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Abstract

Staphylococcus aureus is responsible for numerous instances of superficial, toxin-mediated, and invasive infections. The 
emergence of methicillin-resistant (MRSA), as well as vancomycin-resistant (VRSA) strains of S. aureus, poses a massive 
threat to human health. The tenacity of S. aureus to acquire resistance against numerous antibiotics in a very short duration 
makes the effort towards developing new antibiotics almost futile. S. aureus owes its destructive pathogenicity to the plethora 
of virulent factors it produces among which a majority of them are moonlighting proteins. Moonlighting proteins are the 
multifunctional proteins in which a single protein, with different oligomeric conformations, perform multiple independent 
functions in different cell compartments. Peculiarly, proteins involved in key ancestral functions and metabolic pathways 
typically exhibit moonlighting functions. Pathogens mainly employ those proteins as virulent factors which exhibit high 
structural conservation towards their host counterparts. Consequentially, the host immune system counteracts these invading 
bacterial virulent factors with minimal protective action. Additionally, many moonlighting proteins also play multiple roles 
in various stages of pathogenicity while augmenting the virulence of the bacterium. This has necessitated elaborative studies 
to be conducted on moonlighting proteins of S. aureus that can serve as drug targets. This review is a small effort towards 
understanding the role of various moonlighting proteins in the pathogenicity of S. aureus.
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Introduction

In 1880, Dr Alexander Ogston had constantly noticed the 
presence of Gram-positive spherical “micrococci” in the pus 
collected from 88 human abscesses. These isolated bacteria 
were capable of recreating the abscesses in healthy guinea 
pigs and mice upon injection. This preliminary effort by Dr 
Ogston paved the way to the understanding of an infectious 
agent, now known as S. aureus, which continues to be a mas-
sive threat to human health and wellbeing (Ogston 1984). It 
acts as a commensal of the normal human microbiota and is 

asymptomatically carried by humans (20–40%), frequently 
found in skin flora, in the nostrils, and is a normal inhabit-
ant of the lower female reproductive tract and anterior nares 
being the major sites of colonization. S. aureus has evolved 
as a highly infectious entity along with the emergence of 
numerous antibiotic-resistant strains. Over the past century, 

S. aureus has become a great threat to public health due 
to it being the major infectious agent for both nosocomial 
and hospital-acquired infections (Periasamy et al. 2012). S. 

aureus infections can be classified into superficial infections, 
toxin-mediated infections, and invasive infections. S. aureus 
causes superficial lesions ranging from milder pimples and 
boils to severe infection such as stys, abscesses, carbuncles 
and so on. Immediately after the penetration of skin barrier, 
S. aureus is capable of causing initial muscular and skeletal 
infections such as osteomyelitis and septic arthritis. These 
internal infections can further lead to more serious condi-
tions of pneumonia, bacteraemia, endocarditis and septicae-
mia (Cramton et al. 1999; Ando et al. 2004; Anderson et al. 
2012).
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S. aureus is also a causative agent for numerous toxin-
mediated infections (food poisoning, toxic shock syndrome 
and scalded skin syndrome) mainly due to its ability to pro-
duce a broad spectrum of toxins such as exfoliative toxins, 
superantigens and cytotoxic toxins (Ansari et al. 2014). In 
line with this, S. aureus is majorly correlated with skin and 
soft tissue infections (SSTI) both in community-mediated 
or invasive infections in hospitalized patients. The hospi-
tal-acquired infections of S. aureus range from ventilator-
associated pneumonia to device-related infections (urinary 
catheters, endotracheal tubes, intravascular, prosthetic 
implants and arterial stents) (Anderson et al. 2012). Along 
with this, the emergence of methicillin-resistant (MRSA), as 
well as vancomycin-resistant (VRSA) strains, pose a breach 
in the last line of antibiotic defence (Lowy 1998; Ruffing 
et al. 2012). The tenacity of S. aureus to acquire resistance 
against numerous antibiotics in a very short duration makes 
the effort towards developing new antibiotics almost futile. 
The destructive pathogenicity of S. aureus stems from the 
ability to produce a plethora of virulent factors (Chhatwal 
2002). Numerous studies have deciphered that most of the 
virulent factors of S. aureus are moonlighting proteins and 
they enormously potentiate the infectivity of the pathogen. 
This has necessitated elaborative studies on moonlighting 
proteins of S. aureus that can be utilized as effective drug 
targets.

Concept of moonlighting proteins

Numerous proteins are multifunctional mainly due to gene 
fusions and pleiotropic effects. But if any protein exhibits 
multifunctionality that cannot be ascribed to the above-
mentioned processes, then they are termed as moonlight-
ing proteins. They are the multifunctional proteins where 
a single protein performs multiple independent functions 
using different regions of the protein structure, or alternative 
structure (alternative structure may be attributed to post-
translational modifications and/or oligomerization and/or 
conformational changes due to binding of different ligands). 
Moonlighting proteins often execute multiple functions in 
different cell compartments at different times (Copley 2012). 
A good analogy to moonlighting proteins was well explained 
in the review paper by Henderson et al. 2011 as being a 
person having two jobs, one in the day and one at night 
(Henderson et al. 2011). Moonlighting proteins are mainly 
found in plants, mammals, worms, yeast, bacteria, archaea, 
and viruses (Jeffery 1999).

A switch in the protein’s canonical function to its moon-
lighting function is mainly determined by cellular localiza-
tion, cell type, oligomeric state and sometimes the cellular 
concentration of a ligand, substrate, cofactor or product. 
For instance, PutA protein of Escherichia coli which is 

associated with the plasma membrane acts as a proline dehy-
drogenase and pyrroline-5-carboxylate dehydrogenase but 
the same protein in the cytoplasm acts as a transcriptional 
repressor (Muro-Pastor et al. 1997). On the other hand, thy-
midine phosphorylase exhibits two distinctive functions 
inside and outside the cell. In the cytoplasm, the protein 
dephosphorylates thymidine, deoxyuridine and their ana-
logs into their bases and 2-deoxyribose 1-phosphate. The 
same protein in the extracellular fluid, however, serves as a 
platelet-derived endothelial growth factor and also mediates 
chemotaxis of platelets (Furukawa et al. 1992). The human 
glyceraldehyde-3-phosphate dehydrogenase is a 37-kDa gly-
colytic enzyme which converts glyceraldehyde 3-phosphate 
to 1,3-bisphosphoglycerate in its tetrameric conformation. 
In its monomeric form, it acts as nuclear uracil–DNA gly-
cosylase which removes uracil from DNA because of acci-
dental use of dUTP during replication (Meyer et al. 1991). 
In some scenarios, moonlighting proteins exert multiple 
functions by utilizing different distinct binding sites. For 
example, the aspartate receptor of E. coli which plays a 
key role in chemotaxis also acts as a receptor for maltose-
binding protein (MBP). But this receptor has different but 
overlapping binding sites for both of the ligands (Mowbray 
et al. 1990). Along with this, the protein may utilize its dif-
ferent subunits for excreting moonlighting functions. Ribo-
nucleotide reductase (RNR) is an important enzyme that 
mediates the conversion of ribonucleotides to deoxyribo-
nucleotides, the DNA precursors. This reaction is essential 
for DNA biosynthesis during S-phase of the cell cycle and 
DNA repair mechanisms (Reichard et al. 1961; Hofer et al. 
2012). Numerous pieces of evidence have recently come to 
light which suggests that ribonucleotide reductase (RNR) 
exhibits moonlighting behaviors. RNR dual-subunit enzyme 
is composed of α- and β-subunit. RNR α-subunit serves as 
nucleotide-binding subunit and involves in catalytic activity 
and also allosterically regulates the cellular nucleotide pool 
for RNR conical activity (Nordlund and Reichard. 2006). 
The RNR-β subunit serves as a major plasminogen-binding 
proteins of S. aureus (Mölkänen et al. 2002).

