumonia, sepsis, and meningitis (Lalioui et al.,
2005). It is a commensal bacterium predominantly found in colonization
with gastrointestinal and genitourinary tracts. It is a serious cause for
mortality or morbidity in pregnant and non-pregnant adults suffering
from significant underlying diseases (Lalioui et al., 2005; Sendi and
Johansson, 2008). The genome analysis of S. agalactiae NEM316 en-
compasses one class A, four class C sortases (Dramsi et al., 2005), and 35
surface proteins containing a cell wall sorting signal motif (26 proteins
had an LPXTG motif, 4 had an IPXTG motif, 2 had an LPXTS motif, 2 had
an LPXTN motif, and 1 had an FPXTG motif (Glaser et al., 2002).
S. agalactiae NEM316 strain lacking srtA gene was found defective in



A. Susmitha et al.

Pilus Assembly

The Cell Surface 7 (2021) 100055

A -S>
Tip

Shaft

(1. Protein export ) (2. Pilus polymerisation ) (3. Lipid Il anchoring ) (4. Cell wall Anchoring )

./'00 A

Lipid IT

‘ Cell wall

. e0 0
Cell
membrane

Fig. 3. Schematic illustration of Sortase-mediated pili. A) Pilus assembly which consist of tip pilin (red), Shaft (green) and the base (brown). B. 1) The pilin pre-
cursors synthezised from the cytosol enters through the sec machinery. 2) The pilin- specific sortase SrtC (yellow) recognizes the tip pilin and cleaves at the sorting
motif and forms an acyl sortase complex. The pilus specific sortase receives a nucleophilic attack from the lysine side chain from the backbone pilin to form a covalent
bond between the pilins and undergoes pilin polymerization. C) The housekeeping sortase undergoes a nucleophilic attack from lipid II molecule. 4) The polymerized
pilin is further anchored to the cell wall. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

anchoring cell surface proteins Alp2 (GBS 0470) and ScpB (GBS1308)
bearing LPXTG and LPXTN signature sequence at the C-terminal (Lalioui
et al., 2005). To determine the activity of SrtA in fibronectin and
fibrinogen binding, a simple binding assay (ELISA) was performed to
compare the binding properties of SrtA” mutant with those of wild-type
and complemented strains. This resulted in reduced binding of fibro-
nectin and fibrinogen in SrtA” mutant strain. Thus, it is conceivable that
the ScpB a fibronectin protein (Beckmann et al., 2002), and FbsA
(GBS1087) a major GBS fibrinogen-binding protein is a SrtA-dependent
LPXTG-containing protein (Schubert et al., 2004, 2002). The inactiva-
tion of srtA in NEM316 strain decreased its adherence to human
epithelial cell lines (A549, Caco-2, and HelLa) and rat cell lines (L2).
Interestingly, the deletion of srtA strains did not alter the virulence in the
neonatal rat sepsis model as compared to the wild-type parental strain
(Lalioui et al., 2005).

Besides SrtA, four genes encoding class C sortases (SrtC) were found
in NEM316, 2603 V/R, and A909 genome sequences which are arranged
tandemly in two different loci, srtC1-srtC2 and srtC3-srtC4 coding for
pilus biogenesis (Dramsi et al., 2006; Khare et al., 2011). Based on the
electron microscopy and immunogold labeling, the NEM316 strain

assembles pili from the srtC3-srtC4 locus and encodes three pilins sub-
units, the major pilin, and two minor pilins. Either SrtC3 or SrtC4 is
required for polymerization of pili and housekeeping SrtA anchors the
polymerized pili to the cell wall (Dramsi et al., 2006).

Streptococcus pneumoniae is a human pathogen responsible for mul-
tiple infections, including otitis media, meningitis, pneumonia, and
septicemia (Lemieux et al., 2008). The genome of S. pneumoniae TIGR4
and R6 contains srtA gene and in addition to that TIGR4 also contains
srtC-1, srtC-2, and srtC-3 for pilus assembly. The inactivation of srtA from
S. pneumoniae was shown to affect the localization of -galactosidase and
neuraminidase (NanA) surface proteins and decreased bacterial adher-
ence and invasion to human pharyngeal cells in vitro. On the other hand,
srtA inactivation did not affect the virulence of capsular type III strain of
S. pneumoniae in the mouse intraperitoneal model (Kharat and Tomasz,
2003; Paterson and Mitchell, 2006). The rlrA pathogenicity islet of
S. pneumoniae encodes three SrtC isoforms and three structural PI-1
subunit proteins; RrgA, RrgB, and RrgC. The RrgB pilus subunit form-
ing the major backbone of pilus which comprises a pilin motif, E box,
and C-terminal cell wall sorting signal (CWSS). RrgA found at the tip of
the pilus and involved in pilus adhesion. RrgC anchors assembled pilus
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to the cell wall in association with SrtA. The primary SrtC-1 catalyzes the
polymerization of major pilin subunit RrgB. SrtC-2 binds with RrgA and
attaches to other pilins. SrtC-3 preferentially binds with RrgC pilin
subunit but does not have a strong affinity as SrtC-1 with RrgB (Lemieux
et al., 2008; Naziga and Wereszczynski, 2017; Shaik et al., 2014).

Streptococcus mutans plays a significant role in the development of
human dental cavities (Hamada and Slade, 1980). The importance of
SrtA in modulating the cell-surface-related properties by surface
anchoring proteins; WapA, Pac, GbpC, Dex, and FruA in S. mutans was
confirmed by constructing a srtA mutant which was found to be non-
adherent, non-aggregating, and less hydrophobic than the srtA com-
plemented strain. The pathogenesis of SrtA in Streptococci was
demonstrated in a rat model of infection, where the inactivation of srtA
was incapable of colonizing the oral mucosa in the absence of sucrose
and in the presence of sucrose colonization was found to be less effective
(Lee and Boran, 2003). These phenomena provides evidence that SrtA
could be a novel and attractive drug target for the prevention of car-
iogenicity (Lee and Boran, 2003; Murai et al., 2005).

Streptococcus gordonii is a non-cariogenic pioneer colonizer in the
development of dental plaque (Kuboniwa et al., 2006). They are found at
multiple sites within the oral cavity and adhere to teeth, as well as
mucosa, through the interaction between macromolecules on the bac-
terial cell wall and proteins or glycoproteins on the oral surfaces (Aas
et al., 2005; Nobbs et al., 2007). S. gordonii consists of SrtA which an-
chors surface adhesins (SspA/B) with an LPXTG containing recognition
motifs, hydrophobic spanning regions and positively charged tail at the
C-terminal. The disruption of srtA gene changes the localization and
function of SspA and SspB adhesins, reduces the biofilm formation and
binding to specific salivary agglutinin receptor in vitro (Davies et al.,
2009).

Streptococcus sanguinis is a member of the oral mitis group of Strep-
tococci and the initial colonizer for dental plaque formation
(Kolenbrander et al., 1993). Although, during oral injuries, the harmless
members of the group invade into the bloodstream causing bacteremia
and infective endocarditis (Morita et al., 2014). The deficiency of srtA in
S. sanguinis causes an overall reduction in virulence in association with
cell surface proteins and decreased cell surface hydrophobicity. Thus,
SrtA of oral streptococci is considered an important molecule for colo-
nization on the smooth surface of the teeth and a drug target to prevent
dental biofilm formation (Yamaguchi et al., 2006).

Streptococcus uberis is one of the most common pathogens associated
with the lactating bovine mammary gland and impacts on animal health,
welfare, and economics of milk production (Bradley et al., 2007; Egan
et al., 2010; Eigh et al., 2010). S. uberis contains only a single copy of
sortase A (srtA), encoding a transamidase capable of anchoring surface
proteins bearing the LPXTG or LPXXXD motifs at the bacterial cell sur-
face (Egan et al., 2010). The srtA deficient strain of S. uberis was unable
to colonize the bovine mammary gland to induce clinical mastitis in
dairy cattle indicating that a number of SrtA-anchored proteins are
likely to be involved in the pathogenesis of this bacterium (Egan et al.,
2010).

