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Group A Streptococcus is a human pathogen responsible for causing a 

variety of diseases that range in severity, from common infections such as strep 

throat and impetigo, to the more severe necrotizing fasciitis and streptococcal 

toxic shock syndrome.  Streptococcal M protein is a virulence factor which the 

pathogen presents on its surface to aid in both evasion of host engulfment and 
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disease progression.  M proteins are able to interact with human plasma proteins, 

such as fibrinogen, to accomplish disease progression and thus, further study of 

the M protein is necessary for understanding virulence mechanisms employed by 

Streptococcus and for development of preventive medicine.  This study surveys 

fibrinogen-binding as mediated by M proteins of disease implicated Streptococcus 

pyogenes.  Through the use of cloning and protein purification methods, various 

serotypes of the antigenically variable M protein were prepared for a binding 

assay with fibrinogen.  Whereas several M proteins, such as M1 and M5, are 

known to bind fibrinogen, it is unknown whether the M3, M6, M22, and M28 

serotypes are able to do so.  My results show that while M1, M3, M5, M6, and 

M28 were able to bind, M22 was not.  The information indicates not all M 

proteins possess ability to aid in disease progression by binding fibrinogen.  It was 

also revealed that M proteins bind different regions of the fibrinogen molecule.
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Introduction
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1.  Introduction  

 

1.1. Group A Streptococcus epidemiology and virulence   

 

Group A Streptococcus, commonly referred to as GAS, is a Gram-

positive, ubiquitous human pathogen that is an important cause of morbidity and 

mortality worldwide (1).  GAS causes a number of diseases that cover a broad 

range in severity from superficial, localized infections to invasive, life-threatening 

disorders.  Strep throat, or pharyngitis, and skin infections, which occur 

commonly, are non-invasive diseases and can be easily treated (2).  Invasive 

diseases, such as necrotizing fasciitis, commonly known as flesh-eating disease, 

and streptococcal toxic shock syndrome (STSS), are linked to higher fatality rate 

among GAS diseases (3).  Infection with GAS has also been shown to be 

associated with autoimmune diseases such as rheumatic fever and 

glomerulonephritis (4).  Studies conducted by the Centers for Disease Control and 

Prevention show that GAS diseases are still prevalent in the US today, estimating 

that 10,000 cases of invasive GAS disease arise each year, causing 1,500 deaths 

(5).  The World Health Organization estimates that there are 18 million 

occurrences of severe GAS related diseases globally, of which 500,000 result in 
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death annually (6).  Since there are no preventive vaccines for GAS disease in 

existence today, further understanding of this bacteria’s pathogenic characteristics 

is crucial to the development of such vaccines and lowering the incidence of 

disease (7).   

 M protein, a virulence factor displayed on the surface of GAS, is one 

component this bacterium employs to cause infections (8).  The mechanisms by 

which M proteins contribute to the ability of GAS to cause local and invasive 

infections alike are extensively studied, and many functions of M proteins have 

been illuminated.  M proteins serve as an adhesin to the epithelial cells of the 

hosts’s respiratory tract and skin surface (7, 9).  Adhesion of GAS to epithelial 

cells may lead to GAS proliferation in the oropharynx and development of 

pharyngitis in the host (10).  M proteins also participate in the invasion of host 

epithelial cells, which may provide a route to GAS invasion of deeper tissue and 

blood (11).  In addition, M proteins are also known for mimicry of self antigens in 

the host, which results in production of cross reactive antibodies that attack host 

tissue in autoimmune diseases like rheumatic fever.  M proteins also confer 

resistance to phagocytosis, which enables GAS to survive in human blood (12).  

Furthermore, M proteins have been observed to bind the host protein fibrinogen, 

forming M protein-fibrinogen networks that promote an inflammatory response 

which results in tissue damage (13).  Thus, M proteins are key virulence factors, 

expressed by all pathogenic GAS strains that aid in the capacity of GAS to persist 

and cause infection (12, 14).   
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 1.2. M protein structure  

 

The structure of the M protein is well characterized and has been studied 

through various methods including electron microscopy and crystallography (14, 

15, 16, 17).  M protein is a dimeric, α-helical coiled-coil protein that extends as a 

fibril from the surface of GAS, as can be seen from Figure 1.2 (4).  The immature 

M protein contains two sequences that are cleaved before the protein can be 

displayed at the surface:  an N- terminal signal sequence which directs the M 

protein towards the bacterial cytoplasmic membrane, and the short, conserved 

C-terminal cell wall sorting sequence LPXTG which is responsible for proper 

embedding of the protein in the bacterial peptidoglycan layer (18, 19).  In order to 

produce a mature M protein, the protein is first secreted to the cytoplasmic 

membrane where the N-terminal signal sequence is cleaved off via a peptidase 

(20).  Then the M protein is translocated across the membrane, the C-terminal 

sequence is recognized and cleaved via a sortase between the threonine and 

glycine residues of the LPXTG sequence, and the M protein is covalently attached 

to the cell wall (19).  

At the N-terminus of the mature M protein is a region highly variable in 

sequence, known as the hypervariable region (HVR).  These variant HVR 

sequences contribute to antigenic variance at the exposed N-terminus of the M 

protein, creating many M serotypes.  M serotypes are used as a classification 
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system to distinguish GAS strains (21).  Currently, there are upwards of 200 M 

serotypes that have been discovered (22).   

