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Abstract 
The pathogen Streptococcus pyogenes is a significant cause of human morbidity and 

mortality. Most of the work in this thesis is focused on streptococcal virulence factor IdeS, 
but the thesis also features work on SpeB, another streptococcal virulence factor. Both IdeS 
and SpeB are secreted cysteine proteases and both have previously been shown to degrade 
human IgG. IgG is the only known substrate for IdeS while SpeB is a more promiscuous 
protease with a larger number of identified substrates. 

A significant part of the data presented in this thesis is the result of designing and 
optimizing methods to detect and accurately measure the proteolytic degradation of IgG. 
Methods aimed at measuring the binding interactions between enzyme and substrate have also 
been frequently utilized. 

I show that IdeS is a monomeric protease, as opposed to previously published data that 
suggested it to be dimeric. IdeS cleaves the two heavy chains of IgG in a two-step reaction 
and I demonstrate that the first cleavage is magnitudes faster than the second one. This means 
that IdeS is a more efficient enzyme than previously thought. The difference in rate cannot 
completely be explained by a loss of affinity between IdeS and IgG after the cleavage of the 
first heavy chain. The velocity of IdeS is further increased by the presence of human Cystatin 
C, via an unknown mechanism. Cystatin C is normally a protease inhibitor and it having an 
opposite effect is puzzling.  

The synthesis and evaluation of novel inhibitors are also described. Peptide analogues 
mimicking the sequence surrounding the scissile bond on IgG - with an amino acid replaced 
with a more rigid motif - act as specific, but low-affinity, inhibitors of IdeS. The peptide 
analogues’ inhibitory capacity for SpeB and papain was also assayed. 

When it comes to SpeB, I show that it does not have IgG as a substrate under physiological 
conditions, in contrast to what was previously thought. 

This thesis does not only present findings on the IgG degrading capacity of IdeS and SpeB 
but also include data on fundamental enzymatic properties for these proteases. 
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1 Introduction 
This thesis describes various characteristics of two virulence factors secreted by the 

pathogenic bacteria Streptococcus pyogenes. These two proteins, IgG-degrading enzyme of S. 
pyogenes (IdeS) and Streptococcal pyrogenic exotoxin B (SpeB), are both proteases and 
capable of altering the course of an infection by degrading proteins of human or bacterial 
origin. The substrate for these proteases most central to this thesis is Immunoglobulin G 
(IgG). This introduction will give a short overview of the bacterium, including some of its 
other virulence factors; of the mechanism of proteases in general; and of the structure and 
function of IgG; before going into more depth on IdeS in particular, but also on SpeB.   

The thesis tries to answer questions related to molecular biology, such as the role of a 
virulence factor, by using tools often more related to biochemistry than molecular biology. 
This will be evident by the focus on both the molecular biological and biochemical aspects of 
the investigated proteins. The research at the intersection between molecular biology and 
biochemistry was necessary due to the requirement of a deeper understanding of some 
biochemical aspects to be able to advance on the molecular biology aspects of the proteins of 
interest.   

1.1 Streptococcus pyogenes  

Streptococci have long been known to be a causative agent of various human diseases. This 
has led to a vast amount of research on the subject. Streptococci are Gram-positive non-motile 
cocci that are predominantly extracellular pathogens, but have also been described to 
occasionally reside inside cells. Streptococcus pyogenes is part of a group of hemolytic 
streptococcal strains. 

S. pyogenes can cause numerous pathological conditions and sequelae, with widely varying 
severity. S. pyogenes usually infects either the throat or the skin (1). Certain strains, identified 
by allelic variation of the M-protein surface antigen, are more prone to cause throat infections, 
while other strains are more prone to cause skin infections. Uncomplicated pathological 
conditions such as pharyngitis (strep throat), impetigo, and scarlet fever are most common. 
Invasive disease and some sequelae can be life threatening, but are fortunately much less 
prevalent. Severe conditions caused directly, or indirectly as sequelae,  by S. pyogenes include 
erysipelas, cellulitis, rheumatic fever, rheumatic heart disease, post-streptococcal 
glomerulonephritis, necrotizing fasciitis (flesh-eating disease), and streptococcal toxic shock 
syndrome (STSS). S. pyogenes causes millions of cases of severe disease and hundreds of 
millions of non-severe infections, qualifying it for a spot in the top ten list of pathogens based 
on mortality (2).  S. pyogenes infections thus are a significant cause of morbidity and 
mortality, evident primarily in low-income countries (2). 

S. pyogenes was differentiated from other hemolytic streptococcal species by Rebecca 
Lancefield in the late 1920s. Serological tests on “substance C” could differentiate between 
hemolytic streptococci of human origin, and streptococci collected from other species of 
animal (3,4). The streptococci from human origin were labeled “Group A”, and thus S. 
pyogenes is also known as Group A Streptococci (GAS) in current literature. The “substance 
C” are cell wall carbohydrates for most of the Lancefield groups, and the GAS-specific 
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carbohydrate has been identified as N-acetyl-β-D-glucosamine linked to a polymeric 
rhamnose backbone (5). S. pyogenes is further divided by the serological differentiation of the 
surface exposed M-protein, or more recently, the sequence of the corresponding emm-gene. 
Incidentally, Rebecca Lancefield was also highly involved in the classification of M-types (6). 
There are today over 200 unique M-types identified among pathogenic S. pyogenes isolates, 
the most common being M1, M3, M4, M12, M28, and M89, although large differences in 
frequency of specific M-types exist depending on the geographical region investigated (1,7,8).      

1.1.1 Virulence factors 

S. pyogenes is a strictly human pathogen, although there are animal models for certain 
pathologies. The bacterium has evolved a substantial arsenal of virulence factors enabling it to 
survive and proliferate in the human host. Some factors are important for adhesion, nutrient 
acquisition, modulation of coagulation etc., but will not be discussed in this thesis. Many of 
the virulence factors have the capability of altering the immune system’s detection of and 
response to infection. Some of these are described shortly below.  

The M-protein is probably the most famous streptococcal protein. The M-protein is a 
highly variable, surface located, cell wall attached, multi-domain protein that can bind host 
proteins e.g. factor H, C4-binding protein, immunoglobulin A, albumin, fibrinogen, 
fibronectin, CD46, glycosaminoglycans, and IgG (9). Though one have to keep in mind that 
not all alleles of the M-protein bind to all ligands. Protein H, not to be confused with the 
human factor H, is one of several proteins closely related to the M-protein and has a high 
affinity for IgG and albumin (10-12). The hyaluronic acid capsule is a dense 
glycosaminoglycan layer surrounding the bacteria and is critical for resistance against 
phagocytosis and may work as an adhesin (13-17).  Superantigens are proteins capable of 
stimulating large numbers of T-cells by cross-linking MHC-II to the T-cell receptor. S. 
pyogenes has multiple superantigens including several of the Streptococcal pyrogenic 
exotoxins (Spe, although not SpeB, which is not a superantigen) (18). EndoS is a secreted 
IgG modulating enzyme that hydrolyzes the glycans on IgG, rendering the IgG effector 
functions inactive (19). C5a peptidase is a cell wall anchored protease specific for the 
chemotactic complement factor component C5a (20,21). Streptococcal inhibitor of 
complement (SIC) is capable of inhibiting the insertion of the membrane attack complex of 
the complement pathway into the membrane (22). SIC also inhibits secretory leukocyte 
proteinase inhibitor (23), lysozyme (23), alpha-defensin (24), and LL-37 (24). In addition, 
SIC has the ability to bind clusterin (22), histidine-rich glycoprotein (22), high- and low-
molecular weight kininogen (25), and Cystatin C (25). Since Gram-positive bacteria are 
resistant to the membrane attack complex, it is uncertain what SIC’s primary role is. 
Streptolysin S (26) and Streptolysin O (27,28), although maybe not specifically targeting 
factors of the immune system, are two well-described proteins that have a cytolytic function 
and might be used to target effector cells from the immune defense. DNases are also secreted 
and allow S. pyogenes to escape from extracellular traps made of DNA and various proteins 
(29,30). S. pyogenes cell envelope proteinase (SpyCEP) cleaves a number of cytokines, 
making the cytokines unable to recruit immune effector cells to the site of infection (31,32). 
IdeS and SpeB evidently are not the only proteases that act as streptococcal virulence factors, 
and proteases important for virulence are abundant in other pathogens (33).  
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Streptococcal virulence factors have been described in more detail in numerous reviews 
(5,34-40).  

1.2 Proteases in general 

Proteases are enzymes that catalyze the hydrolysis of a peptide bond. The bond that is 
broken by the enzyme is called the scissile bond. The protease makes a nucleophilic attack 
against a carbonyl carbon in the peptide backbone.  The nucleophile involved can either be a 
side chain of an amino acid or an ordered water molecule that has been activated. Proteases 
can be divided into groups based on the type of amino acid they use as the nucleophile, or 
which amino acid they use to activate the water molecule. Amino acids that can be used as the 
active residue in proteases are aspartate (e.g. pepsin), cysteine (e.g. IdeS, SpeB, papain), 
glutamic acid, bound metal ions (e.g. matrix metalloproteases), asparagine, serine (e.g. 
chymotrypsin), and threonine.  

Cysteine proteases, to which IdeS and SpeB belong, are a group of proteases found in all 
forms of life. The cysteine residue makes a direct nucleophilic attack against the carbonyl 
carbon, leading to the formation of a transient covalent bond between the enzyme and the 
substrate. The products of the reaction are released from the cysteine protease in two steps 
where the peptide C-terminal of the scissile bond is released first and then the N-terminal 
peptide. The protease is completely regenerated after the catalysis of the peptide bond 
hydrolysis. (41). The cysteine is always accompanied by a histidine that acts as a proton 
donor and proton acceptor during the reaction (42). This catalytic dyad is sometimes, but not 
always, complemented with a third residue, usually asparagine, aspartate, or glutamate, to 
form a catalytic triad (43). The third residue helps align the histidine, and for aspartate and 
glutamate also further polarizes the histidine.  

The MEROPS database has gathered information about proteases and divided them into 
clans based on structural homology and into families based on sequence homology (44). Both 
IdeS and SpeB belong to the cysteine protease clan CA and are structurally related to papain, 
which is the most well-known member of the CA clan. IdeS is the founding member of the 
C66 family and SpeB is the founding member of the C10 family (44). 

1.3 Immunoglobulin G (IgG) 

IgG is the only known substrate for IdeS and one of many proposed substrates for SpeB. 
This protein is therefore of a very special interest for this thesis. IgG is a specific type of 
antibody, and the most common antibody in circulation. The other types of antibodies are 
IgM, IgA, IgD, and IgE. IgG is further divided into subtypes IgG1, IgG2, IgG3, and IgG4.  

Antibodies are one of two protein families central to the adaptive immune system, the other 
being the T-cell receptor. A very large number of unique antibodies can be generated by 
genetic recombination in B cells. Those B cells that produce antibodies specific for an antigen 
present on a pathogen are enriched during an infection. The antibodies from these B cells help 
clear prolonged infections and should protect the host from infection at the next encounter 
with the pathogen. B cells producing antibodies specific for epitopes of the host itself are 
selected against. This is not a perfect selection, and production of antibodies specific for self-
antigens can cause autoimmune disease with varying pathological symptoms.  
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All antibodies have a similar fundamental structure. They consist of four polypeptide chains 
linked together by disulfide bonds and strong non-covalent bonds. Two of the polypeptide 
chains are identical copies of the heavy chain, and the two other polypeptide chains are 
identical copies of the light chain. The heavy chain determines the isotype (IgG/IgA/IgM 
etc.). The light chain is either of κ- or λ-type.  Both the heavy and the light chain consist of a 
variable region and a constant region. The variable region of the gene is the region subject to 
genetic recombination and is the part responsible for antigen recognition (45).  

IgG is a multi-domain protein (46) (Fig 1). The light chain, which is common for all 
isotypes of antibodies, consists of the variable domain (VL) and the constant domain (CL). The 
heavy chain consists of the variable domain (VH), and three constant domains (CH1, CH2, and 
CH3). The light chain (VL and CL) binds to the VH and CH1 domain of the heavy chain, 
constituting the Fragment antigen binding (Fab fragment). The Fab fragment is connected to 
the Fragment crystallizable (Fc fragment), which is made up of the CH2 and CH3 domains 
from the two heavy chains. The connection between the Fab fragment and the Fc fragment is 
a flexible stretch of amino acids called the hinge region. The hinge region, due to its 
flexibility, is readily available for proteolysis. The globular domains of the antibody on the 
other hand are generally robust and resistant to proteolysis or harsh treatment.  

Functions normally associated with IgG are activation of the complement system and 
activation of phagocytic cells like neutrophils and macrophages. The Fab fragment is specific 
for an epitope and is responsible for the recognition of the antigen. The Fc fragment’s role is 
to act as the flag that signals to the immune cells or complement system, so that the object 
identified by the Fab fragment can be dealt with accordingly. Somewhat simplified, the 
activation of phagocytic cells triggers phagocytosis of the bacterium and often leads to the 
death of the bacterium. Activation of the complement system initiates a cascade of events 
eventually leading to the formation of the membrane attack complex and formation of 
chemotactic proteins that will recruit immune cells from the surrounding tissue and 
circulation. The membrane attack complex will form pores on the plasma membrane of Gram-
negative bacteria and eukaryotic cells, leading to the death of that cell. Gram-positive bacteria 
on the other hand are resistant to the membrane attack complex due to their thick cell wall.  

