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A B S T R A C T   

The bacterial cell wall contains numerous surface-exposed proteins, which are covalently anchored and 
assembled by a sortase family of transpeptidase enzymes. The sortase are cysteine transpeptidases that catalyzes 
the covalent attachment of surface protein to the cell wall peptidoglycan. Among the reported six classes of 
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 
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 

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 

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. 

Table 1 
Sortase classification.  

Sortase 
Class 

Cleavage 
site 

Main Function Bacterial genus 

A LPXTG Surface protein 
anchoring 

Staphylococcus, Listeria, 
Streptococcus, Bacillus, 
Clostridium, Entrobacter, 
Lactobacillus 

B (N/S/P) 
PXTG 

Heme uptake Bacillus, Listeria, Bacillus, 

C LPXTG Pili assembly Corynebacterium, 
Streptococcus, Clostridium, 
Actinomyces, Entrobacter, 
Lactobacillus 

D LPXTA Spore formation Bacillus 
E LAXTG Aerial hyphae 

formation, Surface 
protein anchoring, 
Pilus attachment 

Corynebacterium, Streptomyces, 
Actinomyces 

F LPXTG Unknown Propionibacterium  
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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 (ClfA and 
ClfB), 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, SpaI 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 

Table 2 
Distinctive sortases in pathogenic and non-pathogenic bacteria.  

Bacterial Species Sortase protein Putative 
CWSS 
proteins 

References 

Actinomyces oris SrtA, SrtC 
(SrtC1 and 
SrtC2) 

14 (Wu et al., 2011, 2012) 

Bacillus anthracis SrtA, SrtB, SrtC 10 (Gaspar et al., 2005; 
Maresso et al., 2006; 
Marraffini et al., 2006) 

Bacillus cereus SrtA, SrtB, SrtC 
(SrtC1 and 
SrtC2), SrtD 

2 (Budzik et al., 2007) 

Bacillus subtilis YhcS 2 (Duc Nguyen et al., 
2011) 

Bifidobacterium 
bifidum 

SrtA 14 (Westermann et al., 
2012; Wei et al., 2016) 

Clostridium 
perfringens 

SrtB 13 (Boekhorst et al., 2005; 
van Leeuwen et al., 
2014) 

Corynebacterium 
diphtheriae 

SrtA, SrtB, SrtC, 
SrtD, SrtE, SrtF 

17 (Mandlik et al., 2007) 

Corynebacterium 
glutamicum 

SrtE 1 (Susmitha et al., 2019) 

Enterobacter faecalis SrtA, SrtC 41 (Kemp et al., 2007) 
Lactobacillus 

plantarum 
SrtA 32 (Pretzer et al., 2005) 

Lactobacillus 
rhamnosus 

SrtA, SrtC 
(SrtC1 and 
SrtC2) 

6 (Douillard et al., 2014) 

Lactococcus lactis SrtA, SrtC 14 (Dieye et al., 2010) 
Lactobacillus 

salivarius 
SrtA 10 (Van Pijkeren et al., 

2006) 
Lactobacillus casei SrtA (SrtA1 and 

SrtA2), SrtC 
(SrtC1 and 
SrtC2) 

23 (Muñoz-Provencio et al., 
2012) 

Lactobacillus 
acidophilus 

SrtA 12 (Call et al., 2015) 

Lactobacillus gasseri SrtA 12 (Call et al., 2015) 
Lactobacillus 

delbrueckii 
SrtA 2 (Van Pijkeren et al., 

2006) 
Listeria 

monocytogenes 
SrtA, SrtB 43 (Bierne et al., 2002; 

Garandeau et al., 2004) 
Propionibacterium 

acnes 
SrtF 4 (Girolamo et al., 2019; 

Lodes et al., 2006) 
Staphylococcus 

aureus 
SrtA, SrtB 22 (Mazmanian et al., 

2000, 2002) 
Streptococcus suis SrtA, SrtB, SrtC, 

SrtD, SrtE 
3 (Osaki et al., 2002; Lu 

et al., 2011) 
Streptococcus 

pyogenes 
SrtA, SrtB 15 (Barnett and Scott, 

2002) 
Streptococcus 

agalactiae 
SrtA, SrtC 
(SrtC1, SrtC2, 
SrtC3 and 
SrtC4) 

35 (Lalioui et al., 2005; 
Dramsi et al., 2006) 

Streptococcus 
pneumoniae 

SrtA, SrtC 
(SrtC1, SrtC2 
and SrtC3) 

16 (Kharat and Tomasz, 
2003; Lemieux et al., 
2008) 

