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Abstract

Moonlighting proteins, characterized by their multiple
autonomous functions, have been detected in bacteria.
Surprisingly, many of these proteins are conserved and
involved in metabolic pathway or the cell stress response.
They localise to the bacterial surface to take on additional
activities, which have been hypothesised to contribute to
bacterial virulence or bacterial benefit. In this review, we
compare the functions of moonlighting proteins in bacteria,
describe the structural basis of moonlighting functions, and
summarise the regulation of secretion and localisation of
moonlighting proteins.

Introduction

Almost 20 years ago, it was reported that certain
neuropeptides  displayed immunomodulatory activity
along with their classic neuropeptide function (Campbell
and Scanes, 1995). The term “moonlighting protein” was
introduced to describe a single protein that has multiple
functions not due to gene fusions, splice variants or multiple
proteolytic fragments (Jeffery, 2009; Huberts and van
der Klei, 2010). Since their initial discovery, a significant
number of proteins have been found to serve two or
more functions in plants, animals, yeast and prokaryotes.
Most of the moonlighting proteins in bacteria have been
primarily identified as glycolytic enzymes, other metabolic
enzymes, or molecular chaperones. They localise to the
bacterial surface to take on additional activities. Because
their sequences contain neither known sequence motifs for
surface anchoring nor identified secretion signals, bacterial
moonlighting proteins were originally described as being
“anchorless proteins” or “non-classically secreted proteins”
(Pancholi and Chhatwal, 2003). These proteins have been
found on many pathogens surfaces, and they have been
considered to be involved with the pathogenic process
(Pancholiand Chhatwal, 2003; Henderson and Martin, 2011).
Major identified moonlighting functions include adhesion
to host epithelia, host components, such as extracellular
matrices (ECMs) and plasminogen, and the modulation
of host immune responses (Pancholi and Fischetti, 1992;
Seifert et al., 2003; Carneiro et al., 2004; Burnham et al.,
2005; Blau et al., 2007; Xolalpa et al., 2007). While many
studies have suggested that moonlighting protein functions
contribute to bacterial virulence, few have provided direct
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evidence for the role of cell surface proteins in bacterial
virulence (Madureira et al., 2007; Jin et al., 2011). Recently,
research has focused on the roles of moonlighting proteins
in probiotics. Surprisingly, many moonlighting proteins
identified in the probiotics have similar functions within
the pathogenesis (Kelly et al., 2005; Antikainen et al.,
2007a; Sanchez et al., 2008). Additionally, many of the
moonlighting proteins in pathogens and probiotics are highly
conserved proteins. Given the rapidly expanding number
of moonlighting proteins, this review is not an attempt to
comprehensively summarise moonlighting proteins or
their multiple functions in different Gram-positive bacteria.
Rather we take a broad view, outlining the roles of major
moonlighting proteins (Table 1), comparing the functions of
moonlighting proteins in different bacteria, generalising the
structural basis of moonlighting functions, and summarising
the regulations of secretion and localisation of moonlighting
proteins.

Roles of moonlighting proteins in bacteria

Adhesion

Moonlighting proteins localise to the bacterial surface and
an increasing number of scientific reports ascribe their
adhesion activities to components of the intestinal mucosa.
Many researchers have proposed that the adhesive activity
of moonlighting proteins is important to bacterial adhesion
and colonisation, which are important for the physiology of
bacteria.

It has been shown that many moonlighting proteins are
able to bind to host epithelial components, like mucus or
ECM components, or directly adhere to epithelial cell lines
in pathogens. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) is a particularly well-known example of a protein
with this adhesion ability.