Another function of antibodies is the neutralization of the target protein. If an antibody 
binds at or near the active site of the target protein, that protein will not be able to access its 
normal ligand. The target protein will be rendered inactive as long as the antibody is bound 
there. 
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Figure 1.  
A) IgG with the heavy chain and light chain differentially shaded and names of the domains 

annotated.  
B) IgG with the Fab fragment and Fc fragment differentially shaded. 
   

1.4 IdeS 

Much of the work in this thesis is centered on IdeS. This introduction to IdeS gives a 
comprehensive summary of the data published on the subject, including some references to 
data presented in the papers included in this thesis. A more complete review about the data in 
the included papers is found in the Results and Discussion section.   

1.4.1 Discovery  

The protein that would come to be known as IdeS was first identified as a secreted 
immunogenic protein, designated SP22, by Lei et al. in 2000 (47). The N-terminal sequence 
of SP22 was DSFSANQEIR, which represents amino acid number 30-39 of the open reading 
frame spy0861. The first 29 amino acids constitute the secretion signal sequence and are 
removed upon secretion (47,48). According to in silico analysis of the gene sequence, 
IdeS/SP22 lacked homology to any other bacterial protein and the closest homologue was 
human protein Mac-1 (47).   

In 2001-2002 there were three publications by three groups that independently of each other 
had discovered IdeS. The first was published in late 2001 (49) by the same group that 
published the paper on SP22 mentioned above. Due to the homology to human Mac-1 protein, 
Lei et al. named the protein Mac. The second paper was published in April 2002 by von 
Pawel-Rammingen et al. (48), where the function as an IgG-degrading protease was first 
identified. The protein was therefore given the name Immunoglobulin G-degrading enzyme of 
S. pyogenes (IdeS). The third publication was published in September 2002 by Kawabata et 
al. (50) who identified the immunoglobulin binding properties of the protein, but missed its 
proteolytic function, and therefore named it Streptococcal immunoglobulin-binding protein 
35 (Sib35). Two allelic variants of IdeS have also been identified, and the alleles were given 
the names Mac-1 and Mac-2 (51). See section “1.4.7 Allelic variation” for more information 
about the allelic variants.  
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For this reason, IdeS (as is our preferred designation and the one used in the MEROPS data 
base (44)) is referenced in the literature as IdeS, Mac, Mac-1, Mac-1/IdeS, or Sib35, all 
pertaining to the same protein. IdeS, IdeS/Mac-1 and Mac-1 are the names that have gained 
traction, while the name Sib35 has so far been used only rarely.  

1.4.2 Protein properties and structure 

IdeS is a cysteine protease in the papain superfamily. IdeS is expressed as a 38 kD protein. 
Amino acids 1-29 constitute the signal sequence and is cleaved off upon secretion, leaving a 
35 kD mature protein (48,49). IdeS is thus expressed as an active protease and there is no 
post-translational modification required for activity. IdeS has a single cysteine residue. The 
single cysteine residue means that the protein lacks any disulfide bonds otherwise common 
among proteases in the papain superfamily. IdeS also has a histidine residue at a distance 
from the cysteine typical of cysteine proteases of the papain superfamily (48).  

Common protease inhibitors that have been shown to inhibit IdeS include iodoacetic acid, 
Z-LVG-CHN2, pepstatin, TPCK and TLCK (48,52,53). Some TPCK and TLCK derivatives 
with other warheads and side chains also have an inhibitory capacity against IdeS (54). 
Protease inhibitors that have been shown to not inhibit IdeS include E64, leupeptin, cystatins, 
kininogen, glycyl-glycine, glycine, α-2-macroglobulin, aprotinin and EDTA (48,52,53). 
Human Cystatin C does not inhibit IdeS either, but has some other very interesting effects that 
are discussed in this thesis and in Paper IV in particular. Does PMSF, normally a serin 
protease inhibitor, inhibit IdeS? Maybe (53), maybe not (52).  

Mutational analysis of IdeS identified Cys94 and His262 as active site residues, and Asp284 
and Asp286 as residues important for full enzymatic activity (55). Crystal structure data later 
corroborated this, as these residues are all located in or near the active site (56,57). 

The crystal structure of IdeS, or the enzymatically inactive mutant IdeSC94S, has been 
determined at 1.9 Å, 2.0 Å, and 2.4 Å resolution (56,57). The identification codes at the PDB 
database are 1Y08, 2AVW, and 2AU1. The three-dimensional fold is characteristic of the 
papain superfamily of cysteine proteases, even though there is not much sequence homology 
(56). Structurally, IdeS is most similar to the human lysosomal protease cathepsin B (56) or 
actinidin, a protease found in some fruits (57). There are significant amino acid insertions 
compared to other proteins of the papain super family.   

The crystal structure also explains the importance of Asp284 and Asp286 (55). Asp284 
forms a hydrogen bond with the active site histidine, completing the catalytic triad. Asp286 
on the other hand stabilizes Lys84, which in turn form part of the oxyanion hole (56). Next to 
the active cleft, there are two loops made from aa165-166 and aa256-259. These loops might 
be involved in substrate recognition by IdeS, although mutational analysis exchanging 
Asn257 and Arg259 to Ala did not alter the enzymatic properties of the enzyme (57). Amino 
acids 165-166 is proposed by Agniswamy et al. (57) to interact with another monomer of 
IdeS, forming a dimer interface. See section “1.4.6 IdeS as a dimer” for further discussion.     

The tertiary structure is composed of two domains. One domain consists mostly of an 
antiparallel β-sheet, and the other domain consists mainly of α-helices (56,57). The number of 
α-helices and β-strands differ some between publications. The structure has 12 β-strands and 
6 α-helices according to Wenig et al. (56). α-helices annotated as  5, 7, and 9; and β-strands 
annotated as 1 and 13 by Agniswamy et al. (57) are not annotated as such by Wenig et al.    
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The S1 and S1′ sites of IdeS are narrow and are likely to only accommodate small side 
chains of the P1 residue of the substrate (56). This might explain some of the specificity of 
IdeS. The S2 pocket of IdeS is compatible with hydrophobic side chains but is selective 
against bulky aromatic side chains (56). The S3 site on IdeS is also narrow, which would 
explain why protease inhibitor E64 does not inhibit IdeS; the P3 residue on E64 does not fit 
into the S3 site on IdeS (56). The S2′ is made up of two negatively charged aspartate residues, 
which might interact with amino acids in the CH2 domain on IgG (56).  

Temperature optimum for IdeS is 37°C and IdeS is irreversibly inactivated by temperatures 
above 55°C (53). Partial activity can however be restored if the temperature is increased all 
the way to 90°C before cooling (Paper V).  

IdeS loses most of its enzymatic activity if the pH in the reaction buffer is above 8 and the 
reaction completely halts above pH 9.  IdeS can withstand incubations at pH as high as 10.3, 
if pH is lowered before the proteolytic assay is performed (53). Acidic conditions on the other 
hand are harsh on IdeS. Activity is lost if the reaction is carried out below pH 5 and activity is 
not restored when pH is returned to neutral (53). Interaction between IgG and the inactive 
mutant IdeSC94S is also abolished at neutral pH if IdeSC94S previously has been incubated at 
pH below 5 (Vindebro, unpublished data).   

1.4.3 Substrate specificity and binding site on IgG 

IdeS is a specific protease and the number of substrates is limited. IdeS efficiently cleaves 
IgG in the lower hinge region at a single site, but no other substrate is known. The scissile 
bond connects the two glycines in the sequence PELLGGPSV from IgG1, or the 
corresponding sequence in the other IgG isotypes (48,52,58).  

All human IgG is cleaved, although IgG2 is less efficiently hydrolyzed compared to the 
other subtypes (48,52,59-61). The affinity between IgG2 and an enzymatically inactive mutant 
of IdeS is also lower than for the other subtypes of IgG (52). Not only IdeS degrades IgG2 less 
efficiently, several other proteases that can cleave IgG are less prone or unable to cleave IgG2 
(60). 

Human IgM, IgA, IgE (48,52,62), or IgD (48,52) are not substrates for IdeS. While no 
cleavage occur, IdeS is still able to bind to human IgM (50,52) and human IgA (50). Binding 
to IgA however is not conclusive as contradicting data have been reported (52).  

When it comes to IgG from other species, not all IgG are degraded by IdeS. IgG from 
monkey (52,63) and rabbit are degraded (52,63,64). IgG2a, IgG2c, and IgG3 from mouse are 
degraded (65), but IgG2c is contested (63). All sheep IgG are cleaved according to one source 
(63), but sheep IgG1 is not according to another (52). Rat IgG is partially cleaved (64). IgG 
types that are not cleaved by IdeS include IgG1 (52,63,65) and IgG2b (63,65) from mouse, and 
IgG1 from pig (52). 

IdeS is, as previously mentioned, a very specific protease. IdeS does not cleave other 
proteins that contain a similar amino acid sequence as the cleavage site on IgG (e.g. cystatins)  
(53). Nor does it cleave shorter peptides with the same amino acid sequence as the cleavage 
site on IgG (53). That does not mean that the whole of the IgG molecule is required for IdeS 
to cleave IgG. IdeS is able to cleave Fcpapain (53). Fcpapain is the Fc part of IgG that has been 
incubated with papain. Papain cleaves IgG N-terminal of the disulfide bonds in the hinge 
region. The cleavage results in an Fc fragment that is connected by disulfide bonds and has 
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CH2 and CH3 domains intact, while the two antigen binding Fab fragments are removed. That 
means that the variable region and CH1 on the heavy chain and the whole of the light chains 
are not required for recognition of IgG by IdeS. IdeS is also able to cleave Fcpapain that is in a 
reduced and/or in a deglycosylated state, indicating that the disulfide bonds in the hinge 
region and the sugar moieties in the Fc part are not required for recognition (53). A 
recombinant protein consisting of only the hinge region and the CH2 domain of IgG has also 
been assayed for degradation by IdeS. This hinge-CH2 construct is in fact degraded by IdeS, 
and is to date the smallest known substrate of IdeS (66). Ergo, the CH3 domain of IgG is not 
an absolute requirement for substrate recognition by IdeS. Whether the efficiency by which 
IdeS recognizes and degrades IgG is affected by the CH3 domain has not been investigated. 

IdeS cleaves IgG in a sequential manner, i.e. one heavy chain at a time (Fig 2). The 
sequential cleavage was first suggested by Vincents et al. (53) and shown experimentally by 
Ryan et al. (61). The sequential cleavage of IgG is not a unique feature of IdeS, but rather is a 
common mechanism among IgG-degrading proteases (61), and sequential cleavage of IgG by 
MMP-3 has been described previously (67). It was also noted that the first cleavage was faster 
than the second cleavage (61), something that was later quantified by us in Paper I in this 
thesis. When the first heavy chain is cleaved, single cleaved IgG (scIgG) and one ½Fc are 
formed as products. The ½Fc fragment remains bound to the scIgG fragment by strong non-
covalent bonds and is indistinguishable from intact IgG by some analysis methods (see 
“Methods” section for further discussion). IdeS also recognizes scIgG as a substrate and 
cleaves the second heavy chain, generating a F(ab´)2 fragment and two ½Fc fragments. The 
F(ab´)2 fragment consists of both the antigen binding Fab fragments connected via disulfide 
bonds in the hinge region. The two ½Fc fragments are still connected to each other via the 
non-covalent bonds in the CH2 and CH3 domains.  

 
Figure 2  

Sequential cleavage of IgG by IdeS. The cleavage of the first heavy chain of IgG generates 

scIgG and ½Fc as products. The ½Fc fragment is still associated with the scIgG fragment via 

non-covalent bonds. IdeS also recognizes scIgG + ½Fc as a substrate and cleaves the second 

heavy chain, generating F(ab´)2 + 2 ½Fc as products. The two ½Fc fragments are associated 

via non-covalent bonds. The peptide chains of the F(ab´)2 fragment are coupled via disulfide 

bonds.   
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The recognition of IgG by IdeS has not been satisfactorily explained. Some clues can 
however be pieced together to get a better picture. FcγRIII can block the binding between IgG 
and IdeS (52). This is not unexpected as FcγRIII binds to IgG close to the site where IdeS 
cleaves IgG (68,69). Protein A, Protein G, Protein H and M-protein, but not Protein L, 
inhibits IdeS to varying degrees. This is most likely because they partially occupy the same 
space on IgG as IdeS, thereby making it hard for IdeS to fit at the same time ((70), and Paper 
V). Probably the most interesting finding so far on how IdeS interacts with IgG is presented in 
a study by Kinder et al. (59). The study tried to find mutations in IgG that would make it 
resistant to proteolytic degradation. The hinge region on IgG1 was substituted for the 
corresponding sequence from IgG2. That change did not make IgG resistant to cleavage by 
IdeS. But when the hinge region substitutions were combined with either Ser239Asp or 
Ile332Glu substitutions, IgG became almost completely resistant to degradation by IdeS. 
Ser239 and Ile332 are both located on CH2-domain in close proximity to the hinge region in 
the three-dimensional structure. It is therefore very likely that IdeS makes contact with both 
these amino acids during substrate recognition. Ser239Asp/Ile332Glu substitutions also 
increase affinity of IgG1 to FcγRs (71). It is possible that FcγRs and IdeS share binding site 
on IgG. 