The survival of an organism necessitates the utilization 
of whatever resource is available at hand. Therefore, ubiqui-
tous and multifunctioning metabolic enzymes were the first 
choice to be put to work as moonlighting proteins. Majority 
of proteins and enzymes have a large solvent-exposed sur-
face area. A lesser surface area is required for performing 
a single function that requires a single binding site. Rest of 
the unused surface area can be modified to create an addi-
tional binding site as long as the primary function (binding) 
is not compromised. This kind of evolutionary approach is 
beneficial as there are fewer proteins required to be syn-
thesized and, consequently less DNA to be replicated. This 
significantly reduces the molecular burden on the organism 
and saves a great deal of energy and makes the genome more 
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compact (Suzuki et al. 1997; Piatigorsky 1998). Franco-Ser-
rano et al. 2018a, b, collected 698 moonlighting proteins 
from MultitaskProtDB-II database and analyzed them for 
their moonlighting and canonical functions. Interestingly, 
they observed that proteins involved in key ancestral func-
tions and metabolic pathways typically exhibited moonlight-
ing functions. Out of all studied proteins, about 25% of the 
proteins of the database exhibited virulence activity as a 
corresponding moonlighting function. Based on this pecu-
liar observation, they hypothesized that pathogens mainly 
employ those proteins as virulent factors which exhibit high 
structural conservation towards their host counterparts. Due 
to this, the host immune system will elicit minimal protec-
tive action against these invading bacterial virulent factors 
(Franco-Serrano et al. 2018a, b).

These moonlighting proteins are intracellular proteins 
without any canonical signal peptide or secretion motifs. 
But a majority of moonlighting proteins are translocated to 
the external cell surface for their pathogenic functions. Many 
mechanisms are being studied to explain this process. Cells 
do not take up moonlighting proteins from cells undergoing 
cell leakage or cell death as explained by many old theories. 
For example, in S. aureus, the enzymes enolase and aldo-
lase are highly secreted to the outer surface during expo-
nential growth and in this phase of growth, cells undergo 
minimum cell breakage or cell death (Ebner et al. 2015). 
Instead, secretion of cytoplasmic proteins is a selective and 
regulated process. For instance, reversible interconversion 
of 2‐phosphoglycerate to phosphoenolpyruvate involves 
the formation of a transient covalent bond between the sub-
strate (2‐phosphoglycerate) and the active site Lys341 of the 
enzyme (enolase). Mutation of this amino acid residue not 
only hindered substrate binding but also prevented extra-
cellular exportation of enolase (Boël et al. 2004). S. aureus 
possesses a plethora of moonlighting proteins which helps 
in pathological invasion and the subsequent establishment 
of the infectious cycle. The role of moonlighting proteins 
in the virulence of S. aureus has been depicted in the Fig. 1 
and Table 1. But research on moonlighting proteins of S. 

aureus is at its nascent stage and the available information 
is relatively sparse.

Inosine 5′-monophosphate dehydrogenase 
as a plasminogen receptor on the cell surface of S. 
aureus

Inosine 5′-monophosphate dehydrogenase (IMPDH) 
mainly catalyzes the nicotinamide adenine dinucleotide 
 (NAD+)-dependent oxidation of inosine monophosphate 
(IMP) to xanthosine monophosphate (XMP). This is the 
penultimate and rate-limiting step in the de novo synthe-
sis of guanine nucleotide. Due to this, IMPDH canonically 
plays an important role in nucleic acid metabolism and its 

subsequent regulation (Zhang et al. 1999). Apart from its 
metabolic contributions, IMPDH also functions as a plas-
minogen receptor on the cell surface of S. aureus. Plasmi-
nogen (PLG: − 90 kDa) is considered the apo-enzyme of 
plasmin. Plasmin is the serine protease involved in intra-
vascular fibrinolysis and degradation of the extracellular 
matrix. Plasminogen is a single-chained protein composed of 
3 domains—activation domain of nearly 8 kDa, five homolo-
gous disulfides bonded triple loop of 1–5 Kringle domain 
of nearly 65 kDa, and serine protease domain (17 kDa). The 
zymogen plasminogen is converted to plasmin by cleavage 
at the Arg561–Val562 position by tissue-type or urokinase-
type plasminogen activator (tPA and uPA, respectively) 
(Miyashita et al. 1988). Apart from well-characterized plas-
minogen activators, there are many nonclassical plasmino-
gen activators produced by the bacteria. S. aureus produces 
staphylokinase, a nonenzymatic chemical species which 
forms an equimolar stoichiometric complex with plasmi-
nogen. This association activates plasminogen to plasmin 
(Lijnen et al. 1991). The plasminogen activation by staphy-
lokinase is well regulated by α2-antiplasmin l (Lottenberg 
et al. 1994). But these bacterially expressed plasminogen 
activators are unable to act on plasminogen unless bacte-
ria bind to plasminogen. Thus, bacterium expresses surface 
receptors like IMPDH which first binds to plasminogen and 
then using plasminogen activators, it converts plasminogen 
to plasmin.

The active plasmin can directly hydrolyze matrix pro-
teins such as laminin and fibronectin. It can also activate 
the enzymes that are involved in the complement cascade. 
Along with this, plasmin can activate proenzymes such 
as collagenases and other matrix metalloproteases that 
altogether disrupt the membrane integrity which results 
in the membrane collapse (Lottenberg et  al. 1994; He 
et al. 1989). At this juncture, the interaction of bacterial 
plasminogen receptors with host plasminogen and sub-
sequent activation to plasmin represents the correlative 
mechanism for invasion by the bacterium. Consecutively, 
IMPDH also binds to the lysine-binding site of plasmi-
nogen (1–5 kringle domain) which prevents the binding 
of the inhibitor α2-AP (alpha 2-antiplasmin) to activated 
plasmin. In this way, IMPDH not only acts as plasminogen 
receptor on the cell surface of S. aureus but also it pro-
tects plasmin from α2-AP-mediated inhibition (Mölkänen 
et al. 2002). The rapid proliferation of S. aureus in the 
host mainly depends on the ample quantity of guanine 
nucleotide pool which is regulated by IMPDH. Thus, the 
inhibition of IMPDH can be a successful strategy in the 
prevention of invasion and subsequent proliferation of S. 

aureus in the host. The bacterial IMPDH possess struc-
turally distinct pocket that is absent in eukaryotic IMP-
DHs which can be utilized as a site for IMPDH inhibition 
(Hedstrom et al. 2011). For example, mycophenolic acid, 
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an MDPH-targeted immunosuppressive drug was found 
to inhibit the proliferation of S. aureus (Abraham 1945). 
VRSA exhibits conspicuous variations in growth charac-
teristics including high cell wall biosynthesis, generation 
of numerous small colony variants (SCV) and increased 
biofilm formation. These variations are very well corre-
lated with upregulation of various genes involved in purine 
metabolism including the central enzyme IMPDH. IMPDH 
catalyzes

 the conversion of IMP to XMP which further gets con-
verted to guanosine monophosphate (GMP). GMP plays 
a critical role in energy transitions during bacterial cell 
wall synthesis. Further studies have shown that purines in 
combination with sugars also participate in the synthesis 
of polysaccharide components of the cell wall and the cap-
sules which are the key events of biofilm formation. This 
function serves as a link between purine metabolism and 

pathogenesis (Macdonald and Smith 1984; Mongodin et al. 
2003).

