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Abstract
Pathogens generate 

molecules, or virulence factors, 

that enable them to colonize 

host tissues through several 

mechanisms, including adhesion 

to host tissues, or superior 

invasive capability. Some allow 

the pathogen to evade the host’s 

immune system. Many of these 

molecules are proteins that are 

exported to the cell’s surface 

or secreted. Curiously, GAPDH, 

which is a glycolytic enzyme, is 

also a virulence factor that has 

been shown to contribute to 

Streptococcus pyogenes pathogenicity 

by each of these mechanisms. 

Group A streptococci 

(conveniently abbreviated as GAS) 

represent a class of pathogenic 

microorganisms that cause a 

tremendous amount of human 

affl iction. Importantly, GAS infections 

are considered highly communicable 

and a public health concern. The 

clinical presentations of GAS 

infections range from mild cases, 

such as pharyngitis and pyoderma, to 

more severe cases, such as rheumatic 

fever, rheumatic heart disease, and 

other invasive infections. Rheumatic 

fever occurs as a consequence of these 

mild GAS infections and represents 

an infl ammatory disease in which 

antibodies created in response to 

the microorganism cross-react to 

one’s own tissues. Rheumatic fever 

may lead to rheumatic heart disease 

through repeated bouts of carditis (i.e. 

infl ammation of the heart muscle) that 

resolve with fi brosis. It is thought that 

immune response factors, which are 

under genetic control, may account for 

pathogenesis of rheumatic heart disease.

More than 700 million people 

have mild cases of GAS infection 

worldwide.1 Severe cases, such as 

rheumatic fever and rheumatic 

heart disease, are responsible for an 

estimated 517,000 deaths per year 

globally. Rheumatic heart disease, 

which by far has the greatest impact on 

mortality and morbidity of GAS-related 

infections, contributes more than 

282,000 new cases per year globally. 

Developing countries have the highest 

prevalence rate of rheumatic heart 

disease (i.e. 2 per 100 inhabitants).2 

The prevalence rate in the United 

States is approximately 3 per 10,000 

children ages 5-14.1 The annual number 

of deaths in the U.S. due to rheumatic 

heart disease, has fallen from 15,000 

in 1950 to 3,100 in 2005-2008.2 

Furthermore, from 1996 to 2006, 

the rate of mortality due to either 

rheumatic fever or rheumatic heart 

disease dropped about 8%. Despite 

these encouraging statistics GAS-

related infections remain a major 

public health concern. 

Streptococcus pyogenes 
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A reference manual 

(i.e. Communicable Disease 

Investigation Reference Manual) 

that was released by the Missouri 

Department of Health and 

Senior Services in 2002 states 

that invasive GAS infections 

may develop into any of the 

following clinical manifestations: 

pneumonia, bacteremia in 

association with cutaneous 

infection (e.g. cellulitis, erysipelas, 

or infection of a surgical or 

nonsurgical wound), deep soft-

tissue infection (e.g. myositis or 

necrotizing fasciitis), meningitis, 

peritonitis, osteomyelitis, septic 

arthritis, postpartum sepsis 

(i.e. puerperal fever), neonatal 

sepsis, and nonfocal bacteremia. 

GAS infections in some instances may result in shock and 

multi-organ failure. The laboratory criterion for diagnosis is 

identifi cation of Streptococcus pyogenes by culture. Penicillin is 

the antibiotic of choice for GAS infections. There are rapid 

‘strep’ tests available that take approximately 15 minutes, 

utilizing proprietary antibodies to detect specifi c GAS 

polysaccharide antigens. 

The primary care physician typically encounters ‘strep 

throat’ (the colloquial term for streptococcal pharyngitis). 

This condition, which may also involve the larynx, results 

in fever as well as sore throat. This infection aggravates the 

immune system; therefore, enlargement of lymph nodes is 

also common. Thirty-seven percent of children under the 

age of 18 that present with sore throat contain positive strep 

cultures.3 Interestingly, 12% of children that do not exhibit 

any symptoms appear to have streptococcal microorganisms 

as part of their fl ora. In another study,4 it is estimated that 

approximately 20% of asymptomatic children are positive 

for streptococcal microorganisms. These observations 

suggest that streptococcal microorganisms may in some way 

be avoiding immune surveillance.  