1.4.4 Enzymatic constants 

In this section the two constants kcat and Km of the Michaelis-Menten equation are defined 
for the reaction between IdeS and IgG. The catalytic constant (kcat) is a measure of the 
maximum turnover rate for an enzyme molecule per unit of time, e.g. per second (s-1), in other 
words, the maximum number of substrate molecules that is converted to product by the 
enzyme per unit of time. The Michaelis constant (Km) is related to, but not identical with, the 
affinity between the enzyme and the substrate and measured in molar (M). Km can be 
experimentally measured as the concentration of substrate at which the reaction velocity is 
half of the maximum velocity (72).   

The enzymatic constants of IdeS have been estimated in a number of publications. The 
values for kcat have been reported in the range of 0.02-0.26 s-1 ((52,57) Paper IV). These 
values have been generated by methods that can only detect the cleavage of the second heavy 
chain of IgG (see “Methods” section for further discussion). The only study to my knowledge 
that has measured kcat for the cleavage of the first heavy chain of IgG is included in this thesis 
and indicates that kcat is about 10 s-1 (Paper I). This is two orders of magnitude faster than 
what has been reported for the second heavy chain cleavage.  

The Km for IdeS is between 6.8-28 µM ((52,57) Paper I), but higher values of 45 µM 
(Paper IV) and 90 µM (53) have also been reported. The binding affinity between IdeS and 
human IgG has a Kd of ~2.5 µM  ((52,57) Paper V). 

There has only been two datasets published with the complete velocity curve of IdeS. The 
first one was published by Vincents et al. (53) and showed a sigmodially shaped velocity 
curve and a Hill plot generated from a portion of the velocity curve that suggested two 
cooperative binding sites on IdeS. There was also evidence of reduced velocity at very high 
substrate concentrations. The other dataset is included in this thesis in Paper I. Here we did 
not find a sigmodially shaped velocity curve (for further discussion, see Results and 
Discussion for Paper I).     
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It should also be noted that Hess et al. (73), by using a mass spectrometry based method, 
also found that increased concentration of IgG led to a decreased amount of degradation 
product. This has some resemblance to what Vincents et al. (53) detected, but the 
concentration of IgG where inhibition of enzymatic activity was evident differed by about one 
order of magnitude. The data by Hess et al. is also in stark contrast to the Michaelis-Menten 
type velocity curve presented in Paper I in this thesis. We saw no inhibition from increased 
substrate concentration what so ever even at substrate concentrations that exceeded those 
tested by Hess et al. by an order of magnitude.  

 A purely speculative idea to why the first heavy chain cleavage is faster than the second 
heavy chain cleavage would be that IdeS makes contact with both heavy chains upon binding. 
FcγRIII binds IgG in an asymmetric fashion (69), it might be possible for IdeS to do 
something similar. Maybe IdeS even binds to the CH2 domain of one of the heavy chains but 
cleaves the hinge of other heavy chain. When IdeS is single cleaved, the two CH2 domains 
segregate to some extent, and IdeS have difficulty reaching the remaining heavy chain since it 
is bound to the CH2 domain of the already cleaved heavy chain.  

1.4.5 Effect of IgG cleavage 

The effector functions of IgG are mediated by the Fc part of the molecule, i.e. IgG signals 
to the complement system and to immune cells via motives on the Fc part. Complete cleavage 
of IgG by IdeS separates the Fab part, responsible for antigen recognition, from the Fc part. 
IgG degraded by IdeS therefore retains its antigen binding capability but cannot relay that 
recognition to the rest of the immune system. This has been shown extensively in in vitro 
assays where exogenously added IdeS can rescue S. pyogenes opsonized with IgG from being 
phagocytosed by neutrophils or macrophages (48,49,51,70,74-76). The antigen binding 
ability, and thus the possible neutralizing effect antibodies can have, is unaffected by cleavage 
of the heavy chains.  

Complete separation of the Fab fragments from the Fc fragment is not necessary to 
“inactivate” IgG as a cleavage of only one heavy chain is enough to abrogate the effector 
functions of IgG. An important finding by Brezski et al. (77) was that scIgG was unable to 
elicit an Antibody-Dependent Cell-Mediated Cytotoxicity (ADCC) or complement-dependent 
cytotoxicity (CDC) response in in vitro assays,  just like F(ab´)2 is unable to. Nor did scIgG 
elicit any clearance of target cells in in vivo experiments (77). The effect seen is a result of 
dramatically decreased affinity of scIgG to FcγRs compared to intact IgG (77). The 
circulation of scIgG, when measured in a mouse model, was similar to that of intact IgG, 
likely a result of an unchanged affinity to neonatal Fc-receptor (FcRn) (77). F(ab´)2 however 
is rapidly cleared from the circulation (77). Experiments made on Trastuzumab, a monoclonal 
antibody used in breast cancer treatment, confirmed that scIgG retains its antigen binding 
properties, that binding to FcγRs is decreased, that ADCC-mediation is decreased, and that 
recruitment of immune effector cells is no different to non-specific isotype control in a tumor 
mouse model (58).  

There are naturally occurring antibodies in humans specific for the F(ab´)2 fragment of 
cleaved IgG (78,79). The antibodies specific for the F(ab´)2 fragment can reconstitute the 
ADCC and CDC effector functions of specific F(ab´)2 fragments (79). Natural antibodies 
against the ½Fc domain have not been detected (79). 
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½Fc, generated from complete cleavage of IgG by IdeS, has been shown to be biologically 
active. Whole blood’s ability to kill S. pyogenes increases if supplemented with ½Fc prior to 
addition of S. pyogenes (80). ½Fc in itself does not elicit a ROS-production from neutrophils, 
but pre-incubation with ½Fc results in an increased ROS production from a subsequent 
challenge by fMLP, PMA, or opsonized latex beads - a so called priming effect. Both purified 
neutrophils and monocytes were primed by ½Fc (80). In another study, addition of ½Fc 
fragments decreased killing of opsonized eukaryotic cell lines by both CDC and NK-cell 
mediated ADCC (62). If ½Fc fragments play a role during in vivo infection has not been 
investigated.  

1.4.6 IdeS as a dimer 

What causes the high specificity of IdeS is unknown. One suggested mechanism for this 
specificity is through IdeS dimerization. A high specificity could be achieved by a dimeric 
protease recognizing only a dimeric substrate, such as the heavy chains of IgG. The idea that 
IdeS is functional only as a dimer was to become important for this thesis. It is therefore 
relevant to explore the notion of a dimeric protease in some depth. 

IdeS was first suggested to be a dimer based on enzyme kinetics data, which generated a 
Hill plot implying two cooperative binding sites (53). Dimeric IdeS would possibly be able to 
explain this data. The idea that IdeS is a dimer was again suggested in a paper by Agniswamy 
et al. who crystallized IdeS and found six molecules in the asymmetric unit, arranged as three 
dimers (57). It can be noted that Agniswamy et al. in the text refers to Asp132 as part of the 
interaction surface, but the sequence of IdeS contains a Glu at that position (51,56,57). 
Phe129, Asn130, Glu132, Met134, Arg185, Lys201, Tyr163, Thr166 and Lys 167 are 
residues that are supposed to form interchain interactions between the two monomers of IdeS 
(57). Tyr163, Thr166, and Lys 167 form α-helix designated as number 5 in the crystal 
structure. Those amino acids are undefined, and therefore considered flexible, in the crystal 
structure published by Wenig et al. (56). Comments concerning the properties of the IdeS 
dimer interface based on in silico analysis has been made by Olsen et al.  (81) and Berggren 
(82). Based only on the information gathered from the crystal structures of IdeS, it is unlikely 
that IdeS is dimeric under physiological conditions.  

As an analytical tool to determine the fraction of dimer, size exclusion chromatography 
(SEC) was used. IdeS eluted as two distinct peaks from SEC, and it was interpreted as 
monomeric and dimeric protein. Agniswamy et al. claim to see a repopulation of the dimeric 
form of the protein when protein from the monomeric peak was collected and reloaded on the 
SEC column. That would indeed suggest equilibrium between the two forms, but the data was 
unfortunately presented in the paper only as a short commentary. As presented in Paper I in 
this thesis, we saw no re-equilibration between the two distinct peaks when reloaded on SEC. 
We was also able to show that the protein population suggested to be a dimer is most likely 
misfolded and partially degraded protein and there is likely no dimer present (Paper I), and is 
further discussed in the Results and Discussion section. 

It is proposed by Agniswamy et al. (57) that it is the dimeric form of IdeS that is the 
enzymatically active form, and as a way to show this, two amino acids - Phe129 and Met134 - 
that form interchain connections to the other monomer were mutated. When Phe129 or 
Met134 were mutated to Ala, the overexpressed protein formed inclusion bodies. When 
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mutated to Ile and Leu respectively, it was possible to purify soluble protein, but the 
Phe129Ile mutant still had a low solubility. Phe129 and Met134 are thus obviously important 
for the integrity of the protein. Phe129Ile mutant had lower proportion of protein in the 
“dimeric” form compared to wild type, and it had a markedly increased Km and a much lower 
kcat compared to wild type protein. This data is in agreement with the hypothesis that dimeric 
IdeS is the active form of the protein. However, the other mutant, Met134Leu, also had a 
reduced proportion of protein in the ”dimeric” form when analyzed by SEC, but it had both a 
lower Km and a higher kcat compared to wild type protein, a finding counterintuitive 
considering the proposition that it is the dimeric form that is active.   

The binding affinity between monomers of IdeS was analyzed by analytical 
ultracentrifugation. Despite ~40% of wild type IdeS being in what they claim to be a dimeric 
state as analyzed by SEC, the Kd was at best 250 µM. An extremely low affinity all things 
considered.  

The Phe129Ile mutant of IdeS has also been analyzed in another paper, in a ΔIdeS S. 
pyogenes strain complemented with IdeSPhe129Ile. Although a thorough analysis of the kinetic 
properties of the Phe129Ile mutant was not performed, it could be seen that it readily cleaved 
IgG (83).   

Further discussion about this subject is found in the Results and discussion part for Paper I, 
and Paper I itself.    

1.4.7 Allelic Variation  

There are two main allelic variants of IdeS. Kawabata et al. first identified that S. pyogenes 
serotype M1 had an allele of IdeS that significantly differs in amino acids 110-202 from that 
of serotype M12 (50). Lei et al. had independently of the previously mentioned paper made a 
thorough investigation of the two alleles of IdeS, and presented the data shortly after 
Kawabata et al. (51). Out of 67 sequenced strains, there were 31 unique alleles of IdeS that 
could be separated into two distinct families. The designations IdeS, Mac-1, or IdeS/Mac-1 
refer to the allele named Complex 1 by Lei et al. The allele family named Complex 2 has in 
literature solely been referred to as Mac-2. The name Sib35 used by Kawabata et al. (50) 
makes no distinction between the two allele families, but Sib35 is seldom used in the current 
literature. Mac-2 was shown to have greatly reduced enzymatic activity compared to the 
IdeS/Mac-1 allele (51). This was however a unique feature of Mac-2 from a single serotype of 
S. pyogenes, as only Mac-2 from serotype M28 has a second cysteine at position 257 
(corresponding to position 255 in IdeS (51,75)). All other serotypes that have the Mac-2 allele 
have a tyrosine at this position. Cys257 was able to form a disulfide bond with the active site 
cysteine, thereby inactivating the proteolytic capability of Mac-2 (76). Mac-2 from serotype 
M28 does not bind to IgG, IgM or IgA at all while its dual cysteines are in an oxidized state 
(52). Mac-2 from other serotypes, which only has the one cysteine located at the active site 
(75), has an enzymatic activity indistinguishable from that of IdeS/Mac-1.  

Enzymatically inactive Mac-2 from M28 is unable to rescue S. pyogenes from being killed 
by phagocytic cells (51,76) but might still be able to inhibit reactive oxygen species (ROS) 
production, similar to enzymatically active Mac-2 or IdeS/Mac-1 (76), although the data on 
that is not completely conclusive (51). 
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Mac-2, unlike IdeS, binds to FcγRII and FcγRIII (52). IgG binding to FcγRII blocks the 
binding between FcγRII and Mac-2 (52).  

1.4.8 Other functions of IdeS  

Whether or not proteolytic activity is required for IdeS to mediate survival is a slightly 
contested subject. On one hand, it has been shown that an inactive mutant of IdeS is unable to 
save S. pyogenes (74,76). On the other hand, it has been shown that an inactive mutant of 
IdeS is able to inhibit phagocytosis of IgG-coated latex beads by neutrophils (51). So even 
though the degradation of IgG by IdeS is likely the central role, it is possible that IdeS might 
still carry additional functions. 