Role of glyceraldehyde-3-phosphate dehydrogenase 
in iron uptake, invasion and nitric oxide (NO) 
neutralization

The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
in S. aureus plays a prime role in glycolysis by converting 
glyceraldehyde 3-phosphate to 1,3-bisphosphoglycerate. 
S. aureus contains two homologues of GAPDH, known as 
GapA and GapB, with 40% overall sequence identity. GapA 
plays a crucial role in glycolysis while GapB is important in 
gluconeogenesis. Both GapA and GapB impart a significant 
role in the pathogenesis of S. aureus (Modun et al.1998; 
Goji et al. 2004; Purves et al. 2010). GAPDH exhibits vari-
ous moonlighting functions in different cell compartments 

Fig. 1  Schematic diagram depicting the role of reported moonlight-
ing proteins in the virulence of S. aureus. The figure describes the 
roles of moonlighting proteins in adhesion such as Autolysin, Cna, 
Enolase, etc. which help in the binding of host extracellular matrix 
proteins. Invasins such as Mnt.C, FnBP, IMPDH, etc. help in the 
invasion of the host system by exploiting the plasminogen-mediated 
fibrinolysis. GAPDH also serves as an elusive receptor for transfer-
rin and also plays a part in NO neutralization and oxidative stress 

management. Autolysin also serves its prime role in the secretion of 
cytoplasmic proteins. TPI binds to the capsular polysaccharide of 
fungal pathogen C. neoformans and initiates apoptosis of the fungal 
pathogen. TPI also regulates the invasion with the help of Enolase. S. 

aureus employs some moonlighting proteins such as LipA, GAPDH, 
Actin, etc. in immunomodulation. Some moonlighting proteins such 
as Aconitase, CysK, etc. help in gene regulation
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Table 1  The role of the reported moonlighting proteins in the virulence of S. aureus 

Stages of pathogenesis Moonlighting proteins Functions References

Invasion IMPDH
GAPDH

Plasminogen receptor
Plasminogen, vitronectin and fibrinogen 

binding

Mölkänen et al. 2002
Glenting et al. 2013; Ebner et al. 2016

Enolase Collagen I, plasminogen and laminin 
binding. prevents the α2-AP-mediated 
plasmin inhibition

Lopes et al. 1985; Mölkänen et al. 2002; 
Antikainen et al. 2007

TPI Thrombin, Fibronectin, Fibrinogen and 
Plasminogen binding

Mölkänen et al. 2002

Autolysin Fibrinogen, fibronectin, vitronectin and 
heparin binding

Heilmann et al. 2003; Heilmann et al. 
2005

FnBP Fibrinogen, fibronectin, elastin and 
plasminogen binding; regulation of 
invasion

Loughman et al. 2008; Deivanayagam 
et al. 2002

Cna Collagen binding Nilsson et al. 1998

Mnt.C Plasminogen binding Salazar et al. 2014

Metal uptake GAPDH Ion uptake Pancholi and Fischetti 1992; Modun and 
Williams 1999

Immunomodulation GAPDH Circumvention of NO toxicity Benhar and Stamler 2005

FnBP Target C3 a key component in the com-
plement system

Walport 2001; Jongerius 2007; Haspel 
et al. 2008

Actin Binds to Fc-region of immunoglobulins Meyer et al. 1991; Mintz and Fives-Taylor 
1994

CNA Prevention of the classical pathway of 
the complement system

Kang et al. 2013

LipA Suppression of macrophage Flannagan et al. 2009; Grayczyk et al. 
2017

Mnt.C Protection from the oxidative burst Gupta et al. 2013

Biofilm formation Enolase Maintains the integrity of the biofilm Foulston et al. 2014

Autolysin Enhances the integrity and regulates the 
biofilm formation

Prasad et al. 2004; Bose et al. 2012

FnBP Strengthens the biofilm formation by 
engaging in homophilic interactions

Geoghegan et al. 2013

Gene expression DUTPases
Aconitase
CysK

Derepression of pathogenicity island 
genes

Inactive aconitase binds to iron-respon-
sive elements (IREs) in the mRNAs 
of genes involved in intracellular iron 
homoeostasis

cysK forms a complex with transcrip-
tion factor CymR and this interaction 
allows the expression of many genes 
that are involved in cysteine formation 
and sulfur utilization

Vértessy and Tóth 2009; Kouzminova and 
Kouzminov 2004

Kaptain et al. 1991; Somerville et al. 1992
Tanous et al. 2008; Even et al. 2006; Hullo 

et al. 2010

Secretion of cytoplasmic proteins Autolysin Plays a role in septum region-mediated 
secretion of cytoplasmic protein

Yamada et al. 1996; Pasztor et al. 2010

Motility FnBP FnBPs on cell surface induces integrin 
clustering, reorganization of the actin 
cytoskeleton and regulation of bacte-
rial uptake into the host cells

Agerer et al. 2003; Schroder et al. 2006

Actin Intracellular locomotion, dissimilation 
within infected tissue and cell-to-cell 
spread of bacteria

Jung et al. 2001; Lasa et al. 1997

Platelet aggregation FnBP FnBPA induces the platelet aggregation 
by binding to GPIIb/IIIa on the resting 
platelet

Fitzgerald et al. 2006
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which have been depicted in Fig. 2. In humans, the pres-
ence of assimilable iron (free ionic iron) is highly limited 
because of three main reasons: first, iron is majorly found 
to be bound to an organic moiety (transferrin, lactoferrin, 
hemoproteins, etc.); second, the low solubility of iron at 
physiological pH and lastly, the intercellular localization of 
iron. This functions as a potent innate defence mechanism 
against bacterial infection as they require a high amount 
of iron for pathogenesis, approximately 0.4–4.0 μM level 
which is well above the physiological available iron con-
centration in the human body. But this defence is not fail-
proof because the bacteria has developed high-affinity iron-
scavenging mechanisms to overcome these iron limitations 
(Weinberg 1978; Bullen et al. 1999; Skaar and Schneewind 
2004). S. aureus employs GAPDH as an elusive receptor for 
transferrin (Henderson et al. 2011). Pancholi and Fischetti 
1992, reported that GAPDH on the cell surface of S. aureus 
binds to human transferrin that serves as a potential means 
by which bacterium can access iron in vivo (Pancholi and 
Fischetti 1992). This observation was further supported by 
Modun and Williams (1999). But, the exact mechanism by 
which the GAPDH helps in the acquisition of iron from the 
transferrin is not yet apparent. Previous studies suggest that 
organic phosphates (1,2-diphosphoglycerate) can mediate 
the release of iron from transferrin (Morgan and Brown 
1977). So, 1,3-diphosphoglycerate formed by the GAPDH 
is capable of releasing iron bound to transferrin. Prelimi-
nary experiments suggest that 1,3-diphosphoglycerate can 
act as an iron scavenger and remove iron from transferrin 
(Modun et al.1998). But recently Taylor and Heinrichs 2002, 
observed that the S. aureus strains lacking the gap gene 
(encoding GAPDH) exhibited equal levels of transferrin 
binding. This observation raised a dispute upon the role of 

GAPDH as a transferrin receptor. Further, they also discov-
ered a new transferrin-specific receptor (named as StbA) in 
S. aureus (Taylor and Heinrichs 2002). Consequently, some 
additional work is required to clarify the role of GAPDH as 
a transferrin receptor.