GroupAstreptococci (Streptococcus pyogenes) GAPDH
is one of the earliest examined moonlighting proteins.
Pancholi and Fischetti (1992) first identified GAPDH as
the major surface protein for group A type streptococci
and designated it as streptococcal surface GAPDH (SDH).
The protein was shown to bind to fibronectin, lysozyme,
the cytoskeletal proteins myosin and actin (Pancholi and
Fischetti, 1992; Winram et al., 1996; D’Costa et al., 2000;
Jin et al., 2005). GAPDH has also been shown to bind to
mucin in the species Mycoplasma pneumoniae (Alvarez
et al., 2003), and to fibrinogen and colon epithelial Caco-2
cells in enterohemorrhagic (EHEC) and enteropathogenic
(EPEC) Escherichia coli strains (Egea et al., 2007, Aguilera
et al., 2009). However, GAPDH is not the only known
protein able to bind to epithelial components. Enolase from
Staphylococcus aureus was shown to bind to laminin and
collagen |, but not to fibronectin and collagen IV (Antikainen
et al,, 2007a), and enolase from Streptococcus mutans
was found to bind to human plasminogen and salivary
mucin MG2 (Ge et al., 2004). Other examples are fructose-
1,6-bisphosphate aldolase (FbaA) from Streptococcus
pneumoniae (Blu et al., 2007), phosphoglycerate kinase
(Pgk) of Streptococcus agalactiae (Burnham et al., 2005),
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Table 1. Moonlighting functions of non-classically secreted proteins.

Bacteria Proteins Moonlighting activity Reference (s)
S. pyogenes also known as GAPDH Binding to plasmin(ogen), Winram et al., 1996; D’Costa et al., 2000;
group Astreptococcus fibronectin, lysozyme, myosin and Pancholi and Fischetti, 1992; Jin et al.,

actin; recognizes uPAR/CD87 as its 2005; Terao et al., 2006
receptor; C5a-binding protein

Enolase The strongest binder of plasminogen Pancholi and Fischetti, 1998
S. aureus Enolase Laminin binding protein Carneiro et al., 2004
S. pneumoniae GAPDH/Enolase Plasmin(ogen) binding proteins Bergmann et al., 2004; Eberhard et al.,
1999
17 glycolytic Antigenic and eliciting protective Ling et al., 2004
enzymes immune reponses in mouse
FbaA As a lectin binding to host cadherin  Blau et al., 2007
receptor termed flamingo
S. agalactiae also known as GAPDH Bind plasminogen, actin and Seifert et al., 2003; Madureira et al., 2007
Group B streptococcus fibrinogen, B lymphocyte stimulatory
activity
Pgk Binds to cellular actin Burnham et al., 2005
S. mutans Eno Binds to mucin MG2 and Ge et al. 2004
plasminogen
M. pneumoniae EF-Tu, PdhB Fibronectin binding protein Dallo et al., 2002
GAPDH Adhesin for mucin Alvarez et al., 2003
M. tuberculosis malate synthase Laminin-binding adhesin Kinhikar et al., 2006
SodA Binding to different epithelial cell Reddy and Suleman, 2004
proteins
DnaK Plasminogen binding protein Xolalpa et al., 2007
B. anthracis GAPDH/Enolase Plasminogen binding protein Matta et al., 2010; Agarwal et al., 2008
EHEC and EPEC GAPDH Bind plasminogen, fibrinogen and Egea L et al., 2007; Aguilera et al., 2009

colon epithelial Caco-2 cells; NAD-
ribosylating activity

L. jensenii Enolase Inhibitor of Neisseria binding Spurbeck and Arvidson, 2010

L. johnsonii EF-Tu Binding to intestinal cells and Granato et al., 2004
to mucins and inducing a
proinflammatory

GroEL Bind to mucins and human intestinal Bergonzelli et al., 2006
epithelial cells; immunomodulatory
effects and mediates the
aggregation of the gastric pathogen

H. pylori
L. fermentum Tig Anti-adhesive of Enterococcus Heinemann et al., 2006
faecalis 1131
L. plantarum GAPDH Adheres to mucin and Kinoshita et al., 2008; Ramiah et al. 2008
fibronectin,adhesion of Caco-2 cells
Enolase Fibronectin binding protein Castaldo et al., 2009
EF-Tu, TPI Contribution to adhesion of Caco-2  Ramiah et al., 2008

and competitive exclusion of the
other strains

L. crispatus GAPDH/Enolase Binding plasminogen and enhanced Hurmalainen et al., 2007
its activation
EF-Tu Adhesion Siciliano et al., 2008
GS Adhesion, binds to type | Kainulainen et al., 2012

collagen, laminin, fibronectin and
plasminogen.