 
Homology to human Mac-1 

The alternative name Mac-1 is a result of the homology between the primary sequence of 
IdeS and human protein Mac-1 (a leukocyte integrin also known as αMβ2 or CD11b/CD18). 
Amino acids 139-322 in IdeS are homologous to aa319-491 in the α-subunit of human Mac-1 
(48,49). The part of human Mac-1 that is homologous to IdeS contains three, out of seven in 
total, W-repeats that form a β-propeller domain. These β-propeller domains consist almost 
exclusively out of β-strands (84). At the time of publication by Lei et al. in 2001 (49), no 
structure of IdeS was available, making comparisons of secondary and tertiary structure 
impossible. However, since then, two papers reporting the crystal structure of IdeS have been 
published (56,57), and the sequence of IdeS that is homologous to human Mac-1 share no 
secondary or tertiary structure homology with a β-propeller domain. Although the amino acid 
identity and similarity between IdeS and human Mac-1 is intriguing, it is not supported by the 
information currently available on secondary and tertiary structure. A significant portion of 
the data supporting the idea that the function of IdeS as a virulence factor has something to do 
with homology to human Mac-1 (49), can be explained by the IgG-degrading capacity of 
IdeS, but it does not explain all of the data.  

It is also suggested that IdeS can bind to CD16 (which is a physically associated with the 
human Mac-1 complex) (49). That CD16 (also known as FcγRIIIB) binds IgG complicates 
the matter. It is possible that the observed interaction between IdeS and CD16 is actually 
mediated by IgG. The binding between IdeS and FcγRIII has also been assayed by surface 
plasmon resonance (SPR), but no binding between those two proteins were detected under the 
conditions used (52).  

 
RGD motif 

IdeS has an Arg-Gly-Asp motif (RGD) at aa214-216. RGD motives have been implicated in 

binding of proteins to human integrins (85). The RGD motif of IdeS is surface exposed and 

distant from the active site. It is therefore theoretically possible for IdeS to bind to an integrin 
and be proteolytically active at the same time. Both IdeS/Mac-1 and Mac-2 allelic variants - 
except for the specific variant found in serotype M18 - have an RGD motif (51). 

 IdeS binds to cells expressing integrin αvβ3 or integrin αIIb/αLΔβ3.  The binding can be 
inhibited by anti-integrin antibodies, anti-IdeS antibodies, or a peptide containing an RGD-
motif (51). IdeS has been shown to bind to neutrophils and the binding is not dependent on its 
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protease function (51,74). Maybe this affinity to neutrophils is mediated via the RGD motif, 
but that is purely speculative. 

It might be of interest to note that SpeB, the other secreted cysteine protease of S. pyogenes, 
also has an RGD motif in some allelic variants of the protein (86). 

 

Mitogenic activity 
IdeS can induce proliferation in mouse B cells (87). Recombinant IdeS expressed in E. coli 

was used, making contamination by streptococcal superantigens unlikely, which otherwise 
could have caused problems similar to those of SpeB (see section “1.5.4 Functions of, and 
substrates for, SpeB”). However the proliferative effect was not seen in human B cells. Since 
S. pyogenes is a strictly human pathogen, it is unclear if the phenomenon seen for mouse cells 
has any application to S. pyogenes infection in humans.    

 
It is still unclear whether IdeS possess only one function, referring to the endopeptidase 

activity, or if the sequence homology to human Mac-1; the integrin-binding RGD motif; or 
the mitogenic effect on mouse B cells plays a biologically relevant role. The primary 
sequence homology to human Mac-1 seems to have been a dead end, but the presence of an 
RGD motif has some interesting implications. It might be possible that the RGD motif is 
responsible for some of the data originally explained by the sequence homology to human 
Mac-1. On the other hand it is fully possible that the RGD motif does not contribute to the 
function of IdeS at all. 

1.4.9 Prevalence of IdeS in S. pyogenes strains 

The ideS gene has been found in all isolates of S. pyogenes tested irrespective of M-
serotype (48,49,75,87). Though only about half of the isolates tested expressed IdeS during in 
vitro growth (48,49,51). 

IdeS is expressed during infection, which is evident by seroconversion towards IdeS in 
animals and humans after S. pyogenes infection. IdeS is detected regardless of the pathology 
of the specific infection (47,49,75,88,89). There was no statistically significant difference in 
antibody levels against IdeS between patients of non-severe and severe invasive infection 
(88). Anti-IdeS antibodies are also present in many healthy individuals, likely due to previous 
infections (49,88,89).  

1.4.10 Regulatory control 

The CovRS two component regulatory system in S. pyogenes regulates a large number of 
genes and is a negative regulator of many virulence factors (90). The ideS gene is upregulated 
in a null-mutant of covR (49,91) or a null-mutant of covS (83,90). Rgg (a.k.a. RopB) is 
another gene regulator, and an rgg null-mutant strain has an upregulated ideS transcription 
(92). The rgg-mutant has a reduced amount of covS and covR expression, so the CovRS 
system might therefore be the causative link between rgg null-mutant and upregulated ideS 
transcription (92). Another regulator with numerous genes under its control is Mga, but IdeS 
is not regulated by Mga (48). 

IdeS expression is detectable by RT-PCR in a mouse sub-cutaneous infection model (91). It 
has also been noted that S. pyogenes grown in saliva expresses IdeS (93). 
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During in vitro growth, ideS is transcribed in log phase and down regulated in stationary 
phase (49). Accordingly, IdeS protein concentration does not increase after O.D. 0.4 during in 
vitro growth (48). It is not clear if the strains of bacteria used by Lei et al. (49) and von 
Pawel-Rammingen et al. (48) had a functional CovRS regulatory system. In a study where S. 
pyogenes with a wild type CovRS system was used, only very low levels, if any, of IdeS were 
detected by qRT-PCR or Western blot (as opposed to a covS mutant strain), both in log phase 
and stationary phase (83). Hess et al., by using a mass spectrometry based method, did not 
detected IdeS mediated cleavage of IgG until late log or early stationary phase (73). This 
might be an artifact based on that their method only detects the cleavage of the second heavy 
chain. It is possible that cleavage of the second heavy chain occurs at late log even though 
expression of IdeS and cleavage of the first heavy chain of IgG has taken place from early log 
(see discussion in 2.2 about SELDI-ToF based detection method).  

1.4.11 Importance as a virulence factor 

In vitro studies have shown that IdeS has the potential to save S. pyogenes from IgG 
mediated extinction, but what hints do we have as to the in vivo importance of IdeS? 

See also “1.6 IdeS and SpeB as virulence factors” for additional discussion on what 
constitutes an important virulence factor.   
 

Effects of IdeS deletion  
There has been a couple of isogenic ideS deletion mutants described, but the data gathered 

so far is far from comprehensive. Shelburne et al. saw no difference between wild type and  
ideS deletion mutant when grown in saliva (93). Su et al. saw a decreased survival rate 
compared to wild type when an ideS deletion mutant was incubated in whole blood, and 
survival increased when the deletion mutant was complemented with IdeS (70).  

When a hypervirulent M1T1 strain was used in cell killing assays, phagocytosis assays and 
mouse model assays, deletion of ideS had no apparent effect (83). It should be noted that S. 
pyogenes was able to grow both in an unopsonized state, and opsonized state, in the presence 
of neutrophils, macrophages, and in whole blood (83), something that does not appear to be in 
agreement with data from previous findings as S. pyogenes is often described as being 
susceptible to phagocytosis in the presence of opsonizing antibodies. Similar results as in 
Okumura et al. (83) have been seen with EndoS, another streptococcal IgG modifying 
enzyme. EndoS, as IdeS, had no appreciable effect on virulence when tested in an 
hypervirulent background (94). The contribution of EndoS was also tested in a less virulent 
background, and in that setting, EndoS did increase lethality of S. pyogenes in a mouse model.  

 

IdeS as a vaccine 
Even though IdeS is a secreted protein with no cell wall attachment sequence, anti-IdeS 

serum is enough to opsonize S. pyogenes and make them susceptible to killing by human 
blood cells, while non-immune serum is not (89). Mice that have been vaccinated with 
recombinant IdeS have higher survival rates after an intraperitoneal injection of S. pyogenes 
compared to non-vaccinated controls (89). Vaccination with IdeS might not only enable 
opsonization but may also neutralize the IgG-degrading activity of IdeS, thereby disarming 
one virulence factor (75,89). It is not clear whether the protective effect of IdeS vaccination 
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indicates that IdeS is an important virulence factor and that inhibiting IdeS with neutralizing 
antibodies decrease pathogenicity; or if it is just an indication that IdeS is expressed and 
mediating opsonization by, to a certain degree, being physically associated with S. pyogenes. 

Data about the protective effect of vaccination is also available for the IdeS-homologues 
from S. equi ssp. equi (see section below on homologues in other species). Vaccination with 
the IdeS homologues IdeE or IdeE2 was protective against experimental S. equi ssp. equi 
infection in mice (95,96). IdeE and IdeE2 have been included in a multivalent vaccine against 
S. equi for use in horses (95). The multivalent vaccine containing IdeE and IdeE2 gave higher 
protection to horses than the same vaccine without IdeE and IdeE2 (95). 

1.4.12 Homologues in other bacterial species  

When IdeS was first discovered, it was not possible to identify any bacterial homologues. 
Since then more genomes have been sequenced and there have now been several homologues 
identified.   

There are IdeS homologues in Streptococcus equi, a common horse pathogen and member 
of Group C streptococci, which share the conserved catalytic triad of IdeS (51,55,97). The 
closest homologue in S. equi ssp. equi has been named IdeE, and the corresponding protein in 
S. equi ssp. zooepidemicus has been named IdeZ (98). IdeE and IdeZ are almost identical to 
each other (98).  Amino acid identities between IdeE/IdeZ and IdeS/Mac-2 are between 62 
and 72% (51,98,99). S. equi ssp. equi and S. equi ssp. zooepidemicus also have another gene 
similar to IdeE and IdeZ respectively, which have been denoted as IdeE2 and IdeZ2 (96). 
Sequence comparisons between IdeE and IdeE2 or between IdeZ and IdeZ2 generate an 
amino acid identity of 25-26%. 

IdeE and IdeZ cleave IgG from human, rabbit, horse, guinea pig, dog, cat, bovine, sheep, 
goat, and mouse (96,98), although equine isotype IgG4 appears to be resistant to IdeE  
(97,98). Pig IgG has generated inconsistent data (96,98). IdeE2 and IdeZ2 degrade IgG from 
fewer species of animal but they degrade equine IgG more efficiently than IdeE or IdeZ (96).  
Addition of recombinant IdeE reduces the killing by equine neutrophils of S. equi opsonized 
with rabbit IgG (99), but IdeE was unable to inhibit opsonophagocytosis if convalescent horse 
sera is used for opsonization (97). The IgG4 fraction of the opsonizing antibodies that is 
resistant to IdeE appears to nullify the IgG-degrading function of IdeE.    

Streptococcus suis, a common pig pathogen, expresses IdeSsuis, a 124 kD protein that has an 
N-terminal sequence that is homologous to IdeS (100). In contrast to IdeS, IdeSsuis does not 
cleave IgG, but instead is specific for IgM from pig and wild boar. IdeSsuis has an additional 
~700 amino acid sequence C-terminal of the homologous sequence that is not present in IdeS. 
It is however the domain homologous to IdeS that is responsible for IgM cleavage (100).   

Treponema denticola expresses a two domain protein, IdeT, which is post-translationally 
processed into two proteins, of which the protein from the C-terminal sequence is 
homologous to IdeS (101). The sequence of IdeT homologous to IdeS was named dentipain. 
Dentipain is a protease that can degrade bovine insulin β-chain, but not any of the 
immunoglobulins tested, nor azocoll or azocasein (101).  

Pseudomonas has a C39 peptidase that is homologous to IdeS over a short stretch of the 
sequence (53) although no further study has been made on that connection.  
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1.4.13 Therapeutic potential  

IdeS is a virulence factor produced by one of the most common bacterial pathogens 
worldwide, but it also has potential as a drug administered to humans. IdeS has become a very 
promising drug candidate for clearing IgG from circulation. IdeS can potentially be used to 
cure autoimmune disease that involves IgG specific for self-antigens. There are numerous 
autoimmune diseases that are in part mediated by IgG (reviewed in (102)). IdeS could also be 
used to prepare a patient for transplantation by removing IgG that would otherwise target the 
transplanted organ. IdeS is well tolerated as injection of as much as 1 mg of IdeS into mice is 
not lethal (89). 

When it comes to animal models, IdeS has been shown to be able to cure antibody-induced 
arthritis in a mouse model (65); to halt progression of arthritis in the previously mentioned 
mouse model after arthritis onset (65); to cure a mouse model of immune thrombocytopenic 
purpura (ITP), where mouse platelets are depleted by polyclonal rabbit anti-mouse platelet 
IgG (64); and prevent glomerulonephritis caused by anti-glomerular basement membrane 
(anti-GBM) antibodies in a mouse model (103). In the glomerulonephritis model, IdeS was 
able to degrade the IgG already bound to the kidneys (103). IdeS is effective both as 
intraperitoneal and intravenous injections (64). 