Streptococcus suis is a chain-forming Gram-positive bacteria that
causes meningitis in pigs and responsible for the economic losses to the
swine industry. The zoonotic pathogen also emerges to be a major risk to
humans working in the pig industry (Fittipaldi et al., 2012). S. suis
possess six genes (srtA, srtB, srtC, srtD, srtE and srtF) which encode pro-
teins similar to sortase and sortase-like proteins of other streptococci.
The srtA gene is linked adjacent to gyrA, the other three genes srtBCD are
found in clusters sequentially within the genome and srtE and srtF
located in a separate chromosome (Osaki et al., 2002). When compared
to the wild-type, the deletion of srtA gene abolished the anchoring of two
virulence-related proteins with LPXTG motifs, MRP (Muramidase-
released protein) and Sao on the cell surface and drastically reduced its
adherence to human epithelial cells (Wang et al., 2009). The enzymes of
class C sortases are involved in pili assembly, of which Streptococcus suis
sortase has an open-lid confirmation when the substrate binds to the
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enzyme (Lu et al., 2011).
2.5. Bacillus spp.

B. anthracis is a spore-forming, Gram-positive, soil-borne organism
that causes lethal anthrax disease in humans (Mock and Fouet, 2001).
B. anthracis encodes three sortase enzymes: Ba-SrtA, Ba-SrtB, and Ba-
SrtC from class A, class B, and class D, respectively. Bioinformatics
analysis has identified 9 to 11 putative CWSS proteins, depending on the
analysed strain. B. anthracis variants lacking the srtA gene did not anchor
the collagen-binding MSCRAMM (microbial surface components
recognizing adhesive matrix molecules) BasC protein to the bacterial
cell wall as opposed to its parent strain. Recombinant expressed and
purified SrtA catalyzed the cleavage reaction with LPETG and LPATG
peptides, consistent with the notion that B. anthracis SrtA is responsible
for the cell wall anchoring of surface proteins with an LPXTG motif
(Gaspar et al., 2005). GamR, a B. anthracis phage receptor, is known to
be anchored by SrtA. A srtA mutant strain displays reduced susceptibility
to this phage, whereas the double srtA-srtB or srtA-srtC and the triple
mutant strains displayed similar susceptibility to the srtA mutant, indi-
cating that GamR is anchored by SrtA (Davison et al., 2005). Using the
GamR function of causing phage lysis, a genetic screen was performed
by fusing GamR to proteins containing CWSS and analysed for in vivo
anchoring to the cell wall. The strains containing the three chimeric
proteins BasB, BasE, and BasJ, were resistant to lysis in the srtA mutant
and complementation experiments restored phage lysis indicating they
are anchored by Sortase A. Furthermore, BasA was shown to be
anchored by SrtA using immunoblot analysis of peptidoglycan fractions
(Aucher et al., 2011). Apart from the functional roles, Ba-srtA has been
characterized structurally. The NMR-structure of Ba-SrtA shows several
unique active site features that include the presence of an N-terminal
extension that contacts the catalytically essential histidine which might
be involved in lipid II recognition. Another feature very unique to this
protein is a large structurally disordered active site loop correlated to the
attachment of proteins to the m-DAP moiety of lipid II. Based on the
NMR structure a lock-and-key mechanism is proposed for recognizing
the sorting signal (Weiner et al., 2010)

B. anthracis srtB, which encodes sortase B, anchors IsdC to the cell
wall envelopes of vegetative bacilli a heme—iron binding surface protein.
Sortase B cleaves IsdC between the threonine and the glycine of its
NPKTG motif sorting signal. Isogenic variants lacking either srtB or isdC
display significant growth defects due to deficiencies in heme-iron
scavenging, suggesting that IsdC binding to heme-iron in the cell wall
envelope contributes to bacterial uptake of heme (Maresso et al., 2006).
The crystal structure of B. anthracis sortase B shows p7/ $8 loop is
structurally disordered similar to sortase A from B. anthracis (Zhang
et al., 2004).

B. anthracis Class D SrtC anchors two substrates, BasH and Basl, to
the cell wall of sporulating B. anthracis. LPNTA sorting signal of two
substrates is cleaved by Sortase C (SrtC) at the C-terminal threonine (T)
of the substrate to the amino group of DAP cross-bridges targeting the
polypeptides to the cell wall of sporulating bacilli. Sortase C is also
required for the formation of infectious spores in the tissues of animals.
Where sortase C acts on two different substrates in two different sub-
cellular compartments, the different surface proteins decorate
different compartments of the sporulating cell, with Basl present in
divisional cells and BasH present in forespores (Marraffini and Schnee-
wind, 2007, 2006). The NMR solution structure of Sortase C shows
structurally disordered surface loops (2 — 3 and 4 — H1 loops) that
surround the active site histidine, suggesting that they may play a key
role in associating Ba-SrtC with its lipid II substrate similar to SrtA
(Robson et al., 2012). Contradictory reports are found regarding the role
of sortases in the virulence of the organism. Interestingly, the srtA, srtB,
srtC mutant strains, deleted for sortase genes, are not affected in their
virulence as compared to its wild-type parent strain (Fouet, 2009). It has
been shown that disruption of either the srtA or srtB gene results in an
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inability of the bacteria to grow in J774A.1 cells and no significant
difference in the growth rate was observed in BHI broth between the
parent strain and mutants. However, the molecular determinants
causing this effect are not known (Zink and Burns, 2005).

B. cereus is a Gram-positive spore-forming bacteria mainly associated
with food poisoning and also causes opportunistic skin infections (Shi-
nagawa, 1990). From a bioinformatics analysis, it is known that B. cereus
encodes Class A sortase (SrtA), Class B sortase (SrtB), Class C sortase
(SrtD), and two class D sortases (SrtC1 and SrtC2). However, the func-
tion and substrates are only characterized for the Class A and Class C
(Dramsi et al., 2005). The Class C sortase is involved in pili assembly
especially in the B. cereus vegetative cells. The pilus operon consists of
three genes (bcpA-srtD-bcpB) and deletion of the complete operon/
inactivated srtD leads to the absence of the pili (Budzik et al., 2007).
BcepA is polymerized by Sortase D even in the absence of the BepB unit.
BcepB the minor pilin is cleaved by Sortase D at C-terminal threonine of
IPNTG sorting signal and then amide-linked to the YPKN motif of BcpA
(Budzik et al., 2009). The cleavage reaction of BcpB is very specific to
Sortase D and is not cleaved by sortase A. In the case of BcpA, the LPXTG
sorting signal is cleaved at the C-terminal threonine and linked to the
amino group of lysine in the YPKN motif of another BcpA sub-unit by
sortase D. BcpA is a substrate for both sortase D and A, and sortase A
cleaves the BepA unit at its LPXTG to terminate the pilus assembly and
bond to the cell wall cross-bridge (Budzik et al., 2009). Sortase B or
Sortase C are not involved in the pili assembly or attachment to the
B. cereus surface. Also, the operon bcpA-srtD-bepB is not involved in the
pili formation of the spore-forming cell surfaces (Budzik et al., 2007).

B. subtilis is generally recognized as a safe (GRAS) organism.
B. subtilis codes for two putative sortases (probably belonging to class D),
YheS and YwpE, and two surface proteins, YhcR and YfkN, harboring
sorting motifs supposed to be recognized by the putative sortase. YfkN
contains the potential sorting signal LPDTA and in YhcR the motif is
LPDTS (Duc Nguyen et al., 2011). yhcS gene is expressed preferentially
at the late stationary phase and anchors YhcR on the cell wall of
B. subtilis cell (Duc Nguyen et al., 2011; Fasehee et al., 2011). However
the role or substrate of YwpE, the second putative sortase, is yet to be
determined, the genomic analysis has shown that the open reading
frame for ywpE encodes a truncated sortase-like protein (Liew et al.,
2012).

2.6. Propionibacterium acnes

Sortase F is the only housekeeping sortase characterized in the
genome of P. acnes. Sortase F from P. acnes shows a behavior similar to
sortases from class A in terms of pH dependence, recognition sequence,
and catalytic activity, furthermore its activity is independent of divalent
ions, which contrasts to sortase A from S. aureus. The sortase F can be
used as a powerful tool alternative to sortase A for protein engineering
applications (Girolamo et al., 2019).