malate synthase of Mycobacterium tuberculosis (Kinhikar et
al., 2006), and elongation factor Tu (EF-Tu) and E1 b subunit
of pyruvate dehydrogenase (PdhB) from M. pneumoniae
(Dallo et al., 2002). In addition, superoxide dismutase has
been shown to bind with HEp-2 and A549 cells, and to adhere
to aldolase, GAPDH and cyclophilin A inside epithelial cells
(Reddy and Suleman, 2004). It is generally thought that by
binding to host components these surface-located proteins
help pathogens to adhere to host cells, and facilitate their
colonisation and subsequent invasion. However, because
these moonlighting proteins play important roles within the
cells, it makes the creation of a knockout mutant impossible.
Thus, only a few studies have provided direct experimental
evidence to support the hypothesis of the importance of
moonlighting proteins for bacteria virulence. One of the
most elegant and direct pieces of evidence in this regard
was that provided by Boél et al. (2005), who created a novel
GAS mutant strain expressing SDH with a 12-amino-acid
hydrophobic tail at its C-terminal end, which was able to
prevent its surface exportation without altering its enzymatic
activity and the growth pattern of the bacteria. The GAPDH
mutant adhered poorly to human pharyngeal cells, bound
significantly less with human plasminogen, and lost its innate
antiphagocytic activity (Boél et al., 2005). More importantly,
the mutant was completely attenuated for virulence in a
mouse peritonitis model (Jin et al., 2011). This result was
the first to demonstrate that SDH plays an important role in
GAS adherence to pharyngeal cells and is thus necessary
for bacteria virulence.

Surprisingly, moonlighting proteins in commensal
bacteria have roles similar to those of pathogens in adhesion.
They also bind to host epithelial components or adhering
directly to epithelial cell lines. Similar to S. pyogenes, cell
surface GAPDH from Lactobacillus plantarum has been
shown to bind to mucin and fibronectin (Kinoshita et al.,
2008). It can also adhere directly to Caco-2 cells (Ramiah
et al., 2008). Furthermore, GAPDH is not the only protein
with adhesion ability. Similar to S. aureus, enolase from
Lactobacillus crispatus can also bind to laminin and
collagen I, but not to fibronectin and collagen IV (Antikainen
et al., 2007a). Enolase from L. plantarum has been reported
to bind to fibronectin (Castaldo et al., 2009). EF-Tu and
glutamine synthetase (GS) involved in the adhesion of L.
crispatus (Siciliano et al., 2008; Kainulainen et al., 2012),
and GS has been found to bind to type | collagen, laminin
and fibronectin (Kainulainen et al., 2012). In addition, GroEL
and EF-Tu from Lactobacillus johnsonii, and EF-Tu, GAPDH
and TPI from L. plantarum can directly adhere to epithelial
cells. It has been proposed that these moonlighting proteins
contribute to some probiotic traits. For instance, some can
inhibit the adhesion of pathogens. Enolase of Lactobacillus
jensenii inhibits the pathogen Neisseria gonorrhoeae’s
adherence to epithelial cells (Spurbeck and Arvidson, 2010).
Similarly, the trigger factor protein (Tig) from Lactobacillus
fermentum inhibits the adhesion of Enterococcus faecalis
(Heinemann et al., 2006).

Other research has found that EF-Tu, GAPDH and
triosephosphate isomerase (TPI) from L. plantarum
contribute to the adhesion of Caco-2 cells, and the
competitive exclusion and displacement of Clostridium
sporogenes and Enterococcus faecalis (Ramiah et al.,
2008). The removal of these proteins from the surface of
L. plantarum reduced its adhesion to Caco-2 cells and
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partially excluded adhesion to Clostridium sporogenes and
Enterococcus faecalis (Ramiah et al., 2008).