In one of the models, IdeS had no effect if the antibodies used were resistant to IdeS 
mediated cleavage (65), indicating that it is the proteolytic activity that is the critical function, 
the alternative being that IdeS has another important but unknown function. 

Complications when using IdeS in humans might theoretically arise as humans, but not 
mice, have naturally occurring antibodies with affinity for F(ab´)2 (104). These anti-F(ab´)2 
antibodies could possibly generate immune complexes with IdeS-degraded IgG, causing 
unwanted complications.  

Clinical trials in humans are ongoing. Phase I trials have already been completed 
successfully, and a phase II study with patients awaiting kidney transplantation is in the pipe 
line (105).   

1.4.14 Use as a laboratory tool 

IdeS has gained a lot of traction as a laboratory tool. The high specificity of IdeS has made 
it a go to enzyme for generating F(ab´)2 and ½Fc fragments. Common uses are separating 
F(ab´)2  and ½Fc to analyze properties of the two fragments separately, or just to inactivate the 
effector functions of IgG (12,106-129),  
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1.5 SpeB 

Streptococcal pyrogenic exotoxin B (SpeB) is the other secreted protease from S. pyogenes 
that is of special interest in this thesis. As the amount of data available on SpeB is many 
multiples of that available for IdeS, this introduction on SpeB is not an attempt of a 
comprehensive summary. The focus on this section will be to give a short general outline on 
SpeB. Some topics where I feel that my summary has a different focus or different conclusion 
than the available reviews on SpeB are given additional space.    

1.5.1 Discovery 

SpeB is one of the most well studied virulence factors. The research on SpeB has taken 
several parallel lines of investigation over the years, and therefore it has been given many 
names, e.g. Streptococcal proteinase (130), Streptococcal cysteine protease (SCP) (130), 
Streptococcus peptidase A (130), Erythrogenic toxin B, Streptococcal pyrogenic exotoxin B 
(SpeB), and Streptopain (130).  

The protease function of SpeB was first described in a series of papers starting  in 1945, and 
at that time referred to as Streptococcal Proteinase (131-133). The studies came about because 
it had been noted that some strains of S. pyogenes could not be M-typed. Stuart Elliott found 
that the loss of sero-reactivity of some strains were due to an enzyme (131). This enzyme, 
streptococcal proteinase, not only had M-protein as a substrate but also several other tested 
proteins including casein, gelatin, fibrin, and the synthetic substrate benzoyl-l-arginineamide 
(131). It was further noted that the enzyme was activated by reducing agents and inhibited by 
iodoacetic acid (131). 

Other research was going on in parallel, trying to characterize toxins causing scarlet fever. 
One such toxin was a protein designated “toxin B” or “erytrogenic toxin B” (134,135). The 
research community was not aware that toxin B (also known as SpeB) was the same protein 
as streptococcal proteinase. It was not until 1983 that streptococcal proteinase and SpeB were 
proposed to be the same protein (136), and it was not until 1990 that this was proven by 
nucleotide sequence analysis (137).  

1.5.2 Regulatory control 

The regulation of SpeB is made both on a transcriptional and post-translational level and 
regulatory mechanisms seem to be abundant (reviewed in (138)). Multiple environmental 
factors are involved in the regulation, and the number of proteins regulating the expression at 
transcriptional level is numerous.  

SpeB is expressed as a inactive precursor, a common occurrence among proteases in the 
papain superfamily, and can be activated by other proteases such as trypsin or autocatalysis 
(132). The autocatalytic activation of SpeB from the zymogen form is a multistep process 
including several intermediary fragments, involving both intra- and interchain processing of 
the SpeB zymogen (139,140).  

1.5.3 Structure of SpeB and the potential dimer  

SpeB is cysteine protease with, like IdeS, a canonical papain-like fold but with several 
amino acid insertions compared to papain (141). Like IdeS and papain, the active SpeB 
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protease form two domains, one consisting mainly of α-helices, and the other of an anti-
parallel β-sheet (141) (PDB code: 1DKI). SpeB lacks the Asn in the Cys-His-Asn catalytic 
triad usually found in the active site. For IdeS, Asp284 completes the catalytic triad (56). 
Some, but not all, alleles of SpeB have an RGD motif (86). This motif is surface exposed and 
not in the proximity of the active site (141). Whether the RDG motif on SpeB and the one on 
IdeS share any function is unknown.  

The similarities between IdeS and SpeB go on. Both IdeS (57) and SpeB ((81) PDB code 
2UZJ) have been proposed to be dimers, based primarily on crystallization data. Both findings 
of the enzymes being dimeric have been contested (Paper I in this thesis and (142)). In the 
dimer of SpeB, found by Olsen et al. (81) by crystallization of the active form of SpeB, 
residues from one monomer were inserted into the active site of the other monomer, enabling 
the active configuration of the relevant amino acids (81). Further experiments by Olsen et al. 
to detect a dimer of SpeB were also made. In those experiments SEC failed to detect a dimeric 
form, but fluorescence spectroscopy showed an emission intensity that was dependent on 
SpeB concentration, which could be interpreted as dimerization taking place (81). The 
structure of mature SpeB has also been determined by NMR ((143) PDB code 2JTC). The 
NMR structure is monomeric and the orientation of the relevant amino acids complete a fully 
functional active site in the monomeric state (143). However Olsen et al. argue that the 
structure described in the NMR study is an inactive conformation (81). Gonzalez-Paez and 
Wolan ((142) PDB codes 4D8B, 4D8E, 4D8I) also published a crystal structure of the active 
form of SpeB that contest the fact that SpeB is a dimer. The crystals were grown at neutral pH 
(142), while the crystals by Olsen et al. were grown at pH 4.0 (81). Under the conditions used 
by Gonzalez-Paez and Wolan, no dimer was seen in the crystal structure and it was suggested 
that the incompatible results of the two crystal structure might be due to the different pH at 
which the crystals were grown. Gonzalez-Paez and Wolan show that there are some 
rearrangements of the amino acids in the active site upon substrate binding, rearrangements 
that would be impossible in the dimeric form of SpeB proposed by Olsen et al. Again, SEC 
was used to try to detect a SpeB dimer, but no such dimer was found (142).  

Whether SpeB is a dimeric protease or not have not been conclusively shown either way, 
but considering the currently available data, it is fairly safe to say that the idea of SpeB being 
active as a monomer, and not a dimer, does seem more likely.  

1.5.4 Functions of, and substrates for, SpeB 

The substrate specificity of SpeB is not very selective. The proteins that have been 
described to be substrate for SpeB are plenty, and these include both host proteins and 
bacterial proteins. Host proteins that are substrates for SpeB include chemokines, interleukins, 
fibrinogen, plasminogen, and matrix metallo-proteases (reviewed in (144)). Streptococcal 
proteins that are substrates for SpeB include several known virulence factors such as M-
protein, C5a peptidase, streptokinase, and Endo S (reviewed in (144)). Which substrates of 
SpeB that are actually relevant in vivo is not altogether clear, and it might even be argued that 
such investigations have barely started. For a substrate to be relevant in vivo, it has to be 
present at the same place and at the same time as SpeB, and the degradation has to be quick 
and efficient enough to actually make a difference. Those are statements that are still quite a 
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long way from being answered. One specific role that has been suggested is to reduce biofilm 
formation, leading to increased dispersal of bacteria within the host (145,146). 

SpeB degrades several smaller chromogenic molecules, e.g. n-benzoyl-proline-
phenylalanine-arginine-p-nitroanilide, that can be used in enzyme activity assays, making 
assay design somewhat more straightforward than for IdeS (also see 2.2 Detecting 
degradation of IgG by IdeS). 

SpeB, other than being a protease, has long been suggested to be a superantigen. However, 
it has been shown that SpeB has no superantigenic capacity what so ever and evidence of such 
has been due to contamination by other mitogenic proteins (147,148). The contaminant was 
purified and named AX or BX (149). The contaminating protein was the same as previously 
described Mitogenic Factor (MF) (150). MF is also known as streptodornase type B (151), 
SpeF (152) and DNaseB, and is a nuclease. As an additional twist, the mitogenic capacity of 
MF was due to contamination by yet other superantigens like SpeC or SpeX/SMEZ (151). 

1.5.5 IgG as a substrate for SpeB 

In addition to the examples of substrates mentioned above, antibodies have been suggested 
to be substrates for SpeB. The IgG-cleaving ability was first mentioned in 1950 as a short 
comment that some experiments were complicated by the ability of SpeB to degrade 
antibodies (133). Multiple papers have since then shown that SpeB is able to degrade IgG 
(153-157). Also IgA, IgM (154,157), IgD (154), and IgE (154) have been shown to be 
degraded by SpeB.  

SpeB needs to be activated before it is proteolytically active. This can be done with addition 
of e.g. trypsin, active SpeB, or a reducing agent. The protocols used in assaying antibody 
degradation have all used reducing agents to activate SpeB, which also had the side effect of 
reducing the disulfide bonds of the antibodies. This left the antibodies in an unnatural state 
during cleavage assays. SpeB is commercially available and marketed as an IgG degrading 
enzyme, but a reducing agent is required in the reaction buffer of this product (158). What is 
shown in this thesis is that IgG, IgM, and IgA under natural non-reducing conditions, are 
actually not substrates for SpeB (see Paper III).  

SpeB does degrade IgG under reducing conditions but the cleavage site on IgG is a little 
unclear. Collin and Olsén has determined the cleavage site to be the same site as for IdeS 
(154). Genovis, the commercial provider of SpeB, on the other hand has found another 
cleavage site in the upper hinge region, just N-terminal of the disulfide bonds holding the two 
heavy chains together (158). According to previously unpublished data by us, it is possible 
that both datasets are correct and it is a matter of different sampling times. SpeB and IdeS 
does initially appear to produce a cleavage product that is not of the same size (Fig 3A). In an 
experiment where the SpeB-IgG reaction is sampled for a prolonged amount of time, the 
initial degradation product of IgG is further degraded into a size that appear to be the same as 
that produced by IdeS (Fig 3B). We have not done an N-terminal sequencing to determine the 
cleavage site of the two different degradation products.     
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Figure 3.  
A) IgG was incubated with either IdeS or SpeB under reducing conditions. Samples were 

analyzed with SDS-PAGE under reducing conditions and visualized by staining with 
Coomassie Blue. The degradation products are indicated with arrows.  

B) IgG was incubated with SpeB under reducing conditions and sampled at indicated time 
points. The degradation products of the two distinct fragment sizes are indicated by the 
arrows. Black arrow indicates the larger product and the white arrow indicates the smaller 
product. IgG incubated with IdeS is included for comparison.   

1.5.6 SpeB is, or is not, an important virulence factor 

The importance of SpeB as a virulence factor has garnered a lot of interest over the years 
and a sizable collection of data has been generated on the subject. There is no consensus view 
of whether SpeB is an important virulence factor as the published data implies that SpeB 
might be, or on the other hand might not be, important.  

A large percentage of patients seroconvert towards SpeB during invasive disease (159), 
scarlet fever, rheumatic fever, and pharyngitis (160,161), and SpeB is expressed during soft 
tissue infection in mice (91,162). SpeB therefore is expressed at some instance during most 
infections, implying that SpeB does play a role at one point or another.  

Expression of SpeB is suppressed after animal passage, or after multiple passages in blood 
ex vivo, of S. pyogenes. Animal passaged strains with low SpeB expression had a higher 
lethality in a mouse model (131,163). SpeB has also been shown to be inversely correlated 
with virulence in humans (164). So even though SpeB is expressed sometime during 
infection, it does not appear to be important for highly virulent strains.  

A series of often cited papers analyzing the virulence of wild type S. pyogenes compared to 
the isogenic speB deletion mutant, indicated that knocking out SpeB led to decreased 
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virulence in mouse and cell line models, and also lead to a decrease in hyaluronic acid capsule 
synthesis  (165-169). Most of the data indicating that virulence was reduced when SpeB was 
knocked out were the results of analysis of one single clone. It was later shown that the 
decreased virulence in the SpeB knockout was specific for this single clone, due to a smaller 
hyaluronic acid capsule. The smaller capsule was not a consequence of SpeB deletion but a 
random event restricted to the single clone in question (15,170). SpeB deletion mutant was 
instead as virulent as the wild type (15,170). Still other studies have shown that a knockout of 
SpeB actually do reduce virulence in mouse models (171-174). High SpeB activity, via 
deletion of the negative regulator Streptococcal regulator of virulence (srv), caused larger 
lesion sizes and more necrosis in a mouse model compared to wild type (175).  

SpeB possibly has a role in determining site of infection and severity. High SpeB 
expression during in vitro growth correlated with bacterial isolates coming from impetigo 
infections, while a low SpeB expression in in vitro growth correlated with the bacterial 
isolates coming from pharyngitis infections (173). SpeB expression during in vitro growth 
was higher in isolates from non-severe disease compared to bacteria from severe disease 
(176). It is however not abundantly clear how in vitro expression of SpeB correlates with in 
vivo expression. The regulation of SpeB is complicated, and assuming that in vitro and in vivo 
expressions of SpeB are identical is too simplified. SpeB is downregulated during infection, 
thus expression in in vitro culture is not a perfect indicator of in vivo expression (177).  