M proteins consist of an A, B, C, and D region. The A region lies at the 

surface-exposed, highly variable N-terminus while the D region is located at the 

surface bound, conserved C-terminus (23).  The structure of the A, B, and C 

regions consists of α-helices made up of heptad repeat motifs, which are a series 

of 7 amino acid long repeats that may vary in sequence between different M 

serotypes.  Within these heptad repeats are hydrophobic residues in the first and 

fourth positions which promote dimerization into a coiled-coil (14).  
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Figure 1.  M Protein Structure.  Fibrillar M protein extends from the surface of GAS 

with the N-terminus distal to the covalently attached C-terminus.  The protein is 

embedded in the peptidoglycan layer once the LPXTG motif has been cleaved, as 

described.  The A, B, and C regions are depicted in block form. 
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1.3.  Importance and pathophysiology of fibrinogen in the inflammatory 

response 

 

M protein has the ability to bind host plasma proteins, namely fibrinogen, 

to confer phagocytic resistance to invading GAS (12).  Fibrinogen, a 

heterotrimeric, 340 kDa protein, plays a role as the fibrin precursor in human 

plasma during coagulation.  When GAS is present in the plasma, M proteins and 

fibrinogen bind to form a complex which hinders opsonization, a process in which 

the host deposits markers on the bacterial antigen marking it for phagocytosis 

(24). By evading phagocytosis, M proteins diminish the host immune response to 

invading GAS bacteria (25). 

Another feature of the M protein-fibrinogen complex is the role it plays in 

progression of inflammation during GAS infection, which it does by binding and 

activating host neutrophils (12).  Although M proteins are typically associated 

with the cell surface, GAS possesses a cysteine proteinase SpeB which releases 

fibrinogen binding fragments of M proteins.  M proteins can also be removed 

from the cell surface by proteases released by neutrophils (26).  At a site of GAS 

infection, local inflammation attracts neutrophils and plasma exudation into 

infected tissues, which in turn promotes formation of M protein-fibrinogen 

complexes from pools of released M protein.  This complex then greatly enhances 

the local inflammatory response by associating with β2 integrins present on the 

surface of neutrophils, activating them to release their granules of degradatory 
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enzymes (26).  Among the enzymes and molecules released by neutrophils, is the 

inflammatory mediator protein heparin binding protein (HBP).  HBP acts as a 

vasodilator that loosens the tight junctions between endothelial cells.  This allows 

neutrophils to escape from these sites, release their granules, and cause further 

inflammation and tissue damage in the host (26).  Thus, M proteins may recruit 

and interact with the host plasma protein fibrinogen in order to form complexes 

that confer GAS virulence, specifically by enabling phagocytic resistance or by 

eliciting an inflammatory response in the host as measured by HBP release.  

 

1.4. M protein B repeats and their relation to virulence through fibrinogen 

binding 

 

Certain M protein features, such as repeat sequences, contribute to its 

ability to bind fibrinogen in the host, which is essential to GAS survival and 

virulence.  Tandem repeat sequences known as B repeats are found in the B 

region of several, but not all, M serotypes.  These repeats vary in sequence, 

sequence length, and repeat number length from one M serotype to another.  It has 

been discovered that the B repeats of certain M serotypes are crucial to binding 

host fibrinogen.  Two particularly well-studied M proteins with fibrinogen 

binding B repeat sequences are M5 and M1 (8, 12).  Studies on M5, which is 

composed of A, B, and C repeats, have shown that the M5 B repeats are required 
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for binding fibrinogen and phagocytic resistance in human blood (8).  M5 A and 

C repeats have not been seen to associate with fibrinogen.  In M5, there are a little 

more than two B repeats, each 25 amino acids long, which are able to interact 

with fibrinogen (12).  In a study conducted on M5 mutants, it was seen that in 

mutant strains lacking B repeats altogether, ΔB, and in a mutant leaving only the 

first half of the first B repeat intact, ΔB₂₃₄, fibrinogen binding was abolished, 

indicating such a mutant would destroy the fibrinogen binding region in M5 (8).  

From a murine model of invasive infection with both mutant and wild type M5 

strains, it was also seen that the ΔB M5 strain showed attenuated disease when 

compared to a wild type (WT) M5 strain (8).  This was measured by calculation 

of a competitive index, which analyzes the ratio of mutant to wild type strain 

present in infected mouse tissue.  In an additional study, an M5ΔB expressing 

strain lacking all B repeats showed a decreased ability to survive in whole human 

blood as compared to the WT M5 expressing strain, rendering further support for 

the idea that M5 B repeats are necessary for evasion of phagocytosis (12).  