2.7. Clostridium spp.

C. perfringens, a pathogenic bacterium causes gas gangrene and food
poisoning (Adak et al., 2002). Sortase B, C, and D are identified in
C. perfringens and crystal structures reported (Suryadinata et al., 2015;
Tamai et al., 2019, 2017). Pilin formation and its crystal structure are
reported in C. perfringens. Molecular and biochemical analysis of sortase
C mediated catalysis and polymerization of pilin is proposed (Tamai
et al., 2019). SrtD in C. perfringens is required for effective conjugative
transfer of plasmid like pCW3 carrying antibiotic-resistant genes (Revitt-
Mills et al., 2021). The role of sortase is established in the pathogenesis
of C. perfringens strains causing gas gangrene and necrotic enteritis
(Choo et al., 2016; Lepp et al., 2021). Sortase-dependent pilus produced
by the bacterium binds to collagen and causes necrotic enteritis in
poultry. However, the sortase gene presenting the pilus on the cell-
surface is yet to be known (Lepp et al., 2021).
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C. difficile is a spore-forming and toxin-producing intestinal pathogen
associated with high morbidity rates. It causes antibiotic-associated
diarrhoea and severe inflammation in the intestines (Rupnik et al.,
2009). C. difficile encodes for a single sortase enzyme sortase B
(CD2718), belonging to the class B sortases, recognizes an entirely
different sorting motif (SPXTG or PPxTG). Remarkably, unlike SrtB from
other organisms, the function of this enzyme is not associated with heme
or heme acquisition proteins instead possibly functions as a house-
keeping sortase. The mutation of the catalytic cysteine or the addition of
small inhibitors like MTSET abolishes the sortase B activity. In vitro
ligation of a natural cell wall nucleophile, DAP is demonstrated
(Donahue et al., 2014; van Leeuwen et al., 2014).

Based on bioinformatics analyses, seven putative sortase substrates
have been identified (Van Leeuwen et al., 2014). However, two putative
substrates, CD0183 and CD2768, containing an SPXTG motif were not
cleaved or anchored to the cell wall by sortase in an experimental
observation (Peltier et al., 2017). Another two substrates, CD0386 and
CD3392, displaying very high (94%) sequence similarity, of which
CDO0386 is attached to the cell wall by the sortase as demonstrated by
biochemical analysis of sub-cellular fractions in a sortase knockout
strain (Chambers et al., 2015). Adhesins, CD2831 and CD3246, are
anchored proteins on the cell wall by SrtB activity. The functional role,
particularly of CD2831 in binding to collagen, has been demonstrated in
vitro through the cleaving activity of a Pro-Pro endopeptidase to release
CD2831 and CD3246 from the cell surface and is regulated by C-di-GMP
(Hensbergen et al., 2015; Peltier et al., 2015). The last putative substrate
CD2537 contains only a weak signal peptide (Corver et al., 2017).

2.8. Actinomyces spp

S. avermitilis encodes for at least four putative class E sortase enzymes
(Duong et al., 2012). Only, SrtE3 (SAV4333) has been biochemically
characterized, where it recognizes a LAXTG or LPXTG motif in a
calcium-independent manner (Das et al., 2017).

S. coelicolor is a soil-dwelling multi-cellular bacterium that has three
differentiated states in its life cycles: vegetative hyphae, aerial hyphae,
and spores. It is known to encode for seven sortase enzymes two from
sortase class E and five class F enzymes (Pallen et al., 2001). Sortase class
E enzymes SrtE1l and SrtE2 recognize and cleave LAXTG-containing
peptides in vitro. Chaplin proteins (Chp A, B, and C) required for the
aerial development of this organism contain a LAXTG-sorting signal
rendering them as putative sortase substrates (Elliot et al., 2003). Sor-
tase class E enzymes (SrtE1 and SrtE2) anchor ChpC protein to cell wall
in vivo. Indeed, srtE1/srtE2 double mutants delay the formation of aerial
hyphae with hindered sporulation and cease to display short Chaplin
proteins (Duong et al., 2012). The crystal structure of SrtE1 has been
determined at a1.93 A resolution (Kattke et al., 2016).

A. oris is an oral bacterium, formerly known as Actinomyces nae-
slundii, which results in the formation of dental plaque (Persson, 2011).
It consists of three cysteine transpeptidases, the housekeeping sortases
(SrtA), which belongs to class E sortase (Spirig et al., 2011) and the other
belongs to class C sortases, SrtC1 and SrtC2, which is involved in the
assembly of two distinct forms of pili on the Actinomyces cell surface
(Mishra et al., 2007). The SrtC1 is involved in the type I fimbriae for-
mation which is further involved in the adhesion of Actinomyces to the
tooth surface by recognition of proline-rich receptors (Wu et al., 2011).
However, SrtC2 results in the assembly of type II fimbriae which are
essential for the bacterial adhesion to the oral streptococci and host cells
by recognizing the polysaccharide receptors (Wu et al., 2012).

The crystal structure of A. oris SrtA contains an open accessible active
site for the attachment of surface proteins covalently bound to the cell
envelope and fimbriae/pili-specific sortases (SrtC1 and SrtC2) contains a
flexible lid to cover the active site which gets exposed during pili for-
mation (Manzano et al., 2009; Persson, 2011).

The housekeeping sortases generally do not show any role in cell
viability, however, SrtA of A. oris was observed to show some
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contradictory results. The deletion of the srtA gene was found to be le-
thal for the bacterial cells, which resulted in excessive membrane
accumulation of the surface glycoprotein protein perturbing the cell
envelope to block the growth and viability of the cells (Li et al., 2014).

3. Lactic acid bacteria (LAB)

Even though sortases and sortase dependent proteins (SDPs) were
investigated extensively related to pathogenesis, the presence of such
proteins in probiotic lactic acid bacteria provided a new avenue to look
in to the role of this enzyme on probiotic attributes, such as adhesion,
mucus barrier function, immune signalling and nutrient uptake. The
hypothesis that sortase enzymes may play crucial roles in bacterial
physiology, (as in the case of PrtP in L. lactis ssp. cremoris MG1363) as
well as mediating bacterial-host interactions has accelerated the study of
this enzyme in different species of LAB. Call and Klaenhammer (2013)
reviewed in detail the reports on such proteins in selected species of
health-promoting LAB. Recently the application of the LPXTG motif as a
bio-therapeutic in Lactic acid bacteria has been reported. To date, LAB
and sortase-mediated cell wall anchoring have been explored in the
display of potential vaccine antigens including the tetanus toxin frag-
ment C (Norton et al., 1996), human papillomavirus (HPV) type 16 E7
antigen (Bermudez-Humaran et al., 2003; Cortes-Perez et al., 2005,
2003), the oncofetal antigen (Fredriksen et al., 2010), and Salmonella
enterica serovar typhimurium flagellin (Kajikawa et al., 2011). All these
studies indicate that vaccine delivery in LAB using LPXTG or LPXTG-like
cell wall anchors has great potential.

Some of the major studies summarizing the sortases in different LAB
species and their roles were briefly covered in this review;

Lactobacillus rhamnosus strain GG, a well-known probiotic bacterium,
also displays on its cell surface mucus binding pilus structures, along
with other LPXTG surface proteins, which are processed by sortases
upon specific recognition of a highly conserved LPXTG motif. Demon-
stration of the expression and presence of mucus binding pilin-like
structures on the surface of L. rhamnosus GG has been determined
(Kankainen et al., 2009) and interestingly, L. rhamnosus GG shows
exemplary ability to adhere to Caco-2 cells as compared to other pro-
biotic strains (Jacobsen et al., 1999). The genome sequence of
L. rhamnosus GG revealed two potential clusters of pilus-encoding genes
in tandem with a srtC gene. The first cluster identified contained genes
for spaA (LGG_00442), spaB (LGG_00443), and spaC (LGG_00444) clus-
tered with srtC1(LGG_00441), while the second cluster contained genes
for spaD (LGG_02370), spaE (LGG_02371), and spaF (LGG_02372) clus-
tered with srtC2 (LGG_02369; Bioinformatic analysis of all predicted
LPXTG proteins encoded by the L. rhamnosus GG genome revealed
remarkable conservation of glycine residues juxtaposed to the canonical
LPXTG motif. Douillard et al (2014) investigated and defined the role of
the triple glycine (TG) motif in determining sortase specificity during
pilus assembly and anchoring. Mutagenesis of the TG motif resulted in a
lack of an alteration of the L. rhamnosus GG pilus structures, indicating
that the TG motif is critical in pilus assembly and that they govern the
pilin-specific and housekeeping sortase specificity. Chaurasia et al
(2016) provided new insights about pilus formation in gut-adapted
L. rhamnosus GG from the crystal structure of the SpaA backbone pilin
subunit. According to the paper, SpaA consists of two tandem CnaB-type
domains, each with an isopeptide bond and E-box motif. Von Ossowski
(2017) in his review on novel molecular insights about Lactobacillar
sortase-dependent piliation described three types of lactobacillar pilia-
tion (i.e., SpaCBA, SpaFED and LrpCBA), each has been described as
having the basic characteristics common to all sortase-dependent pili,
but as well, certain unique properties and associated actions that are
inherent to them. The authors investigated two contrasting gut-adapted
species from the Lactobacillus genus, allochthonous L. rhamnosus, and
autochthonous Lactobacillus ruminis.