Along with this, Cole et  al. 2010, demonstrated that 
GAPDH facilitates the adhesion and subsequent invasion of 
S. aureus into the corneal cells. They also observed that the 
S. aureus infection in corneal cells reduced upon antibody-
mediated prevention of GAPDH binding to corneal epithe-
lial cells (Cole et al. 2010). Further, GAPDH is also found to 
be involved in plasminogen binding (Glenting et al. 2013). 
Ebner et al. 2016, found that GAPDH can bind sub-fragment 
vitronectin, plasminogen and specific fibrinogen chains but 
it was unable to bind to fibronectin. They also observed 
that GAPDH can bind to certain host matrix proteins and 
enhance the adhesion but GAPDH insignificantly contrib-
uted towards host cell invasion (Ebner et al. 2016). Ebner 
et al. 2016, observed that GAPDH also binds to autolysin 
(Atl) which is one of the main moonlighting proteins on the 
cell surface of S. aureus that is mainly involved in the host 
cell internalization of S. aureus (Ebner et al. 2016).

Upon activation, macrophage can inhibit pathogen growth 
by producing numerous effector molecules such as Nitric 
oxide (NO). NO is the part of toxic molecule defence sys-
tem which also regulates the growth, functional activity and 
senescence of many immune cells (T lymphocytes, mac-
rophages, mast cells, neutrophils and Natural killer cells) 
(Bogdan 2001). Counterintuitively, S. aureus contains 
nitric oxide synthases whose functions is to produce NO 
during infection and potentiates the infectivity of S. aureus 
(Chartier and Couture 2007). Recently, the utilization of 
GAPDH by S. aureus for circumvention of NO toxicity and 

Fig. 2  The canonical and moon-
lighting functions of GAPDH 
in the virulence of S. aureus are 
illustrated in this figure. Canoni-
cally, GAPDH has a prime role 
in the glycolysis and gluco-
neogenesis. The moonlighting 
function comprises of roles in 
NO neutralization and preven-
tion of host-mediated oxidative 
stress. GAPDH is transported 
outside the cell with the help 
of Autolysin and while on the 
cell surface it helps in adhesion, 
invasion and iron acquisition
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strategies to utilize NO–GAPDH complex as a counterattack 
measure to forestall the macrophage-mediated bacterial cell 
damage and destruction was extensively studied (Benhar and 
Stamler 2005). The bacterial production of GAPDHcys–NO 
complex (GAPDH is nitrosylated at its active site cysteine) 
can efficiently initiate pleiotropic changes in infected cells 
such as apoptosis, regulation of gene expression (via tran-
scriptional and post-translational mechanisms) and regula-
tion of heme synthesis via  Fe++ metabolism. Along with 
this, GAPDHcys–NO also can actively transfer its nitroso 
group to other acceptor proteins (Sirover 2011, 2012, 2014; 
Tristan et al. 2011). In both prokaryotic and eukaryotic 
cells, the reduced glutathione (GSH) serves as the most 
abundant cellular redox buffer (1–10 mM) (Brandes et al. 
2009; Van Laer et al. 2013). Apart from these, S. aureus 
utilizes GAPDH, one of the abundant cytosolic proteins 
(5–20%), for S-thiolation and subsequent circumvention of 
oxidative stress. The catalytic site of the GAPDH has con-
served cysteine at 149th position (Cys149). Cys149 binds to 
thiohemiacetal intermediate of GAPDH substrate (Corbier 
et al. 1994). This binding affinity makes Cys149 suscep-
tible to S-thiolation (Imber et al. 2018). The S-thiolation 
and subsequent inactivation of GAPDH were observed 
when GAPDH was incubated with glutathione disulfide 
(GSSG) and  H2O2 along with GSH in vitro (Zaffagnini et al. 
2007; Barinova et al. 2017). The S-thiolation of GAPDH 
results in termination of glycolysis and activation of hexose 
monophosphate shunt pathway (pentose–phosphate path-
way). This pathway results in the production of reducing 
equivalent of NAPDH which serves as the main adapta-
tion under oxidative stress (Ralser et al. 2007; Shenton and 
Grant 2003). Recently, GAPDH was also associated with 
the neutralization of sodium hypochlorite (NaOCl)-induced 
oxidative stress in S. aureus (Tsuchiya et al. 2018). Weber 
et al. 2004, showed a significant modification in the active 
site of GAPDHcys in S. aureus due to oxidative stress. In 
this study, the GAPDH was exposed to 100-μM  H2O2 for 
5 min. The exposure resulted in reversible alteration in the 
isoelectric point (pI) of GAPDH (from alkaline to acidic). 
The modified GAPDH was isolated from exposed cells and 
studied which indicated the sulfonation in the active site 
cysteine. This study is important for several reasons, I). The 
effect is rapid in comparison to catalase and Fenton reac-
tion. II). There was a sharp change in the protein structure 
upon exposure and more amount of GAPDH converted to 
GAPDHcys–NO. III). The effect is reversible (Weber et al. 
2004). Many studies observed that within 30min of expo-
sure to  H2O2, the bacteria revived and efficient prolifera-
tion was observed. In this time duration, ample amount of 
GAPDHcys–NO formation was detected and its subsequent 
conversion to the normal native form (upon the termination 
of  H2O2 exposure) was observed (Benhar and Stamler 2005; 
Hara et al. 2005). Purves et al. 2010 infected the larvae of 

the greater wax moth Galleria mellonella with S. aureus 
and they observed that there was a significant increase in the 
survival of the infected larvae as a result of the loss of either 
of the Gap proteins individually and loss of both the GapA 
and GapB resulted in severe attenuation of bacteria along 
with complete survival of the infected larvae. Based on this 
study, they concluded that both GapA and GapB play an 
essential and closely associated role in the pathogenesis of S. 

aureus (Purves et al. 2010). On the contrary, the crucial data 
on the role of individual Gap proteins in the pathogenesis of 
S. aureus are sparse. So, an elaborative study is required for 
a clear understanding of the role of individual Gap proteins 
in virulence of S. aureus.

Enolase—a prime invasive protein of S. aureus

Enolase is the glycolytic metalloenzyme that catalyzes the 
reversible interconversion of 2-phosphoglycerate (2-PG) 
and phosphoenolpyruvate (PEP) and is involved in energy 
metabolism (Wold 1971). Wu et al. (2015) showed that S. 

aureus has both octameric and dimeric form of enolase. The 
octameric form being catalytically active resides in the cyto-
plasm and dimeric form being structurally stable form are 
located on the membrane. Further, the dimeric form was 
predicted to be involved in the pathogenicity of S. aureus 
(Wu et al. 2015) Lopes et al. (1985) deciphered the role of 
enolase as a laminin receptor on the cell surface of S. aureus. 
They observed that only the pathogenic S. aureus utilizes 
enolase as laminin receptor; whereas, the non-invasive S. 

epidermidis does not employ enolase for laminin binding 
nor does it show any laminin-binding capacity (Lopes et al. 
1985). Mölkänen et al. 2002 observed that in comparison to 
IMPDH and ribonucleotide reductase, enolase plays a sig-
nificant role in staphylokinase-induced plasminogen activa-
tion and also prevents the α2-AP-mediated plasmin inhibi-
tion. Besides, enolase also serves as a receptor for many 
extracellular matrix (ECM) components. Enolase mainly 
binds to laminin and collagen I, but not to fibronectin and 
collagen IV (Antikainen et al. 2007a). Foulston et al. 2014, 
hypothesized that S. aureus recycles the metabolic enzymes 
mainly enolase, to an extracellular matrix during the biofilm 
synthesis. They explained that bacterial cells mainly release 
enolase from cytoplasm to the exterior of cells in stationary 
phase. Further, enolase associates with the cell surface as the 
pH declines during biofilm formation (Foulston et al. 2014). 
Studies conducted by Hajighahramani et  al. 2017 have 
shown that the presence of multiple virulent factors makes 
the development of an effective vaccine against S. aureus 
almost futile. Thus, as an alternative approach, more than 
one virulent factor should be targeted for the development 
of a potent vaccine accompanied by appropriate adjuvant 
(Adamczyk-Poplawska et al. 2011). For the development of 
an efficient multi-epitope subunit vaccine, they evaluated 
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all the virulent factors of S. aureus by a bioinformatic tool. 
Out of all the virulent factors, three main antigenic determi-
nants [Alpha-enolase (Eno1), clumping factor A (ClfA), and 
iron surface determinant B (IsdB)] were found to be crucial 
towards induction of host immune response against S. aureus 
and subsequent elimination of pathogenesis (Hajighahram-
ani et al. 2017).