The M1 protein also binds fibrinogen, which elicits an inflammatory 

response in the host.  M1 is comprised of an A region, B and C repeats, and a D 

region.  The A region, B, and C repeats make up an irregular coiled-coil that 

promotes M1 binding of host plasma proteins.  M1 contains two B repeats, each 

28 amino acids long, which are responsible for binding fibrinogen (12, 16).  As a 

dimer, M1 B repeats bind four fibrinogen molecules.  In M1 B repeat mutants 

ΔB1, which lacked the first repeat, and ΔB2, which lacked the second repeat, the 
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ability to bind fibrinogen was retained.  However, when both B repeats were 

deleted, fibrinogen binding was severely attenuated (13).  The M1 serotype is 

capable of forming complexes with fibrinogen, described above, that elicit release 

of HBP from neutrophils as a sign of inflammation.  The ΔB1 and ΔB2 mutants 

lacked ability to form the M protein-fibrinogen complex, and so did not elicit 

HBP release.  In strains where both B repeats were expressed but spatially 

separated, the M protein-fibrinogen complex formed was not dense enough to 

elicit HBP release (13).  In wild type M1 the B repeats are in tandem, but, in this 

spatially separated mutant the first and second repeats were separated by 

approximately 260 residues (13).  Thus, appropriately spaced, full B repeats are 

necessary for proper binding of fibrinogen and inflammatory response in M1.  

  

1.5. Hypothesis   

 

M5 and M1 are two well studied M serotypes that are implicated in very 

serious GAS-induced diseases such as necrotizing fasciitis, STSS, and acute 

rheumatic fever (27, 28).  Both M5 and M1 bind fibrinogen via their B repeats. 

This crucial step to GAS virulence confers phagocytic resistance to M5 strains, 

and provokes a local, host inflammatory response in individuals infected by M1 

strains (12, 16).  Among other M serotypes that commonly cause invasive GAS 

disease are the serotypes M3, M6, M22, and M28 (27, 29, 30).  Like M1 and M5, 
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these M serotypes have been implicated in various, invasive GAS diseases, 

including necrotizing fasciitis, STSS, and cellulitus, however, knowledge on each 

individual M serotype’s fibrinogen binding capabilities is limited (27).  Using a 

co-precipitation assay with purified M1, M3, M5, M5ΔB₂, M6, M22, and M28, 

we tested whether these various M proteins interact with human fibrinogen.  The 

M5ΔB₂ protein is expressed by a naturally occurring M5 strain, which differs 

from previously described M5 proteins only in that it lacks a single B repeat and 

contains an insertion of 14 amino acids in the A region.  Our results indicate that 

like M1 and M5, M3, M5ΔB₂, M6, and M28 bind human fibrinogen, whereas 

M22 does not.  Determining whether fibrinogen binding is essential in disease 

implicated M serotypes will contribute to understanding the molecular 

mechanisms GAS employs to cause disease.   
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2.  Materials and Methods 

 

2.1. Cloning of M1, M3, M5, M5ΔB₂, M6, M22, M28 

 

Primers (Allele) were used to amplify the coding sequence for mature M 

protein by the polymerase chain reaction (PCR).  This mature protein is 

comprised of residues between the N-terminal signal sequence and C-terminal cell 

wall sorting sequence.  The PCR reaction included 0.2 μg genomic DNA 

extracted from S. pyogenes, 2 μl of 20 μM forward and reverse primers, 10 μl of 2 

mM dNTPs, 10 μl of 10x Pfu buffer, and 2 μl of Pfu DNA polymerase.  The PCR 

involved:  1) heating to 98 °C for 8 minutes, 2) DNA denaturation at 98 °C for 1 

minute, 3) annealing at 55 °C for 1 minute, 4) elongation at 72 °C for 1.5 minutes, 

5) return to step 2 for 35 times, 6) elongation at 72 °C for 10 minutes, and 7) cool 

down to 4 °C.  The PCR product was visualized on a 0.8% agarose gel by staining 

with ethidium bromide.  Bands were extracted from gels using the QIAquick Gel 

Extraction Kit Protocol and ligated with the pET28b expression vector (Novagen) 

using the In Fusion cloning kit.  Prior to ligation the pET28b vector was digested 

with NcoI and XhoI in NEB buffer 4 at 37 °C for 2-3 hours.  Then, a 2:1 molar 

ratio of insert to vector was used in the In-Fusion (IF) reaction mix, as well as 4 μl 
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IF reaction buffer, 2 μl IF enzyme, and 120 ng vector.  The ng amount of insert to 

be added was calculated using the formula: 

 

 
    length of I (in bp)     x 120 ng of V x 2 =   ng of insert needed for a 2:1 I:V ratio      

length of V (5400 bp) 

 

  I=insert, V=vector 

 

 

The sample was incubated at 37 °C for 15 minutes and then at 55 °C for 

an additional 15 minutes.  The reaction mixture was then diluted to 50 μl in TE 

buffer.  The reaction mix was transformed into E. coli DH5α.  Transformation 

was carried out by: 1) incubating 50 μl competent E. coli DH5α with 4 μl ligation 

mix on ice for 30 minutes, 2) heat shocking the sample for 45 seconds, 3) 

incubating on ice for 2 minutes, 4) adding 500 μl Luria Bertani (LB) or SOC 

medium, 5) incubating at 37 °C for 1 hour, and 6) then plating 200 μl on an LB 

plate using .05 g/mL Kanamycin (Kan) as a selection marker.  A colony PCR was 

conducted in order to confirm the presence of an insert.  Bacterial colonies that 

had vectors containing inserts were grown overnight and plasmid DNA was 

prepared from these bacteria and transformed into competent E. coli BL21 (DE3). 