Dieye et al (2010) identified and studied a class A sortase in Lacto-
coccus lactis IL1403 and showed that it is responsible for the cell wall
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anchoring of at least five LPXTG-containing proteins. We, therefore,
propose that SrtA is the housekeeping sortase in L. lactis. Surface pro-
teins are important factors in the interaction of probiotic and pathogenic
bacteria with their environment or host. The sortase mutant and one
sortase-dependent protein (mucus-binding homolog) mutant showed a
significant reduction in adherence to human epithelial cell lines in the
case of Lactobacillus salivarius UCC118. Van Pijkeren et al (2006) iden-
tified 10 sortase-dependent surface proteins in L. salivarius UCC118, by
the comparative and functional analysis of sortase-dependent proteins in
the predicted secretome of L. salivarius.

As it has been emphasized, sortase, an enzyme that covalently cou-
ples a subset of extracellular proteins containing an LPXTG motif to the
cell surface, is of particular interest in characterizing bacterial adher-
ence and communication with the mucosal immune system. Lactoba-
cillus casei BL23 harbors four sortase genes, two belonging to class A
(srtA1 and srtA2) and two belonging to class C (srtC1 and srtC2). Class C
sortases were clustered with genes encoding their putative substrates
that were homologous to the SpaEFG and SpaCBA proteins that encode
mucus adhesive pili in L. rhamnosus GG. Twenty-three genes encoding
putative sortase substrates were identified in the L. casei BL23 genome
with unknown (35%), enzymatic (30%), or adhesion-related (35%)
functions (Munoz-Provencio et al., 2012). In summary, in L. casei BL23,
around 20 proteins are likely anchored to the cell surface by sortases.
Although the specific function of most of them is unknown, most of them
would account for an adaptation to persist in the gastrointestinal niche.
SrtAl is the housekeeping sortase in this strain, while SrtA2 can
compensate for its absence to a certain extent.

A sortase gene, srtA, was identified in Lactobacillus acidophilus NCFM
(LBA1244) and Lactobacillus gasseri ATCC 33,323 (LGAS_0825). Addi-
tionally, eight and six intact sortase-dependant proteins were predicted
in L. acidophilus and L. gasseri, respectively. Inactivation of sortase did
not cause significant alteration in growth or survival in simulated
gastrointestinal juices. Meanwhile, both DsrtA mutants showed
decreased adhesion to porcine mucin in vitro. Murine dendritic cells
exposed to the DsrtA mutant of L. acidophilus or L. gasseri induced lower
levels of pro-inflammatory cytokines TNF-a and IL-12, respectively,
compared with the parent strains (Call et al., 2015). This study shows
that sortase-dependent proteins contribute to gut retention of probiotic
microbes in the gastrointestinal tract.

Streptococcus thermophilus (ST) belongs to the LAB group and is
recognized as safe since it has obtained the Generally Recognized as Safe
(GRAS) status. Kebouchi et al (2016) investigated, in vitro, the impli-
cation of sortase A (SrtA) and sortase-dependent proteins (SDPs) in the
adhesion of ST LMD-9 strain to intestinal epithelial cells (IECs) and
resistance to bile salt mixture (BSM; taurocholate, deoxycholate, and
cholate). The mutation in genes srtA and mucBP leads to a significant
decrease in LMD-9 adhesion capacity to Caco-2 TC7, HT29-CL.16E
(mucBP gene mutation) cells. However, no difference was observed
using HT29-MTX cells. The study revealed that SDPs could be involved
in the LMD-9 adhesion depending on the cell lines indicating the
importance of eukaryotic-cell surface components in adherence and also
SDPs could contribute to resistance to bile salts probably by maintaining
the cell membrane integrity.

The Lactobacillus genomes encode a single copy of the sortase (SrtA)
and a variable number of LPXTG-motif-containing proteins, ranging
from two proteins in Lactobacillus delbrueckii bulgaricus ATCC-BAA-365
and ATCC 11,842 and to 27 functional proteins in Lactobacillus planta-
rum WCFS1.

Four Lactobacillus proteins belonging to the sortase-dependent pro-
tein family have been functionally characterized. Three of the lactoba-
cilli sortase-dependent proteins correspond to the mucus adhesins of
L. reuteri 1063 Mub (Roos and Jonsson, 2002), L. plantarum WCFS1 Msa
(Pretzer et al., 2005) and L. acidophilus NCFM Mub (Buck et al., 2005).
The fourth characterized sortase-dependent protein is LspA of Lactoba-
cillus salivarius UCC118 which has been reported to mediate the adhe-
sion of this strain to human epithelial cells and mucus (Claesson et al.,
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2006; Van Pijkeren et al., 2006).

Similarly, bifidobacteria represent one of the dominant groups of
microorganisms colonizing the human infant intestine (Turroni et al.,
2014). Whole-genome transcription profiling of Bifidobacterium bifidum
PRL2010, a strain isolated from an infant stool, revealed a small number
of commonly expressed extracellular proteins, among which were genes
that specify sortase-dependent pili modulating bacterium-host in-
teractions. The genome of B. bifidum PRL2010 encompasses three
different loci encoding predicted sortase-dependent pili, of which only
pil2 and pil3 appear to be functional (Foroni et al., 2011). Similarly, the
genome of B. bifidum S17 was shown to contain a large number of genes
that might be involved in host colonization including Tad and sortase-
dependent pili, lipoproteins, and several other genes encoding for sur-
face proteins with domains known to mediate interaction with host
structures (Westermann et al., 2012).

Adhesion of bifidobacterial cells to the mucosa of the large intestine
is considered a hallmark for the persistence and colonization of these
bacteria in the human gut. In this context, Milani et al (2017) analyzed
the genetic diversity of the predicted arsenal of sortase-dependent pili of
known and sequenced members of the Bifidobacterium genus and con-
structed a bifidobacterial sortase-dependent fimbriome database. Their
analyses revealed considerable genetic variability of the sortase-
dependent fimbriome among bifidobacterial (sub) species and they
concluded that it may be due to horizontal gene transfer events. While it
is SrtA reported in most bifidobacteria while searching uniprot we could
see there were some genes annotated as ESN35_09070, of Bifidobacte-
rium gallinarum, or the one in Bifidobacterium platyrrhinorum were clas-
sified as class C. However, not many studies were reported on them.
Krishnan et al (2016) summarized the latest awareness about pili in
probiotics with emphasis on members of lactobacilli and bifidobacteria.

Enterococci are currently leading causes of hospital-acquired in-
fections, such as bloodstream, wound, and catheter-associated urinary
tract infections (Murray, 1990). Adhesion to and biofilm formation on
damaged tissue and abiotic surfaces, such as central venous and urinary
catheters, are critical components of enterococcal pathogenesis that
complicate successful treatments. Cell surface proteins have been shown
to play significant roles in E. faecalis virulence and among these, the
sortase-assembled endocarditis and biofilm-associated pilus (Ebp pilus)
is important for in vitro biofilm formation and virulence in E. faecalis
(Kline et al., 2009; Singh et al., 2007) and E. faecium (Sillanpaa et al.,
2010) and for infective endocarditis in E. faecalis (Nallapareddy et al.,
2006).