Moonlighting function of triose phosphate 
isomerase

Triose Phosphate Isomerase (TPI) is a dimeric glycolytic 
enzyme which catalyzes the reversible interconversion of 
the dihydroxyacetone phosphate (DHAP) and D-glyceral-
dehyde-3-phosphate (GAP) (Davenport et al. 1991). Apart 
from its metabolic function, TPI also acts as a membrane 
adhesin. TPI was found to be interacting with host proteins 
such as thrombin, fibronectin, fibrinogen, and plasminogen 
(Mölkänen et al. 2002). The lysine residue of TPI interacts 
with plasminogen and the interaction can be prevented by 
lysine analog (ε-aminocaproic acid) (Furuya and Ikeda 
2011). Interestingly, the genes for enolase, GAPDH and TRP 
are found on the same operon. So, a significant correlation 
among these proteins can be expected during invasion, colo-
nization, and dissemination of the pathogen (Furuya and 
Ikeda 2009). TPI and enolase bind to plasminogen with the 
same affinity. Enolase induces the conversion of plasmino-
gen to plasmin; whereas, TPI decreases the conversion of 
plasminogen to plasmin which indicates that TPI inhibits 
the fibrinolysis. Thus, TPI along with enolase regulates the 
fibrinolysis and fibrinogenesis thereby enhancing the inva-
sive capability of S. aureus (Furuya and Ikeda 2011). Ikeda 
et al. 2007, reported that S. aureus also utilizes TPI to bind 
to the capsular polysaccharide of fungal pathogen C. neofor-

mans and initiates apoptosis of the fungal pathogen (Ikeda 
et al. 2007).

Role of autolysins in S. aureus invasion, biofilm 
formation and extracellular secretion of cytoplasmic 
proteins

Autolysin (Atl) is a peptidoglycan hydrolase (PGHs) mainly 
involved in the degradation of the bacterial cell wall and 
also the separation of daughter cells during cell division. In 
S. aureus, atl gene produces an inactive precursor protein 
(137 kDa) containing N-acetylmuramyl-L-alanine amidase 
(AM) and endo-13-N-acetylglucosaminidase (GM) and 
endopeptidase domains. (Houston et al. 2011) This precur-
sor protein is proteolytically cleaved by trypsin to generate 
distinctive PGHs, 51-kDa GM and 62-kDa AM. Apart from 
its classical function, Atl also binds to host proteins found 
on extracellular matrix and body fluids, such as fibronec-
tin (Fn), fibrinogen (Fg), vitronectin (Vn) and heparin (He) 

(Heilmann et al. 2003, 2005) through which it plays an 
important role in the invasion of the bacterium. Previous 
studies observed that binding of bacterial Atl to host heparin 
enhances the integrity of biofilm in many S. aureus strains. 
Heparin is a heterogeneous glycosaminoglycan and antico-
agulant that helps bacteria to adhere to polystyrene (medical 
devices like catheter) in a dose-dependent manner. Studies 
also observed that S. aureus is better able to adhere to one 
another in the presence of heparin (Shanks et al. 2005). In 
conclusion, Atl is involved in the attachment of bacteria on 
polystyrene surface, lysis-mediated biofilm formation and 
also recently shown to be involved in secretion of cytoplas-
mic proteins (Bose et al. 2012). S. aureus utilizes the binding 
property of AM and GM with the human plasma as well as 
extracellular proteins in implant-associated infections.

Numerous cytoplasmic proteins relocate to the cell 
membrane to perform moonlighting functions. Very lit-
tle is known about the way these proteins travel to the cell 
membrane because cytoplasmic moonlighting proteins lack 
signal sequences or other peptide motifs for targeting them-
selves to the membrane. At this juncture, Pasztor et al 2010, 
extensively studied the role of autolysin in the secretion of 
cytoplasmic proteins. They observed that autolysin canoni-
cally involves in septum formation during cell division. At 
this stage, Atl binds to newly forming cell wall and resolves 
the interlinked murein layers of newly dividing cells. This 
implies that the septum region of dividing cells may serve as 
a leaky site for cytoplasmic protein due to autolysin activity 
(Yamada et al. 1996; Schlag et al. 2010). They also gener-
ated an atl mutant and observed the significant reduction in 
the secretion of cytoplasmic proteins (Pasztor et al. 2010). 
S. aureus primarily binds to a solid surface and initiates the 
biofilm synthesis. Further, the successful growth of bacteria 
in the biofilm is determined by the bacterial adhesion and 
formation of an extracellular matrix which often comprises 
of released DNA from a subpopulation of biofilm. Autolysin 
mainly determines the release of DNA from subpopulation 
into the matrix. When biofilm formation is undesirable then 
S. aureus executes V8 protease-mediated degradation of Atl 
by which it blocks biofilm formation (Prasad et al. 2004).

Moonlighting functions of fibrinogen 
and fibronectin-binding proteins A and B

Fibronectin-binding protein A and B (FnBPA and FnBPB) 
are multifunctional proteins mainly found on the cell 
membrane and cytoplasm of the bacteria. The N-terminal 
domain of FnBPA binds to fibrinogen and helps in the inva-
sion. Whereas, the C-terminal of FnBPA has unstructured 
fibronectin-binding repeats which act as the stalk for bind-
ing fibronectin (Loughman et al. 2008). N-terminal of both 
FnBPA and FnBPB has A-domain (structurally similar 
between two) which helps in binding to elastin, a key protein 
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of the extracellular matrix mainly found in connective tissue 
(Deivanayagam et al. 2002). Invasion of mammalian cells 
by S. aureus is facilitated by a fibronectin bridge between 
α5β1 integrin of the host cell and FnBPs of bacterium (Sinha 
et al. 1999). Interaction of host α5β1 integrin and bacte-
rial FnBPs on cell surface induces integrin clustering. This 
process further initiates signaling via Focal adhesion kinase 
(FAK) and steroid receptor coactivator (Src) kinases in asso-
ciation with activation of tyrosine kinase and reorganization 
of the actin cytoskeleton. The above-mentioned signaling 
cascade promotes bacterial adhesion, invasion, survival, 
proliferation and motility (Agerer et al. 2003). S. aureus 
utilizes FnBPA as a regulatory element which regulates 
the invasion of S. aureus into the host endothelial cells. It 
has been observed that bacteria do not initiate the invasion 
process until the bacterial toxins get biologically active. In 
that case, S. aureus utilizes the FnBPA to initiate actin- and 
Rab5-determined cytoskeletal reorganization to expel the 
already internalized bacteria to move to outer plasma mem-
brane surface while preventing further uptake of bacterium 
(Schröder et al. 2006).

Platelets play a significant role in innate immunity. Plate-
lets express many innate immune receptors (Toll-like recep-
tors (TLRs), thrombin receptors and complement receptors) 
on its surface. Thus, platelets are involved in the identifi-
cation of molecular features of microbes and subsequent 
recruitment of immune cells. Along with this, platelets also 
produce numerous anti-microbial molecules (defensins, 
thrombocidins and kinocidins) (Semple et al. 2011). Due 
to this, S. aureus mainly targets platelets and causes plate-
let aggregation. In S. aureus, FnBPA induces the platelet 
aggregation by binding to GPIIb/IIIa on the resting platelet 
(Fitzgerald et al. 2006).

