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ABSTRACT 
 
 
 

THE ROLE OF N- AND C-TERMINAL AMINO ACIDS TO PROSEGMENT 

CATALYZED FOLDING IN PORCINE PEPSINOGEN A  

 
 
 
Brenna Myers                                                Advisor:  
University of Guelph, 2012                                                 Dr. Rickey Y. Yada 
 
 
 
 

This thesis is an investigation of the role of the prosegment (PS) of pepsinogen 

in the binding, refolding and inhibition of pepsin.  Native pepsin (Np) is irreversibly 

denatured, and folds to a stable, non-native state under refolding conditions, termed 

refolded pepsin (Rp) (Dee and Yada 2010).  When added separately, the PS binds Rp, 

catalyzes folding to the native-like state and inhibits Np (Dee and Yada 2010).  It was 

hypothesized, owing to the high sequence conservation, that N-terminal PS residues are 

critical to PS catalyzed folding.  Synthetic peptides of N-terminal truncations (N16, 

N29), C-terminal truncations (C15, C28), and full length, wild-type (Wt) PS were 

examined.  N-terminal residues were required for binding to Rp and catalyzing folding, 

while both N29 and C28 truncations had similar inhibition constants.  Remarkably, the 

foldase activity of N-terminal truncation (N29) was only 2.5 fold slower than Wt, 

supporting that PS foldase activity is stored almost entirely within the highly conserved 

N29 region.
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1.0 Introduction 
 

The fundamental link between the primary amino acid sequence and the 

functional protein has long been an area of interest with much still to be discovered.  The 

goal of studying protein folding is to ultimately predict the folded structure and the 

function of a protein from its primary sequence.  Anfinsen’s classic experiment with 

ribonuclease lead to the conclusion, all of the information required for proper folding is 

contained within its primary sequence (Anfinsen 1973); however, it has been shown that 

the mature domain for some enzymes requires their prosegment (PS) to refold to the 

associated mature domain (Baker, Sohl, Agard 1992).  Enzymes produced as zymogens 

and possess a requirement for the PS to fold, provide a particularly interesting means for 

studying protein folding and its intermediates.  This is because once the enzyme is 

perturbed from the native state it refolds to a thermodynamically stabilized intermediate 

form thus allowing for the analysis of the mechanism of folding and the intermediate 

state.  

Pepsin was chosen, as it is a model for food-related aspartic proteases (APs) and 

non-food APs.  Pepsin is considered a model enzyme as it was the first AP to be 

discovered and is readily available for study (Fruton 2002).  Being a model enzyme, the 

study of pepsin may allow for the determination of a general folding mechanism.  The 

following thesis was designed to probe pepsin PS to examine where folding competence 

lies within the primary sequence in order to understand protein folding/unfolding.  

Truncations were synthesized and examined for both functionalities of PS: 1) the ability 

to inhibit the native enzyme and 2) the ability to refold a partially denatured enzyme upon 

exogenous addition.  Due to the bimolecular functionality of PS catalyzed folding it is 
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possible to study the effect of PS truncations on each step of the pathway (Rp, Np and the 

transition state (TS)), which has not been previously examined.  

Understanding the structural principles of the PS in APs will provide insight into 

the factors that define protein structure in general.  Studying zymogens and their 

conversion to the native state provides information on how proteins fold and unfold and 

may assist in better understanding the protein-folding problem thereby allowing for the 

ab initio design of new proteins. 

2.0 Background 
 
 

2.1 Pepsin/Pepsinogen 
 
 

Pepsin is the archetype aspartic protease (AP).  It is classified as an AP because 

its catalytic residues are two aspartic acids, D32 and D215, which are responsible for 

peptide bond cleavage.  Pepsin is secreted from the gastric mucosa as the zymogen, 

pepsinogen.  Zymogens are the stable form of the protein and are inactive.  They remain 

in this inactive form until they are physiologically required.  Pepsin is autoactivated 

under acidic conditions (McPhie 1974; McPhie 1989) as low pH (below pH 5) causes a 

disruption to the electrostatic interactions between the PS and the enzyme  (Richter, 

Tanaka, Yada 1998), i.e., the salt bridge that holds the PS across the active site is 

disrupted at low pH (pH 1-2).  Once the PS is removed, pepsin is in its active form (Khan 

and James 1998).  Pepsin has optimal activity in the pH range from 1-4 but minimal 

activity above pH 5 (Piper and Fenton 1965). 
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Pepsin (Mw 34.5 kDa) is composed of 326 amino acids.  At pH 5.3, using CD 

spectra, pepsin was determined to be composed of 60% β-sheet, 13% β-turn, 13%α-

helix and 14% random coil (Yada and Nakai 1986).  It is composed of four positively 

charged amino acids (two arginine, one lysine and one histidine residue) and 43 acidic 

residues (James and Sielecki 1986; Lin, Wong, Tang 1989).  Pepsinogen (Mw 42.5) is 

comprised of 370 amino acids.  The additional 44 N-terminal amino acids compose the 

PS.  The PS is highly positively charged with thirteen positively charged amino acids 

(nine lysine, two arginine, two histidine residues) (James and Sielecki 1986; Lin, Wong, 

Tang 1989) and only two acidic residues (one aspartate and one glutamate).  

 

2.1.1 Structure of pepsin and pepsinogen PS 
 
 

Pepsin has a bilobal conformation with N- (shown in blue Figure 1) and C- 

(shown in green) domains.  Each domain contains a catalytic aspartic residue (shown in 

pink).  The active site cleft is located between the two domains and is occupied by PS 

when in zymogenic form (Figure 2).  The N- and C-domains are homologous; Tang et al. 

(Tang and others 1978) proposed that pepsin evolved from a small polypeptide chain and 

underwent gene doubling and translocation. 

 

 

 

  
 



 

    4 

 
Figure 1 – Porcine pepsin A (PDB: 4PEP) with the N-domain shown in blue, the C-

domain shown in green and the aspartic residues (32 and 215) shown in pink 
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Figure 2 – Pepsinogen (PDB: 3PSG) with pepsin shown in green and PS shown in blue. 

The active site aspartate residues are shown in pink 
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As shown in Figure 3, PS is made up of a β-strand from 1Leu-6Leu (shown in 

pink) and 3 α-helices at 11Ser-19Asp, 21Lys-28Thr and 33Pro-37Tyr (shown in cyan).  

In zymogenic form, the PS sterically blocks the active site residues and prevents the 

binding of substrates (Khan and James 1998). 

 

Figure 3 –PS of porcine pepsinogen A (PDB: 3PSG), the beta strand (1Leu – 6Leu) is 

shown in pink and the 3 alpha helices (11Ser-19Asp, 21Lys-28Thr and 33Pro-37Tyr) are 

shown in cyan 
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2.2 Serine proteases  
 
 

Studies on serine proteases provide insightful information for pepsinogen.  Like 

pepsinogen, evolutionary unrelated prokaryotic serine proteases α-lytic protease (α-LP) 

(166 amino acid PS) and subtilisin (77 amino acid PS) have requirements for their PS for 

efficient refolding to the native state (Baker, Sohl, Agard 1992; Baker, Shiau, Agard 

1993).  The presence of the PS catalyzes the folding to a rate that is 107 times faster than 

uncatalyzed folding for α-LP (Baker, Sohl, Agard 1992).  These serine proteases, in 

their native state, were shown by Baker et al. to be inhibited by their own PS (Baker, 

Shiau, Agard 1993).  Both PSs act as potent inhibitors with inhibition constants of 10-11 

M for α-LP and 5x10-7 M for subtilisin (Baker, Shiau, Agard 1993).  Denatured α-LP 

and subtilisin cannot refold to their native states in the absence of their PS (Sohl, Jaswal, 

Agard 1998).  Instead, they fold to an intermediate state, with substantial secondary 

structure and little organized tertiary structure (Baker, Sohl, Agard 1992).  Exogenous 

addition of PS rapidly converts a denatured enzyme to a native-like form.  The denatured 

enzyme has been shown to be kinetically trapped by a folding barrier >26 kcal/mol (Sohl, 

Jaswal, Agard 1998).  The addition of the PS lowers the high-energy barrier allowing for 

the conversion back to native-like state (Sohl, Jaswal, Agard 1998). 

Interestingly, the closest eukaryotic relatives of α-LP are chymotrypsin, trypsin 

and elastase (Baker, Shiau, Agard 1993).  When examining the primary amino acid 

sequences, all three possess similar sequences and have nearly identical folds but their 

folding mechanism demonstrates evolutionary divergence (Baker, Shiau, Agard 1993).  
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2.3 Significance of studying prosegment 

 
 The study of PS has become a topical area of research in biochemistry, physics 

and pharmaceuticals, as it acts as a novel intramolecular foldase (Dee and Yada 2010).  

Aspartic proteases demonstrate high conservation in primary amino acid sequence and 

the PS is a feature in all mammalian aspartic proteases (Tang and Wong 1987).  The 

findings from studying the role of PS could be applied to many other aspartic proteases 

with a PS requirement.  Plasmodium falciparum plasmepsin II (PMII) has been suggested 

to be a possible exception to a zymogen that has a PS but does not require the PS for 

proper folding.  Parr-Vasquez et al. showed that PMII could be expressed and purified 

from E. coli producing an active enzyme in the absence of the PS (Parr-Vasquez and 

Yada).  Recently, Xiao et al. reported that the folding of PMII to the native state was 

relatively slow, t1/2 of 6.3 days (Xiao, Dee, Yada 2011).  PMII was found to behave 

similar to pepsin (i.e., both refold to a thermodynamically stable denatured state) and it 

has been hypothesized that PMII requires its PS domain to catalyze folding on a practical 

timescale, i.e., seconds (Xiao, Dee, Yada 2011).  PMII is likely not an exception, rather 

another example of an aspartic protease that requires its PS to act as a foldase, facilitating 

refolding on a practical timescale. 

 PS studies possess a potentially huge impact for food as it may become possible 

for the design of de novo enzymes for tailor made uses.  Through the study of the 

fundamentals of pepsin refolding, an understanding of the determinants of protein 

structure, folding and stability can be elucidated.  These findings may one day allow for 

the design of an enzyme with specified folding rates, stability and optimum pH. This 

would impact food production, product development and food safety industries.  
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Currently, aspartic proteases are used in the coagulation of milk to produce cheese, 

fermentation processes such as the production of soya sauce and as a meat tenderizer 

(Horimoto, Dee, Yada 2009; Khan and James 1998).  

 Aspartic proteases are also linked to serious diseases such as malaria, cancer, 

AIDS (acquired immune deficiency syndrome), hypertension and Alzheimer’s disease 

(Horimoto, Dee, Yada 2009).  Through understanding the mechanism of PS catalyzed 

folding, strategies to stabilize or even reverse the effects of these diseases may be 

developed. 

3.0 Literature Review 
 

3.1 Pepsin is irreversibly denatured 
 
 

Pepsin is irreversibly denatured under conditions such as heat, alkaline conditions 

(pH 6-7) (McPhie 1989) or when exposed to chemical denaturants such as guanidine 

hydrochloride (Dee and others 2009).  Under these conditions, pepsin is converted to a 

non-native state (i.e., it unfolds) (Dee and others 2009).  Upon exposure to conditions that 

should permit recovery, such as dilution to pH 5.3, pepsin does not return to the native 

structure.  Instead, it reaches a state, referred to as refolded pepsin (Rp), which is stable 

but not active at a biologically relevant rate (Dee and others 2009; Dee and Yada 2010).  