Genome analysis of E. faecalis V583 revealed the presence of two
class A sortases (EF_2524 and SrtA [EF_3056]), one class C sortase (SrtC
[EF_0194 for biofilm and pilus-associated sortase]) (Dramsi et al., 2005;
Paulsen et al., 2003), and 41 surface proteins bearing a cell wall sorting
signal motif (Sillanpaa et al., 2004). It is believed that atleast some of
these surface proteins are microbial surface components recognizing
adhesive matrix molecules that play a role in the attachment of E. fae-
calis to extracellular matrix proteins and thus are likely to be important
for virulence. Also, two other sortases, named srt-1 and srt-2, were re-
ported in E. faecalis strain E99 containing a bee (biofilm enhancer in
enterococcus) locus; however, their occurrence was rare and they were
found only in a few isolates examined from a selection of 40 E. faecalis
(Telford et al., 2006). The ebp operon in E. faecalis encodes the Ebp pilus
structural subunits EbpA, EbpB, and EbpC and the pilus-associated
sortase SrtC. The housekeeping sortase SrtA is encoded elsewhere in
the genome (Kemp et al., 2007). The ubiquitous presence of both sortase
genes in E. faecalis isolates increases the likelihood that sortases in
general, and srtC in particular, could be a target for disease prevention.
srtC shown to be necessary for the production of the Ebp pili and
important for biofilm formation and endocarditis. Nielsen et al (2013)
reported that a srtA deletion mutant showed a small (5%) reduction in
biofilm formation while a srtA - srtC double mutant showed a much
greater reduction (74%) in comparison to a smaller reduction (44%)
with a SrtC mutant. In summary, from this study, it appears likely that
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SrtC, presumably via SrtC-anchored surface proteins, plays an important
role in both in vitro biofilm formation and in vivo murine kidney in-
fections under the experimental conditions examined.

In general, Class A sortases, which appear to be ubiquitous in many
Gram-positive bacteria, anchor a large number and broad range of
surface proteins (Marraffini et al., 2006). The sortase C class of enzymes
is predicted to anchor a much smaller set of substrates, and the genes
coding for these are typically clustered with the substrate genes and
involved in pilus biogenesis in addition to surface anchoring (Scott and
Zahner, 2006; Telford et al., 2006). Pansegrau and Bagnoli (2015)
reviewed the pilus assembly in Gram-positive bacteria. They illustrated
the operon structure of selected pilus islands.

4. Concluding remarks

To conclude, sortases are either involved in anchoring proteins to the
cell wall (the so-called housekeeping sortases) or in polymerizing pilin
proteins (pilin-specific sortases). A significant proportion of the work
carried out on sortases so far has focused on SrtA from S. aureus, which is
of great industrial benefit and representing an important therapeutic
target. SrtA of S. aureus has been significantly exploited for a variety of
industrial purposes which includes, enzyme immobilization, cell surface
labeling, antibody-drug conjugates, dimerization and cyclization of
proteins. It is also likely that sortases may soon become drug targets for
the treatment of a wide range of conditions but, some of which are
potentially yet to be conceived. Remarkable progress has been made in
the last decade in obtaining the information about the classes of sortases
A, B, C, and D from Gram-positive bacteria. As a result, novel informa-
tion about the class E sortase of Gram-positive bacteria has been
determined, which includes its function, the substrate motif, and
structurally three-dimensional folds. The class F sortase was recently
reported in P. acnes with a substrate-specificity similar to class A sortase.
Sortases are not essential for bacterial cell survival but do significantly
impact the binding to host tissues, signaling to the host, or escaping the
host immune response, and thus they are equally crucial for nonpatho-
genic gastrointestinal bacteria as well. Besides, sortase expression sig-
nals in lactobacilli have been exploited as a means to develop oral
vaccines targeted to the gastro-intestinal tract. The future is not
certainly to look in to the primary sequence homology and classification
but rather to focus more on structure—function studies that determine
the substrate specificity and also the interaction of sortases with other
membrane bound enzymes to study better cell wall assembly, such as pili
biogenesis.
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Abstract

In bacterial system, direct conversion of xylose to xylonic acid is mediated through NAD-dependent xylose dehydro-
genase (xylB) and xylonolactonase (xy/C) genes. Heterologous expression of these genes from Caulobacter crescentus
into recombinant Corynebacterium glutamicum ATCC 13032 and C. glutamicum ATCC 31831 (with an innate pentose
transporter, arak) resulted in an efficient bioconversion process to produce xylonic acid from xylose. Process param-
eters including the design of production medium was optimized using a statistical tool, Response Surface Methodol-
ogy (RSM). Maximum xylonic acid of 56.32 g/L from 60 g/L xylose, i.e. about 76.67% of the maximum theoretical yield
was obtained after 120 h fermentation from pure xylose with recombinant C. glutamicum ATCC 31831 containing the
plasmid pVWEX1 xy/B. Under the same condition, the production with recombinant C. glutamicum ATCC 13032 (with
PVWEX1 xy/B) was 50.66 g/L, i.e. 69% of the theoretical yield. There was no significant improvement in production with
the simultaneous expression of xylB and xylC genes together indicating xylose dehydrogenase activity as one of the
rate limiting factor in the bioconversion. Finally, proof of concept experiment in utilizing biomass derived pentose
sugar, xylose, for xylonic acid production was also carried out and obtained 42.94 g/L xylonic acid from 60 g/L xylose.
These results promise a significant value addition for the future bio refinery programs.

Keywords: Corynebacterium glutamicum, Biomass, Heterologous expression, Response surface methodology (RSM),
Xylose, Xylonic acid, Xylose dehydrogenase

Key points Introduction
D-xylonic acid, an oxidation product of xylose, is a ver-
+ Made C. glutamicum recombinants with genes for satile platform chemical with multifaceted applications

xylose to xylonic acid conversion. in the fields of food, pharmaceuticals, and agriculture.
+ Bioprocess development using C. glutamicum for It is considered by the U.S. Department of Energy to be
xylonic acid. one of the 30 chemicals of highest value because it can

+ Conversion of biomass derived xylose to xylonic acid. ~ be used in a variety of applications, including as a disper-
sant, pH regulator, chelator, antibiotic clarifying agent
and health enhancer (Byong-Wa et al. 2006; Toivari et al.
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using platinum or gold catalysts, selectivity is relatively
poor (Yim et al. 2017). As the pentose sugar catabolism
is restricted to the majority of the industrial microbes
(Wisselink et al. 2009), microbial conversion of xylose
to xylonic acid gained interest. As of now, biogenic pro-
duction of xylonic acid has been accomplished in various
microorganisms, including Escherichia coli, Saccharomy-
ces cerevisiae and Kluyveromyces lactis by introducing
xylB (encoding xylose dehydrogenase) and xylC (encod-
ing xylonolactonase) genes from Caulobacter crescentus
or Trichoderma reesei (Nygérd et al. 2011; Toivari et al.
2012; Cao et al. 2013).

As xylose is the monomeric sugar required for xylonic
acid production, a lot of interest has been paid on utiliz-
ing xylose generated from lignocellulosic biomass (Lin
et al. 2012). Bio-transformation of lignocellulosic bio-
mass into platform chemicals is possible only through
its conversion to monomeric sugars, mostly by pretreat-
ment, i.e. pre-hydrolysis by alkali or acid at higher tem-
perature or via enzymatic hydrolysis. Monomeric hexose
and pentose sugars are generated from lignocellulosic
biomass along with inhibitory by-products like furfural,
5-hydroxymethylfurfural, 4-hydroxybenzaldehyde that
affect the performance of microbial production hosts
(Matano et al. 2014). The concept of biomass refinery is
getting more and more attraction for the cost effective-
ness of the 2G ethanol program. Microbial production of
value-added products such as biopolymers, bioethanol,
butanol, organic acids and xylitol were reported utilizing
the C5 stream generated by the pretreatment of biomass
by different microbes like Pichia stipitis, Clostridium ace-
tobutylicum, Candida guilliermondii, Bacillus coagulans
(Mussatto and Teixeira 2010; Ou et al. 2011; de Arruda
et al. 2011; Lin et al. 2012; Raganati et al. 2015).

Although some of the industrial strains are capable
of pentose fermentation, most of them are sensitive to
inhibitors of lignocellulosic biomass pretreatment. How-
ever, Corynebacterium glutamicum showed remark-
able resistance towards these inhibitory by-products
under growth-arrested conditions (Sakai et al. 2007).
C. glutamicum is a Gram-positive, aerobic, rod-shaped,
non-spore forming soil actinomycete which exhibits
numerous ideal intrinsic attributes as a microbial factory
to produce amino acids and high-value chemicals (Hei-
der and Wendisch 2015; Hirasawa and Shimizu 2016;
Yim et al. 2017). This bacterium has been successfully
engineered towards producing a broad range of prod-
ucts, including diamines, amino-carboxylic acids, diac-
ids, recombinant proteins and even industrial enzymes
(Becker et al. 2018; Baritugo et al. 2018). A lot of meta-
bolic resurrections were reported in C. glutamicum for
the production of chemicals like amino acids, sugar acid,
xylitol and biopolymers from hemicellulosic biomasses
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such as wheat bran, rice straw and sorghum stover (Gopi-
nath et al. 2011; Wendisch et al. 2016; Dhar et al. 2016).