The normal anti-pathogen adhesive activity of
probiotics is often unpredictable and depends on the
strains used. Furthermore, the inhibition and displacement
of pathogens is effected not only by the overall adhesion
but also by the type of molecules involved in the adhesion
(Collado et al., 2005; Gueimonde et al., 2007). It is likely
that selected probiotic strains compete with pathogens for
the same receptors of molecules involved in the adhesion
in the gut. This hypothesis was supported by a recent
experiment using Listeria adhesion protein (LAP). LAP is
an alcohol acetaldehyde dehydrogenase (Imo 1634), a
housekeeping enzyme, but it can also be present on the
surface of Listeria monocytogenes and plays an important
role in adhesion and colonisation (Jagadeesan et al.,
2010). Wild type Lactobacillus paracasei showed strong
adhesion to Caco-2 cells but none effectively prevented
L. monocytogenes infection. In contrast, LAP-expressing
recombinant probiotic L. paracasei blocked the adhesion,
invasion, and translocation of L. monocytogenes by
interacting with the host cell receptors, thereby protecting
the cells from infection (Koo et al.,, 2012). Because the
recombinant probiotics expressed the adhesion proteins
of pathogens, they efficiently inhibited the attachment of
specific pathogens to the host. These insights could be
developed into a new strategy to prevent and exclude
specific pathogens. Although there are no reports of
the moonlighting proteins from pathogens inhibiting the
adhesion of probiotics, it is likely that they would interact
and competitively exclude each other. Altogether, these
results show that moonlighting proteins from Gram-positive
bacterial pathogens and commensal lactobacilli share
functional similarity in adhesion.

Plasminogen-binding

Plasminogen is a proenzyme of the serine protease plasmin
that plays a crucial role in fibrinolysis (Lahteenmaki et al.,
2005). Conversion of plasminogen (Plg) to plasmin results
from a single proteolytic cut by human Plg activators,
tissue-type Plg activator (tPA) and urokinase (uPA). The
binding of Plg onto bacterial and mammalian cells or tissue
surfaces is mediated by its lysine-binding kringle domains
and is thus sensitive to lysine and its analogs. Binding to
lysines alters the conformation of the Plg molecule so that
it is more susceptible to activation by human Plg activators.
The interaction of bacteria with host plasminogen and
its subsequent activation to plasmin represents a highly
successful mechanism for tissue invasion and dissemination
(Eberhard et al., 1999; Terao et al., 2006).

GAPDH and enolase from different bacteria have been
shown to bind to Plg (Table 1). DnaK from M. tuberculosis
and GS of L. crispatus can also bind to Plg (Xolalpa et al.,
2007; Kainulainen et al., 2012). GAPDH and enolase are
the predominant binders of Plg. They have been reported
to bind to human Plg with a great affinity in S. pyogenes
(Winram et al., 1996; Pancholi and Fishchetti, 1998), S.
pneumoniae (Bergmann et al., 2004), S. agalactiae and
Bacillus anthracis (Agarwal et al. 2008; Matta et al., 2010),
enhancing the formation of proteolytic plasmin activity. This
has been proposed as another strategy that enhances
the virulence of these pathogens due to their interaction
with the plasminogen system, which promotes damage
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of extracellular matrices as well as bacterial spread and
organ invasion during infection. Direct evidence of the role
of enolase on bacteria virulence by binding to plasminogen
was confirmed by Bergmann et al. (2003). Pneumococcal
mutants expressing enolase with amino acid substitutions
in the internal binding motif showed a substantially
reduced plasminogen-binding activity and the virulence of
these mutants was also attenuated in a mouse model of
intranasal infection (Bergmann et al., 2003). This indicates
the significance of enolase as the plasminogen binder in the
pathogenesis of pneumococcal diseases.