The transformation protocol was identical to the one described above, except in 

step 1, 100 μl of E. coli BL21 (DE3) and 2 μl of DNA were mixed, and in step 4, 



19 
 

 
 

300 μl LB was used.  Similar LB Kan plates were used to plate the 

transformation. 

 

2.2. Purification 

 

LB broth with .05 g/mL Kan was used as the medium for growth of four 

liters of E. coli BL21 (DE3) cells carrying the pET28b plasmid of interest.  E. coli 

BL21 (DE3) cells containing the transformed vector were used to inoculate 100 

mL of LB + Kan, and this starter culture was grown overnight with shaking at 37 

°C.  The starter culture was used to inoculate 4 flasks, each containing 1 L of LB 

+ Kan (25 mL starter culture per flask).  These cultures were grown at 37 °C to 

mid-logarithmic phase (OD₆₀₀≈ 0.6) and induced to express the protein of interest 

with 1 mM isopropyl-β-D-1-thiogalactopyranoside.  The cultures were then 

grown at room temperature for up to an additional 24 hours, after which time the 

bacteria were harvested via centrifugation in four 1 L bottles (6000 x g, 20 min, 4 

°C).  The pellet containing the bacteria was resuspended in 40 mL of lysis buffer 

(300 mM NaCl, 100 mM phosphate buffer, pH 7.5, 0.5 mM PMSF, 200 μg/ml 

lysozyme, and 10 μg/ml DNAse) in a 50 mL conical tube.  Bacteria were 

thoroughly vortexed into a homogenous mixture and incubated at 25 °C for at 

least 20 minutes.  Bacteria were then lysed on ice via sonication.  Triton X-100 

was added to a final concentration of 0.1% to the solution after the lysis step.  The 
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lysate was centrifugued (1400 x g, 25 min, 4 °C), and the supernatant was applied 

to a metal chelation column containing 10 mL of Ni
2+

-nitrilotriacetic acid agarose 

beads (Sigma).  Prior to application of the supernatant, the column was washed in 

5 column volumes (CV) of water and equilibrated with 2.5 CV of lysis buffer, not 

containing PMSF or DNase.  The supernatant and the beads were incubated at 4 

°C for 1 hour with agitation.  The column was washed with 50 mL of lysis buffer 

and then 250-300 mL of 500 mM NaCl, 50 mM sodium phosphate buffer, pH 8, 

and 5 mM imidazole.   Samples bound to the column were then eluted with 40 mL 

of the wash buffer which contained 350 mM imidazole instead of 5 mM.  A 10% 

reducing SDS-PAGE gel was run to analyze the results of the purification.  

Fractions containing M protein were dialyzed using a 3,500 molecular weight cut-

off (MWCO) membrane overnight into buffer A (20 mM NaCl, 20 mM Tris).  

The buffer pH was adjusted based on the calculated pI of each M protein.  For 

M1, M3, M22, and M28, whose calculated pI values are 5.6, 6.7, 7.2, and 6.7, 

respectively, it was necessary to use a Tris, pH 8 buffer to minimize precipitation.  

For M5, M5ΔB₂, and M6, whose calculated pI values are 9.1, 9.1, and 9.0, 

respectively, a Tris, pH 7 buffer was used.  Samples were filtered (0.22 μm) 

before loading on columns.  M1, M3, M22, and M28 were loaded onto a Q Hi-

trap anion-exchange column (GE Healthcare), while M5, M5ΔB₂, and M6 were 

loaded onto an SP Hi-trap cation exchange column (GE Healthcare).  

 The ion exchange columns were washed with 5 CV of buffer A, and M 

protein was eluted with a linear gradient of 100% buffer A to 100% of buffer B (1 
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M NaCl, 20 mM Tris, pH 8 for Q column runs, pH 7 for SP column runs) in 20 

CV.  Absorbances at 260 and 280 nm were monitored, and fractions were 

analyzed by Coomassie-stained 10% reducing SDS-PAGE.  Fractions containing 

M protein were pooled and dialyzed in phosphate buffered saline (PBS) (0.14 M 

NaCl, 3 mM KCl, 10 mM Na₂HPO₄, 2 mM KH₂PO₄, pH 7.4).   

 Following ion exchange chromatography, M proteins were concentrated 

via ultrafiltration (MWCO 3000) and further purified via gel filtration 

chromatography using a Superdex 200 10/30 column (GE Healthcare).  The 

column was equilibrated and run in PBS at 1 mL/min.  Absorbances at 260 and 

280 nm were monitored, and peak fractions were analyzed by 10% reducing SDS-

PAGE gel.  Fractions containing purified M protein were pooled, concentrated, 

aliquoted, and flash frozen in liquid N2 for storage at -80°C.   