It has been shown by Dee et al. (Dee and others 2006) that the refolded state was more 

thermodynamically stable when compared to native pepsin as determined by use of 

differential scanning calorimetry (DSC) where Rp had a ΔG of 5.75±0.41 kcal/mol and 

Np had a ΔG of 4.85±0.58 kcal/mol.  
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 Rp is unable to refold to the native state due to a large folding barrier of 24.6 

kcal/mol (Dee and Yada 2010).  The native state is kinetically stabilized due to a large 

unfolding activation energy barrier of 24.5 kcal/mol (Dee and Yada 2010).  The finding 

that the folding and unfolding activation energies of pepsin are very similar, 24.6 

kcal/mol and 24.5 kcal/mol respectively, led the authors to conclude that native pepsin 

exists in a thermodynamically metastable form (Dee and Yada 2010). 

Small angle neutron scattering (SANS), CD and DSC were used to characterize 

the secondary and tertiary structures of Rp, Np and alkaline denatured pepsin (Ip) (Dee 

and others 2006).  These results show that the secondary structures of Rp are between 

alkaline denatured and native forms (Np possessed 28.3% random coil, Ip 46.1% random 

coil and Rp 37.4% random coil) (Dee and others 2006).  There was very little tertiary 

structure found in Rp.  It is important to note that the Rp state actually contains 

substantial ordered structure and is not completely denatured.  

Rp possesses the characteristics of a molten globule (MG).  MGs are compact, 

partially folded proteins that possess native-like secondary structure but lack the native-

like tertiary structure and side chain interactions, lending to a globular formation (Dobson 

and Fersht 1996; Ptitsyn and others 1990). 

Other groups have studied the conformational changes induced by unfolding and 

acid-refolding pepsin.  UV circular dichroism (CD) was used to measure acid-refolded 

pepsin (pH 7.2 to pH 4.7) (Favilla, Parisoli, Mazzini 1997).  The results display a 

substantial recovery of the protein’s secondary structure, no native-tertiary structure and 

no enzymatic activity (Favilla, Parisoli, Mazzini 1997).  It has been determined that when 
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pepsin is denatured by the presence of urea and refolded by rapid dilution at a pH above 

6, Rp retains up to 80% of its secondary structure (McPhie 1989). 

 Historically, enzymes such as pepsin have been found to be irreversibly 

denatured, yet recently, careful measurements have revealed that pepsin is able to recover 

some activity.  Two separate groups have demonstrated that refolded pepsin was able to 

return to native pepsin under certain conditions.  Kuimoto et al. reported that pepsin is 

capable of refolding after chemical denaturation (Kuimoto and others 2001).  This group 

immobilized pepsin onto agarose beads to prevent intermolecular interactions such as 

aggregation and autoproteolysis.  Under these conditions, refolding was possible.  

Another group quantified subnanomolar amounts of recovery of native pepsin over 4 

days (Dee and Yada 2010).  This folding was determined to have a folding half-time of 

64±6 days (Dee and Yada 2010).  Thus, pragmatically, native pepsin is considered to 

unfold irreversibly, as the time required for uncatalyzed refolding is too long to be 

biologically relevant (Dee and Yada 2010).   

 

3.2 Pepsin activation  
 
 

Pepsin can be activated by intramolecular (Christensen, Pedersen, Foltmann 1977; 

McPhie 1974) and intermolecular reactions (Tang and others 1973).  Evidence for 

intramolecular proteolysis (pepsinogen cleaves itself) comes from a study where porcine 

pepsinogen A was bound to Sepharose (Christensen, Pedersen, Foltmann 1977).  Under 

these conditions, and at pH 2, it was possible to see an N-terminal Ile, with a sequence 

that matched that of IleN17, which led to the conclusion PS is initially cleaved at 16Leu 

and 17Ile.  After the intramolecular reaction, there is an intermolecular reaction where the 
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PS is cleaved from the active enzyme at 44Leu (PS) and 1Ile (pepsin) by pepsin (Asp32, 

Asp215). 

There is also evidence that the PS is removed as one unit (Kageyama and 

Takahashi 1987), however, it has been found that the PS is more susceptible to 

intramolecular activation (Richter, Tanaka, Yada 1998).  The contributing factor to the 

type of cleavage reaction appears to be pH dependent.  At pH 2, cleavage is dominated by 

intermolecular activation where at more neutral pH values the zymogen is activated by a 

combination of intramolecular and intermolecular cleavage (Al-Janabi, Hartsuck, Tang 

1972).  Evidence for intermolecular cleavage at pH 2 is the presence of a homogeneous 

product and a kinetically first order reaction.  At pH 4, evidence for a mixed reaction 

mechanism is the presence of a heterogeneous product and a reaction that does not follow 

a first order reaction.  Instead, the reaction possesses an initial lag period followed by a 

more rapid activation of pepsin (Al-Janabi, Hartsuck, Tang 1972).  

Richter et al. (1998) reported that the factor that determines the type of activation 

method is concentration dependent.  At concentrations of 0.16 mg/mL, pepsinogen 

activates by both intramolecular and intermolecular reactions.  Concentrations exceeding 

0.16 mg/mL are dominated by intermolecular activation methods as the PS is removed as 

one unit.  

 

3.3 Inhibition During Activation 

 
 In 1938 an inhibiting substance was discovered during the activation process of 

pepsin (Herriott 1938).  This inhibition property is credited with the lag time observed 

during the activation process (briefly mentioned in Section 3.2).  The sequence 
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responsible for the inhibition was not known until 1973, when Anderson and Harthill 

(1973) published that the inhibitor consisted of amino acids present in the first sixteen 

amino acids of porcine pepsinogen.  Similar activation products were seen in other 

related enzymes (bovine and canine pepsinogens) where it was hypothesized that this 

sequence has a physiological role beyond activation (Kumar and Kassell 1977).   

 Kumar and Kassell (1977) determined the inhibition constant of N16 (amino acids 

1-16 of the PS) acting on native pepsin at 37°C to be 7x10-8 M.  Dunn et al. (1978) 

reported similar values. 

3.4 Conformational changes upon pepsin activation 
 
 

Pepsinogen undergoes substantial change in conformation during activation.  In 

the zymogenic form, the PS wraps around the central portion of the enzyme forming salt 

bridge interactions with the negatively charged mature segment (Khan and James 1998).  

Specifically the first six amino acids at the N-terminus of the PS form the first strand in a 

six-stranded anti-parallel β-sheet at the back of the molecule (Richter, Tanaka, Yada 

1998).  The remainder of the PS (amino acids 7-44) and the first 12 residues of the active 

enzyme moiety cover and occupy the substrate-binding cleft (Richter, Tanaka, Yada 

1998). 

After activation, the N-terminal fragment of pepsin moves to replace the PS in the 

six stranded β-sheet.  This causes a change that is approximately 40 Å (Richter, Tanaka, 

Yada 1998; Tanaka and Yada 2001) as shown in Figure 4.  The activation of pepsin 

uncovers the blocked active sites resulting in an active enzyme.  
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Figure 4 – The change in configuration upon activation of the zymogen (PDB: 3PSG) to 

active pepsin (PDB: 4PEP).  The first 12 amino acids (shown in purple) move 40 Å from 

a location occupying the active site to a location exposing the active site.  The active site 

aspartates are shown in pink.  Figure 4a shows the location of the first 12 amino acids in 

pepsinogen (PDB: 3PSG) form without the blockage of the PS.  Figure 4b shows the 

same image with the PS present (pepsinogen) (PDB: 3PSG).  Figure 4c and 4d both 

demonstrate the location of the first 12 amino acids in the active form of pepsin (PDB: 

4PEP) where as 4c is the same orientation as 4a and 4b, 4d is 180° rotated for a better 

view of the desired amino acid sequence.  Figure 4e shows pepsin 1-12 in active form in 

blue (PDB: 3PSG) and pepsin 1-12 in pepsinogen formation in purple (PDB: 4PEP).  
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3.5 Prosegment catalyzed folding  
 
 
 The PS has been shown to catalyze the folding of native pepsin (Dee and Yada 

2010).  Through the exogenous addition of the PS, Rp can be converted to Np (equation 

[1]) (Dee and others 2009).  When the PS is present, the folding to the native state is 

thermodynamically driven and completely reversible (Dee and Yada 2010).  The 

reversibility of the reaction is dependent on the disulfide bonds remaining intact.  Once 

the disulfide bonds are broken the reaction is no longer reversible (Kuimoto and others 

2001).  

PS+Rp⇌PS·Rp⇌PS·Np′⇌PS+Np [1] 

It has been suggested that the primary role of PS is to stabilize the folding 

transition state (Dee and Yada 2010).  PS stabilizes the folding transition for pepsin by 

14.7 kcal/mol (Dee and Yada 2010).  Once the PS is autocatalytically removed, the native 

state is kinetically trapped due to the large energy requirement for unfolding (Dee and 

Yada 2010). 

The PS functions by directly increasing the folding rate of the forward folding 

reaction (Baker, Shiau, Agard 1993).  Foldases by definition, catalyze the folding 

reaction by exerting a direct influence on the folding rate.  PS has been shown to act as a 

foldase for serine (Baker, Sohl, Agard 1992) and aspartic peptidases (Dee and Yada 

2010).  PS catalyzes the rate of folding by 85,000 times compared to uncatalyzed folding 

for pepsin (Dee and Yada 2010).   
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3.6 Prosegment truncations 
 
 

In 1999, Zhong et al. studied furin and propeptide convertase (PC) 7 PSs, 

performing truncations to identify which regions in the PS are important for potent 

inhibition (Zhong and others 1999).  The group studied N-terminal PS segments, C-

terminal segments and central segments of both furin and PC7.  They found that the 

central segments as well as the N-terminal were poor inhibitors for both enzymes while 

the C-terminal segments were good inhibitors.  Through single amino acid truncations 

they were able to determine that the C-terminal arginine was required for inhibitory 

function. 

In 2002, Cunningham et al. examined the N-terminal domain requirements for the 

catalysis of α-LP folding (Cunningham and others 2002).  α-LP contains a 166 amino 

acid residue PS.  Homology data, mutational studies and structural analysis show that the 

C-domain was conserved in α-LP while the N-domain is variable in sequence and size 

(Cunningham and others 2002).  Cunningham et al. stated that the C-terminal domain is 

required for folding as it positions the β-hairpin causing structural changes to the C-

domain of the enzyme; bringing about the formation of the native state (Cunningham and 

others 2002).  Based on the lack of conservation and the finding that the C-terminal 

domain is the domain involved in the formation of the native state, the function of the N-

terminal PS domain was questioned.  The group truncated the N-terminus, resulting in a 

C-terminal segment, and found that there was no folding, therefore, the N-terminus was 

required for folding (Cunningham and others 2002). 

In 2005, the folding competence of truncated forms of human procathepsin B was 

published (Müntener and others 2005).  Human procathepsin B is a cysteine peptidase 
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that contains a 60 amino acid PS.  Many truncations to the N-terminal PS were made and 

the results showed that truncations removing up to the first 22 amino acids did not impair 

the ability to produce procathepsin B that could be activated (Müntener and others 2005).  