Since C. glutamicum lacks the genes for the metabolic
conversion of xylose to xylonic acid, the heterologous
expression of xylose dehydrogenase (xy/B) and xylono-
lactonase (xyIC) genes from Caulobacter crescentus was
attempted. In addition to ATCC 13032 wild type, we also
explored the C.glutamicum ATCC 31831 culture which
contains a pentose transporter gene (araE) which enables
the uptake of pentose sugar (Kawaguchi et al. 2009; Choi
et al. 2019). Both xy/B and xyIC genes individually, as well
as together as xy/BC, were amplified from xylose operon
of C. crescentus and the plasmids were transformed to
both C. glutamicum strains and checked the xylonic acid
production.

Materials and methods

Microbial strains and culture conditions

Microbial strains and plasmids used in this study are
listed in Table 1. For genetic manipulations, E. coli strains
were grown at 37 °C in Luria—Bertani (LB) medium. C.
glutamicum strains were grown at 30 °C in Brain Heart
Infusion (BHI) medium. Where appropriate, media were
supplemented with antibiotics. The final antibiotic con-
centrations for E. coli and C. glutamicum were 25 pg/ml
of kanamycin. Culture growth was measured spectropho-
tometrically at 600 nm using a UV-VIS spectrophotom-
eter (UVA-6150, Shimadzu, Japan).

Molecular techniques and strain construction

Standard molecular techniques were done according
to the protocol described by (Sambrook et al. 2006).
Genomic DNA isolation was done with Gen Elute
genomic DNA isolation kit (Sigma, India). Plasmid iso-
lation was done using Qiagen plasmid midi kit (Qia-
gen, Germany). Polymerase chain reaction (PCR) was
performed using automated PCR System (My Cycler,
Eppendorff, Germany) in a total volume of 50 ul with
50 ng of DNA, 0.2 mM dNTP in PrimeSTAR™ buffer
(Takara), and 1.25 U of PrimeSTAR™ HS DNA polymer-
ase (Takara) and the PCR product was purified by QIA
quick PCR purification kit (Qiagen, Germany) as per the
instructions provided by the manufacturers. Competent
E. coli DH5a cells were prepared by Transformation and
Storage Solution (TSS) method and transformed by heat
shock (Chung and Miller 1993). The C. glutamicum com-
petent cells were electroporated to achieve the transfor-
mation (van der Rest et al. 1999).

Xylose dehydrogenase (xy/B) and xylonolactonase
(xylC) and xyIBC genes together of Caulobacter crescen-
tus were amplified from the xylose-inducible xy/XABCD
operon (CC0823-CC0819) (Stephens et al. 2007) by poly-
merase chain reaction (PCR) with appropriate primers as

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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Table 1 Microbial strains, plasmids and primers used in the study
Strains and vectors Descriptions References
Microbial strains
Corynebacterium glutamicum ATCC13032, wild type (WT) Abe et al. (1967)

Corynebacterium glutamicum
Escherichia coli DH5a

Plasmid vectors

ATCC 31831
Fthi-1 endAT hsdr17(r-, m-) supE44 _lacU169 f80lacZ_M15) recAl gyrA96 relAl

Kinoshita et al. (2004)
Hanahan and Harbor (1983)

pVWEXT Kan'; E coli-C. glutamicum shuttle vector Peters-Wendisch et al. (2001)
PEKEX3 xyIXABCD Spec’; pEKEX3 derivative for the regulated expression of xy/IXABCD of C. crescentus This study
Primers (sequences 5'-3)
xy|B-pVW-fw CGCCAAGCTTGCATGCCTGCAGTAAAGGAGATATACATATGTCCTCAGCCATCTATCC This study
xyIB-pVW-rw CGAGCTCGGTACCCGGGGATCCCTTCACGCTGGGCCGGGATG This study
xylC-pVW-fw CGCCAAGCTTGCATGCCTGCAGTAAAGGAGATATACATATGACCGCTCAAGTCACTTG This study
xylC-pVW-rw CGAGCTCGGTACCCGGGGATCCGGGCGTGCGGTTAGACAAGG This study
xyIBC-pVW-fw TGTTTAAGTTTAGTGGATGGGATGACCGCTCAAGTCACTTGCGTATGGG This study
xyIBC-pVW-fw CCCATCCACTAAACTTAAACATCAACGCCAGCCGGCGTCGATCC This study

shown in Table 1 and the purified PCR products (747 bp
xylB, 870 bp xylC and 1811 bp xy/BC) were verified by
sequencing and cloned into the restriction digestion
site (Bam HI/Pst 1) of pVWEx1 shuttle vector. The engi-
neered plasmids so-called pVWEx1xy/B, pVWEx1xylC
and pVWEx1xy/BC were transformed into E. coli DH5a
and the transformants bearing pVWEx1 derivative were
screened in LB medium supplemented with kanamycin
(25 pg mL™"). Competent cells of C. glutamicum ATCC
13032 and ATCC 31831 were prepared and the plasmids
were electroporated into both the C. glutamicum strains
with parameters set at 25 pF, 600 Q and 2.5 kV, yielding
a pulse duration of 10 ms and the positive clones were
selected in LBHIS kanamycin (25 pug mL™") plates (van
der Rest et al. 1999).

Fermentative production of xylonic acid by C. glutamicum
transformants

For xylonic acid production, C. glutamicum was inocu-
lated in 10 ml of liquid medium (BHI broth) in a test tube
and grown overnight at 30 °C under aerobic condition
with shaking at 200 rpm. An aliquot of the 10 ml culture
was used to inoculate 100 ml CGXII production medium
(Keilhauer et al. 1993) containing 35 g/L xylose and 5 g/L
glucose as carbon sources, kanamycin (25 pg mL™).
IPTG (1 mM) induction was done along with the inoc-
ulation. Fermentation was carried out in 250 mL Erlen-
meyer flasks containing 100 mL production medium and
incubated as described above. Samples were withdrawn
at regular intervals to determine sugar consumption and
xylonic acid production. Since xy/B transformant was
found to be the best producer, a comparison of it with
C. glutamicum ATCC 13032 having xy/B gene was also

carried out to see whether the inbuilt araE pentose trans-
porter in ATCC 31831 has any advantage over wild type
ATCC 13032.

Media engineering by response surface methodology
(RSM)

Response surface methodology was applied to identify
the operating variables that have a significant effect on
xylonic acid production. A Box Behnken experimental
design (BBD) (Box and Behnken 1960) with four inde-
pendent variables (selected based on single parameter
study, data not shown) that may affect xylonic acid pro-
duction, including (NH,),SO, (2.5-12.5 g/L), urea (4.5—
18.5 g/L), xylose (30-90 g/L) and inoculum (7.5-1.125%)
were studied at three levels —1, 0 and +1 which cor-
respond to low, medium and high values respectively.
Responses were measured as titer (g/L) of xylonic acid.
The statistical as well as numerical analysis of the model
was evaluated by analysis of variance (ANOVA) which
included p-value, regression coefficient, effect values
and F value using Minitab 17 software. Studies were per-
formed using C. glutamicum ATCC 31831 harboring
pVWEx1-xy/B.

Dilute acid pretreatment of the biomass

The rice straw was crushed into fine particle (size
of 10 mm) and pre-soaked in dilute acid (H,SO,) for
30 min, pretreated with 15% (w/w) biomass loading
and 1% (w/w) acid concentration at 121 °C for 1 h.
After cooling, the mixture was neutralized to pH 6-7
using 10 N NaOH. The liquid portion, i.e. acid pre-
treated liquor (APL) rich in pentose sugar (xylose) was
separated from the pretreated slurry and lyophilized to

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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concentrate to get desired xylose level which was esti-
mated prior to the shake flask fermentation studies.