 

2.3.  Co-precipitation Assay 

 

Twenty μg of M protein in PBS were incubated with 40 μg of human 

fibrinogen at 4 °C for 2 hours.  Fifty μl of Ni
2+

-NTA agarose resin was added and 

incubated at 4 °C for another 2 hours.  The beads were centrifuged (4000 x g, 1 

min, 4 °C ) to separate bound and unbound fractions, and were then washed four 

times with 1 mL of 500 mM NaCl, 50 mM sodium phosphate buffer, pH 8, 20 
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mM imidazole, and 0.1% Triton X-100.  The beads were centrifuged, as above, 

after each wash.  Proteins bound to the beads were removed by resuspending the 

beads in PBS and non-reducing 2x-SDS sample buffer, and boiling the beads.  

Unbound, wash, and bound fractions were analyzed by Coomassie-stained, 

nonreducing SDS-PAGE.  Ten percent gels were used for the fibrinogen fragment 

D assay and 8% for the fibrinogen assay.
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3.  Results 

 

3.1. Cloning M protein genes:  M1, M3, M5, M5ΔB₂, M6, M22, M28 

  

Genes encoding several M protein variants were cloned into expression 

vectors.  To obtain the coding sequences for these genes, genomic DNA was 

extracted from various strains of Streptococcus pyogenes and used as templates in 

PCR reactions.  PCR products were visualized on 0.8% agarose gels; an example 

is shown in Figure 3.1.  The primers for the PCR reactions included restriction 

endonuclease sites compatible with cloning into the pET28b expression vector.  

The PCR products were ligated into pET28b, and the ligation reaction products 

were transformed into E. coli DH5α and selected for the presence of the plasmid 

through drug selection.  Plasmids that had incorporated M protein genes were 

identified by colony PCR and purified for transformation into E. coli BL21 

(DE3).  The latter bacterial species expresses the T7 RNA polymerase, which is 

required for expression from pET28b.    
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Figure 3.1.  DNA Agarose Gel showing the M3 PCR Product.   
Lane 1: 1 kb ladder, Lane 2: M3 PCR product (1527 bp). 

 

 

3.2. Purification of M1, M3, M5, M5ΔB₂, M6, M22, M28 

 

To conduct co-precipitation experiments examining the association of M 

protein with fibrinogen, it was essential to have a sample of purified protein with 

  1500 bp 

1      2 



26 
 

 
 

minimal amounts of contaminants.  To accomplish this, purification involved 

three sequential steps of column chromatography:  Nickel nitrilotriacetic acid 

(Ni
2+

-NTA), ion exchange, and size exclusion chromatography.  In the first step, 

His-tagged proteins were loaded on to a column containing Ni
2+

-NTA resin, 

incubated with the resin to promote binding, and eluted with 50 mM sodium 

phosphate buffer, pH 8, containing 500 mM NaCl and 350 mM imidazole.  

Elution fractions were then analyzed on SDS-PAGE gel for the presence and 

purity of each M protein; an example is shown in Figure 3.2(A).   

 

 

 

 

 

Figure 3.2(A).  SDS-PAGE of M3 protein purification from Ni²⁺-NTA 

Chromatography.   
Key: L is the molecular mass ladder (in kDa), UI is uninduced bacteria, WCL is whole 

cell lysate, following induction, SU is supernatant, FT is flow through, W1 is first wash, 

LW is last wash, and E is elution fraction.  The size of M3 is 58.8 kDa.  

 

 L        UI       WCL        SU       FT         WI          LW          E 

25 

50 

75 

kDa 
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 As seen by SDS-PAGE, elution fractions containing M proteins were not 

completely free of contaminants, as faint bands that ran lower on the gel could be 

seen.  It was also noted that the protein samples had high 260/280 absorption 

ratios, some higher than 1.0, suggesting contamination with nucleic acids.  

Therefore, further purification by ion exchange chromatography was pursued.  

M1, M3, M22, and M28 proteins, whose calculated pI values range from 5.6 -7.2, 

were loaded at low ionic strength onto a Q Hi-trap anion-exchange column.  M5, 

M5ΔB₂, and M6 proteins, whose calculated pI values range from 9.0- 9.1, were 

loaded at low ionic strength onto an SP Hi-trap cation exchange column.  M 

proteins bound by these columns were eluted with a linear gradient of 20 mM-1 

M NaCl (details in Materials and Methods).  A typical example of an ion 

exchange chromatogram is shown in Figure 3.2(B).  Elution fractions were 

visualized by SDS-PAGE, with an example being shown in Figure 3.2(C).  

Following ion exchange chromatography, the ratios of absorbances at 260 and 

280 nm were greatly reduced, to values under 1.0, as seen in Figure 3.2(D).   
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Figure 3.2(B).  Ion Exchange Chromatogram of M3 Protein. 

Key:  Red is absorbance at 260 nm, blue is absorbance at 280 nm, and green is linear 

gradient of 20 mM to 1 M NaCl.  Labeled in red along the x-axis is the fraction number, 

labeled in blue along the y-axis is the absorbance (in mAU). 

Fractions 6, 7, and 8 (seen below) contained M3 protein. 
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Figure 3.2(C).  Ion Exchange Chromatography Fractions for M3.  

Ion exchange chromatography of elution fractions of the M3 protein, as depicted in 

Figure 3.2(B), seen directly above.  The prefiltrate shows the sample prior to filtering and 

loading onto the ion exchange column.   