However, truncations beyond the first 22 amino acids were unable to fold correctly and 

were completely devoid of proteolytic activity (Müntener and others 2005).  It was found 

that the first β-sheet (Trp24-Ala26) was required for folding and stabilization (Müntener 

and others 2005). 

Most recently, α-defensin PS truncations were studied for their ability to inhibit 

bacterial activity (Figueredo and Ouellette 2010).  It was hypothesized that due to the 

highly conserved chain length, the peptide bond distance between the PS of pro-

Cryptidin-4 (proCrp4) and the active site has been optimized.  This optimization 

prompted the authors to test the hypothesis that the length between the PS and the active 

site is optimal for maintaining proCrp4 in an inactive state.  Deletions were made 

removing 10 (44-53) and 15 (44-58) amino acids.  It was found that the inhibition of 

bacterial activity was maintained in both of the truncated PSs indicating length is not 

optimized in proCrp4 for inhibition (Figueredo and Ouellette 2010). 

 

3.7 Prosegment mutations 
 
 
 In the past 10 years there has been much research performed on mutations to 

determine the role of certain amino acids.  Only results for research performed on PS 

mutations of pepsinogen are presented.  
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 In 2009, Dee et al. made 3 mutations to the PS of pepsinogen (Dee and others 

2009).  All mutations were alanine mutations, each serving a different purpose.  The first 

was a conservative mutation where the polarity was conserved (V4A).  The second was 

the mutation of a basic group (R8A).  The final mutation was the mutation of the lysine 

residue at location 36 (K36A), which has been shown to provide stabilizing interactions 

through H bonds with the active site (Asp32 and Asp215) (Richter and others 1999).  Dee 

et al. demonstrated that regardless of the mutation, the effects on PS-catalyzed folding 

were approximately the same (rate enhancements of 8,000, 7,000 and 8,000 respectively) 

(Dee and others 2009).  This experiment demonstrated the robustness of the PS to act as a 

folding catalyst.  

Earlier studies on mutations to the PS of pepsin demonstrated a major impact on 

stability (Tanaka and Yada 2001).  Tanaka et al. made mutations in the N-domain, C-

domain and a combination of the N- and C-domains to alter the charge distribution.  It 

was found that the N-terminal and C-terminal mutants had similar activity to Wt and 

increased stability (5.8 times greater than Wt).  It was concluded that the distribution of 

charges over the entire surface must be changed in order to increase stabilization.  

Furthermore, introduction of a disulfide bond between the PS and pepsin prevented the 

enzyme from denaturing (Tanaka and Yada 2001). 

 Richter et al. (Richter and others 1999), made mutations to lysine 36 in the PS of 

pepsinogen.  This was done as lysine is highly conserved and forms ion pairs with the 

two active sites (Asp32 and Asp215).  Three mutations were made: a positively charged 

amino acid (K36R), a negatively charged amino acid (K36E) and a neutral, hydrophobic 

amino acid (K36M) (Richter and others 1999).  It was found that the mutations that were 
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positively charged and negatively charged resulted in instability (shown by DSC with the 

results reducing the Tm by 6°C and 10°C, respectively) (Richter and others 1999).  It was 

also shown that the mutations to lysine 36 caused large changes in the location of the 

Asp215 active site relative to Wt PS, by means of kinetic models, molecular models and 

the conformational changes observed by far-UV CD.  Lysine 36 may be important for 

correct alignment of the active site Asp215 residue (Richter and others 1999). 

 

4.0 Project Novelty 

 
This work is differentiated from the work performed by Dee et al. (Dee and others 

2009) as these researchers measured the effect of point mutations at three different 

locations along the PS of pepsinogen.  The presented experiments for this thesis were 

designed to provide results that would isolate the effects of each domain for folding and 

inhibition and provide insight into how the folding information is stored within the PS 

domain (i.e., is it in the N- or C-terminal or are both required for folding) and are C-

terminal PS residues important for stabilizing the transition state?  

As discussed in the literature review on PS truncations (section 3.6), truncations 

have been performed on a broad range of enzyme families.  It is evident that there has not 

been a study on the truncation of pepsinogen PS.  The truncations N16, N29, C28 and 

C15 are novel and have not been studied previously for pepsin PS catalyzed folding.  The 

most relevant study to the present work is the work performed by Cunningham et al. 

(Cunningham and others 2002) in the examination of α-LP.  This work was different 

from the current thesis asα-LP BLAST results demonstrate that α-LP possesses a 

conserved C-PS domain (Cunningham and others 2002) whereas pepsinogen possesses a 



 

    22 

conserved N-PS domain.  Other research analyzing PS truncations mainly studied the role 

of PS as an inhibitor (Figueredo and Ouellette 2010; Zhong and others 1999) and were 

not performed on APs.  

Due to the bimolecular nature of PS catalyzed folding, it is possible to study the 

effect of PS truncations on each step in the pathway (Rp, TS and Np).  This thesis, in 

combination with work that was previously performed by Dee (Dee and others 2009; Dee 

and Yada 2010; Dee and others 2006) and work that is ongoing, will aid in the 

understanding of how the PS stabilizes the folding TS. 

5.0 Hypothesis 

 
The N-terminal portion of the PS domain of pepsin is hypothesized to be critical 

to PS-catalyzed folding.  This is evidenced by the fact that PS residues N1-29 correspond 

to a highly conserved motif within pepsin-like aspartic proteases (shown in Section 8.1) 

while the C-terminal residues (amino acids 17-44 and amino acids 30-44 when numbered 

for pepsinogen) are generally less conserved.  More evidence exists in the literature for 

the N-terminal to be critical to folding as the N-terminal PS residues interact with the β-

sheet of mature pepsin.  N1-16 (amino acids 1-16 when numbered for pepsinogen) was 

examined as N1-16 is naturally removed as an intermediate step in the activation process 

(Christensen, Pedersen, Foltmann 1977).  The C-terminal PS residues are hypothesized to 

not be critical for folding as they are less conserved, however, they may be involved in 

other PS functions such as inhibition.  
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6.0 Objectives 

 
The objectives of this research: 

- to study the mechanism by which PS binds Rp 

- to study the mechanism by which PS inhibits active pepsin  

- to study the mechanism by which PS stabilizes the transition state from Rp to Np.   

7.0 Materials and Sample Preparation 

7.1 Materials 
 
 

95% purity porcine pepsin A was purchased from Sigma-Aldrich (St. Louis, MO) 

and used without further purification.  The peptide substrate KPAEFF(NO2)AL was 

synthesized by Sigma Genosys (Oakville, ON, Canada).  Peptides corresponding to the 

wild-type (LVKVPLVRKKSLRQNLIKNGKLKDFLKTHKHNPASKYFPEAAAL) and 

truncated PS, N-16 (LVKVPLVRKKSLRQNL) (Figure 5, shown in blue), N-29 

(LVKVPLVRKKSLRQNLIKNGKLKDFLKTH) (Figure 6, shown in orange),  C- 

(IKNGKLKDFLKTHKHNPASKYFPEAAAL) (Figure 5, shown in pink)  and C-

(KHNPASKYFPEAAAL) (Figure 6, shown in purple) terminal PS peptides were 

synthesized by and purchased from CanPeptide Inc. (Pointe-Claire, QC, Canada) and 

determined to be >95% pure by liquid chromatography-mass spectrometry (LC-MS).  
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Figure 5 – Location of 16-17 truncation of pepsinogen prosegment (N-terminal is shown 

in blue while the C-terminal is shown in pink) (PDB: 3PSG) 

5’LVKVPLVRKKSLRQNLIKNGKLKDFLKTHKHNPASKYFPEAAAL 3’  
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Figure 6 - Location of 29-30 truncation of pepsinogen prosegment (N-terminal is shown 

in orange while the C-terminal is shown in purple) (PDB: 3PSG) 

5’LVKVPLVRKKSLRQNLIKNGKLKDFLKTHKHNPASKYFPEAAAL 3’ 
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7.2 Sample Preparation 
 

7.2.1 Pepsin 

 
 Stock solutions of pepsin were prepared to a known concentration using A280 

where E280 = 52,830 M-1cm-1, determined using the ProtParam tool (Gasteiger and others 

2005).  

 

7.2.2 Refolded Pepsin 

 
Refolded pepsin (Rp) was prepared by denaturing pepsin by exposing it to 

alkaline conditions, holding it there and then returning the sample to acidic conditions by 

dilution.  A 20 mg/mL solution of alkaline, inactive pepsin was prepared by addition of 

30 mM NaOH and holding the sample at pH 8-9 for 10 minutes.  This sample was then 

refolded by dilution with 20 mM acetic acid/sodium hydroxide buffer, pH 5.3.  pH 5.3 

buffer was chosen as pepsin has been shown to have reduced proteolysis above pH 5 

(Christensen, Pedersen, Foltmann 1977). 

  

7.2.3 Wild-type, N- and C-terminal Prosegment 

 
 Wild-type, N- and C-terminal PS were prepared in distilled water.  The 

concentration of Wt PS was determined by mass/volume and then confirmed by 

measuring the A280 where E280 = 1,490 M-1cm-1 using the ProtParam tool (Gasteiger and 

others 2005).  C15 and C28 terminal truncations contained a tyrosine residue.  The 

concentrations of these samples were determine using A280 where E280 = 1,490 M-1cm-1 
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for both samples (Gasteiger and others 2005).  Neither the N16 nor the N29 PS truncation 

contained a tyrosine residue so their concentrations were determined by Ultra 

Performance Liquid Chromatography at the SickKids Amino Acid Analysis Facility 

(Toronto, ON) to be 6.4 mg/mL and 11.89 mg/mL, respectively. 

 

7.3 Methods 
 

7.3.1 Bioinformatics 

 
A sequence alignment was performed on the PS sequence for pepsinogen using a 

Basic Local Alignment Search Tool (BLAST) (NCBI, 2009).  The results were run in a 

multiple sequence alignment.   

 

7.3.2 Standard Curve 

 
 A standard curve was constructed using Np samples prepared in concentrations 

ranging from 6 µM to 40 µM, in 20 mM acetic acid/NaOH buffer, pH 5.3, containing 100 

mM NaCl.  Samples were incubated for 5 minutes at 25°C and then assayed for activity 

using a UV based assay.  The UV substrate, KPAEFF(NO2)AL (Sigma Genosys, 

Oakville, ON) was used.  Enzyme kinetics were measured at 25 °C, in 20 mM acetic 

acid/NaOH buffer, pH 5.3, using a Biochrom Ultrospec 3100- pro UV-vis 

spectrophotometer (Biochrom Ltd., Cambridge, England).  Initial reaction rates, vo, were 

determined from linear fits and repeated at least three times for each concentration.   
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7.3.3 Uncatalyzed Pepsin Folding 

 
Rp samples were prepared to concentrations of ~0.35 mg/mL in 20 mM acetic 

acid/NaOH buffer, pH 5.3, containing 100 mM NaCl.  Aliquots were withdrawn at 1-4 

hour intervals for 48 hours and assayed for activity using a UV based assay.  The UV 

substrate, KPAEFF(NO2)AL was used (Sigma Genosys, Oakville, ON).  Enzyme 

kinetics were measured at 15°C, in 20 mM acetic acid/NaOH buffer, pH 5.3, using a 

Biochrom Ultrospec 3100- pro UV-visible spectrophotometer (Biochrom Ltd., 

Cambridge, England).  Initial reaction rates were calculated from linear fits over the first 

10 seconds of the reaction and used to calculate the amount of native pepsin recovered 

using a standard curve (Dee and Yada 2010).  Initial reaction rates were measured at least 

in triplicate at each time point. 