Streptococcus represents a genus classifi cation of 

bacteria. This genus is described as spherical Gram positive 

bacteria that can be seen as round cells grouped together 

in a chain like fashion (see Figure 1). The various species 

within the genus of Streptococcus are divided into three 

subcategories (i.e. -, -, and -hemolytic), based on 

the growth properties in culture.  Streptococcus pyogenes is a 

-hemolytic bacterium, meaning that in blood agar cultures, 

it completely lyses red blood cells. The lysis of red blood 

cells is due to the exotoxin, streptolysin (i.e. two types: 

streptolysin O and streptolysin S), that is also thought to 

participate in pathogenesis. Streptococcus pyogenes belongs to 

the Lancefi eld serogroup A, which defi nes this streptococcal 

microorganism as a Group A member. 

GlycerAldehyde 3-Phosphate DeHydrogenase 

(GADPH) is a highly conserved glycolytic enzyme found in 

all living cells. It is an enzyme that is indispensable, meaning 

that its loss by genetic mutation is incompatible with life. 

The enzyme catalyzes the oxidative phosphorylation of 

the glycolytic substrate, D-glyceraldehyde 3-phosphate, 

to 1,3-bis-phospho-D-glycerate with the concomitant 

reduction of NAD+ to NADH. This reaction is a pivotal 

step in glycolysis, which generates cellular energy. 

While GAPDH has been known to function as a 

glycolytic enzyme since before 1950,5 it was not until 

the last 25 years that the enzyme’s amazing multi-

functionality has come to light.6 GAPDH plays a role in the 

structural organization of the cell, transmission of genetic 

information, and cellular signal transduction networks. And 

all of these functions are relevant to the life of human cells. 

The mechanism by which GAPDH affects these various 

cellular processes is associated with its ability to form 

functional complexes with diverse cellular components, 

Figure 1
Morphology of Streptococcus pyogenes
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ranging from soluble actin to trans-membrane 

proteins. GAPDH in human cells is now known 

to be found throughout the cytoplasm as well as 

bound to cytoskeletal structures, each of the 

organelles, and the inner leafl et of the plasma 

membrane. These newly discovered functions of 

GAPDH include some fascinating fi ndings about 

this protein in pathogenic microorganisms. 

The microorganism Streptococcus pyogenes, 
like all cells, also contains GAPDH. In fact, 

the sequence of the streptococcal GAPDH 

is very homologous to the human GAPDH. 

Streptococcal GAPDH (UniProtKB/Swiss-Prot 

P0C0G7) is 59% similar and 49% identical 

to human GAPDH (UniProtKB/Swiss-Prot 

P04406) according to BLAST analysis (ncbi.

nlm.nih.gov/blast). Curiously, streptococcal 

GAPDH is not only found in the cytoplasm, 

but it is found tightly bound to the external 

surface of this microorganism.7,8,9 While this 

phenomenon (i.e. surface-localized GAPDH) occurs in 

many pathogenic microorganisms,10,11,12,13 this article will 

only discuss the surface-localized GAPDH of Streptococcus 
pyogenes.

With the exception of a recent 2012 article that 

identifi ed a surface-localized GAPDH on human 

macrophages that behaves as a transferrin receptor,14 

a surface-localized or secreted GAPDH has not been 

documented in human cells. The appearance of 

surface-localized GAPDH is a puzzling phenomenon.    

Streptococcal GAPDH does not contain a secretion signal 

sequence, nor a hydrophobic trans-membrane domain, 

nor a hexapeptide sorting motif8. It is considered an 

anchorless surface protein, though it is tightly bound. The 

manner by which the GAPDH is traffi cked to the outer 

surface, and the way that it is attached to the membrane 

are still mysteries to be resolved. 