Key:  L is the molecular mass ladder (in kDa), Pre is the prefiltrate, and lanes 6- 8 

correspond to fractions from the peak of the ion exchange chromatogram of M3 shown in 

Figure 3.2(B). 
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Figure 3.2(D).  Absorbance Reading of M3 elution samples.   
Readings show samples after purification by Ni

2+
-NTA and ion exchange 

chromatographies.  The 260/280 absorbance ratio of the M3 protein is 0.59. 

 

 

Lastly, M proteins were purified by size exclusion chromatography to 

eliminate aggregates and any remaining contaminants.  An example size 

exclusion chromatogram is shown in Figure 3.2(E).  Figure 3.2(F) displays a 

typical example of SDS-PAGE used to visualize size exclusion chromatography 

fractions.  Although M1 is predicted to elute as a dimer at 92 kDa, its gel filtration 

profile revealed that the protein elutes at 503 kDa.  The prediction was based on 

globular protein standards, and the discrepancy between the predicted and 
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obtained mass can be attributed to the fibrillar shape of M proteins.  M5 and 

M5ΔB₂, predicted to elute at 95 and 89 kDa, also purified at notably higher sizes, 

544 and 566 kDa, respectively.   M3, M6, M22, and M28 also displayed 

characteristics of fibrillar proteins and eluted at higher sizes.  

 

 

 
 

 

Figure 3.2(E).  Size Exclusion Chromatography of M3. 

Key:  Blue is absorbance at 280 nm.  Labeled in red along the x-axis is the fraction 

number, and labeled in blue along the y-axis is the absorbance (mAU). 

Fractions 9, 10, and 11 were analyzed by SDS-PAGE (Figure 3.2(F)). 
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Figure 3.2 (F).  Size Exclusion Chromatography Fractions of M3. 

Fractions from size exclusion chromatography of the M3 protein (Figure 3.2(E)).  The 

prefiltrate is the sample prior to filtering and loading onto the size exclusion column. 

Key:  L is the molecular mass ladder (in kDa), Pre is the prefiltrate, and lanes 9-11 

correspond to fractions from the peak of the size exclusion chromatogram of M3 shown 

in Figure 3.2(E). 

 

 

To visualize the relative sizes and purity of each protein, the purified M 

variants were analyzed via SDS-PAGE, seen in Figure 3.2(G).  As seen in this 

figure, despite three steps of protein purification, M3 contained multiple bands.  

This may have been attributable to contaminating, active proteases that could 

possibly have degraded the His-tag and the M3 protein itself into smaller 

fragments.  To select for protein with intact His-tags, which is essential to 

performing the co-precipitation assay, M3 was reapplied to Ni
2+

-NTA resin and 

re-eluted with 350 mM imidazole.  An anti-His Western blot on the re-purified 

M3 protein confirmed the presence of an intact His-tag.  Once pure protein 

75  

  50 
KDa 

L              Pre       9       10       11                                   
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samples were obtained, the fibrinogen fragment D and fibrinogen co-precipitation 

assays were performed to analyze the binding capabilities of the various M 

proteins.   
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M protein Mass (kDa) 

M1 46.8 

M3 58.8 

M5 47.5 

M5ΔB₂ 44.6 

M6 46.8 

M22 36.6 

M28 38.7 

 

 
Figure 3.2(G).  Purified M proteins on SDS-PAGE.   

Ten micrograms of each M protein were loaded on a 10% reducing SDS-PAGE gel.  

Lanes (from left to right):  M1, M3, M5, M5ΔB₂, M6, M22, and M28. The calculated 

sizes are listed below. 
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3.3. Fibrinogen Fragment D Co-precipitation Assay.   

 

The fibrinogen fragment D co-precipitation assay aimed to determine 

whether M proteins isolated from various, invasive disease-implicated M 

serotypes bind fibrinogen.  Thus, interactions between the various purified M 

proteins and human fibrinogen fragment D were investigated.  Twenty 

micrograms of His-tagged M proteins were incubated for two hours with 40 

micrograms of fibrinogen fragment D, after which time Ni
2+

-NTA resin was 

added.  The M proteins, fibrinogen fragment D, and resin were then incubated for 

a period of two hours, after which the supernatant from the reaction mix was 

collected and the Ni
2+

-NTA resin was washed in a sodium phosphate buffer 

(described in Materials and Methods) to remove excess fibrinogen fragment D.  

Finally, proteins that were bound to the beads were removed by boiling and were 

analyzed by non-reducing SDS-PAGE gel (Figure 3.3).  The unbound fractions 

were analyzed similarly.  Non-reducing SDS-PAGE gels were used to analyze the 

results of the co-precipitation assays, so as to simplify the pattern of bands by 

preventing the reduction of disulfide linkages in the fibrinogen molecule.  As 

depicted in Figure 3.3, fibrinogen fragment D ran as a single band at 

approximately 86 kDa.  The positive controls M1 and M5 protein bound 

fibrinogen fragment D, as expected.  The results from the co-precipitation assay 

show that M5ΔB₂, which is missing the second B repeat, was able to bind 
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fibrinogen fragment D with a similar apparent affinity as M5.  It is interesting to 

note that the previously studied M5 mutant ΔB₂₃₄, in which only the first half of 

the first B repeat was left intact, was unable to bind fibrinogen.  Perhaps having at 

least one full intact M5 B repeat is crucial to maintain substantial fibrinogen 

binding.  M3 and M6 proteins also interacted with fibrinogen fragment D, as seen 

in the bound fractions.  A negative control was conducted for the co-precipitaiton 

assay in which the assay was carried out without M protein.  In contrast with the 

other results, the bound fractions of the negative control, as well as the bound 

fractions of proteins M22 and M28, did not contain fibrinogen fragment D.  This 

suggests neither of these two M proteins bound fibrinogen fragment D.  Instead 

the fibrinogen fragment D appeared in the unbound fractions in each of the 

negative control, M22, and M28.   
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a)    