 

7.3.4 Dissociation Constants 

 
The change in the intrinsic tryptophan fluorescence of denatured pepsin upon 

binding PS was used to measure the affinity of the PS for Rp (Dee and Yada 2010).  Rp 

solutions were diluted to 1 µM in 20 mM acetic acid/sodium hydroxide buffer, pH 5.3, 

and combined with amounts of PS ranging from 10 to 100 µM PS.  After incubating the 

samples at 15°C for >20 minutes, the intrinsic tryptophan fluorescence was measured 

using a Shimadzu RF5301 spectrofluorophotometer (Shimadzu Corporation, Kyoto, 

Japan).  The change in fluorescence, ∆Fi, at each PS concentration was fit to: 



 

    29 
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∆Fmax is the maximum change in fluorescence, Kd is the dissociation constant, [Rp] and 

[PS] are the concentrations of refolded pepsin and PS, respectively.  The PS-binding 

measurements were repeated in triplicate. 

 

7.3.5 PS Catalyzed Folding 

 
A solution containing Rp diluted to 3 µM in a 20 mM acetic acid/sodium 

hydroxide buffer, pH 5.3, 100 mM NaCl was combined with various concentrations of 

PS.  The ratio of PS: Rp was kept at ≥10:1.  The addition of salt drastically improves the 

recovery of activity and it has no effect on the folding rate (Kuimoto and others 2001).  

The solutions were held at 15°C and upon addition of PS to initiate the reaction, aliquots 

were taken at several time intervals, diluted in 50 mM phosphoric acid buffer, pH 1.1, 

incubated for 5 minutes at 25°C and assayed for Np activity using the UV substrate, 

KPAEFF(NO2)AL.  The time interval was based on the time required for folding.  

Samples that folded on a minute time scale were measured for 0-20 minutes (Wt, N29).  

Samples that folded on an hour time scale were measured for 0-8 hours (N16, C15, C28).  

The recovery of activity at a single PS concentration was fit with the exponential function 

(y=(a-b)-Kft) to obtain the folding rate constant, Kf.  The Kf  data were approximately Kcat 

(maximum folding rate) as pepsin was beyond its saturation point with PS. 

N- and C-terminal samples were also exogenously added together to look for 

synergistic effects.  N16 was added in equal concentrations to C28 and compared to N16 
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on its own.  N29 was added in equal concentrations to C15 and compared to Wt and N29 

on its own.  

 

7.3.6 Inhibition Study 

 
Pepsin hydrolysis of the KPAEFF(NO2)AL substrate (Sigma Genosys, Oakville, 

ON) was measured by recording the decrease in absorbance at 300 nm using a Biochrom 

Ultrospec 3100pro UV-Vis spectrophotometer (Biochrom Ltd., Cambridge, England) at 

0°C in 20 mM acetic acid/sodium hydroxide buffer, pH 5.3.  Np samples were diluted to 

10 nM and incubated with PS, ranging in concentration from 0 to 1500 µM (up to 3000 

µM for C15), held for 5 minutes at 25°C and analyzed for activity.  The reaction rates 

were normalized to the activity in the absence of PS and the data fit using the competitive 

inhibitor form of the Michaelis-Menten equation: 

!! =
!!"# !

! + !"(1+ !
!")

 

where vo is the initial reaction rate, Vmax is the maximum reaction rate, [S] is the substrate 

concentration, [I] is the inhibitor concentration, Km is the Michaelis constant and Ki is the 

inhibition constant (Dee and Yada 2010).  Reaction rates were measured in triplicate for 

each PS concentration. 

 

7.4 Data Analysis 
 
 

All data analysis was carried out using Origin v8.5.1 Student Version (OriginLab 

Corp. Northampton, MA) and Prism 5 (GraphPad Software Inc. La Jolla, CA).   
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8.0 Results and Discussion 

 

8.1 Bioinformatics 
 
 

The results of a BLAST search showed that the PS of pepsinogen belongs to the 

A1 propeptide superfamily and residues 1-29 correspond to a 29 residue motif conserved 

among pepsin-like endopeptidase PS.  A BLAST search was used to identify other APs 

with PS sequences closely related to porcine pepsinogen A PS.  The resulting list of 

sequences was sent to MyHits (MyHits, 2010) to produce Figure 7, which shows the 

strong sequence identity among related PS segments.  In Figure 7, the PS sequence of 

pepsinogen PS is shown in the top row, with related sequences shown below.  Very little 

evolutionary change or divergence in the N-terminus is observed as indicated by the high 

degree of sequence conservation.  Differences in the sequences of PSs are most notable at 

the C-terminus region.  The C-terminus contains little secondary structure and high 

conformational flexibility (Richter and others 1999).  The lack of divergence 

demonstrated in the N-terminal 29 amino acid residue segment is likely related to a 

functional role contained within this sequence.  The above findings (i.e., high degree of 

conservation) were the motivation for the truncation of N29 (at H29-K30). 

Within Pfam, a database for protein families, is the option to perform a HMM 

logo which stands for Hidden Markov Model (shown in Figure 8) (Schuster-Bockler, 

Schultz, Rahmann 2004).  The size of the letter indicates the likelihood of finding the 

particular amino acid in that location.  The larger the letter, the more likely it is at that 

particular location.  Letters are sorted in descending order depending on their probability.  

The letters on top are seen more often in similar structures. 
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Figure 7 – Multiple sequence alignment of pepsinogen A from Sus scrofa (top and in red 

square) compared to similar PS sequences.  This figure demonstrates the high degree of 

conservation among the first 29 amino acids in the pepsinogen PS sequence amongst 

similar prosegments.  Below, the short form names for the sequences compared to 

pepsinogen A from Sus scrofa are explained: pepsinogen C from Cavia porcellus 

(PEPC_CAVPO),  pepsinogen C from Suncus murinus (PEPC_SUNMU), pepsinogen C 

from Sus scrofa (PEPC_PIG), pepsinogen C from Rattus norvegicus (PEPC_RAT), 

pepsin F precursor from Oryctolagus cuniculus (PEPAF_RABIT),  pepsin A precursor 

from Gallus gallus (PEPA_CHICK),  pepsin 1 precursor from Thunnus orientalis 

(PEP1_THUTO), pepsin 2 precursor from Thunnus orientalis (PEP2_THUTO), 
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Embryonic pepsinogen from Gallus gallus (PEPE_CHICK), pepsin B from Canis 

familiaris (PEPB_CANFA), pepsin A from  Callithrix jacchus (PEPA_CALJA), pepsin 

A precursor from Canis familiaris  (PEPA_CANFA), pepsin A precursor from Suncus 

murinus (PEPA_SUNMU), pepsin A precursor from Macaca mulatta (PEPA_MACMU), 

pepsin A precursor from Bos taurus  (PEPA_BOVIN), pepsin A precursor from Sorex 

unguiculatus (PEPA_SORUN), pepsin A II-2/3 precursor from  Oryctolagus cuniculus 

(PEPA2_RABIT) and pepsin A precursor from Rhinolophus ferrumequinum  

(PEPA_RHIFE). 

 

 
Figure 8 - HMM Logos from Pfam to show the sequence conservation amongst the 

aspartic protease AI propeptide motif.  Single letter designation is to represent each 

amino acid.  The size of the letter shows the likelihood of finding that amino acid in the 

particular position.  
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8.2 Standard Curve 
 
 

The standard curve (Figure 9) of activity versus the concentration of pepsin was 

constructed so refolding data could be compared as a percent recovery of activity.  The 

slope was then used to determine the percentage of total recovery of pepsin.  The slope 

was determined to be 0.0035 (-Absorbance/minute/µM Np) (Table 1) with an !! value of 

0.9864.  
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Figure 9 – Standard curve of the activity of pepsin related to the native pepsin 

concentration using a UV based assay described by Dee and Yada (Dee and others 2009).  

The samples were run at 25°C in 20mM acetic acid/NaOH buffer, pH 5.3 containing 100 

mM NaCl.  The error bars represent the standard error of the replications, repeated at 

least three times for each concentration.  
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Table 1 - Linear Curve Fitting Results for Figure 9, the standard curve for the activity of 

pepsin repeated in triplicate 

 Value Standard Error 

Intercept 0 -- 

Slope 0.0035 (-Abs/min/µM Np) 7.8x10-5 

 

8.3 Uncatalyzed Pepsin Folding 
 
 

A plot of uncatalyzed pepsin folding was produced (Figure 10).  From this plot, 

the slope of 0.1889 (hr-1) (Table 2) was used to calculate the half-time (t1/2) of 

uncatalyzed folding.  Using the equation for a first order reaction, t1/2=-ln0.5/rate, the 

folding t1/2 was determined to be 367 hours or approximately 15 days.  This rate is 

considered to be too slow to be biologically relevant (Dee and Yada 2010).  This data, 

however, was required to determine rate enhancements observed by PS catalyzed folding.  
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Figure 10 – Uncatalyzed Pepsin Folding of Rp to Np, based on the recovery of 

proteolytic activity, over 48 hours, to estimate the rate of uncatalyzed folding.  

Measurements were made using a UV based assay described by Dee and Yada (Dee and 

others 2009) and the UV substrate, KPAEFF(NO2)AL.  Error bars indicate the standard 

error of replicates performed at least three times.  
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Table 2 - Linear Curve Fitting Results for Figure 10, the folding rate for uncatalyzed Rp 

folding repeated in triplicate 

 Value Standard Error 

Intercept 0 -- 

Slope 0.1889 (hr-1) 0.00537 

 

8.4 Dissociation Constants 
 
 

Each truncation was analyzed for the change in fluorescence compared to the 

maximum change in fluorescence with increasing PS concentration.  Figure 11 shows the 

determination of the dissociation constant for Wt PS.  Figures for N16, N29, C28 

truncations can be found in the Appendix Figures A3.1, A3.3 and A3.6, respectively.  

Table 3 shows the results of the nonlinear curve fits to determine Kd for Wt PS and 

truncation PS peptides.  The observation that Wt, N16 and N29 samples possessed similar 

dissociation constants (Table 3), demonstrates that the binding competence is found 

within the N-terminal residues.  

When the point of saturation was calculated to determine the amount required to 

saturate >97% of 1 µM Rp, it was found that all N-terminal segments required 

approximately 40 µM PS (Table 3).  Figure 12 is a saturation curve for Wt PS to 

determine the point of saturation of Rp with Wt PS.  The figures for the truncations N16, 

N29, C15 and C28 can be found in the Appendix Figure A3.2, Figure A3.4, Figure A3.5 

and Figure A3.7, respectively).   