Quantification of sugars and xylonic acid in fermentation
broth

The qualitative and quantitative analysis of sugars
and sugar acid (xylonic acid) was performed using an
automated high-performance liquid chromatography
(HPLC) system (Prominence UFLC, Shimadzu, Japan)
equipped with auto-sampler, column oven and RI
Detector. The monomeric sugars (xylose and glucose)
were resolved with Phenomenex Rezex RPM Pb* cat-
ion exchange monosaccharide column (300 x 7.5 mm)
operated at 80 °C. MilliQ water (Millipore) with a flow
rate of 0.6 mL/min was used as the mobile phase. For
xylonic acid detection, Phenomenex organic acid col-
umn (250 mm x 4.6 mm X 5 pm) operated at 55 °C was
used with a mobile phase of 0.01 N H,SO, at a flow
rate of 0.6 mL/min. The samples were centrifuged
(13,000 rpm for 10 min at 4 °C) and filtered using
0.2 um filters (Pall Corporation, Port Washington,
New York) for analysis.
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Results

Xylose utilization and xylonic acid production by C.
glutamicum transformants

Corynebacterium glutamicum recombinants express-
ing xyIB, xylC and xylBC were constructed. The xylose
dehydrogenase and xylonolactonase genes were cloned
into IPTG-inducible expression vector pVWEx1 and
transformed into C. glutamicum ATCC 31831. To check
xylonic acid production from xylose, the C. glutamicum
ATCC 31831 transformants harboring pVWEx1-xylB,
pVWEx1-xyIC and pVWEx1-xyIBC were cultivated in
CGXII medium containing 5 g/L of glucose as the carbon
source for initial cell growth and 35 g/L of xylose as the
substrate for xylonic acid production. Cell growth, xylose
consumption and xylonic acid production were analyzed
during the incubation for a desired period of interval.
From analysis, it is clear that compared to the control
strain with empty vector (Fig. la), the transformants
harboring pVWEx1-xy/B picked up growth very fast
compared to the other transformants and utilized xylose
effectively (77.2% utilization after 120 h) and resulted in
maximum production of 32.5 g/L xylonic acid (Fig. 1b).
The pVWEx1-xy/BC harboring strain produced 26 g/L
xylonic acid (Fig. 1d), whereas pVWEx1-xy/C showed
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Fig. 1 Xylose consumption (35 g/L) (closed triangle), xylonic acid production (closed circle) and growth curve (open circle) of C. glutamicum ATCC
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neither any significant xylose uptake nor xylonic acid
production (Fig. 1c).

Box-Behnken experimental design (BBD) and operational
parameter optimization

The objective of the experimental design was medium
engineering for maximum xylonic acid production. There
were a total of 15 runs for optimizing the four individual
parameters in the current BBD. Experimental design and
xylonic acid yield are presented in Table 2. The polyno-
mial equation obtained for the model was as below:
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factors on xylonic acid yield is given in Fig. 2a—f. Major
interactions studied are of inoculum and xylose concen-
tration (a), xylose and urea concentration (b), (NH,),SO,
and urea concentration (c), effect of inoculum and
(NH,),SO, concentration (d), effect of (NH,),SO, and
xylose concentration (e) and the interaction of inoculum
and urea concentration (f).

The ANOVA of response for xylonic acid is shown
in Table 3. The R? value explains the variability in the
xylonic acid yield associated with the experimental fac-
tors to the extent of 97.48%.

Xylonic acid (g / L) =

—48.7—0.45 X1 + 3.5 X3 + 0.220 X3 + 2.058 X4

—0.019 X3—0.2139 X3— 0.0423 X3—0.01943 X3
—0.075 X3 X5 + 0.0416 X3 X3— 0.0119 X1 X4
+ 0.526 X»X3 + 0.0482 XXz — 0.00128 X3X4

where X, X,, X; and X, are xylose, (NH4),SO,, urea and
inoculum concentration respectively. Maximum produc-
tion efficiency (0.47 g~ L™ h™!) was observed with Run
No.13 where the concentration of parameters was urea
11.5 g/L, xylose 60 g/L, (NH,),SO, 7.5 g/L and inoculum
1.125% and xylonic acid titer was 56.32 g/L. It indicates
that (NH,),SO,, inoculum concentration and xylose have
a significant positive effect than urea on xylonic acid
yield.

Response surface curves were plotted to find out the
interaction of variables and to determine the optimum
level of each variable for maximum response. The con-
tour plot showing the interaction between a pair of

Table 2 Box-Behnken experimental
by Corynebacterium glutamicum ATCC 31831

design matrix with experimental

Role of araE pentose transporter for enhanced uptake

of xylose and xylonic acid production

Using the designed medium standardized for C. glu-
tamicum ATCC 31831, which possesses an arabinose
and xylose transporter encoded by araE, a comparative
production study was carried out with recombinant C.
glutamicum ATCC 13032. Both the strains grew well in
the CGXII production medium and metabolized xylose
to xylonic acid. After 120 h fermentation, the recombi-
nant strain, ATCC 13032 produced 50.66 g/L of xylonic
acid whereas ATCC 31831 produced 56.32 g/L (Fig. 3).
It was observed that better uptake of the pentose sugar
was also exhibited by C. glutamicum ATCC 31831, i.e.,

values of xylonic acid production

Run order Urea (g/L) Xylose (g/L) (NH,),SO, (g/L) Inoculum (% v/v) Xylonic acid (g/L)
1 1.5 60 7.5 11.25 56.119
2 11.5 90 25 11.25 59.792
3 115 30 12.5 75 25.061
4 4.5 30 7.5 15 21.359
5 18.5 60 25 15 52481
6 1.5 30 25 7.5 25.061
7 11.5 90 125 15 58418
8 4.5 60 125 11.25 30.341
9 18.5 90 7.5 15 58.795
10 45 90 7.5 11.25 45.749
11 185 60 12.5 15 48.982
12 11.5 60 7.5 15 56.018
13 115 60 75 15 56.318
14 18.5 30 7.5 11.25 28.349
15 45 60 25 75 28.816

Maximum conversion of xylose to xylonic acid indicated in italic
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Table 3 Analysis of variance for xylonic acid production
using C. glutamicum ATCC 31831

Source DF AdjSS Adj MS F P
Regression 12 3583.09 298.591 6.45 0.142
Linear 4 1688.34 422234 9.11 0.101
Square 4 1249.59 312.398 6.74 0.133
Interaction 4 284.83 71.208 1.54 0431
Residual error 2 92.66 46.328

Lack-of-fit 1 0.00 92.657

Pure error 1 0.000

Total 14 3675.75

S$=6.80649, R-Sq=97.48%, R-Sq (pred) =0.00% and R-Sq (adj) =82.35%
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Fig. 3 Xylonic acid production by C. glutamicum ATCC 13032 (open

bar) and C. glutamicum ATCC 31831 (closed bar) harbouring plasmid

pVWEX1-xylB

75% consumption compared to 60% by ATCC 13032
after 120 h fermentation and same the case with culture
growth where ATCC 31831 showed better growth (10x
dilution of culture broth for spectrophotometric reading
(Additional file 1: Figure S1).

Xylonic acid from rice straw hydrolysate

Fermentation was carried out in rice straw hydrolysate
using C. glutamicum ATCC 31831 (pVWEx1-xyIB).
The strain could grow in different xylose concentra-
tions (of 20, 40, and 60 g/L) in rice straw hydrolysate,
and after 120 h fermentation, maximum titer obtained
was 42.94 g/L xylonic acid from 60 g/L xylose (Fig. 4). A
production yield of 58.48% xylonic acid in hydrolysate is
remarkable for sugar acid production with engineered
strain of C. glutamicum which is quite tolerant to the
inhibitors present in the hydrolysate.
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Fig. 4 Xylose utilization (open symbols) and xylonic acid production
(closed symbols) by C. glutamicum ATCC 31831 (pVWEX1-xy/B) in
rice straw hydrolysate containing different concentrations of xylose
20 g/L (open diamond), 40 g/L (open square) and 60 g/L (open circle).
Xylonic acid production from 20 g/L xylose (closed diamond), 40 g/L
xylose (closed square) and 60 g/L xylose (closed circle)