 

 

b)    

 

 

Figure 3.3.  Fibrinogen Fragment D Co-precipitation Assay. 

Lanes (from left to right): M1, (-), M3, M5, M5ΔB₂, M6, M22, and M28 

a) Bound Fractions, b) Unbound fractions 

M1 and M5, known to bind fibrinogen fragment D, were used as positive controls in this 

experiment.  Fibrinogen fragment D alone was used as a negative control, seen in lanes 

marked (-). 
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3.4. Fibrinogen Co-precipitation Assay   

 

To determine whether M22 and M28 proteins bind a different fragment of 

fibrinogen than fragment D, intact human fibrinogen was used in a co-

precipitation assay.  The M1 and M3 proteins were used as positive controls and 

showed binding to the intact fibrinogen, as seen in Figure 3.4a.  However, no 

binding to intact fibrinogen was seen for M22 protein.  M28 appeared to bind, 

albeit weakly, to intact fibrinogen.   
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a)  

 

b)  

 

 
Figure 3.4.  Fibrinogen Co-precipitation Assay.  

Lanes (from left to right): M1, (-), M3, M22, and M28 

M1 protein was again used as a positive control, along with M3. Proteins being assayed 

include M22 and M28  

a) Bound, b) Unbound 
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4.  Discussion 

 

M proteins are virulence factors employed by GAS to evade host defenses, 

bind host plasma proteins such as fibrinogen, and elicit an inflammatory reaction 

that can be measured by release of HBP (1).  In the M1 protein, B repeats have 

been shown to bind to fibrinogen which promotes bacterial evasion of 

phagocytosis (2).  Binding fibrinogen also creates M-fibrinogen complexes that 

interact with neutrophils which, when activated, release HBP, as described earlier.  

This activation of neutrophils also causes a release of degradative enzymes that 

result in tissue damage to the host (1).  Although these findings can only be 

applied to the M1 serotype, it may be worthwhile to see if similar patterns arise 

from studying this reaction when surveying a multitude of M protein serotypes.  

For instance, there may be a correlation between the presence of M protein-

fibrinogen complexes and the GAS-induced inflammatory response, as measured 

by HBP release.  If certain patterns amongst the serotypes do exist, the 

information could possibly lead to designating specific roles to, these particular M 

proteins in disease progression of GAS.  The goal of our research is to lay 

foundation to these discoveries by first asking whether a variety of M proteins 

bind to fibrinogen.  
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 Through purification of various M protein antigenic variants and assaying 

for fibrinogen fragment D or fibrinogen binding, it was revealed that M proteins 

possess varying mechanisms of interacting with human fibrinogen.  Direct 

observations from the co-precipitation assays show that certain M proteins, 

namely M1, M3, M5, M5ΔB₂, M6, and M28, bind either fragment D or the entire 

fibrinogen molecule, while M22 does not.  These observations along with 

sequence comparisons between the M proteins lead to the conclusion that M 

proteins have evolved different fibrinogen binding sequences.  The assays also 

indicate M proteins do not solely interact with fibrinogen through B repeats.  

Furthermore, there may be other areas of interest for binding on the fibrinogen 

molecule itself, rather than solely fragment D.  Finally, the results of the co-

precipitations together indicate that fibrinogen binding is not a required 

mechanism among all pathogenic GAS strains.  

 

4.1 M protein binding sequences are highly variable 

 

Many M proteins have evolved highly variable sequences which share the 

function of binding a target molecule, fibrinogen.  M1, M3, and M5 possess three 

known, distinct sequences which confer the ability to bind fibrinogen.  Previous 

studies have revealed that M1 and M5 each bind fibrinogen via B repeats that 

share almost no similarity in sequence.  Additionally, past M sequence 
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comparisons revealed that M3 contains a 110 amino acid-long fibrinogen binding 

sequence with no similarity to the fibrinogen binding B repeats of either M1 or 

M5 (2).  Based on the knowledge that these three serotypes alone possess such 

different fibrinogen binding sequences, it would be difficult to use sequence 

patterns to predict fibrinogen binding capability.  