Streptomyces 
avermitilis 

SrtE (SrtE3) 16 (Das et al., 2017) 

Streptococcus 
mutans 

SrtA 6 (Lee and Boran, 2003) 

Streptomyces 
coelicolor 

SrtE (SrtE1 and 
SrtE2) 

17 (Duong et al., 2012) 

Streptococcus 
gordonii 

SrtA 7 (Davies et al., 2009; 
Nobbs et al., 2007) 

Streptococcus 
sanguinis 

SrtA 32 (Yamaguchi et al., 2006; 
Turner et al., 2009) 

Streptococcus uberis SrtA 10 (Egan et al., 2010; Eigh 
et al., 2010) 

Streptococcus 
thermophilus 

SrtA 2 (Kebouchi et al., 2016)  
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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 SpaIG 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 Ca2+ independent catalytic 
mechanism (Susmitha et al., 2019). The high catalytic efficiency with 
LAXTG substrate and the Ca2+ 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 

et al., 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 

Fig. 2. Illustration of sortase A trans
peptidation reaction in S. aureus. 1) 
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.   

A. Susmitha et al.                                                                                                                                                                                                                               



The Cell Surface 7 (2021) 100055

5

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 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). 

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 β-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 

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.) 
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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 

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 β7/ β8 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 BasI, 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 BasI 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 (β2 − β3 and β4 − 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). 
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 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 BcpA 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-bcpB 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), 
YhcS 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). 

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 
CD0386 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 SrtE1 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 Å 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 (Bermúdez-Humarán 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 

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 (Muñoz-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. 
SrtA1 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-α 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 (Sillanpää 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 (Sillanpää 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 

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 
Zähner, 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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Couvé, E., Lalioui, L., Poyart, C., Trieu-cuot, P., Kunst, F., 2002. Genome sequence of 
Streptococcus agalactiae, a pathogen causing invasive neonatal disease. Mol. 
Microbiol. 45, 1499–1513. https://doi.org/10.1046/j.1365-2958.2002.03126.x. 

Hadfield, T.L., McEvoy, P., Polotsky, Y., Tzinserling, V.A., Yakovlev, A.A., 2000. The 
pathology of diphtheria. J. Infect. Dis. 181, 3–7. https://doi.org/10.1086/315551. 

Hamada, S., Slade, H.D., 1980. Biology, immunology, and cariogenicity of Streptococcus 
mutans. Microbiol. Rev. 44, 331–384. https://doi.org/10.1128/mr.44.2.331- 
384.1980. 

Hendrickx, A.P.A., Budzik, J.M., Oh, S.Y., Schneewind, O., 2011. Architects at the 
bacterial surface-sortases and the assembly of pili with isopeptide bonds. Nat. Rev. 
Microbiol. 9, 166–176. https://doi.org/10.1038/nrmicro2520. 

Hensbergen, P.J., Klychnikov, O.I., Bakker, D., Dragan, I., Kelly, M.L., Minton, N.P., 
Corver, J., Kuijper, E.J., Drijfhout, J.W., Van Leeuwen, H.C., 2015. Clostridium 
difficile secreted Pro-Pro endopeptidase PPEP-1 (ZMP1/CD2830) modulates 
adhesion through cleavage of the collagen binding protein CD2831. FEBS Lett. 589, 
3952–3958. https://doi.org/10.1016/j.febslet.2015.10.027. 

Jacobsen, C.N., Nielsen, V.R., Hayford, A.E., Møller, P.L., Michaelsen, K.F., 
Pærregaard, A., Sandström, B., Tvede, M., Jakobsen, M., 1999. Screening of 
probiotic activities of forty-seven strains of Lactobacillus spp. by in vitro techniques 
and evaluation of the colonization ability of five selected strains in humans. Appl. 
Environ. Microbiol. 65, 4949–4956. https://doi.org/10.1128/aem.65.11.4949- 
4956.1999. 

Kajikawa, A., Nordone, S.K., Zhang, L., Stoeker, L.L., LaVoy, A.S., Klaenhammer, T.R., 
Dean, G.A., 2011. Dissimilar properties of two recombinant Lactobacillus acidophilus 
strains displaying Salmonella FliC with different anchoring motifs. Appl. Environ. 
Microbiol. 77, 6587–6596. https://doi.org/10.1128/AEM.05153-11. 

Kankainen, M., Paulin, L., Tynkkynen, S., Von Ossowski, I., Reunanen, J., Partanen, P., 
Satokari, R., Vesterlund, S., Hendrickx, A.P.A., Lebeer, S., De Keersmaecker, S.C.J., 
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