Low antibody levels against SpeB have been correlated with severe disease (178). This is 
usually interpreted as when a robust antibody response against SpeB is present, SpeB function 
is diminished and therefore the infection will not be as severe. If, on the other hand, there are 
low antibody levels against SpeB, then SpeB will be fully active and the infection will be 
worse. I have, however, failed to see why low antibody levels against SpeB might not just be 
a sign of low SpeB expression during severe disease, and that SpeB therefore does not play a 
central role in severe disease pathogenesis.  

Immunization of mice with SpeB before challenge with S. pyogenes does reduce the 
bacterial burden or completely protect the mice from infection (157,171,179). Whether this is 
a result of SpeB being an important factor inhibited by neutralizing antibodies or just that 
some SpeB is associated to the bacteria resulting in general opsonization, is unclear. 

In summary the data available is sometimes contradictory and it is often uncertain what 
conclusions may be drawn from a given data set. 

 

1.6 IdeS and SpeB as virulence factors 

Whether IdeS and SpeB are important virulence factors is an interesting field of research. It 
also raises questions of what defines an important virulence factor and how to really measure 
this.  

Most research I have come across measure virulence as a function of lethality, size of 
lesion, or amount of necrosis etc. where higher lethality, larger lesions and more necrosis is 
indicative of a more virulent bacterium. If deletion of a virulence factor leads to reduced 
virulence as defined above, then that virulence factor is considered important. If, on the other 
hand, no reduction in virulence is observed, then the virulence factor is not considered critical 
for virulence. But what is to say that the only role of an “important” virulence factor is to 
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increase the severity of the infection? Maybe the bacteria that are able to persist without any 
significant inflammation and pathology should be considered the successful ones instead of 
the hypervirulent strain that rapidly kills their hosts? If so, is it not the virulence factor that 
enables the bacteria to colonize a host and not cause inflammation, evading a “kill the host” 
or “be killed by the host” scenario that is the “important” virulence factor? Large size of a 
lesion or short time to death should maybe not be considered as signs of a successful 
pathogen?  

Speaking specifically of IdeS and SpeB, maybe IdeS and SpeB are important for persistent 
colonization where inflammation is low. IdeS and SpeB might not be as important in a 
hypervirulent strain expressing a wide range of potent virulence factors, e.g. it is possible that 
IdeS has no measurable effect in a setting where the bacteria have the means of combating 
neutrophils and macrophages even in an opsonized state.  

Research on S. pyogenes provides some hardships as S. pyogenes is a human pathogen, and 
normally does not infect other species. Well-designed experimental data is therefore hard to 
acquire. Animal models do exist for S. pyogenes, but there is no complete list of which host 
factors influence infection pathology. Thus it is hard to investigate virulence factors that are 
specific for human targets, but may not recognize the corresponding target mouse. For IdeS, it 
is known which IgG types that are degraded. For SpeB it is not as clear as it is not really 
known which substrates that are important in vivo targets.   
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2 Methods 
This section will give a brief overview over some of the methods used in this thesis, and 

will then in more detail describe the various ways that the enzymatic activity of IdeS has been 
quantified, both in this thesis and in work published by others.   

2.1 General methods 

SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) is a gel based 
method that separates proteins based on size. There are various iterations of the protocol that 
allows one to fine tune the setup. SDS-PAGE is normally run under denaturing conditions, 
meaning that the proteins are in a linear conformation. It is possible to replace the function of 
SDS with other chemicals and run the PAGE gels under native conditions, meaning that the 
proteins keep their native three dimensional structures in the gel. There is also the option 
whether to add reducing agents to the protein loading buffer, giving the choice between 
reducing/splitting the disulfide bonds, or keeping them intact. In all the experiments presented 
in this section, and in the papers enclosed in this thesis, all gels have been run under 
denaturing conditions. The addition of a reducing agent however is dependent on the 
experiment. For this particular thesis, the behavior of IgG under reducing or non-reducing 
conditions has been crucial. The IgG molecule consists of four peptide chains held together 
by disulfide bonds. Under non-reducing conditions IgG will migrate ideally as one single 
band, but under reducing conditions IgG will migrate as two bands: heavy chain and light 
chain. When IgG is degraded by IdeS or SpeB, additional bands are seen on both reducing 
and non-reducing gels.    

 
ITC (isothermal titration calorimetry) can be used to measure some parameters of a 

chemical reaction or a binding event by detecting very small changes in temperature. When a 
chemical reaction takes place or when two molecules, e.g. two proteins, bind to each other, 
there is often a release or absorption of heat. The release or absorption of heat raise or lower 
the temperature respectively and this temperature difference can be measured. The experiment 
is label free and takes place in solution, which minimizes the effect that can occur from 
labelling proteins or attaching proteins to a solid matrix. The data that one can acquire from 
ITC include, but is not limited to, binding affinities and stoichiometry. ITC cannot, however, 
measure the on- and off-rates of an interaction between two molecules.  

For papers included in this thesis ITC has been used both to detect the enzymatic 
degradation of IgG by IdeS (Paper IV), and to detect binding affinities between inactive 
mutant IdeSC94S and IgG or scIgG (Paper IV and Paper V).  

 
SPR (surface plasmon resonance) is a technique that can measure binding affinities 

between two molecules, e.g. two proteins. One protein/molecule of interest is immobilized on 
the surface of a chip, the other protein/molecule is then passed over the chip in a fluid phase. 
The signal from SPR is proportional to the mass of the particles bound to the surface of the 
chip. If the proteins in the fluid phase bind to the protein immobilized on the chip, the mass 
on the surface increases, which generates a signal. The signal is detected in real time making 
it possible to determine not only affinity but also the on- and off-rate of the interaction. 
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When it comes to measuring binding interactions SPR is in many ways complementary to 
ITC. ITC can measure the enthalpy and stoichiometry of the interaction, and SPR can 
measure the on- and off-rates. Both provide data on the affinity.  

 
SEC (size exclusion chromatography) has been used in this thesis, and in many papers 

referenced within it, both as a preparative tool in protein purification and as an analytical tool. 
SEC is a chromatographic method that separates molecules, often proteins, based on size. The 
porous matrix is composed of an inert material that should not interact specifically with the 
proteins. The pores in the matrix are of varying size and proteins fit into certain pores but not 
others. The biggest proteins, those who have been excluded from the most number of pores 
are eluted first, and the smallest proteins, which have been held up by diffusing into the 
largest number of pores, are last to be eluted. The range of pore sizes in a matrix is variable, 
so the matrix is chosen by which range of molecule sizes one wants optimal separation on.   

2.2 Detecting degradation of IgG by IdeS 

IdeS, as mentioned in the introduction, is a very specific protease and there are no available 
chromogenic or fluorogenic substrates. This means that the only way to measure enzymatic 
activity of IdeS is to directly measure the degradation of IgG. Although smaller fragments of 
IgG, i.e. FcPapain, are degraded by IdeS, it does not help the situation much as there is still the 
matter of measuring the degradation of an unlabeled protein. Several techniques that detect 
and quantify the degradation of IgG by IdeS have been developed, each with their advantages, 
drawbacks, and limitations.   

 
The most common method has no doubt been SDS-PAGE under reducing conditions 

(48,51-53,55,57,64,65,70,83,98,180). IdeS is incubated with IgG and aliquots are sampled at 
various time points. The reaction in the aliquot is usually stopped by adding an alkylating 
agent such as iodoacetamid or iodoacetate, or heating the aliquot. The aliquot is mixed with a 
loading buffer containing a reducing agent such as β-mercaptoethanol, and briefly heated. The 
sample is then analyzed by SDS-PAGE. The heavy chain, if cleaved, runs as two fragments. 
One fragment often co-migrates with the light chain and is not used in quantification. The 
other fragment is slightly larger and is usually the one quantified. The problem with this 
method is that it does not differentiate between the cleavage of the first heavy chain of IgG 
and the cleavage of the second heavy chain. In other words, a sample consisting of 50% IgG 
and 50% completely degraded IgG (one F(ab´)2 + two  ½Fc) looks identical to a sample 
consisting of 100% scIgG + ½Fc. From what we have learnt in Paper I, the cleavage of the 
first heavy chain is much faster than the cleavage of the second heavy chain, and so there is 
almost no F(ab´)2 detectable until all IgG has been degraded to scIgG. When using SDS-
PAGE under reducing conditions, the reaction will appear to go from 0% to 50% degraded 
IgG (i.e. 100% IgG to 100% scIgG) really fast, compared to the rate of the reaction going 
from 50% degraded IgG to 100% degraded IgG (i.e. 100% scIgG to 100% F(ab´)2 + two 
½Fc).  

The method can also be combined with Western blot for detection of cleavage products in 
more complex mixtures. 
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Another method that is closely related to the one mentioned above is non-reducing SDS-
PAGE, or microcapillary electrophoresis under non-reducing conditions, which is essentially 
the same ((58-61,77,98) Paper I, Paper II and Paper V).  Samples are treated in the same 
way as for the SDS-PAGE method under reducing conditions described above, except for the 
omission of reducing agents. The lack of reducing agents means that the disulfide bonds in 
IgG remain intact and IgG therefore migrate as a single band on the gel. The most important 
change compared to SDS-PAGE under reducing conditions, is that this method enables one to 
differentiate between the cleavage of the first and second heavy chain. The ½Fc fragment 
generated by cleavage of the first heavy chain is only associated with the scIgG fragment by 
non-covalent bonds, and will separate from scIgG under the denaturing conditions used. 
Cleavage of the first heavy chain will generate two fragments in this method compared to four 
fragments when using reducing conditions. The scIgG fragment migrates separately from 
both intact IgG and F(ab´)2, and quantification if each band is possible. This method was used 
in Paper I to show that the cleavage of the first heavy chain is orders of magnitude faster than 
that of the second heavy chain. To our knowledge SDS-PAGE under non-reducing conditions 
is the only method to date that accurately differentiates between the cleavage of the first 
heavy chain and the second heavy chain, and is therefore the only method that can be used to 
compare the two.  

An obvious drawback with this method, and the SDS-PAGE under reducing conditions 
described above, is that it is labor intensive and difficult to scale. Setting up large scale 
screening experiments by this method would be challenging.  

 
Another method is based on SPR in combination with IgG-binding proteins ((52,57) Paper 

II). An IgG-binding protein - e.g. Protein A, Protein G, IdeSC94S - is covalently attached to an 
SPR chip. IdeS is incubated with IgG and aliquots of the reaction are analyzed by running the 
sample on an SPR machine with the IgG-binding chip loaded. The cleavage of IgG will 
reduce the mass of IgG bound to the chip leading to a reduced signal. The signal can then be 
plotted on a pre-made calibration curve to determine the amount of cleaved IgG. This method 
cannot detect a difference between IgG and scIgG. After the cleavage of the first heavy chain, 
the ½Fc fragment is still attached by non-covalent bonds, and the mass bound to the chip is 
therefore unchanged. This method can therefore only detect the cleavage of the second heavy 
chain. The cleavage of the second heavy chain, on the other hand, leads to the dissociation of 
the whole F(ab´)2 fragment from the Fc fragment. Since the IgG-binding proteins on the chip 
recognize a motif on the Fc fragment, most of the original mass of an IgG molecule never 
bind to the chip as the larger F(ab´)2 fragment has no affinity to the protein coupled to the 
chip.  

 
The degradation products of IgG have also been detected by SEC ((53) Paper IV). An 

aliquot of the reaction mixture is applied to a SEC column and the amount of ½Fc is 
measured. The height or area of the peak corresponding to ½Fc is proportional to the amount 
of cleaved IgG. Just as the SPR based method, SEC cannot distinguish IgG from scIgG (61), 
and therefore only cleavage of the second heavy chain is measured. This is one of the most 
labor intensive and time consuming techniques and is not in frequent use. SEC is more 
suitable for preparative use, i.e. for separating and collecting ½Fc and F(ab´)2 .   
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Probably the least common method is based on absorption of IgG onto killed bacteria 
expressing an IgG-binding protein, followed by SELDI-ToF mass spectrometry  (73). Hess 
et al. developed a mass spectrometry based method to detect cleavage of IgG from a crude 
supernatant of a bacterial culture. IgG and crude supernatant were incubated together and 
reaction stopped by adding iodoacetate. IgG and the Fc-containing degradation products were 
subsequently absorbed by Protein G-expressing heat-killed bacteria. The bacteria with IgG/Fc 
bound were subjected to SELDI-ToF mass spectrometry and assayed for the ~25 kD 
degradation product of the IgG heavy chain. Considering the concentrations of enzyme and 
substrate used, it seems that it is the second cleavage of IgG that is detected by this method. 
This method generated data sets that do not appear to be in agreement with other experiments 
using other detection methods ((53) and Paper I), as discussed earlier in this thesis (1.4.4 
Enzymatic constants and 1.4.10 Regulatory control). 