One of the peculiar features of both FnBPA and FnBPB 
is that they can engage in homophilic interactions by which 
they form homodimers of FnBPA or homodimers of FnBPB. 
Due to this, they greatly contribute towards S. aureus biofilm 
formation as two adjacent FnBP molecules of neighboring 
cells can bind together (Geoghegan et al. 2013). Recently, 
healthcare-associated MRSA strain BH1CC and community-
associated MRSA strain LAC were observed to be dependent 
on FnBPs for biofilm formation (Pozzi et al. 2012; Agarwal 
et al. 2013). Apart from these activities, FnBPs were also 
found to be involved in plasminogen binding as well as the 
conversion of plasminogen to plasmin using endogenous 
staphylokinase. Two evolutionary conserved lysine residues 
on the surface of FnBPs mediate the interaction of FnBPs to 
kringle 4 of the plasminogen (Pietrocola et al. 2016). FnBPs 
activates plasmin for two important reasons, (1) Plasmin 
helps in invasion as already discussed in previous examples. 
(2) S. aureus is well known for targeting the complement 
system (part of innate immune responses) because activa-
tion of the complement system by host results in microbial 

opsonization, leukocyte recruitment, and cell lysis. The acti-
vated C3 is (anaphylatoxin C3a and opsonin C3b) the key 
component of the complement system as C3a attracts and 
activates granulocytes, C3b leads bacteria to phagocytosis 
and also creates pores on the bacterial cell surface (Walport 
2001). Plasmin can cleave native C3 and generates unstable 
anaphylatoxin C3a and C3b which is subsequently inacti-
vated to form iC3b and C3c and later degraded. Along with 
this, FnBPs also inhibits the binding of Factor B to C3b by 
which it can successfully block the C3 and C5 convertases. 
All these mechanisms help S. aureus to maximize comple-
ment inhibition at the C3 level itself (Jongerius 2007; Haspel 
et al. 2008).

Cytoskeletal proteins as a moonlighting protein in S. 

aureus

S. aureus has long been considered as a non-intracellular 
pathogen. But recent studies revealed that the bacterium 
remains active in phagocytotic bodies. Along with this, 
it can survive intracellularly in epithelial and endothelial 
cells (Bayles et al. 1998). Recent studies have shown that 
actin polymerisation has been utilized by S. aureus as the 
driving force for intracellular movements, dissemination 
within infected tissue and cell-to-cell spread. Jung et al. 
2001, observed the direct correlation between actin density 
in the host and invasiveness of S. aureus to oral epithelial 
cells (Jung et al. 2001). It has been observed that inside 
the infected cells, the continuous actin filament polymeriza-
tion and depolymerization drive the propulsion of bacteria 
(Lasa et al. 1997). Staphylococcal protein A (SPA) performs 
multiple functions in the pathogenesis of S. aureus. For 
instance, it binds to the Fc region of the immunoglobulin 
and involves in immunomodulation. Along with this, many 
studies showed that the actin also binds to SPA in renal epi-
thelial cells and is indirectly correlated in invasive behavior 
of pathogens (Meyer et al. 1991; Mintz and Fives-Taylor 
1994).

Collagen (Cn)-binding protein as an immune 
evasion factor and adhesion factor

Collagen (Cn) is the major glycoprotein found in connec-
tive tissue. The staphylococcal collagen (Cn)-binding pro-
tein (Cna) binds to type I collagen (CNI) which is one of 
the major organic components of the human body. Colla-
gen (Cn)-binding protein (Cna) is the prime prototype of 
MSCRAMMs (acronym for "microbial surface components 
recognizing adhesive matrix molecules”—bacterial proteins 
which mediate the initial adhesion on the host cell) and it 
acts as both immune evasion factor and adhesion factor due 
to which it significantly contributes to staphylococcal patho-
genicity. In septic arthritis, Cna adhesion to collagen was 
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directly correlated with disease pathogenesis (Nilsson et al. 
1998). Besides this, in some studies, the Cna is involved in 
the prevention of the classical pathway of the complement 
system by binding complement protein C1q (Kang et al. 
2013). Patti et al. 1994, infected one set of mice with Cna-
deficient S. aureus (group A) and another set of mice with 
Cna-expressing S. aureus (group B). A significant reduc-
tion in the incidence of arthritis was observed in group A 
in comparison to group B (Patti et al. 1994). Furthermore, 
Nilsson et al. 1998, observed that the vaccination of mice 
by a recombinant fragment of Cna protected the mice from 
septic death even after being injected with a lethal dose 
of S. aureus (Nilsson et al. 1998). This study highlighted 
the involvement of Cna in the S. aureus-mediated arthri-
tis. Some studies also showed that Cna-deficient S. aureus 
strains have the lower capability in inducing keratitis (Rhem 
et al. 2000), endocarditis (Hienz et al. 1996) and osteomy-
elitis (Elasri et al. 2002). Valotteau et al 2017, observed that 
Cna can also have multivalent or cooperative interactions 
host laminin.

Lipoic acid synthetase: the inhibitor of macrophage

Lipoic acid is a cofactor for numerous key enzyme com-
plexes of oxidative and one-carbon metabolism. The de 
novo synthesis of lipoic acid is mainly performed by lipoic 
acid synthetase (LipA) (Zhang 2015). LipA has recently 
been studied as a moonlighting protein in the S. aureus. 
The prime moonlighting function of LipA is the suppres-
sion of macrophage activation in the host. A potent phago-
cytic leukocyte, i.e., macrophage is the key component of 
innate immunity. Macrophage can successfully destruct the 
invading pathogens by phagocytosis and oxidative-mediated 
cell lysis. So, efficient suppression of macrophage activa-
tion is the key process which determines the survival and 
pathogenicity of S. aureus in the host (Flannagan 2009). 
In S. aureus, LipA adds the lipoic acid group to pyruvate 
dehydrogenase (PDH), thus forming protein lipoyl-E2-PDH. 
Grayczyk et al. 2017, demonstrated that this lipoyl-E2-
PDH complex prevents the lipopeptide-mediated activation 
of Toll-like receptor 1/2 (TLR1/2) on the macrophage. It 
has also been observed that in the murine systemic infec-
tion, LipA-mediated suppression of macrophages resulted 
in uncontrolled S. aureus infection. (Grayczyk et al. 2017). 
This peculiar observation highlights the corrective function 
of LipA in bacterial metabolism and immune evasion.