Analyzing the C-terminal segments showed that C28 required three times as much 

PS as compared to Wt to reach saturation, while C15 required more than five times more 
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to reach saturation (an estimation as there was no change in conformation with the 

addition of C15 PS).  Only one third of the binding competence was retained within the 

C28 segment.  The C15 segment did not show any change in fluorescence with a change 

in PS concentration (results not shown).  Binding competence is therefore stored in the N-

terminal.  The removal of C-terminal amino acids does not impact the binding 

competence as seen by the removal of 15 (for N29) and 28 (for N16) amino acids.  All N-

terminal segments had a Kd less than 2. 

 

Table 3 – Dissociation constants and the calculated concentrations required for saturation 

of 1 µM Rp, three replicates were performed for each PS segment 

PS Kd (µM) Standard 

Deviation 

Concentration required for 

>97% saturation of 1 µM 

Rp (µM) 

Wt 1.1422a 0.05838 ~ 40 

N16 1.2065 a 0.17086 ~ 40 

N29 1.1845 a 0.25814 ~ 40 

C15 >10 -- >325 

C28 3.7250 b 0.74169 ~ 125  

The means in each column sharing the same letter are not significantly different, P < 0.05 
as determined by a Tukey’s honestly significant difference (HSD) test.  
The Kd for C15 was estimated, as there was no detectable structural change using 
fluorescence.  
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Figure 11 – The change in fluorescence compared to the maximum change in 

fluorescence with increasing concentration of Wt PS.  Fluorescence results were 

calculated at each concentration three times.  Error bars represent the standard error of the 

replicates.  
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Figure 12 – The percentage of free Rp with increasing concentration of Wt PS to 

determine the point of 97% saturation.  These data points were calculated using the 

quadratic formula, Pfree
2 + Pfree (Ltot + Kd - Ptot) - Kd *Ptot = 0, where Pfree is the amount of 

unbound Rp, Ltot is the total amount of ligand (PS), Ptot is the total amount of Rp and Kd is 

the dissociation constant.  
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8.5 PS Catalyzed Folding 

 The exogenous addition of pepsinogen PS to denatured and refolded pepsin (Rp) 

has been shown to facilitate the refolding of the denatured enzyme to an active enzyme 

(Dee and Yada 2010).  The present study examined the folding capacity of truncations 

relative to Wt as well as to each other.  

 The rates for PS catalyzed folding are displayed in Table 4.  The fastest folding 

rate is seen in Wt, which was consistent with the findings of Dee et al. (Dee and others 

2009) (Figure A4.1 in the Appendix).  The fastest rate for a truncation was N29 (Figure 

A4.3 in the Appendix), which supports the hypothesis that the N-terminal sequence is 

critical to folding.  N16 (Figure A4.2 in the Appendix) showed a dramatic decrease 

compared to Wt and N29 (N16 was 500 times slower compared to Wt), however, it did 

fold faster than either C-terminal truncation (120 and 140 times faster than C28 and C15 

respectively).  Neither C-terminal truncation possessed the ability to catalyze folding as 

the folding rates were determined to be not significantly different from the uncatalyzed 

folding rate of Rp.  This result was expected for C15 as it was shown in Section 8.4 that it 

likely does not bind to Rp as there was no conformational change.  
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Table 4 – PS catalyzed folding rates for PS truncations and exogenous combinations, 

measured in triplicate 

PS Kf (sec-1) Standard Deviation 

Wt 4.03x10-2a 1.6x10-2 

N16 8.12x10-5c 5.8x10-6 

N29 1.65x10-2b 2.7x10-3 

C15 5.71x10-7c *  1.7x10-7 

C28 7.06x10-7c * 1.9x10-7 

N16+C28 5.96x10-5c 6.4x10-6 

N29+C15 2.49x10-3b,c 1.0x10-3 

Uncatalyzed 5.25x10-7c * 1.5x10-8 

*linear folding rate  
The means in each column sharing the same letter are not significantly different, P<0.05 
as determined by a Tukey’s HSD test. 
 

Cunningham et al. (2002) studied the effect of truncating the N-terminal domain 

of the PS for α-LP.  The PS in α-LP is highly conserved within the C-terminal amino acid 

residues, which is contrary to what was found in pepsin.  In the case of pepsin, the N-

terminal amino acids are conserved.  This group stated that the C-terminal PS domain 

serves as the minimum “foldase” unit responsible for folding catalysis based on 

homology data, mutational studies and structural analysis of the PS-αLP complex.  It was 

also reported that when the N-terminal domain was removed, the C-terminal PS domain 

was an unstructured protein and unable to catalyze the folding rate beyond what occurs 

with the uncatalyzed folding (Cunningham and others 2002).   
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In the present study, pepsin was able to fold with drastic reductions to its amino 

acid sequence.  Surprisingly, N29 was able to fold at a rate only 2.5 times slower than 

Wt.  N16, a truncation removing 28 amino acids, was also able to fold to native pepsin, 

albeit at a reduced rate compared to N29.  As expected, the C-terminal pepsin PS 

truncations were unable to catalyze refolding of partially denatured pepsin at a rate 

significantly different from what occurs in uncatalyzed folding.  The above data is in 

agreement with the homology data for pepsin, which shows that the N-terminal contains 

conserved residues (Section 8.1).   Unlike what was found by Cunningham et al. (2002) 

in the study of αLP, the conserved sequence in pepsin (N29) is able to catalyze the 

folding rate beyond what occurs with the uncatalyzed folding.   

Müntener et al. (2005), studied the effect of N-terminal truncation on a cysteine 

peptidase, human procathepsin B and found that the 60 amino acid PS sequence could be 

N-terminally truncated up to 22 amino acids before it was unable to properly fold to an 

active enzyme.  No kinetic experiments were performed so it is not possible to comment 

on any reduction in folding rates.  The results from Müntener et al. (2005) are different 

for what was found for pepsin.  Denatured human procathepsin B was able to fold to an 

active enzyme with a large truncation removed from its N-terminal, whereas, denatured 

pepsin was unable to fold to an active enzyme (beyond what would occur for an 

uncatalyzed enzyme) without its N-terminal amino acids.  In contrast, denatured pepsin 

was able to fold with a large truncation removed from its C-terminal (as seen in 

truncation N16). 

 To further examine the effect of truncations on the refolding of Rp, two segments 

(N+C terminals) were added together to look for synergistic effects.  N16 was added with 
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equal amounts of C28 (Figure A4.6 in the Appendix).  This sample was shown to have a 

slightly slower folding rate than N16 alone (Table 4), however, this difference is not 

statistically significant (P>0.05).  

 N29+C15 was also analyzed for its ability to catalyze the folding of Rp (Figure 

A2.7 in the Appendix).  The folding rate for the combination of these two truncations was 

found to be slower than N29 on its own (Table 4), however, this difference was also not 

statistically significant (P>0.05).  This result was expected as C15 does not possess the 

ability to inhibit Rp. 

 The folding curves were analyzed and the half-time (t1/2) of folding was 

determined for each segment as well as the combination of segments (Table 5).  Wt had 

the shortest t1/2, 1.72x101 seconds.  

 

Table 5 – Half-time of folding for Wt and Truncations 

PS t1/2 (sec) 

Wt 1.72x101 

N16 8.53x103 

N29 4.21x101 

C15 1.21x104 

C28 9.83x103 

N16+C28 1.16x104 

N29+C15 2.80x102 
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 The catalyzed folding rates were compared to the uncatalyzed folding rates to 

determine the rate enhancement (Table 6).  Wt catalyzed the folding of Rp to Np by 

approximately 77,000 times compared to uncatalyzed Rp folding (Figure 10, Section 8.3).  

This corresponds to an enhancement of the folding rate by a factor of 105 that is similar to 

the result that was reported by Dee et al. (Dee and Yada 2010).  N29 catalyzed folding by 

approximately 31,000 times compared to uncatalyzed Rp.  N29+C15 catalyzed folding by 

4,710 times compared to uncatalyzed Rp folding.  N16 catalyzed folding by 155 times 

and N16+C28 by 114 times.  C28 only catalyzed folding by 1.3 times and C15 catalyzed 

folding by 1.1 times; both rates were found to not be significantly different from 

uncatalyzed Rp (statistic results from Tukey’s HSD test shown in Table 4).  Therefore, C-

terminal truncations were not able to catalyze folding beyond what occurs in the absence 

of a catalyst (Table 4).  
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Table 6 – Rate enhancement for PS Catalyzed Folding Compared to Uncatalyzed Pepsin 

Folding 

PS Kf (sec-1) Kf uncatalyzed  

(sec-1) 

Rate enhancement 

(Kf cat/Kf uncatalyzed ) 

Wt 4.03x10-2  5.25x10-7 *  76700X  

N16 8.12x10-5  5.25x10-7 *  155X  

N29 1.65x10-2  5.25x10-7 *  31400X  

C15 5.71x10-7 *  5.25x10-7 *  1.1X  

C28 7.06x10-7 *  5.25x10-7 *  1.3X  

N16+C28 5.96x10-5  5.25x10-7 *  114X  

N29+C15 2.49x10-3  5.25x10-7 *  4710X  

*linear folding rate  
The means in each column sharing the same letter are not significantly different, P < 0.05 
as determined by a Tukey’s HSD test. 
 

 A one-way analysis of variance was run on the PS catalyzed folding rates (Kf) for 

the truncations along with a Tukey’s HSD test (Table 4, statistical analysis results in the 

Appendix, Table A4.17).  It was shown that N16, C15, C28, N16+C28, N29+C15 and 

uncatalyzed folding rates were not significantly different (P>0.05) but were significantly 

different  (P<0.05) from Wt and N29.  Wt was found to be significantly different 

(P<0.05) from all of the truncations.  N29 was not significantly different from N29+C15, 

demonstrating that the addition of the C15 truncation did not have a synergistic effect on 

the folding rate.      
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 In conclusion, N29 most resembled Wt folding.  The removal of 13 amino acids, 

N29 reduced to N16, reduced folding catalysis by 200 times.  Thus, N-terminal amino 

acids 1-29 are critical to folding.  C-terminal truncations demonstrated that the C-terminal 

amino acids are unable to catalyze folding on their own.  N29 was only 2.5 times less 

effective as a folding catalyst than Wt.  Although N29 contains substantial capacity for 

refolding competence, the C15 amino acid sequence is required as well for the most 

efficient folding (as seen in Wt folding).  It is likely that the N-terminal amino acids 

provide the required interaction with Rp to catalyze folding as the C-terminal truncations 

were unable to catalyze folding beyond uncatalyzed folding rates.   

 All truncations were statistically different from the PS catalyzed refolding rate for 

Wt (Table 4).  This is in agreement with what was found by Cunningham et al. 

(Cunningham and others 2002).  Although the N-terminal 29 residues are conserved 

among PS requiring aspartic acid enzymes and the C-terminal residues are conserved 

among related sequences to α-LP, neither conserved sequence is able to fold as 

effectively as the Wt PS.  However, N29 was found to catalyze folding to a rate 

statistically different (P<0.05) from that of uncatalyzed folding, demonstrating that most 

of the folding competence is stored within the N29 truncation. 