 
Due to the lack of chromogenic or fluorogenic substrates, it is hard to follow the 

degradation of IgG by IdeS in real time. The only method known to us that can do that is 
based on ITC (Paper IV). ITC measures the heat released by the reaction, and has been used 
to detect activity of other enzymes (181). IgG is titrated in large excess into a suspension of 
IdeS. It is not really clear if this method detects the first cleavage, but based on the 
concentrations of enzyme and substrate used and the enzymatic rate constants measured, it is 
fairly certain that during these experiments, it was the cleavage of the second heavy chain that 
was measured. 

 
One important note has to be made about the substrate preparation and it concerns the 

presence of IgG with inhibitory capability i.e. antibodies that bind at or near the active site of 
IdeS rendering IdeS unable to bind to IgG as a substrate. These neutralizing antibodies are 
present in serum from some patients with an S. pyogenes infection (75). This has also been 
seen in the case of the IdeS homologues IdeE and IdeE2. Serum from horses that has been 
vaccinated with IdeE and IdeE2 inhibits the endopeptidase activity of IdeE and IdeE2 (95). 
The presence of neutralizing antibodies is also evident in commercially available preparations 
of IgG (Paper I).  

The neutralizing antibodies can be depleted by pre-incubation with enzymatically inactive 
mutants of IdeS (75). Depletion of neutralizing antibodies is critical to be able to assess the 
enzymatic properties. Not doing so would lead to the amount of active enzyme being 
dependent on the substrate concentration, as increasing the substrate concentration would also 
increase the concentration of neutralizing antibodies, thereby reducing the concentration of 
active enzyme.  
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3 Results and discussion 
This section will give a quick summary of the content of the papers and also try to put the 

data in a slightly larger perspective. This section will also provide some additional discussion 
complementing that found in the articles themselves. 

3.1 Paper I  

“Rapid IgG heavy chain cleavage by the streptococcal IgG endopeptidase IdeS is 
mediated by IdeS monomers and is not due to enzyme dimerization.” 

 
This paper describes research that originally grew out of the desire to understand the 

mechanism by which Cystatin C increases the activity of IdeS, a phenomenon that is 
described in Paper IV in this thesis. Our initial hypothesis, backed with some preliminary 
data, was that Cystatin C facilitated the dimerization of IdeS. If dimeric IdeS was the active 
form of the protein then this would explain the effect seen by Cystatin C on IdeS. As a first 
step in characterizing the effect Cystatin C had on dimerization, we tried to get a greater 
understanding of the dimerization in absence of Cystatin C.   

Vincents et al. (53) had presented a velocity curve of the degradation of IgG by IdeS, and 
that curve was not a typical Michaelis-Menten one. The shape was sigmoidal at lower 
substrate concentrations and the rate of cleavage decreased at high substrate concentrations. A 
Hill-plot of the velocity data indicated that there were two co-operative binding sites on IdeS, 
or alternatively that IdeS was dimeric. In this paper we revisited the velocity curve of IdeS, 
using an alternate technique to detect IgG degradation. We used SDS-PAGE under non-
reducing conditions to be able to differentiate between the cleavage of the first heavy chain 
and the cleavage of the second heavy chain. Initially this approach led to confusing data. The 
velocity curve was neither in agreement with a classical Michaelis-Menten type reaction nor 
with the data presented by Vincents et al. (53). We then realized just how much of an effect 
neutralizing antibodies in the commercial source of IgG had. We show in this paper that there 
are in fact a high amount of anti-IdeS antibodies also in the commercial source of IgG. The 
specific batch we were using was able to completely inhibit up to 20 nM of IdeS. Considering 
that the enzyme concentration used in subsequent experiments was in the range of 1-2 nM, it 
is easy to see that neutralizing antibodies might cause problems. Redoing the velocity curve, 
with IgG depleted of neutralizing antibodies, generated a Michaelis-Menten type of velocity 
curve. This is typical of a normal first order reaction where the proteolytic activity of an IdeS 
molecule is only dependent on the concentration of IgG. The velocity curve presented here 
showed no sign of being sigmodially shaped. This was true for cleavage of both the first and 
the second heavy chain. Velocity curves for IdeS were also presented in Paper IV, when 
comparing rates in the presence or absence of Cystatin C, and measured by ITC. Although the 
velocity curve in the presence of Cystatin C was of Michaelis-Menten type, the curve is still 
different from the ones presented in this paper. The curves in Paper IV never were close to 
reaching maximum velocity, which the ones in this paper did to a higher degree. Velocity 
curves presented in this paper therefore do not support the idea that IdeS is dimeric.   
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We also tested whether enzyme concentration could affect the velocity of IdeS, as counted 
per IdeS molecule, to validate that this was a normal first order reaction. We found no 
dependence on enzyme concentration.   

The velocity data presented in this paper differs from the ones presented in Vincents et al. 
(53) and in Paper IV. We believe that the velocity data presented here are the most accurate 
representation to date.  The method generated data that is not dependent on enzyme 
concentration. This indicates that there are likely negligible contributions of experimental 
artifacts like presence of neutralizing antibodies, which can have substantial effects on the 
final data.  

The kinetics data also enabled us to compare the enzymatic constants of the cleavage of the 
first and second heavy chain of IgG. It had previously been noted that the cleavage of the first 
heavy chain was faster, but the difference to our knowledge had never been quantified. The 
kcat was two orders of magnitude greater for the first cleavage compared to the cleavage of the 
second heavy chain and Km was about four times lower for the first cleavage.  

Agniswamy et al. (57) had described the IdeS dimer in detail. We also went on to further 
investigate if we could detect any dimeric form of the protein. Dynamic light scattering (DLS) 
is a technique that estimates the size of a particle based on its Brownian motions. This is a 
technique that had not been used for detecting IdeS dimerization on previous occasions. Two 
concentrations of IdeS, 18 µM and 180 µM, were tested by DLS. Both samples showed a 
single peak corresponding to about 37 kD in size. No indication of a multimer in solution at 
these concentrations was seen.  

We next separated IdeS by SEC, which was one of the techniques used by Agniswamy et 
al. (57). By using 1 mM of IdeS, a very high concentration, we hoped to facilitate any 
dimerization that might occur. We were actually able to generate data that was very similar to 
that of Agniswamy et al., with IdeS separating as two distinct peaks. When we collected the 
protein from the two peaks, concentrated them, and reloaded them separately on the SEC, we 
saw no equilibration between the two peaks. There appeared to be two stable forms of the 
protein present that generated two distinct peaks on SEC. This was not in agreement with 
Agniswamy et al. who claimed that there indeed was a re-equilibration between the two peaks 
present if they collected protein from one of the peaks and reloaded on the SEC. The data 
however, was presented as “data not shown” so no direct comparison with the data presented 
by us could therefore be made. When we assayed the content of the two peaks separated by 
SEC, it was evident that the protein from the proposed “dimer”-peak contained several other 
proteins with lower molecular weight than IdeS. All the protein bands were identified as IdeS 
by mass spectrometry. This lead us to draw the conclusion that the peak identified as dimeric 
IdeS by SEC, instead consists of a mix of intact and partially degraded IdeS that have formed 
stable complexes. The proteolytic activity of IdeS collected from the “dimer”-peak was much 
lower compared to the protein from the “monomer”-peak, further hinting at the idea that the 
protein found in the “dimer”-peak is not the enzymatically active form.   

This work shows that IdeS is a monomeric protease with common Michaelis-Menten like 
kinetics, and data supporting the idea of IdeS being dimeric is likely due to experimental 
artifacts.  
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3.2 Paper II  

“3-aminopiperidine-based peptide analogues as the first selective noncovalent inhibitors 
of the bacterial cysteine protease IdeS.” 

 
IdeS is a cysteine protease, a feature it shares with many human proteases. Broad-spectrum 

cysteine protease inhibitors would target IdeS and host proteins alike. It is therefore of interest 
to search for more specific inhibitors targeting IdeS. The two IgG-degrading cysteine 
proteases SpeB and papain were also included in this study to try to determine the specificity 
of inhibitor candidates. SpeB has been reported to share the same cleavage site on IgG as 
IdeS, but papain has a separate cleavage site. The cleavage site on IgG for SpeB is discussed 
in the introduction (1.5.5 IgG as a substrate for SpeB).  

IdeS does not degrade short peptides matching the cleavage site of IgG (53), but it has not 
been determined whether these peptides could occupy the active site of IdeS without being 
degraded. Such an event would make the peptides into non-covalently bound inhibitors. A 
series of peptides up to eight amino acids long were tested for inhibition, but none had any 
detectable inhibitory capacity. This might explain why there was no cleavage of short 
peptides in Vincents et al. (53), the peptides never made it into the active site, and the reason 
for this is unknown. One possibility is that the peptides are too flexible and a favorable 
sterical conformation that would fit into the active site is unlikely to happen in a disordered 
peptide. Another possible reason is that IdeS is not in an active conformation unless it has 
bound the CH2 domain of IgG.  

Peptide analogues were synthesized where either of the two glycines connected by the 
scissile bond in IgG were replaced with a cyclical piperidine ring (Fig 4). This piperidine ring 
makes the structure of the peptide more rigid since the freedom of movement by a cyclical 
moiety is much smaller than for a normal peptide bond. The chemical synthesis of these 
peptide analogues are described in detail in this paper, but will not be further discussed here.  

Piperidine analogues were synthesized based on the sequences GG, LGG, GGP, LLGG, and 
LGGP, with either the first glycine or the second one replaced with the piperidine moiety (Fig 
4). The R- and S- stereoisomers of each compound were assayed separately for inhibitory 
capacity. An ethylated form of LLpipG was also synthesized and tested for inhibitory 
capacity. The ethylation was done by the addition of an ethyl group to one of the peptide 
backbone nitrogens.   

The inhibitory capacity was initially screened using non-reducing SDS-PAGE and then 
quantified using an SPR-based method. Both methods are described in the “Methods”-section 
of this thesis. The SPR-based method only detects the cleavage of the second heavy chain, 
which means that the results presented in this paper primarily applies to that reaction step. 

Figure 4.  
Structure of a representative peptide 

analogue. One of the glycines in the 
sequence LGGP has been replaced with a 
cyclic piperidine (“pip”) moiety.  
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The inhibitory capacity of the cleavage of the first heavy chain was assayed for a subset of 
peptide analogues using non-reducing SDS-PAGE. The results generated when assaying the 
second cleavage held true when assaying for the first cleavage.  

The quantification of inhibitory capacity was done by plotting the results from the SPR 
experiments against a standard curve done by a dilution series of IdeS. If a reaction in the 
presence of an inhibitor gave the same result as a data point in the standard curve having 50% 
less enzyme, the results were plotted as 50% remaining activity. This method made it possible 
to fairly quickly get a measurement of inhibitory capacity, but did not lend itself to provide a 
complete set of constants. However, since the assay methods to detect IgG cleavage are work 
intensive compared to the detection of many other enzymatic reactions, the method used was 
deemed sufficient for the task at hand. 

The series of peptide analogues showed varying inhibition of IdeS, with the best being the 
ones with the N-terminal of the two glycines replaced with a piperidine. A difference between 
the stereo-isomers of each compound was detectable but there were no consistent tendency to 
whether the R-form or the S-form was the more efficient inhibitor. pipG, one of the shortest 
peptide analogues tested, was one of the most efficient inhibitors. Adding an additional amino 
acid N-terminal or C-terminal of the core pipG sequence did not have an appreciable effect, as 
those peptide analogues were neither more nor less efficient.  

The piperidine peptide analogues and some conventional peptides were also assayed for 
inhibitory capacity against SpeB and papain. The inhibitory profile, i.e. which inhibitors had 
the greatest effect, was markedly different compared to when tested on IdeS. Some of the 
most efficient inhibitors of IdeS - pipG and LpipG - had no effect on SpeB and almost no 
effect on papain. The ethylated piperidine compounds on the other hand targeted IdeS, SpeB, 
and papain alike. Several more of the piperidine analogues, and also the common amino acid 
peptides partly inhibited papain, including some of those that had no effect on IdeS. There 
were fewer peptide analogues that had any appreciable effect on SpeB.  

How good are the best piperidine compounds at inhibiting IdeS? The concentration of 
inhibitor used in the IdeS experiments was 3.9 mM, which in these kinds of studies is a very 
high concentration. The inhibitor constant for two of the best inhibitors were determined at 
5.7 and 6.7 mM, which are high numbers. This means that even though we found interesting 
peptide analogues that showed specificity to IdeS compared to SpeB and papain, these 
inhibitors need further modification to be useful. These compounds are non-covalent 
inhibitors that only interact with the target protein by non-covalent bonds. Combining the 
compounds with a war head capable of forming a covalent bond with the enzyme might 
increase the efficacy while retaining the specificity.  