dUTPases—the de‐repressor protein 
of the pathogenicity islands in S. aureus

The dUTPases (dUTP pyrophosphatase; Dut; EC 3.6.1.23) 
are the ubiquitous enzymes that play an important role in 
the prevention of misincorporation of the uracil into DNA 

and is also involved in the regulation of cellular dUTP lev-
els in the bacteria (Vértessy and Tóth 2009). Apart from its 
fundamental functions, the staphylococcal bacteriophage 
encoded Duts is also involved in de-repressor proteins of 
the pathogenicity islands of S. aureus (SaPIbov1 and SaPI-
bov5) (Vértessy and Tóth 2009; Kouzminova and Kouzmi-
nov 2004). Staphylococcal pathogenicity islands (SaPIs) are 
mobile genetic elements which carry numerous virulence 
factor genes such as toxic shock syndrome toxin TSST gene. 
In the pathogenicity islands, the phage-inducible chro-
mosomal islands (composed of highly evolved molecular 
virulent genes) passively reside in the host (bacterial) chro-
mosome. These islands are kept under the control of Stl, a 
global SaPI-encoded repressor protein (Penadés and Christie 
2015). Upon induction by resident prophage or infection by 
a helper phage, the SaPIs excise itself, undergo autonomous 
replication and are packed into the phage particles (com-
posed of virion proteins of phage). To activate the repressor 
(SaPI), certain proteins act as anti-repressor and binds to 
SaPI-encoded repressor Stl (Tormo-Más et al. 2010, 2013). 
Dut protein in its trimeric and dimeric conformation acts 
as anti-repressor proteins for SaPIs (subsets of SaPIs such 
as SaPIbov1, SaPIbov5 or SaPIov1). Dut derepresses the 
SaPIbov1 by direct binding to Stl thus preventing Stl from 
binding to DNA (Tormo-Más et al. 2010; Hill and Dokland 
2016). Duts mainly employ the hydrolysis of nucleotides 
as a switch in SaPI derepression. The hydrolysis of dUMP 
nucleotide results in turning ‘off’ of this SaPI derepression. 
On the other hand, triphosphate nucleotide dUTP is respon-
sible for the ‘on’ state of derepression (Tormo-Más et al. 
2010, 2013; Carpena et al. 2016).

Manganese transport protein protects S. aureus 
from host-exerted oxidative stress

Manganese transport protein (MntC) is primarily a metal 
ion transmembrane transporter in bacteria. The prime colo-
nizing site of S. aureus is nasopharynx. Such mucosal sites 
are rich in several metal ions including Manganese. So, S. 

aureus possesses a strong metal ion transmembrane trans-
porter for Manganese. Apart from using manganese for vital 
cellular process, S. aureus also exploits manganese uptake 
mechanism to protect itself from the oxidative burst in the 
nasopharyngeal site. (Gupta et  al. 2013). Handke et  al. 
showed the role of MntC in development of resistance to 
host-mediated oxidative stress by competing with host cal-
protectin for free manganese (Handke et al. 2013‚ 2018). 
As a consequence, MntC pulls up all free Manganese from 
the host and provides manganese for superoxide dismutase 
(SOD) (SodA and SodM) which is directly involved in the 
detoxification of superoxide radicals. Coady et al. 2015 
have shown that MntC mutant strain (S. aureus USA300) 
was more susceptible to oxidative burst by neutrophils and 
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showed milder growth in comparison to its wild-type coun-
terpart (Coady et al. 2015). The putative role of MntC as an 
adhesin to components of the extracellular matrix can be 
elucidated due to a significant presence of lysine residues 
in the C-terminal. In addition to the transporter role, MntC 
also binds plasminogen and is involved in the invasion and 
subsequent pathogenesis (Salazar et al. 2014).

Trigger enzymes of S. aureus and their role 
in virulence

In the battle of existence, the bacteria always effectively 
examines its surrounding environment and properly 
responds to even the subtle changes caused by the host 
or other bacteria. As a consequence, in bacteria, the viru-
lence is intimately linked to the metabolism. In the course 
of evolution, bacteria have developed numerous intricate 
gene regulatory network to establish an effective correla-
tion between metabolism and pathogenicity. Due to the 
extreme instability of bacterial mRNAs, the transcription 
initiation serves as a prime target to effectively regulate 
the gene expression. The expression of virulent genes is 
prerequisite for bacterial growth as they involve in the 
acquisition of nutrients. So, the expression of virulent 
genes is predefined by the availability of nutrients (Com-
michau et al. 2015). The substrate-specific enzymes are the 
best available source for the acquisition of numerous infor-
mation on the availability of nutrients in the surroundings. 
A few metabolic enzymes possess DNA/RNA-binding 

domains and are involved in the regulation of gene expres-
sion in response to substrate availability. Such enzymes 
are termed as trigger enzymes. These enzymes along with 
their canonical functions also have secondary gene regu-
latory function (moonlighting function). This function is 
governed by the substrate availability and they transduce 
the signal derived by the metabolism to control the gene 
expression, by which they serve as a potential linker to 
correlate metabolism and virulence of bacteria (Greenberg 
2000; Commichau et al. 2008; Commichau et al. 2015). 
DNA is more stable than RNA but RNA is more reac-
tive and can attain various structural conformations. This 
ability allows RNA to interact with many molecules such 
as proteins, metabolites and other RNA (Ellington and 
Szostak 1992; Stülke 2002). S. aureus processes one of 
the unique RNA-binding trigger enzymes, i.e., aconitase 
(Leipuviene and Theil 2007; Volz 2008). Aconitase is a 
key player of the citric acid cycle or tricarboxylic acid 
(TCA). It is involved in the isomerization of citrate into 
isocitrate (Artymiuk and Green 2006). Aconitase is one of 
the abundant metabolic enzymes and mainly depends on 
the iron–sulfur cluster [solvent-exposed  (Fe4–S4)] for its 
enzymatic activity (Beinert et al. 1996). These iron–sulfur 
clusters are very sensitive to intracellular iron concentra-
tions and disassemble under iron deficiencies (Rouault 
and Klausner 1996). As explained in the previous part of 
this review, iron is usually considered as a growth-limit-
ing nutrient for S. aureus. In the iron-deficient condition, 
the aconitase turns inactive due to the disassembly of the 

Fig. 3  Aconitase is a key player of the citric acid cycle or tricarbo-
xylic acid (TCA). It is involved in the isomerization of citrate into 
isocitrate with the help of the iron–sulfur cluster (solvent-exposed 
 [Fe4–S4]). These iron-sulfur clusters are very sensitive to intracellular 
iron concentrations and disassemble under iron deficiencies which in 

turn render TCA cycle inoperable. The inactive aconitase predomi-
nantly serves as the RNA-binding trigger protein and binds to iron-
responsive elements (IREs) in the mRNAs of genes involved in intra-
cellular iron homoeostasis and is also involved in the regulation of 
virulence gene expression
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iron–sulfur cluster which in turn renders TCA cycle inop-
erable. The inactive aconitase predominantly serves as the 
RNA-binding trigger protein and binds to iron-responsive 
elements (IREs) in the mRNAs of genes involved in intra-
cellular iron homoeostasis (Fig. 3) (Kaptain et al. 1991; 
Somerville et al. 1999). Somerville et al. 2002 genetically 
inactivated aconitase gene in S. aureus and observed that 
in the absence of aconitase as well as TCA cycle alto-
gether, there was a significant decline in the production 
of several virulence factors [such as α and β toxins and 
glycerol ester hydrolase (lipase)] followed by premature 
entry into the stationary phase (Somerville et al. 2002). 
Along with this, Chatterjee et al. 2005 observed that aco-
nitase inactivation in S. aureus not only reduced post-
exponential cell density due to metabolic impairment but 
also drastically impaired the production of accessory gene 
regulator (agr)-dependent virulence factors (such as agr 
quorum-sensing system) (Chatterjee et al. 2005). Choby 
et al. 2016 carried out the disruption of Fe–S cluster using 
a small molecule inhibitor and studied its implication on 
the pathogenicity of S. aureus. There was a significant 
decrease in the activity of the Fe–S cluster-dependent 
enzyme aconitase and subsequent virulence gene expres-
sion (Choby et al, 2016). Walden et al. 2006 carried out 
the structural analysis of IRE-bound aconitase and found 
that in the presence of iron, the enzyme attains the sta-
ble closed conformation with the iron-sulfur cluster as a 
ligand. In the absence of iron, the enzyme iron–sulfur clus-
ter dissociates from the apo-protein and attains open con-
formation. The unstable open conformation exposes the 
IRE-binding domains of the aconitase followed by bind-
ing of aconitase to IRE (Walden et al. 2006). Elaborative 
studies on aconitase led to the discovery of more such trig-
ger enzymes in S. aureus. The correlation between sulfur 
metabolism and bacterial pathogenesis has been studied 
in recent years. Cysteine synthesis occurs in S. aureus by 
two pathways: reverse transsulfuration pathway utilizing 
the homocysteine as a backbone material (Hullo et al. 
2007) and thiolation pathway—initially, O-acetyl-l-serine 
(OAS) produced from acetyl-CoA and serine by CysE, the 
serine acetyltransferase; finally, OAS-thiol-lyase, CysK, 
condenses the sulfide and OAS to form cysteine (van der 
Ploeg et al. 2001). Recently, numerous studies have shown 
the moonlighting functions of many enzymes involved in 
cysteine synthesis. For instance, in the absence of exog-
enous cysteine, CysE and CysK together forms a bienzy-
matic complex and is involved in cysteine synthesis (Zhao 
et al. 2006). But in the presence of exogenous cysteine, 
the bienzymatic complex formation is prevented and the 
free cysK then forms a complex with transcription factor 
CymR (Tanous et al. 2008). CymR is a dimeric transcrip-
tion factor which binds to DNA as a dimer or tetramer 
using a helix–turn–helix motif. It has been observed that 