Recently, it was reported that L. crispatus and other
commensal species efficiently enhanced tPA-mediated
Plg activation (Antikainen et al., 2007b; Hurmalainen et
al., 2007). Notably, this activity was attributed to major
components of the extracellular proteome of L. crispatus
ST1, enolase and GAPDH (Hurmalainen et al., 2007). It
has been suggested that these proteins contribute to the
health-promoting effects of lactobacilli in humans by Plg
binding and the enhancement of its activation. Interestingly,
Antikainen et al (2007b) found that enolases from L.
crispatus and L. johnsonii as well as from S. aureus were
equally efficient in Plg binding and enhancement of its
activation by tPA and uPA. The similarity of Plg-binding
proteins and the efficient enhancement of Plg activation by
probiotics and pathogens may indicate that they also have
similar mechanisms for colonisation and dissemination, and
that probiotic bacteria may mimic pathogens in order to
survival in the gastrointestinal tract.

Modulation of host immune responses

Seventeen glycolytic enzymes associated with the cell
surface of S. pneumoniae are antigenic in children and
adults, of which 13 showed an increasing antibody
response with age in each of the eight children analysed.
Two immunogenic proteins, FbaA and GAPDH have been
found to elicit cross-strain protective immunity in mice and
conferred protection to respiratory challenges from virulent
pneumococci (Ling et al., 2004). In another study, GAPDH
from S. agalactiae elicited B cell responses. A S. agalactiae
strain overexpressing GAPDH showed increased virulence
compared with the wild-type strain in C57BL/6 mice, and
this virulence was markedly reduced in IL-10-deficient and
anti-rGAPDH antiserum-treated mice (Madureira et al.,
2007). These results showed that S. agalactiae GAPDH
is a virulence-associated immunomodulatory protein and
can facilitate microbial colonization. Enolase has also
been reported as antigen (Pancholi and Fischetti, 1998).
However, because the sequence of enolase is highly
conserved from archaebacteria to mammals, many studies
have found high levels of enolase-reacting autoantibodies
in mammals (Pancholi and Chhatwal, 2003). Some studies
have also showed that the enolases from pathogens are
related to rheumatic heart disease (Fontan et al., 2000) and
rheumatoid arthritis (Lundberg et al., 2010).

Other research has shown that EF-Tu is responsible for
the selection and binding of the cognate aminoacyl-tRNA to
the acceptor site of the ribosome (Nilsson and Nissen, 2005).
Despite being a cytoplasmic protein, EF-Tu is also present
on the surface of commensal bacteria and is described as a
common antigen (Nakamura et al., 1997). The recombinant
EF-Tu from L. johnsonii can induce the release of IL-8 from
HT29 cells in the presence of soluble CD14 (Granato et al.,

2004). As with EF-Tu, it has been found that the heat shock
protein GroEL from different Gram-positive bacteria (such
as L. johnsonii, Lactococcus lactis and Bacillus subtilis)
also is able to stimulate IL-8 release by HT29 cells in the
presence of soluble CD 14 (Bergonzelli et al., 2006). These
results suggest that moonlighting proteins could participate
in gut homeostasis. Although the moonlighting proteins from
pathogen and probiotics can elicit hostimmune responses, it
seems that the proteins involved and the degree of immune
responsiveness are different. To date, there are no reports
of GAPDH and enolase from commensal bacteria acting as
an antigen, although GAPDH and enolase are the common
antigens of pathogens. The molecular mechanisms by which
released proteins of probiotic bacteria could participate in
GIT homeostasis are still unclear, however, the low immune
responses of the intestinal mucosa toward intestinal
microbiota, especially the anti-inflammatory response to
surfaced proteins of probiotic bacteria, have been clearly
demonstrated (Ma et al., 2004; Cario and Podolsky, 2006;
Sanchez et al., 2008).

It seems that probiotic bacteria may act as ‘vaccinun’
to contributing some of their health benefits by eliciting host
immune responses in a form of attenuated virulence.