 

8.6 Inhibition Study 
 
 

Results of the inhibition study are reported in Table 7 and Figure 13.  Wild-type 

PS possessed the most inhibitory capacity.  Wt was shown to inhibit pepsin with an 

inhibition constant (Ki) of 38.9±7.4 nM.  These results are in agreement with those from 

Dee et al. (Dee and others 2009) who reported a Ki for Wt of 36.2±6.0 nM.  C28 and N29 
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possessed statistically similar (P < 0.05) inhibition constants.  The truncation segments 

that most closely resemble inhibition rates for Wt were C28 and N29, which indicate that 

some of the inhibitory capacity is found within the last 28 amino acids as well as the first 

29 amino acids.   

 

Table 7 – Inhibition Constants for Truncations, measured in triplicate  

PS Ki (nM) Standard Deviation 

Wt 38.9 a  7.37 

N16 198 b 37.1 

N29 75.9 c 19.4 

C15 -- -- 

C28 69.6 c 10.8 

The means in each column sharing the same letter are not significantly different, P < 0.05 
as determined by a Tukey’s HSD test.  
The mean value for C15 Ki  was determined to be 9008 nM with a standard deviation 
14532 and was excluded from the ANOVA and Tukey’s HSD tests due to the large 
standard deviation.  
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Figure 13 – Inhibition of commercial porcine pepsin activity by Wt (magenta) and 

truncation PS peptides: N16 (green), N29 (cyan), C15 (red), C28 (blue).  A 10 nM 

solution of pepsin at pH 5.3 was incubated with various concentrations of prosegment for 

5 minutes at 25 °C before addition of substrate. The data was normalized to the activity in 

the absence of prosegment and fit according to the Michaelis-Menten competitive 

inhibitor equation to obtain Ki values.   

 

From analyzing the sequences of N29 (Figure 14 shown in orange) and C28 

(shown in pink), there are overlapping amino acids that are in both of the truncations.  

The overlapping amino acids consist of 13 amino acids, IKNGKLKDFLKTH (shown 

below in red), are structurally the last two amino acids in the α-helix 11Ser-19Asp and 

the entire α-helix 21Lys-28Thr (Figure 14).  This overlapping 13 amino acid sequence, 

IKNGKLKDFLKTH, likely contributes to the inhibition of Np rather than the capacity 
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lying within the N- or C-terminal exclusively.  The interaction of the PS and pepsin is 

shown in Figure 15. 

5’LVKVPLVRKKSLRQNLIKNGKLKDFLKTHKHNPASKYFPEAAAL 3’ 

5’LVKVPLVRKKSLRQNLIKNGKLKDFLKTHKHNPASKYFPEAAAL 3’ 

5’LVKVPLVRKKSLRQNLIKNGKLKDFLKTHKHNPASKYFPEAAAL 3’ 

 

Figure 14 – The overlapping section (shown in red) of pepsinogen PS (PDB: 3PSG) 

possibly responsible for the strong inhibitory ability demonstrated for both N29 (orange) 

and C28 (pink) truncation terminals. 

 

The C15 truncation does not possess the ability to inhibit active pepsin on its own; 

however, Wt was more effective than N29 (a sequence missing the C15 residues).  

Likely, C15, when linked by a peptide bond to N29 (forming Wt PS), provides a 

synergistic effect to the N29 inhibition ability.  The C15 sequence alone was not expected 

to be able to inhibit pepsin, as it did not possess the ability to bind to Rp (Table 3). 

 The N16 amino acid sequence was able to inhibit active pepsin.  N16 was 

expected to demonstrate inhibitory effect as it is a known inhibitor (Kumar and Kassell 
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1977).  Kumar and Kassel (1977) determined the inhibition constant for N16 to be 7x10-8 

M and Dunn et al. determined the same inhibition constant to be 2x10-7 M (Dunn and 

others 1978).  The results for N16 are in agreement with these two findings at 1.98x10-7 

M.  Similar to the C15 sequence, the N16 sequence likely provides a synergistic effect to 

the C28 inhibition ability, as Wt was more effective than either N16 or C28 separately.   

 Inhibition studies on the truncation of porcine pepsinogen A PS presented in this 

thesis are novel beyond what has been studied on the N16 segment (mentioned above).  

The most relevant work related to inhibition on PS truncations is from a group working 

on α-defensin PS (Figueredo and Ouellette 2010).  Figueredo and Ouellette (2010) 

reported that the PS length is strongly conserved and proposed that the length is required 

for inhibition.  This group performed internal truncations removing 10 amino acids (44-

53) and 15 amino acids (44-58) from the PS.  Both segments were able to inhibit the 

active enzyme (α-defensin); therefore, it was found that the conserved length of the PS is 

not a requirement for inhibitory function.  

 The N16 amino acid sequence possesses some ability to inhibit active pepsin, 

however, the strongest inhibitory ability is conserved within the N29 and C28 amino acid 

sequences (Table 7).  Figueredo and Ouellette (2010) demonstrated that length is not a 

requirement for inhibition for α-defensin.  Likely it is that the overlapping 13 amino acids 

responsible for the inhibition of active pepsin rather than the conserved length (29 and 28 

amino acids for N29 and C28, respectively). 

 In conclusion, N29 and C28 truncations possess statistically similar inhibition 

constants.  These segments possess 13 overlapping amino acids, which likely are 

important to inhibition.  N16 was able to inhibit native pepsin but at a reduced strength 
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compared to N29, C28 and Wt.  C15 was unable to inhibit native pepsin.  Wt was 

superior compared to any truncation indicating the full sequence is required for the most 

efficient inhibition.  

 

8.7 Energy Landscape 
 
 The changes in PS-Rp and PS-Np binding energy upon truncation, ΔΔGbindwt-trunc 

were obtained from measurements of Kd and Ki using the equations ΔGKd=-RTlnKd 

ΔGKi=-RTlnKi, respectively.  The changes in binding and folding activation energies 

compared to Wt (ΔΔG) are given in Table 8 and shown in Figure 16. 

 PS-Rp was most destabilized by the C15 and C28 truncations.  Likely, the C15 

truncation was more destabilizing than reported, as the Kd value was only an estimate as 

the addition of C15 to Rp did not cause a change in fluorescence (Section 8.4).  N16 and 

N29 had similar destabilization on the PS-Rp complex. Values of ΔΔG PS-Rp were 

calculated and graphed in Figure 16 for N16 and N29 but are not visible in the Figure due 

to the small effect calculated.  Instead, refer to Table 8 for the ΔΔG PS-Rp for N16 and 

N29. 

 Dee (2011) measured the effect of mutations on the energy landscape compared to 

Wt PS for pepsinogen.  PS-Rp was most destabilized by mutations at V4, L6, S11 and 

R13 of the PS.  It was stated by Dee that the N-terminal region, including the β-strand 

and the α-helix-1, may play a dominant role in defining the initial PS-Rp complex.   

 The results of the present study, demonstrated that the N16 and N29 truncations 

had similar interactions to each other and to Wt.  These results are in agreement with 

what was found by Dee in the mutation study (Dee 2011) and support the statement that 
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the N-terminal region may play a dominant role in defining the initial PS-RP complex.  

This is further supported by the finding that the PS-Rp interaction was destabilized by the 

C28 truncation (missing the N-terminal 16 amino acids) and that it was not possible to 

measure the dissociation constant for the C15 truncation, however, a lower limit was 

estimated for C15.  

All truncations, except C28 were more destabilizing to the PS-Np complex than to 

the PS-Rp complex.  Dee (Dee 2011) found 5 of the 7 mutations (all except V4A and 

R13A), were more destabilizing to the PS-Np complex than the PS-Rp complex.  Dee 

stated that the PS-Rp interactions were possibly weakened due to the increased unordered 

structure or due to the formation of non-native contacts (Dee 2011).  

The N29 truncation had the least effect of all the truncations on the transition state 

(ΔΔG PS-TS 0.51 kcal/mol).  It also destabilized both the PS-Np and PS-TS complexes 

with similar magnitudes, which suggests that N29 makes similar contacts in both PS-Np 

and PS-TS (Dee 2011). 

All truncations were most destabilizing to the PS-TS complex. With the exception 

of C28, the magnitude of destabilization increased in the order of PS-Rp < PS-Np < PS-

TS, suggesting that contacts are made with residues along the entire length of the PS and 

that these increase in number and/or strength in the order of PS-Rp, PS-Np, PS-TS.  This 

trend of destabilization, PS-Rp < PS-Np < PS-TS, was also observed by Dee with the 

mutation study (Dee 2011). 
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Figure 15 – Changes in the PS catalyzed folding energy landscape upon truncation of the 

PS peptide.  The changes in energy of each conformation were determined as changes in 

binding energy, and positive ∆∆G values indicate destabilization.  No experiments were 

run on ∆∆G PS-Np or ∆∆G PS-Rp for the combination truncations N16+C28 or 

N29+C15 as these experiments do not test the hypothesis of this thesis. 
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Table 8 - Summary of changes in binding and folding activation energies  

PS – truncation ΔΔGPS-Rp 
wt-trunc ΔΔGPS-TS 

wt-trunc ΔΔGPS-Np 
wt-trunc 

N16 0.03 3.55 0.64 

N29 0.02 0.51 0.39 

C15 1.24 6.39 3.02 

C28 0.68 6.27 0.37 

N16+C28 -- 3.73 -- 

N29+C15 -- 1.59 -- 

- Free energy units are in kcal/mol 
-- a result that was not tested within this thesis 
 

9.0 Conclusions 

Critical to the study of zymogens is mapping the interface between the PS and the 

protease and identifying the interactions that are critical for stabilizing the rate limiting 

folding transition state (Peters and others 1998).  This thesis examined truncations that 

were expected to have a dramatic effect on the interaction between PS-NP, PS-TS and 

PS-Rp.  

Analyzing the truncations for the different functionalities of PS proved to be a 

useful method to study where the competence for each function lies within the PS amino 

acid sequence.  The competence for binding capacity, determined by a dissociation 

constant that was then converted to determine a saturation point, showed that all N-

terminal truncations demonstrated no reduction in binding capacity compared to Wt PS 

(Table 9).  This showed that the ability to bind to Rp is stored within the first 16 amino 

acids within the N-terminal.  This is a total reduction of 28 amino acids from Wt.  The C-
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terminal 28 amino acid peptide was able to bind to Rp but at a reduced capacity; three 

times more PS was required to saturate >97% of Rp compared to Wt or N-terminal 

segments.   

 The results for the reduction in folding catalysis (Table 9) showed that N29 was 

2.5 times slower than Wt.  This shows that the competence for folding is stored within the 

N29 amino acid sequence.  The difference between Wt and N29 was shown to be 

marginal although statistically different (P<0.05). 

 The results for the reduction in inhibition (Table 9) show that N29 and C28 are 

reduced by a similar amount (approximately 2 fold decrease) compared to Wt PS.  This 

shows that inhibition is not found within the N- or C-terminal truncation exclusively; 

instead, it may be stored in the overlapping, electropositive 13 amino acid sequence. 