In 1991, a streptococcal surface protein was fi rst 

isolated that interacted with plasmin with high affi nity 

and therefore the gene for this protein was designated, plr 
(for PLasmin Receptor). The following year this plasmin-

binding protein was identifi ed as the streptococcal 

GAPDH.7  

GAS contains several virulence factors. Some of the 

more well characterized virulence factors include the 

M protein, lipoteichoic acid (i.e. used for adherence), 

hyaluronic acid capsule (i.e. used as an immunological 

disguise), and invasins, for example, streptokinase and 

streptolysins (i.e. used to promote tissue invasion). 

Pancholi and Fishetti,7 in 1992, identifi ed the 

GAPDH protein as a major surface protein on this 

pathogen. GAPDH is tightly bound to the outside surface 

of the cell. Layers of peptidoglycan surround the plasma 

membrane and lie just below the outer hyaluronic acid 

capsule (see Figure 2). The surface-localized GAPDH 

was found in all of the serotypes that were tested and the 

protein appeared at similar levels. The authors7 purifi ed 

the protein and identifi ed it as being 39kD by SDS-PAGE 

(i.e. denaturing gel electrophoresis). The protein eluted 

from a gel fi ltration column as a tetrameric 150kD protein 

that exhibited enzymatic activity. 

The authors7 designated the purifi ed cell 

surface GAPDH as streptococcal SDH (for Surface 

DeHydrogenase). Streptococcal SDH was observed to 

bind host fi bronectin, which supports the hypothesis that 

GAPDH plays a role in the colonization of the pathogen. 

Fibronectin resides in the dermis and is an important 

adhesive protein. Streptococcus pyogenes would have to 

penetrate the skin epidermis in order to reach the dermal 

layer where it would be able to bind to fi bronectin. The 

binding of surface-localized GAPDH to an adhesive host 

protein would secure the microorganism to the site of 

Figure 2
Cell surface structure of Streptococcus pyogenes
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infection, allowing colonization. Damaged skin becomes 

particularly susceptible to infection by Streptococcus pyogenes 
due to the ability of surface-localizing GAPDH to bind to 

the underlying dermal layer by adhering to fi bronectin.  

Another complementary observation is that pathogenic 

GAPDH, which is surface localized, binds to host actin 

and myosin. These host proteins are major constituents 

of human cells, particularly myofi bers that are found in 

both smooth and skeletal muscle. Hence, this property 

of streptococcal GAPDH binding to host cellular muscle 

proteins would enable the streptococcal microorganism 

to adhere to bruised or damaged tissue, enhancing 

streptococcal colonization particularly in damaged 

tissue, where the integrity of underlying myofi bers is 

compromised. Therefore, these observations provide 

compelling evidence for GAPDH acting as a virulence 

factor.

Additionally, surface-localized GAPDH (or, so-

called streptococcal SDH) binds to host lysozyme.7 

The host enzyme, lysozyme, provides innate immunity. 

The lysozyme is a protease that is abundant in human 

secretions, including tears, salvia, and mucus. The host 

lysozyme hydrolyzes 1,4-β glycosidic-linkages found 

in the peptidoglycan layer of the cell wall of invading 

microorganisms. Surface-localized GAPDH of Streptococcus 
pyogenes may act as a virulence factor by suppression of 

the innate immune system through the binding to and 

inhibition of the host lysozyme.

A plasmin(ogen)-binding protein was found on the 

surface of Streptococcus pyogenes in 1987 by Lottenberg 

and his coworkers,16 well before it was identifi ed as being 

GAPDH. Lottenberg and coworkers17 later recognized 

that the surface protein was an ortholog of human 

GAPDH. The surface-localized GAPDH binds to both 

the host plasmin, as well as host plasminogen proteins. 