Structural basis for moonlighting proteins

Although there are a multitude of reports on the many
multifunctions of moonlighting proteins, few investigate the
structural basis for these functions. Enolase is one example
of a common Plg binder. It has been reported that the
C-terminal lysines form active epitopes in the enolases of
S. pneumoniae (Bergmann et al., 2001) and S. pyogenes
(Derbise et al., 2004). Bergmann et al. (2003; 2005)
identified another novel internal Plg-binding site of enolase
from S. pneumoniae. By investigating the protein-protein
interaction, a peptide of nine amino acids 248FYDKERKVY
was identified as the minimal second binding epitope
mediating the binding of plasminogen to enolase (Bergmann
et al., 2003). The nine residue plasminogen-binding motif
is exposed on the octamer enolase surface (Ehinger et
al., 2004) and is the key cofactor for plasmin-mediated
pneumococcal degradation and transmigration through
host ECM (Bergmann et al., 2005). Furthermore, Using
site-directed mutagenesis followed by in silico modelling
and ion mobility mass spectrometry validation, Cork et
al. (2009) revealed that the plasminogen-binding motif
residues Lys252 and Lys255, and the C-terminal Lys434
and Lys435 residues located in the enolase of S. pyogenes
play an important role in the binding of human plasminogen.
Similarly, two different binding sites with fibronectin were
found in the 179-amino-acid region spanning the carboxyl
terminus of M. pneumoniae EF-Tu (Balasubramanian et al.,
2008).

Although enloases from L. crispatus and L. johnsonii
are high efficient in Plg binding, the C-terminal lysines
were not present in these sequences (Antikainen et al.,
2007a). Further analyses have found that a related second
plasminogen-binding sequence 2*8FYNKDDHKY is present
in L. crispatus enolase, but substitution of the two lysines in
this sequence has little effect on Plg activation (Antikainen
et al., 2007a). It has been shown that the arginine and
histidine residues of plasminogen-binding M-like proteins
and the PAM related protein Prp are involved the binding
of Plg (Sanderson-Smith et al., 2006; 2007), however, more



research is needed to confirm whether these amino acids
in the lactobacillar enolase are related to the binding of Plg.
Currently, a large number of 3D structures of moonlighting
proteins have been identified, however most of these
concern their structure and primary function. Few studies
have analysed their structural and moonlighting functions.
Although Khan et al. (2012) evaluated the performances
of the protein function prediction, the extended similarity
group and PSI-BLAST in predicting the functional diversity
of moonlighting proteins, there is no data on the structural
basis of moonlighting proteins that are able to induce host
immune responses and bind to components of the intestinal
mucosa. Further research is necessary in order to evaluate
the structure and functions of moonlighting proteins.

Regulations of secretion and localisation of
moonlighting proteins

Moonlighting proteins also play important intracellular
functions, so the secretion of these proteins is tightly
regulated and is usually induced by specific stimuli. Signal
peptide-independent transport may be the most important
strategy to protect cells from the undesirable effects of these
moonlighting proteins. In contrast to exported proteins with
signal peptide, these moonlighting proteins without signal
peptides are not immediately secreted after translation
and are not efficiently secreted. Rather, these proteins are
normally secreted during the stationary phase (Yang et al.,
2011). With the increase in research, more fine and category
regulations have been reported.

Modifications

A small fraction of the glycolytic enzyme enolase is modified
by its substrate 2-phosphoglycerate (2-PG). 2-PG is bound
to Lys341 of Escherichia coli enolase or the equivalent of
Lys341 in enolases of other bacteria. It has found that this
enolase modification is a common phenomenon in bacteria,
yeast and animals. More importantly, all Lys341 substitutions
in E. coli enolase prevented not only the automodification,
but also the export of enolase (Boél et al., 2004). This
indicates that automodification is a prerequisite for the export
of enolase, although it is unknown how the modification
facilitates the export. To date, no other moonlighting proteins
have been reported to need modification for its export in
bacteria. In the eukarocyte, there are various modifications
in these moonlighting proteins, but it is unknown whether
these modifications are related to their transport (Capello
et al., 2011; Prudovsky et al., 2013,). Further studies are
needed to explore the relationship between modification
and export.