Discussion
Heterologous expression of genes for the production
of varied value-added chemicals were successfully car-
ried out in C. glutamicum, for example, the production
of amino acids, sugar alcohol, organic acid, diamines,
glycolate and 1,5-diaminopentane (Buschke et al. 2013;
Meiswinkel et al. 2013; Zahoor et al. 2014; Pérez-Garcia
et al. 2016; Dhar et al. 2016). C. glutamicum being
a versatile industrial microbe and the availability of
genetic engineering tools makes it a rapid and rational
manipulation host for diverse platform chemicals. Most
corynebacteria are known not to utilize xylose as car-
bon source. The absence of xylose metabolizing genes
restricts the growth of Corynebacterium in pentose rich
medium. To develop an efficient bioconversion system
for xylonic acid synthesis, the genes of Caulobacter cres-
centus were expressed in C. glutamicum. The resulting
transformants C. glu-pVWEx1-xyIB and C.glu-pVWEx1-
xyIBC were able to grow in mineral medium containing
xylose and converted it into corresponding pentonic acid.
Xylose can be metabolized in four different routes (I)
The oxido-reductase pathway, (II) The isomerase path-
way, (III) The Weimberg pathway, an oxidative pathway
and (IV) The Dahms pathway (Cabulong et al. 2018).
Xylose once inside the cell gets converted to xylonolac-
tone and then into xylonic acid on the expression of two
genes namely, xy/B (xylose dehydrogenase) and xy/C
(xylonolactonase). These two enzymes are involved in
both the Weimberg and Dahms pathway where xylose
is metabolized to xylonic acid (Briisseler et al. 2019).
In the present study, it is observed that only the xylose
dehydrogenase enzyme activity is good enough for
xylonic acid production. Without the dehydrogenase
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Table 4 Comparison of xylonic acid production and productivity by the best xylonic acid producers

Microorganism p-xylose (g/l) bp-xylonate Yields (g/g) Volumetric Specific PH Biomass (g/l) Process References

(g/1) productivity  productivity
(9/1/h) [g(g/
biomass)/h]

Gluconobacter 100 109 1.1 2.5 ~15 55 17 Batch Buchert et al.
oxydans (ATCC (1988)

621)

Gluconobacter 100 107 1.1 2.2 ~15 45 13 Batch Buchert et al.
oxydans (ATCC (1988)

621)

Pseudomonas 150 162 1.1 14 0.2 65 69 Batch Buchert et al.
fragi (ATCC (1988)
4973)

Pseudomonas ~04 ~04 ~1 ~19 ~0.7 68 29 Continuous Meijnen et al.
putida (2009)

Enterobacter 200 190 ~1 ~16 - 65 nd Batch Ishizaki et al.
cloacea (1973)

Escherichia coli 40 39 1.0 1.1 0.14 70 ~8 Batch Liuetal. (2012)

Saccharomyces 20 4 04 0.03 0.007 55 46 Batch Toivari et al.
cerevisiae Xyd 1 (2010)

Saccharomyces 23 3 04 0.02 0.006 55 53 Batch Toivari et al.
cerevisiae (2012)
SUS2DD

Saccharomyces 23 17 0.8 0.23 0.06 55 5 Batch Toivari et al.
cerevisiae xylB (2012)

Kluyveromyces 23 8 04 0.13 0.01 55 9 Batch Nygard et al.
lactis Xyd 1 (2011)

Corynebacterium 20 6.23 1.04 1.02 - - - Batch Yim et al. (2017)
glutamicum
(ATCC 13032)

Corynebacteri- 60 56.32 ~1 0.93 - 55 14 Batch This study
umglutamicum
(ATCC 31831)

activity, the lactonase activity alone cannot do the
conversion of xylose to xylonic acid. Further, the xylo-
nolactonase expression along with xylose dehydroge-
nase resulted in xylonic acid production but not that
efficient as dehydrogenase alone with the case of C.
glutamicum. It is reported that, xylonolactone once
formed can be converted to xylonic acid either by the
spontaneous oxidation of lactone or through the enzy-
matic hydrolysis of xylonolactonase enzyme (Buchert
and Viikari 1988). Corynebacterium glutamicum being
an aerobic organism, direct oxidation of xylonolactone
to xylonic acid is more favorable inside the cell. Previ-
ous studies have also shown that xylose dehydrogenase
(xyIB) activity alone can result in the production of
xylonic acid (Yim et al. 2017).

Corynebacterium glutamicum ATCC 31831 grew
on pentose as the sole carbon source. The gene clus-
ter responsible for pentose utilization comprised a six-
cistron transcriptional unit with a total length of 7.8 kb.
The sequence of the C. glutamicumm ATCC 31831 ara
gene cluster containing gene araE, encodes pentose

transporter, facilitates the efficient uptake of pentose
sugar (Kawaguchi et al. 2009). Previous studies have
also reported the role of araE pentose transporter in
Corynebacterium glutamicum ATCC 31831 and its
exploitation for the production of commodity chemicals
like 3HP and ethanol (Becker et al. 2018). In the present
study, Corynebacterium glutamicum ATCC 31831 with
an inbuilt araE pentose transporter exhibited effectual
consumption of xylose as well as its conversion to xylonic
acid. Further studies have to be done to explore the role
of the same araE pentose transporter as an exporter for
xylonic acid.

Micrococcus spp., Pseudomonas, Kluveromyces lactis,
Caulobacter, Enterobacter, Gluconobacter, Klebsiella and
Pseudoduganella danionis (ISHIZAKI et al. 1973; Buchert
et al. 1988; Buchert and Viikari 1988; Toivari et al. 2011;
Wiebe et al. 2015; Wang et al. 2016; Sundar Lekshmi
et al. 2019) are the non-recombinant strains reported for
xylonic acid production. Among which Gluconobacter
oxydans is the prominent wild-type strain exhibits higher
titers of xylonic acid up to 100 g L™! (Toivari et al. 2012).
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Although these strains are capable of producing xylonic
acid from pure sugar, they fail to perform as an industrial
strain since some are opportunistic pathogen grade and
they are not tested in hydrolysate medium may be due to
their lower tolerance towards lignocellulosic inhibitors.
There was an earlier report on recombinant C. glutami-
cum ATCC 13032 produced 6.23 g L™! of xylonic acid
from 20 g L' of xylan (Yim et al. 2017). In this study they
have employed multiple modules, (i) xylan degradation
module (ii) conversion module from xylose to xylonic
acid by expression of xdh gene and (iii) xylose transport
module by expression of xy/E gene, and optimized gene
expression introducing promoters (Yim et al. 2017). The
product titers with C. glutamicum ATCC 31831 pre-
sented in this study are comparable with other wild type
and recombinant strains (Table 4) and the volumetric
productivity in the feed phase can outperform the titers
published employing the recombinant C. glutamicum
ATCC 13032.

Media engineering was carried out with the statisti-
cal tool response surface methodology (RSM) for the
enhanced production of xylonic acid. The Box—Behnken
model with experimental values containing 15 runs was
designed for the optimization study. RSM aided to nar-
row down the most influencing parameters and its opti-
mization on xylonic acid production. The engineered
strain produced up to 56.3 g/L of xylonic acid and is char-
acterized by high volumetric productivity and maximum
product yield of 76.67% under optimized conditions
applying defined xylose/glucose mixtures in synthetic
medium. One of the major challenges is the range of
acidic and furan aldehyde compounds released from lig-
nocellulosic pre-treatment. Here, the recombinant C.
glutamicum ATCC 31831 could resist the inhibitors pre-
sent in rice straw hydrolysate and produced xylonic acid
nearly to 58.5% of the maximum possible yield.

The challenges involve getting sufficient xylose after
pretreatment and also the separation of xylonic acid
from the fermented broth. For the industrial application,
downstream processing of xylonic acid is very impor-
tant. Ethanol precipitation and product recovery by
extraction are the two interesting options described for
the purification of xylonic acid from the fermentation
broth (Liu et al. 2012). With this industrially streamlined
recombinant strain a highly profitable bioprocess to pro-
duce xylonic acid from lignocellulosic biomass as a cost-
efficient second-generation substrate is well within the
reach. The one-step conversion of xylose to xylonic acid
and the bioprocess developed in the present study favors
pentose sugar utilization in rice straw in a straight for-
ward and cost-effective method. The proof of concept
showed the simultaneous utilization of biomass-derived
sugars (C5 and C6) and it has to be investigated in detail.
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Supplementary information accompanies this paper at https://doi.
0rg/10.1186/513568-020-01003-9.

Additional file 1: Figure S1. Growth (circles) and xylose consumption

(triangles) by C. glutamicum ATCC 13032 (pVWEX1-xy/B) (open symbols)
and C glutamicum ATCC 31831 (pVWEX1-xy/B) (closed symbols) in CGXII
medium containing 60 g/L xylose.
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