 

Table 9 – Comparison of the PS functions related to Wt  

PS Relative to 

PS-Wt 

Reduction in Rp 

binding 

Reduction in folding 

catalysis 

Reduction in 

inhibition/Np binding  

N16 No reduction 500X 5.1X 

N29 No reduction 2.5X 2.0X 

C15 >5X 70000X 260X 

C28 3X 60000X 1.8X 

N16+C28 -- 700X -- 

N29+C15 -- 16X -- 

-- indicates a result that was not tested within this thesis 
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10.0 Future Research 

 Using the consensus results from the bioinformatics data shown in Figure 7, a 

peptide with the amino acid sequence for the consensus sequence should be probed for 

the ability to act as a universal foldase among APs.  This thesis showed that the 

conservation sequence of the first 29 amino acids possessed the ability to inhibit Np and 

refold Rp.  The consensus sequence should be tested against pepsinogen PS for its ability 

to inhibit pepsin and refold denatured pepsin.  The consensus sequence would be 

hypothesized to act as a universal foldase among related mammalian AP enzymes.  

 Zhong et al. studied the inhibitory function of the PS for furin and PC7 (Zhong 

and others 1999).  They were able, using truncations and deletion mutations, to isolate a 

C-terminal arginine required for inhibition.  As N29 and C28 possess similar inhibition 

constants, the function of the overlapping 13 amino acid sequence should be examined 

for inhibitory ability using mutational studies.  The groundwork for this experiment has 

been established in the current work.  Mutations as well as further truncations should be 

examined to isolate structural features or amino acid residues required for inhibitory 

function.  Secondly, an electropositively charged, unrelated peptide should be studied for 

inhibitory ability to examine if the inhibition is due to the high occurrence of 

electropositively charged residues such as: lysine (4) and histidine (1) found within the 

overlapping 13 amino acid truncation. 

 Binding and inhibition studies should be carried out the on combination of 

N16+C28 as well as N29+C15 truncations to examine the segments for synergistic effects 

when added exogenously to Rp and Np, respectively. 
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Appendix 

 

A1 Standard Curve 
 
Table A1.1 – Data for Standard Curve 

[Pepsin] (µM) Activity Reading (-Abs/min) 

 Rep 1 Rep 2 Rep 3 

6 0.0234 0.018066667 0.028666667 

10 0.03375 0.030133333 0.0407 

15 0.055233333 0.051333333 0.0616 

20 0.0682 0.075666667 0.064466667 

25 0.079233333 0.074733333 0.086033333 

30 0.096 0.093233333 0.102866667 

40 0.141766667 0.148333333 0.143 
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A2 Uncatalyzed Folding 
 
Table A2.1 – Data for Uncatalyzed Folding of Rp 

Time % Recovery of Activity 

 Run 1 Run 2  Run 3  

0.002777778 0.001333333 0.001142857 0.008190476 

0.002777778 0.003047619 0.004 0.00552381 

1.002777778 0.005142857 0.003047619 0.003428571 

2 0.015619048 0.015809524 0.014095238 

2.002777778 0.00647619 0.004 0.003809524 

3.002777778 0.006285714 0.004 0.003809524 

4.002777778 0.011428571 0.002857143 0.008190476 

5.002777778 0.00272381 0.002685714 0.006666667 

6.002777778 0.004 0.008761905 0.011809524 

7.002777778 0.005714286 0.007047619 0.009904762 

8.002777778 0.005142857 0.00552381 0.005142857 

21 0.033714286 0.044571429 0.025142857 

24 0.039809524 0.049714286 0.044761905 

27 0.062857143 0.046857143 0.053142857 

30 0.04552381 0.060190476 0.062857143 

45 0.099238095 0.047619048 0.09447619 

48 0.062285714 0.108190476 0.114285714 
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A3 Dissociation Constants 
 
Table A3.1 - Data for Dissociation Constant for Wt  

[PS] (µM) ΔFi/ΔFmax 

 Run 1  Run 2  Run 3  

0 0.070236902 0.036198159 0 

0.1344 0 0 0.186555083 

0.4032 0.168307948 0.249345649 0.18776026 

0.6048 0.33094883 0.310564293 0.401292417 

0.8064 0.425494463 0.422017497 0.438911473 

1.26 0.410309757 0.570074597 0.499595276 

1.512 0.694741217 0.662590727 0.616326549 

2.52 0.790773293 0.74282335 0.829858707 

3.024 0.526609295 0.906277265 0.829456231 

5.04 0.77945383 0.902959763 0.857559787 

8.064 0.834828741 1 0.851488933 

11.088 1 0.916189991 1 

 

 

 

 

 

 

 



 

    66 

Table A3.2 - Data for Saturation Curve for Wt 

[PS] µM % Rp free 

0 100 

0.5 79.48351975 

1 64.06615236 

1.5 52.66460483 

2 44.20001124 

2.5 37.81715689 

3 32.90513988 

5 21.3281226 

10 11.13976477 

15 7.506132175 

20 5.654945649 

30 3.784715308 

40 2.843443135 

50 2.276946102 

60 1.898615209 

70 1.628070477 

80 1.4250002 

90 1.266963864 

100 1.140477829 
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Table A3.3 - Data for Dissociation Constant for N16 

[PS] (µM) ΔFi/ΔFmax 

 Run 1  Run 2 Run 3  

0 0.295254656 0.212538526 0 

0.0986 0.057463779 0 0.161316965 

0.2368 0 0.341467638 0 

0.3552 0.320585984 0.694097819 0.02061288 

0.4736 0.658116797 0.769205558 0.009381684 

0.74 0.429068253 0.776673573 0.61621397 

0.888 0.635438347 0.954864159 1 

1.48 0.728525774 0.689667685 0.85929654 

1.776 0.903442544 0.951909869 0.932425 

2.96 0.792911525 0.733831981 0.786364843 

4.736 0.848092597 0.910910559 1 

6.512 1 1 0.937111129 

7.893 0.939454567 0.730903084 1 

9.472 0.91272676 0.965342 0.86463 

15.7867 0.751292415 0.929194321 0.878510768 
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Figure A3.1 – The change in fluorescence compared to the maximum change in 

fluorescence with increasing concentration of N16 PS.  Fluorescence results were 

calculated at each concentration three times.  Error bars represent the standard error of the 

replicates. 

 
 
Table A3.4 – Nonlinear Curve Fitting Results for Figure A1.1, the dissociation constant 

for N16 PS repeated in triplicate 

 Value Standard Error 

Rp 1 0 

Kd 1.20649 0.17086 
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Table A3.5 - Data for Saturation Curve for N16 

[PS] µM % Rp free 

0 100 

0.5 80.05626226 

1 64.99088333 

1.5 53.76241635 

2 45.35592684 

2.5 38.96726774 

3 34.01758319 

5 22.22416006 

10 11.68698962 

15 7.893076797 

20 5.953264836 

30 3.988874206 

40 2.998498254 

50 2.401906774 

60 2.003253632 

70 1.71806741 

80 1.50394789 

90 1.337277583 

100 1.203859223 

 

 



 

    70 

 

Figure A3.2 - The percentage of free Rp with increasing concentration of N16 PS to 

determine the point of 97% saturation.  These data points were calculated using the 

quadratic formula, Pfree
2 + Pfree (Ltot + Kd - Ptot) - Kd *Ptot = 0, where Pfree is the amount of 

unbound Rp, Ltot is the total amount of ligand (PS), Ptot is the total amount of Rp and Kd is 

the dissociation constant. 
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Table A3.6 - Data for Dissociation Constant for N29 

[PS] (µM) Run 1 ΔFi/ΔFmax Run 2 ΔFi/ΔFmax Run 3 ΔFi/ΔFmax 

0 0 0.059283037 0.121379642 

0.1218 0.018988535 0 0 

0.2436 0.016948661 0.17888219 0.150946653 

0.3654 0.067501574 0.094632557 0.116342031 

0.4872 0.116829982 0.297953397 0.218143579 

0.76125 0.205328048 0.151376894 0.299535758 

0.9135 0.19131878 0.215809027 0.279903154 

1.5225 0.432900307 0.580351964 0.716085835 

1.827 0.600596584 0.761078703 0.760543099 

3.045 0.957722652 0.975352778 0.889476888 

4.872 1 0.956255499 1 

6.699 0.846742439 1 0.899470347 

9.744 0.930621045 0.884992667 0.874127844 

16.24 0.96726915 0.900179241 0.882708591 

20.3 0.852864965 0.94984846 0.72266789 
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Figure A3.3 - The change in fluorescence compared to the maximum change in 

fluorescence with increasing concentration of N29 PS.  Fluorescence results were 

calculated at each concentration three times.  Error bars represent the standard error of the 

replicates. 

 
Table A3.7 - Nonlinear Curve Fitting Results for Figure A1.3, the dissociation constant 

for N29 PS repeated in triplicate 

 Value Standard Error 

Rp 1 0 

Kd 1.20649 0.17086 
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Table A3.8 - Data for Saturation Curve for N29 

[PS] µM % Rp free 

0 100 

0.5 79.86422221 

1 64.68061176 

1.5 53.39349667 

2 44.96676575 

2.5 38.57937097 

3 33.64179503 

5 21.92015935 

10 11.50055211 

15 7.761049824 

20 5.851401373 

30 3.91911099 

40 2.94549492 

50 2.359181473 

60 1.967471534 

70 1.687288939 

80 1.476946122 

90 1.313227377 

100 1.182179125 
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Figure A3.4 - The percentage of free Rp with increasing concentration of N29 PS to 

determine the point of 97% saturation.  These data points were calculated using the 

quadratic formula, Pfree
2 + Pfree (Ltot + Kd - Ptot) - Kd *Ptot = 0, where Pfree is the amount of 

unbound Rp, Ltot is the total amount of ligand (PS), Ptot is the total amount of Rp and Kd is 

the dissociation constant. 
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Table A3.8 - Data for Saturation Curve for C15 

[PS] µM % Rp free 

0 100 

0.5 95.63561053 

1 91.60797831 

1.5 87.88253361 

2 84.42887702 

2.5 81.22023742 

3 78.23299831 

5 68.11457479 

10 51.24921973 

15 40.9673646 

20 34.08220797 

30 25.47462651 

40 20.32386541 

50 16.90073983 

60 14.46244026 

70 12.63801021 

80 11.22180574 

90 10.09072498 

100 9.166603063 

110 8.397435553 

120 7.747285238 
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125 7.458535094 

130 7.190524917 

200 4.783594126 

300 3.235907084 

325 2.993743638 

350 2.785299223 

400 2.444841632 

 

 

 



 

    77 

 Figure A3.5 - The percentage of free Rp with increasing concentration of C15 PS to 

estimate the point of 97% saturation.  These data points were calculated using the 

quadratic formula, Pfree
2 + Pfree (Ltot + Kd - Ptot) - Kd *Ptot = 0, where Pfree is the amount of 

unbound Rp, Ltot is the total amount of ligand (PS), Ptot is the total amount of Rp and Kd is 

the dissociation constant. 
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Table A3.9 - Data for Dissociation Constant for C28 

[PS] (µM) ΔFi/ΔFmax 

 Run 1  Run 2 Run 3  

0 0.227300525 0.09993974 0.044894182 

0.138 0.134933364 0 0 

0.276 0.0864132 0.041089315 0.022082317 

0.3552 0.111896383 0.034518565 0.047528658 

0.4736 0.079674609 0.073643464 0.072613603 

0.691 0.219119598 0.153169961 0.084512656 

0.987 0.224825477 0.139756099 0.175266994 

1.58 0.281809266 0.240894575 0.181204699 

1.975 0.260866555 0.208994097 0.226862203 

3.949 0 0.364172732 0.286512831 

4.739 0.310794438 0.337528853 0.366094287 

6.319 0.71244447 0.699182231 0.396191493 

8.69 0.898038424 0.899430081 0.601515162 

15.797 0.989372873 1 0.977252309 

19.747 1 0.987175122 0.850743395 

39.49 0.951924075 0.99817517 1 
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Figure A3.6 - The change in fluorescence compared to the maximum change in 

fluorescence with increasing concentration of C28 PS.  Fluorescence results were 

calculated at each concentration three times.  Error bars represent the standard error of the 

replicates. 