However, we drew comparisons between the tandem repeats of the other 

assayed M proteins that displayed the ability to bind fibrinogen and the B repeats 

of M1 and M5, to see whether they contained similar repeat sequences.  The M6 

and M28 proteins also bound fibrinogen, and contain tandem repeats within their 

sequences.  As noted from past studies, M6 contains five B repeats which share 

90% sequence similarity to the B repeats in M5 (3), suggesting that B repeats may 

mediate the interaction between M6 and fibrinogen fragment D, as well.  This 

may, in turn, say something about the way M6 functions as a contributing 

virulence factor in GAS disease.  For example, it may also confer anti-phagocytic 

properties as it does in the M5 serotype.  M28 does not contain B repeats, instead 

it contains a set of C repeats which bear little sequence similarity to either of the 

M1 or M5 B repeats.  Therefore, the M28 C repeats do not suggest a possible 

fibrinogen binding site, at least as deduced by similarity to known fibrinogen-

binding sequences.     
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4.2 Tandem B repeats are not a required M protein feature for binding 

fibrinogen 

 

Although B repeats have been observed to facilitate fibrinogen binding in 

M1 and M5, B repeats are not required for binding fibrinogen.  As seen with M28, 

binding fibrinogen is possible in M serotypes that lack B repeats.  The M3 

serotype binds fibrinogen as well, yet lacks tandem repeats altogether.  Of five M 

protein types surveyed that bound fibrinogen, two were confirmed to bind through 

the B repeats, M1 and M5, and two were confirmed to bind despite lacking B 

repeats, M3 and M28.  Therefore, B repeats cannot serve as an indicator of 

fibrinogen-binding ability amongst M proteins.  These results again support the 

finding that M proteins have developed different mechanisms for binding the 

same target molecule. 

 

4.3 Fibrinogen fragment D is not the sole target of M proteins   

 

It was observed that M28 lacked the ability to bind fibrinogen fragment D, 

however, had the ability to bind the intact fibrinogen molecule.  This result 

suggests the protein binds a region not contained within fragment D.  When 

fibrinogen is cleaved via plasmin, it forms two fragments of fibrinogen fragment 
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D, and a single fibrinogen fragment E.  Fragment D, 86 kDa, is composed of the 

α, β, and γ chains in a triple stranded coiled-coil and the two distal globular 

domains of the C-terminal β and γ chains.  A smaller fragment E represents the 

central domain and is composed of the N- termini of all six chains (α2β2γ2) (4).  A 

coiled-coil region between the fragments D and E may be of interest for an 

alternate binding site as it has been implicated in binding other bacterial antigens 

(4).  It is interesting to note that M28 is distinct among all other M protein types 

surveyed due to its lack of B repeats, relatively small size, and inability to bind 

fibrinogen fragment D.  It would be useful to determine whether M28 binding to 

fibrinogen confers the same antiphagocytic properties discovered in the other M 

serotypes, or whether binding a different region on fibrinogen confers a new role 

to this M protein’s virulence.  

 

4.4 Binding fibrinogen is not a required role for M proteins in pathogenic 

GAS strains 

 

Only M22 lacked the capacity to bind either fragment D or the intact 

fibrinogen molecule.  This M protein variant is comparable to M28 in that it is of 

similar size, lacks B repeats, and contains a set of conserved C repeats.  M28 

contains 2.7 C repeats consisting of 35 amino acids each, whereas M22 has two C 

repeats consisting of 42 amino acids each.  Figure 4.1 demonstrates the 
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similarities between the two sequences.  It is interesting to consider that the C 

repeats of M22 and M28 may establish different functions in each protein.  For 

example, it is possible that the differing number of C repeats in the two proteins 

or the differing length of each protein’s repeats accounts for the differential 

fibrinogen-binding abilities of M28 and M22.  It would be useful to determine 

through mutagenesis whether the M28 C repeats mediate fibrinogen binding in 

order to properly compare the functions of the two sets of repeats. 

 

 

  

M22               EKQISEASRKSLSRDLEASRAAKKKVEADLAALNAEHQKLKE 

M28               EKQISEASRKSLSRDLEASRAAKKDLEA   -------      EHQKLKE 

Consensus     EKQISEASRKSLSRDLEASRAAKKdlEA                     EHQKLKE 

 

 

 

Figure 4.  M22 and M28 C repeat comparison.  The C repeat length in M22 is 42 

residues, and in M28 repeat 35 residues.  

 

 

The finding that M22 does not bind fibrinogen demonstrates that 

alternative virulence mechanisms besides fibrinogen-binding exist for M proteins.  
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For example, the HVR of M22 contains a binding domain for an antiopsonic 

factor, C4-binding protein (C4BP), that is known to confer resistance to 

phagocytosis, as well (5).  As with the M protein-fibrinogen complex, the M 

protein-C4BP complex can interrupt the complement cascade, enabling resistance 

(6).  In addition, the M22 serotype may encode other fibrinogen-binding proteins 

that confer phagocytic resistance, just as other M proteins do.  For example, M-

related protein (Mrp) binds fibrinogen, which confers phagocytic resistance to an 

Mrp-expressing M22 strain (7).  Thus, M proteins are not required for interaction 

with fibrinogen among some pathogenic GAS strains and may possess an 

alternate mechanism of virulence in the M22 protein type.   

The results of the co-precipitation assays contribute to our knowledge on 

the ability of M protein to interact with host fibrinogen, and the manner in which 

these proteins do so.  By learning about the M protein-fibrinogen complexes and 

further testing those complexes in HBP release assays, we can decipher 

inflammatory properties of various M serotypes and define their potential roles in 

disease progression.   
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