the affinity of CymR/DNA interaction increases up to sev-
enfold in the presence of CysK (Tanous et al. 2008). The 
interaction allows the expression of many genes that are 
involved in cysteine formation and sulfur utilization (Even 
et al. 2006; Hullo et al. 2010).

Regulation of expression of virulence factors 
including moonlighting proteins

S. aureus modulates its virulence depending on the host 
immunity and nutrient quality. So, genes encoding virulence 
factors are highly regulated and tightly synchronized with 
the biological cycle and quorum-sensing mechanisms of S. 

aureus. For example, the genes which encode for adhesion 
proteins and defence against the immune system (protein 
A, coagulase, fibronectin-binding proteins) of the host are 
upregulated at the initiation of the infection cycle followed 
by the production of degradative enzymes such as haemo-
lysins, cytotoxins and proteases. The sophisticated regula-
tory mechanism is exerted by the accessory gene regulator 
(agr) two-component system in the S. aureus and S. aureus 
accessory element (sae) operons (Novick and Geisinger 
2008). Agr mainly regulates the expression of adhesion 
protein and toxin-related genes (Novick and Geisinger 
2008). The agr regulatory unit is composed of two divergent 
transcription units RNAII and RNAIII. The RNAII system 
regulates the initial gene expression (adhesion and invasion 
genes) and RNAIII stimulates the expression of extracel-
lular toxins and enzymes (Janzon and Arvidson 1990). S. 

aureus has a circular chromosome of 2.8–2.9Mbp in size 
with 33% of G + C content (Archer and Crossley 1997). In 
the entire S. aureus genome, 75% is the core genome and the 
rest 25% consists of mobile genetic elements which possess 
the ability of horizontal transfer between strains. (Lindsay 
and Holden 2004). The mobile genetic elements like staphy-
lococcal pathogenicity islands have genes for superantigen 
toxins (SaPIs) and one of the archetypes of this SaPIs family 
is SaPI1 that codes for toxic shock syndrome toxin TSST 
(tst) (Lindsay et al. 1998). SapI3 encodes enterotoxin B. 
In addition to SaPIs, S. aureus also possesses other fami-
lies of the genomic island such as νSa family. They carry 
enterotoxin genes and toxic shock syndrome toxin genes (Gill 
et al. 2005). Also, some of the νSa family genomic islands 
code for leukocidin (LukDE) (Baba et al. 2002). Along 
with SaPIs, prophages also play an important role in the 
evolution and pathogenicity of S. aureus due to horizontal 
transfer of genetic information. Mainly three prophages have 
been identified in different strains of S. aureus based on the 
size of their genome. Most of these prophages carry viru-
lence determinants, for example, staphylokinase, exfoliative 
toxin, enterotoxins A, G, K, and Panton–Valentine Leuko-
cidin (Kuroda et al. 2001; Lindsay and Holden 2004; Diep 
et al. 2006). In addition to these, S. aureus also has plasmids 
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which play a crucial role in the development of resistance to 
antibiotics or heavy metals, survival and adaptation in harsh 
environmental conditions, expression of virulence factors 
and survival in nutritional depletion (Wegrzyn 2005). Based 
on the size, the plasmids of S. aureus have been divided 
into three classes. Class I plasmids (1–5 kb) have a high 
copy number and carry antibiotic-resistance determinant. 
The class II plasmids have an intermediate size and copy 
number and they code for β-lactamase of which majority 
of them confer resistance to inorganic ions. The class III 
plasmids are large plasmids (40–60 kb) which have multi-
ple resistance determinants (resistance to trimethoprim and 
gentamycin) (Novick 1989). These plasmids are means of 
successful transfer of antibiotic resistance by a conjugative 
horizontal transfer mechanism (Hartleib et al. 2000; Gill 
et al. 2005; Diep et al. 2006). Purine anabolic pathway is 
mainly regulated by purine biosynthesis repressor (PurR). 
Along with this PurR is also involved in the modulation of 
S. aureus virulence gene expression. It was observed that 
down-regulation of purR gene results in upregulation of 
genes encoding FnBPs. Goncheva et al. 2019 observed that 
PurR mutants exhibited hypervirulence and hypervirulence 
was correlated with hyper-clumping phenotype in serum 
(Goncheva et al. 2019).

Conclusion

S. aureus is the causative agent for multiple infections. The 
infectivity is mainly due to various potent virulent factors. 
Moonlighting proteins significantly contribute to poten-
tiating the infectivity of S. aureus by function as virulent 
factors. S. aureus employs these moonlighting proteins in 
various steps of the infection cycle, mainly in some of the 
major infection steps like invasion (IMPDH, GAPDH, eno-
lase, etc.), immunomodulation (FnBP, LipA, Cna, etc.), bio-
film formation (Autolysin, enolase, etc.). One of the pecu-
liar features of these moonlighting proteins is the important 
roles they play in the many steps of the infection cycle. For 
example, GAPDH serves as an invasin which aids the inva-
sion process of bacteria and also helps in iron uptake as 
well as neutralization of the immune system induced NO 
toxicity. Recently, an ample amount of data have been gen-
erated regarding the functionality of various moonlighting 
proteins in the pathogenicity of S. aureus and the list of new 
moonlighting proteins is growing significantly with respect 
to time. But the data are more scattered and a significant 
correlation has not been properly established. A system-
atic analysis of the role of all the moonlighting proteins in 
the infection cycle and their introspective correlation can 
yield a novel approach by which a key drug element can 
be identified or it may aid in the development of a potent 
vaccine against S. aureus. Various efforts have been taken 

to scrutinize the data on moonlighting proteins such as the 
development of databases on moonlighting proteins, for 
example, MoonProt (https ://www.moonl ighti ngpro teins 
.org/) (Chen et al. 2018 m). But developments on scruti-
nization of data available on moonlighting proteins of S. 

aureus are at its nascent stage and the available information 
is relatively sparse. Current knowledge on moonlighting 
proteins have cleared the fact that the age-old method of 
targeting a single virulence factor for vaccine development 
will not be fruitful as S. aureus recruits numerous multifunc-
tional proteins in exerting its pathogenicity. So, considera-
tion of more than two or three virulent determinates would 
be more promising for the development of potent vaccines. 
Along with this, immunizations with the plasmid containing 
either partial or complete protein-encoding gene followed 
by a boost with recombined protein may serve as a prime 
strategy in the prevention of S. aureus infections.
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