Induction

It has been shown that growth conditions can affect the
adherence of some Lactobacillus strains to components of
the intestinal mucosa. For example, Lactobacillus gasseri
and L. johnsonii strains showed stronger adhesion to laminin
when grown in MRS agar under anaerobic conditions than
in the same broth under aerobic conditions. Similarly,
L. gasseri showed stronger adhesion to fibronectin in
anaerobic conditions than aerobic conditions (Horie et al.,
2005). Similarly, the secretion of moonlighting proteins is
enhanced in certain conditions. The secretion of DnaK was
enhanced in the presence of bile salts in Bifidobacterium
animalis. The secretion of DnaK induced by bile salts is
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thought to facilitate the colonisation of the human host B.
animalis in the gut bile environment (Candela et al., 2010). In
the presence of a low level of glucose, L. plantarum exhibits
an elevated level of cell wall-associated GAPDH (Saad et
al., 2009). Similarly, Listeria adhesion protein expression
in L. monocytogenes is enhanced in oxygen- and nutrient-
limited conditions, and elevated temperatures (Koo et al.,
2012). Additionally under iron starvation conditions, an
increase in GAPDH release was seen in S. pyogenes and
Streptococcus gordonii (Eichenbaum et al., 1996; Nelson
et al., 2001). These conditions are generally believed to be
the environments in which these bacteria survive. It seems
that adhesion to intestinal mucosa is enhanced when
experimental conditions mimic the human GIT environment.
Moreover, these conditions can induce the secretion of
moonlighting proteins with adhesion abilities.

pH dependent localisation

It seems that the export of moonlighting proteins on
its own is not enough; these proteins must also locate
suitable positions to exercise their moonlighting functions.
For instance, surface-associated enolase and GAPDH
in probiotics and pathogens have been reported to
be reversible and pH dependent (Nelson et al., 2001;
Antikainen et al., 2007b). These enzymes are attached
to the cell surface in an acid pH, but are released into the
medium in a neutral or alkaline pH. Similar to enolase and
GAPDH, the binding of EF-Tu from L. johnsonii to intestinal
cells and to mucins is pH dependent (Granato et al.,
2004). This pH dependency for the attachment/release of
surface-associated moonlighting proteins is likely to affect
bacteria adhesion. The acidic pH of the intestinal mucosa
will facilitate the adhesion of these proteins to the bacterial
surface, thereby favouring the adhesion of bacteria to
intestinal mucosa. When encountering an environment
with a neutral or slightly alkaline pH, a rapid detachment
will occur. This could be one of the regulation strategies by
which bacteria respond to physicochemical changes.

Conclusions and future directions
From this overview, it should be clear that major identified
moonlighting functions of proteins in bacteria are adhesion
to host epithelia, host components, such as extracellular
matrices (ECMs) and plasminogen, and the modulation of
host immune responses. Notably, moonlighting proteins
share functional similarities in different bacteria, and these
proteins play important roles in the bacteria’s physiological
activities. Their secretion and localisation are tightly
regulated and induced by specific stimuli. However, there are
many interesting questions that require further investigation
into non-classically secreted proteins. How are moonlighting
proteins exported and how does the modification affect this
process? How do moomlighting protien’s structures support
so many different functions? Can the probiotic bacteria
expressing the moonlighting proteins that function in host
epithelia adhesion in pathogens competitively exclude and
displace this provider? Can probiotic bacteria exchange
moonlighting proteins, such as GAPDH and enolase,
with the pathogens since these proteins exercise similar
functions in both intracellular and extracellular bacteria
types?

We hope that this review raises more research interest
in tackling these and other related questions. A greater
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understanding of moonlighting proteins will be crucial in
combating human pathogens.
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