This interaction isolates the host fi brinolytic system 

at the surface of the microorganism. The bacterium-

bound plasmin is still catalytically active and capable 

of proteolysis. It is conceivable that GAPDH-mediated 

binding to plasmin allows the bacterium to use the host’s 

proteolytic action against the host, contributing to the 

pathogen’s invasiveness. Streptococci that were designed 

to have less surface-localized GAPDH (i.e. fi ve-fold less) 

exhibited substantially decreased plasminogen-binding 

properties.18 

A high and low affi nity plasmin-binding site exists on 

the surface-localized pathogenic GAPDH. The C-terminal 

end of the protein has an α-helix, which contains amino 

acid residues 306-336 (particularly important is the lysine 

residue at position 336), that is the high affi nity site. A 

lower affi nity site was identifi ed in regions that fl ank the 

S-loop (i.e. located in the middle of the protein).19 It is 

quite apparent that the GAS microorganism utilizes host 

plasmin-binding as a major strategy for virulence. The 

system for binding of the microorganisms to host plasmin 

is overbuilt in that it contains other plasmin-binding 

surface proteins besides the surface-localized GAPDH. 

This ensures that the mechanism of infection continues 

despite GAPDH interacting with other host proteins, as 

described above. Therefore, we see that GAPDH plays 

many roles as a bacterial surface protein, exhibiting 

numerous binding partners that contribute to diverse 

mechanisms of virulence. 

The study of the surface-localized GAPDH from 

Streptococcus pyogenes resulted in the breakthrough of 

still yet more potential mechanisms of virulence by this 

misconceived protein.18-22 Nitric oxide (or, so-called 

endothelial-derived relaxation factor) is important for 

human cardiovascular function. This compound acts on 

vascular smooth muscle resulting in vasodilation. Nitric 

oxide readily reacts with GAPDH. Nitric oxide-modifi ed 

surface GAPDH is mono-ADP-ribosylated in the presence 

of the coenzyme, NAD+.20 A single ADP-ribose is auto-

catalytically attached to the active site cysteine residue of 

GAPDH and then transferred to a target protein. This 

catalytic property is poorly understood, however, recent 

evidence suggests that it may inhibit macrophage activity,23 

providing a growth advantage for this streptococcal 

microorganism. 

The C-terminal α-helix and the fl anking regions of 

the S-loop of GAPDH, binds to host pharyngeals cells 

via the host urokinase plasminogen activator receptor, 

mediating adhesion to human pharyngeal cells. The cell 

bound bacterium via interaction between surface GAPDH 

and the urokinase plasminogen activator receptor, 

enhances the genetic expression of more urokinase 

plasminogen activator receptor, populating the pharyngeal 

surface. This mechanism would increase the binding 

of the host urokinase to pharyngeal cells, promoting 

localized invasion to the infected tissue.

An additional mechanism involves bypassing the 

host immune surveillance due to the strong homology of 
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pathogenic GAPDH to human GAPDH, host immune 

cells may not identify it as foreign. 

Streptococcal surface GAPDH may also have anti-

phagocytic activity as evidence by engineered bacteria 

that show diminished levels of surface GAPDH also 

exhibit decreased anti-phagocytosis.18 Interestingly, the 

re-distribution of GAPDH in these mutants results in the 

simultaneous loss of the surface M protein, which has 

known anti-phagocytic activity. The M-protein is found on 

pili (see Figure 2). It is thought that surface GAPDH may 

be attached via its association with the M protein. D’Costa 

and coworkers24 provide evidence that Streptococcus 
pyogenes GAPDH is anchored to the cell surface by means 

of the M-protein.

     

Summary
In summary, Streptococcus pyogenes GAPDH not 

only acts as an important cytoplasmic, glycolytic energy 

generating enzyme, this misconceived protein is an 

important virulence factor. It becomes surface-localized 

by a currently unknown mechanism and on the surface 

of the pathogen it can wreak havoc. By binding host 

plasmin(ogen) it contributes to the microorganisms 

invasive properties. Pathogenic GAPDH can bind to intact 

host pharyngeal cells as well as to damaged host tissues 

via fi bronectin, actin, and myosin. Additionally, GAPDH 

can affect the host immune system by directly inhibiting 

phagocytosis, as well as escaping the immune-surveillance. 

Despite the strong homology between pathogenic and 

human GAPDH there still exists differences in the 

protein sequence, which may allow for production of 

specifi c small molecular weight compounds as selective 

antibiotics. The fact that pathogenic GAPDH is so close in 

structure to the human GAPDH may provide insight into 

molecular mechanisms of autoimmune diseases.
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