 

3.3 Paper III  

“The streptococcal cysteine protease SpeB is not a natural immunoglobulin-cleaving 
enzyme” 

 
SpeB, as described in the introduction, is a well-studied protease. The number of substrates 

that have been shown to be degraded/modified by SpeB are numerous, and antibodies are one 
such group of proteins. We show that antibodies (at least IgG, IgM and IgA) are not natural 
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substrates for SpeB. Initially, this line of research was aimed at comparing the mechanism of 
IgG degradation with that of IdeS - the initial purpose was therefore not to verify previously 
published data. At the time, Olsen et al. had released a paper showing that SpeB was a 
dimeric protease (81). We were working on demonstrating that IdeS was not a dimeric 
protease, which eventually resulted in Paper I. One indication that IdeS was not dimeric was 
that IgG was cleaved one heavy chain at the time, something that had previously been shown 
by Ryan et al. (61). How would then SpeB, apparently a dimeric protease with IgG as a 
substrate, cleave IgG. Would it cleave one heavy chain at the time, like IdeS, generating an 
intermediate scIgG fragment? Or would it target both heavy chains at the same time and form 
the products ½Fc and F(ab´)2 without any detectable amounts of intermediate degradation 
products? To differentiate between the two, we had to use SDS-PAGE under non-reducing 
conditions, as discussed in the “Methods”- section. This implies that the reaction cannot have 
a reducing agent present, since a reducing agent would also reduce the disulfide bonds in the 
IgG molecule prior to loading on the SDS-PAGE. SpeB has to be activated before it is 
proteolytically active. Activation is most commonly done by adding a reducing agent, which 
will result in autoproteolytic activation of the zymogen. To avoid reducing agents in the 
reaction mix of SpeB and IgG, we activated SpeB by reducing agents followed by a buffer 
exchange. Activated SpeB was mixed with IgG in the absence of reducing agents. No 
degradation was detected, regardless of incubation time and enzyme concentration. SpeB was 
enzymatically active as it did cleave a chromogenic substrate and IgG in the presence of 
reducing agents. After a series of experiments trying to find the reason why SpeB did not 
degrade IgG in the absence of reducing agents, it became clear that only reduced IgG was a 
substrate for SpeB, intact IgG was not. The common practice of adding reducing agents to the 
reaction mix in order to activate SpeB also reduced the disulfide bonds of IgG, creating an 
unnatural substrate. The lack of IgG-degradation by SpeB was further investigated by 
measuring IgG cleavage in plasma and whole blood. No degradation was detected. If plasma 
was supplemented with a reducing agent, IgG degradation was evident.  

A set of other proteins proposed to be SpeB substrates was also tested by incubating 
activated SpeB with the substrate under reducing and non-reducing conditions. The results 
showed that IgA and IgM, just like IgG, are substrates of SpeB only in a reduced state. 
Fibrinogen, vitronectin, and fibronectin, however, were degraded by SpeB both under 
reducing and non-reducing conditions.  

   The primary role of SpeB during S. pyogenes infection is far from known. SpeB is 
expressed during infection, as evident by seroconversion towards SpeB. What substrates that 
are of actual importance during an infection, and at what phase of infection SpeB is 
expressed, and during which pathologies SpeB is important, are still wide open questions. 
This work reduces the number of physiologically important substrates for SpeB by stating that 
IgG, IgA, and IgM are not natural substrates for SpeB.    

 
The ability of SpeB to remain active under certain experimental conditions was also 

investigated. It is evident that the longevity of SpeB is highly dependent on the composition 
of the buffer and the temperature. When incubated at 37°C in phosphate buffer together with 
a reducing agent, SpeB remained active for 3 hours, which was the duration of the 
experiment. At 37°C in the absence of reducing agents, SpeB became enzymatically inactive 
within 1 hour. At room temperature however, SpeB remained active even after 3 hour 
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incubation in the absence of reducing agents. In contrast, SpeB incubated with plasma 
remained active at all time-points tested, which was up to 2 hours. Addition of a reducing 
agent to plasma had almost no additional effect.  

Incubating SpeB together with activated neutrophils rapidly decreased the proteolytic 
activity of SpeB, probably due to the release of oxygen species, thereby causing oxidation of 
the active site cysteine in SpeB. Addition of human serum albumin prevented released 
reactive oxygen species from oxidating SpeB. 

 

3.4 Paper IV  

“The human protease inhibitor cystatin C is an activating cofactor for the streptococcal 
cysteine protease IdeS” 

 
IdeS is a cysteine protease with a papain like fold, and structurally most similar to 

lysosomal protease Cathepsin B (56). Cystatins is a group of human proteins that inhibits 
proteases and protects against unwanted proteolytic activity. The cystatin family includes 
members such as Cystatin A-G, S, SN, SA, and High- and Low-molecular weight kininogen. 
The cystatins inhibit the target proteins by binding into the active cleft, and avoid degradation 
by positioning its residues in an orientation unfavorable for proteolytic degradation (182,183). 
Since the cystatins occupy the active site, the protease is rendered inactive since it is unable to 
bind the natural substrate.    

This paper describes a finding originating from when a panel of cystatins was tested for 
inhibitory capacity towards IdeS. Cystatin A, C, D, and E/M did not inhibit IdeS to a 
significant degree. What was discovered was instead the phenomenon that the proteolytic 
activity of IdeS was actually greater in the presence of Cystatin C compared to the control 
lacking cystatins. The activity of IdeS was unaffected in the presence of any of the other 
cystatins, so the effect that Cystatin C had on IdeS was specific. kcat increased between 1.3 to 
3.0 fold compared to samples without Cystatin C, and the size of the increase appears to be 
dependent on the concentration of IdeS.  The effect on Km was somewhat erratic, increasing 
in the presence of Cystatin C in some samples, and decreasing in the presence of Cystatin C 
in others.  

The effect of Cystatin C was also assayed under more physiological conditions. Cystatin C 
is present in human saliva. Saliva was depleted of cystatins, either by removing small proteins 
by filtration, by absorption to chemically inactivated papain, or by anti-Cystatin C antibodies 
coupled to sepharose. The activity of IdeS was lower when the reaction took place in Cystatin 
C-depleted saliva compared to undepleted control, to increase again when depleted saliva was 
supplemented with Cystatin C. The activity of IdeS was also measured in human plasma 
supplemented with various amounts of Cystatin C. An increase in amount of supplemented 
Cystatin C corresponded to an increase in enzymatic activity.   

The interaction between Cystatin C and IdeS and/or IgG was first studied using SEC. 
Cystatin C interacted with both IdeS and, to a lesser extent, also with IgG. Further 
characterization of the protein-protein interactions was undertaken with the use of SPR. 
Cystatin C bound to immobilized IdeS with an affinity in the 100 nM-range. The interaction 
between Cystatin C and IgG, as seen using SEC, was not detected in the SPR experiments. In 
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an attempt to elucidate the mechanism behind the increased activity of IdeS in the presence of 
Cystatin C, the binding between inactive mutant IdeSC94S and immobilizes IgG was measured 
in the presence or absence of Cystatin C. No difference in binding kinetics was detected, 
indicating that Cystatin C is not involved in substrate recognition.  

IdeS had previously been suggested to be a dimer (see section 1.4.6 IdeS as a dimer). We 
did detect an interaction between immobilized IdeS and IdeS in the liquid phase using SPR, 
which did corroborate the previous data of IdeS being able to form dimers. The IdeS-IdeS 
affinity increased in the presence Cystatin C. The mechanism put forth by us was therefore 
that Cystatin C increase the activity of IdeS by somehow enabling dimerization of IdeS; and 
since dimers of IdeS is the enzymatically active form, the enzymatic activity is increased in 
the presence of Cystatin C. Since this paper was published, a lot of work has been done to 
further understand IdeS dimerization. In Paper I in this thesis, we have been able to show 
that the dimeric form of IdeS is not the enzymatically active form. What is described as a 
dimer is instead likely partially degraded proteins forming aggregates. We now believe that 
IdeS is a monomeric protein and that no dimerization event is necessary for activity. The 
experiments detecting an IdeS-IdeS interaction using SPR have been repeated at later time 
points with newly purified protein using different expression vectors and purification steps, 
and no IdeS-IdeS interaction could be detected in those experiments (unpublished data). I 
believe the moderately high affinity between monomers of IdeS might have been an artifact 
from misfolded protein, but the reason for the discrepancy between data sets has not been 
fully clarified. 

The mechanism by which Cystatin C increases the activity of IdeS is therefore still 
unknown. Since a dimerization event has more or less been excluded, the mechanism by 
which Cystatin C increases the activity of IdeS has to be another one. One possible 
mechanism, albeit one that at the time of writing is supported by no empirical data, is that 
Cystatin C binds the active cleft of IdeS but dissociates rapidly due to relatively low affinity. 
IdeS has during this encounter made a conformational change leaving it in an “open” 
configuration. This configuration would not affect the binding to the substrate IgG, but might 
facilitate its subsequent cleavage. Another related hypothesis, supported with as little data as 
the previous one, is that Cystatin C only affects a sub-population of IdeS, a sub-population 
that is partially misfolded. The encounter with Cystatin C aligns the residues in the active site 
in an active conformation. This hypothesis would mean that Cystatin C increases the number 
of active enzyme molecules in the population, while having no effect on the ones already in 
an enzymatically optimal conformation.    

  

3.5 Paper V  

“Insights into substrate recognition and biochemical properties 
 of the streptococcal IgG endopeptidase IdeS”  
 
This manuscript describes some characteristics about the interaction between IdeS and IgG, 

and about the IdeS protein itself.  
We were interested in why the cleavage of the first heavy chain of IgG was orders of 

magnitude faster than the cleavage of the second heavy chain, and hypothesized that it could 
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be a result of lower affinity between IdeS and scIgG, compared to the affinity between IdeS 
and IgG. We used SPR and ITC to determine the affinities, and the difference in Kd was only 
about 2-4 fold higher for scIgG compared to IgG binding to IdeSC94S. This difference would 
not explain the two orders of magnitude of difference in kcat observed. Why the degradation of 
the first heavy chain is faster than the degradation of the second heavy chain is still 
unresolved. The binding between IdeSC94S and IgG was endothermic while the binding 
between IdeSC94S and scIgG was slightly exothermic indicating that the characteristics of the 
binding somehow change.  

 
Exactly how IdeS recognizes IgG is unknown and we tried to provide some additional data 

on the mechanism. The amount of inhibition of IdeS by IgG-binding proteins was quantified. 
The idea was that if an IgG-binding protein inhibits the degradation of IgG by IdeS, then that 
IgG-binding protein would likely occupy at least partially the same space when bound to IgG 
as IdeS does. IdeS was inhibited to varying degrees by IgG-binding proteins. Staphylococcal 
Protein A decreased the rate of IdeS-mediated degradation of IgG by 95% while streptococcal 
Protein G or Protein H decreased the rate about 50-75%.  Protein A and Protein G have both 
been co-crystalized with the Fc fragment of IgG, so the binding site is known. Protein H 
however, does not have a well-defined binding site yet. Both Protein A and Protein G bind to 
the Fc fragment between the CH2 and CH3 domains, but protein A occupy space closer to the 
hinge region compared to Protein G. This could explain the difference in inhibition that is 
seen. Protein A probably occupies some of the same space that IdeS does, but not implying 
that they bind to the same residues on IgG. Protein G might be able to co-exist with IdeS on 
IgG, but IdeS is less efficient in binding to IgG when Protein G is present. Protein L, which 
binds to the light chain of IgG, did not affect the rate of IdeS mediated cleavage. These data 
corroborate other findings that IdeS only interacts with the hinge region and CH2 domain of 
IgG, and the F(ab´)2 fragment or the CH3 domain is not involved in recognition.  

 
We can also show that IdeS is unsatisfactorily inactivated by high temperatures. It has 

previously been shown that IdeS can be inactivated by incubations at 60°C, but we show here 
that the inactivation is incomplete and that further raising the temperature does not improve 
the level of inactivation. This probably does not further our understanding of IdeS in a 
physiological setting, or of IdeS as a virulence factor, but it does have implications when IdeS 
is used as an experimental tool. Heat inactivation is not a suitable way to inhibit IdeS, so 
when an inactive form of IdeS is needed, mutant variant like IdeS C94S, or chemical 
inactivation with e.g. iodoacetamide are preferable.  
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Conclusions 

 IdeS is a monomeric protease 
 

 IdeS cleaves the first heavy chain of IgG orders of magnitude faster than 
the second heavy chain. 
 

 IdeS has less affinity for scIgG than for IgG, but the difference is not 
enough to explain the vast difference in catalytic rate between the cleavage 
of the first and the second heavy chain.  
 

 IdeS velocity curve has a normal Michaelis-Menten type characteristic. 
 

 Human protease inhibitor Cystatin C increases the activity of IdeS by an 
unknown mechanism.  
 

 IdeS is inhibited by some IgG-binding proteins bound to the Fc region of 
IgG. 
 

 IdeS is insufficiently inactivated by heat for it to be a viable protocol for 
enzyme inactivation. 
 

 Short peptide analogues with an amino acid replaced with a rigid motif act 
as specific, but low-affinity, inhibitors of IdeS, SpeB, and papain. 
 

 SpeB is not an IgG-protease under physiological conditions. 
 

 SpeB rapidly loses enzymatic activity under some experimental conditions, 
but remains active in the presence of reducing agents or plasma.  
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