 
Table A3.10 - Nonlinear Curve Fitting Results for Figure A1.5, the dissociation constant 

for C28 PS repeated in triplicate 

 Value Standard Error 

Rp 1 0 

Kd 3.72502 0.74169 
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Table A3.11 - Data for Saturation Curve for C28 

[PS] µM % Rp free 

0 100 

0.5 90.24867197 

1 81.96465018 

1.5 74.89089662 

2 68.81413239 

2.5 63.56015283 

3 58.98780865 

5 45.53602505 

10 28.62909069 

15 20.77217225 

20 16.27515372 

30 11.34346922 

40 8.700872421 

50 7.055553353 

60 5.933039009 

70 5.118458734 

80 4.500445692 

90 4.015537065 

100 3.624926032 

110 3.303551115 

120 3.034506881 
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125 2.915771575 

130 2.805976333 

 

 
 

 

Figure A3.7 - The percentage of free Rp with increasing concentration of C28 PS to 

determine the point of 97% saturation.  These data points were calculated using the 

quadratic formula, Pfree
2 + Pfree (Ltot + Kd - Ptot) - Kd *Ptot = 0, where Pfree is the amount of 

unbound Rp, Ltot is the total amount of ligand (PS), Ptot is the total amount of Rp and Kd is 

the dissociation constant. 
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Table A3.12 – One-way Analysis of Variance Results for PS Dissociation constant (Kd) 

values  

P value P<0.0001 

P Value summary *** 

Are means signif. different? (P<0.05) Yes 

Number of groups 4 

F 59.17 

R squared 0.9569 

 

Table A3.13 – ANOVA Results for PS Dissociation constant (Kd) values  

 SS df MS 

Treatment 

(between columns) 

18.13 3 6.045 

Residual (within 

columns) 

0.8173 8 0.1022 

Total 18.95 11  
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Table A3.14 – Tukey’s Multiple Comparison Test for PS Dissociation constant (Ki) 

values  

 Mean Diff. q Significant? 

P<0.05? 

Summary 95% CI of 

diff 

Wt vs N16 -0.2103 1.139 No ns -1.046 to 

0.6155 

Wt vs N29 -0.2505 1.357 No ns -1.086 to 

0.5853 

Wt vs C28 -2.984 16.17 Yes *** -3.820 to      

-2.148 

N16 vs N29 -0.0402 0.2178 No ns -0.8760 to 

0.7956 

N16 vs C28 -2.774 15.03 Yes *** -3.609 to      

-1.938 

N29 vs C28 -2.734 14.81 Yes *** -3.569 to            

-1.898 
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A4 PS Catalyzed Folding 
 
Table A4.1 - Data for PS Catalyzed Folding Wt 

Time (mins) % Recovery of Activity 

 Run 1 Run 2  Run 3  

0.21667 17.88571 17.77143 16.4 

1 26.17143 26.62857 30.34286 

2 27.71429 30.68571 29.88571 

3 40 30.74286 35.37143 

4 26.74286 28.62857 30 

11 28.34286 30.85714 32.4 

12 32.34286 31.37143 32.51429 

13 32 25.77143 30.57143 

14 33.43857 26.22857 27.88571 

15 26.8 25.14286 31.88571 
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Figure A4.1 – Wt PS Catalyzed Folding of Rp to Np.  Measured Np activity upon 

incubation with 60 µM PS, fit with an exponential function to obtain the folding rate, Kf.. 

Rates were determined three times.  Error bars represent the standard error of the 

replicates 
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Table A4.2 - Nonlinear Curve Fitting Results for Figure A2.1, the folding rate constant 

for Wt PS repeated in triplicate 

 Value Standard Error 

A1 35.27984  1.04346 

A2 30.33186 5.11541 

Kf 2.41913 0.97529 

 
 

Table A4.3 - Data for PS Catalyzed Folding N16 

Time (hours) % Recovery of Activity 

 Run 1 Run 2  Run 3  

0.005555556 2.438095238 2.685714286 2.20952381 

1 8.266666667 7.314285714 8.095238095 

2 12.93333333 12.01904762 11.35238095 

3 15.61904762 17.00952381 16.51428571 

4 18.17142857 19.31428571 22.15238095 

5 21.52380952 23.88571429 21.77142857 

6 24.47619048 23.46666667 21.56190476 

7 20.38095238 24.91428571 20.95238095 

8 25.61904762 25.52380952 25.42857143 
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Figure A4.2 – N16 PS Catalyzed Folding of Rp to Np.  Measured Np activity upon 

incubation with 60 µM PS, fit with an exponential function to obtain the folding rate, Kf. 

Rates were determined three times.  Error bars represent the standard error of the 

replicates. 
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Table A4.4 - Nonlinear Curve Fitting Results for Figure A2.2, the folding rate constant 

for N16 PS repeated in triplicate 

 Value Standard Error 

A1 22.78179  0.39039 

A2 20.40797 0.38253 

Kf 0.29229 0.02074 

 

Table A4.5 - Data for PS Catalyzed Folding N29 

Time (minutes) % Recovery of Activity 

 Run 1 Run 2 Run 3 

0.333333333 14.05714 6.514286 12.51429 

1 21.31429 18.17143 14 

2 26 21.42857 16.85714 

3 31.82857 33.94286 20.8 

4 35.02857 24.8 17.25714 

5 35.65714 28.74286 24.8 

7 35.71429 31.54286 17.02857 

8 35.17143 31.88571 20.45714 

9 32.68571 36 25.02857 

10 35.02857 33.02857 21.42857 
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Figure A4.3 – N29 PS Catalyzed Folding of Rp to Np.  Measured Np activity upon 

incubation with 60 µM PS, fit with an exponential function to obtain the folding rate, Kf. 

Rates were determined three times.  Error bars represent the standard error of the 

replicates. 
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Table A4.6 - Nonlinear Curve Fitting Results for Figure A2.3, the folding rate constant 

for N29 PS repeated in triplicate 

 Value Standard Error 

A1 24.86147  0.42976 

A2 15.57339 1.70088 

Kf 0.98769 0.16158 

 
 
Table A4.7 - Data for PS Catalyzed Folding C15 

Time (hours) % Recovery of Activity 

 Run 1 Run 2  Run 3  

0.03333 1.42857 2.24762 2.45714 

1 2.89524 2.4 2.34286 

2 3.77143 4.01905 4.17143 

3 6.81905 5.02857 3.54286 

4 4.09524 4.62857 4.55238 

5 4.81905 3.54286 3.77143 

6 5.06667 3.37143 3.88571 

7 4.91429 3.73333 6.51429 

8 2.59048 3.58095 3.88571 
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Figure A4.4 – C15 PS Catalyzed Folding of Rp to Np.  Measured Np activity upon 

incubation with 40 µM PS, fit with an exponential function to obtain the folding rate, Kf. 

Rates were determined three times.  Error bars represent the standard error of the 

replicates. 

 

Table A4.8 - Linear Curve Fitting Results for Figure A2.4, the folding rate constant for 

C15 PS repeated in triplicate 

 Value Standard Error 

Intercept 2.25838 0.21816 

Slope 0.20566 0.06039 
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Table A4.9 - Data for PS Catalyzed Folding C28 

Time (hours) % Recovery of Activity 

 Run 1 Run 2  Run 3  

0.05 1.695238095 1.942857143 1.80952381 

1 1.542857143 0.495238095 1.638095238 

2 2.60952381 1.752380952 3.428571429 

3 2.8 1.504761905 2.019047619 

4 3.771428571 0.933333333 2.514285714 

5 4.342857143 3.561904762 5.40952381 

6 4.723809524 4.361904762 1.79047619 

7 4.19047619 3.6 3.895238095 

 
 
 
 



 

    93 

 
Figure A4.5 – C28 PS Catalyzed Folding of Rp to Np.  Measured Np activity upon 

incubation with 190 µM PS, fit with an exponential function to obtain the folding rate, Kf. 

Rates were determined three times.  Error bars represent the standard error of the 

replicates. 
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Table A4.10 - Linear Curve Fitting Results for Figure A2.5, the folding rate constant for 

C28 PS repeated in triplicate 

 Value Standard Error 

Intercept 0.90821 0.35631 

Slope 0.26253 0.07447 

 
 
Table A4.11 - Data for PS Catalyzed Folding N16+C28 

Time (hours) % Recovery of Activity 

 Run 1 Run 2  Run 3  

0.033333333 0.596825397 0.393650794 1.663492063 

1 2.380952381 2.692063492 3.326984127 

2 3.726984127 4.634920635 4.368253968 

3 5.231746032 5.028571429 5.993650794 

4 5.752380952 6.53968254 7.034920635 

5 8.336507937 6.165079365 7.142857143 

6 6.787301587 7.701587302 8.292063492 

7 7.155555556 7.961904762 9.33968254 

8 6.552380952 6.368253968 10.21587302 
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Figure A4.6 – N16 exogenously added to C28 PS Catalyzed Folding of Rp to Np.  

Measured Np activity upon incubation with 60 µM N16 PS and 60 µM C28, fit with an 

exponential function to obtain the folding rate, Kf. Rates were determined three times.  

Error bars represent the standard error of the replicates. 

 

Table A4.12 - Nonlinear Curve Fitting Results for Figure A2.6, the folding rate constant 

for N16 PS exogenously added to C28 PS repeated in triplicate 

 Value Standard Error 

A1 10.08601 0.51861 

A2 8.89106 0.47229 

Kf 0.21458 0.02271 
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Table A4.13 - Data for PS Catalyzed Folding N29+C15 

Time (minutes) % Recovery of Activity 

 Run 1 Run 2  Run 3  

0.25 13.88571429 11.71428571 11.82857143 

1 21.54285714 20.74285714 16.28571429 

2 28.45714286 23.37142857 23.77142857 

3 25.88571429 23.31428571 22.8 

4 25.94285714 30.45714286 32.22857143 

5 25.42857143 28.74285714 24.22857143 

8 29.198234 32.57142857 25.48571429 

11 35.37142857 35.65714286 30.45714286 

12 35.14285714 41.94285714 44.62857143 

14 28.45714286 42.4 34.11428571 

15 47.08571429 49.42857143 34.45714286 

18 29.02857143 42.74285714 50.74285714 

20 24.85714286 50.91428571 36.91428571 

 
 



 

    97 

Figure A4.7 – N29 exogenously added to C15 PS Catalyzed Folding of Rp to Np.  

Measured Np activity upon incubation with 60 µM PS N29 and 60 µM C15, fit with an 

exponential function to obtain the folding rate, Kf 

 
 
 
Table A4.14 - Nonlinear Curve Fitting Results for Figure A2.7, the folding rate constant 

for N29 PS exogenously added to C15 PS repeated in triplicate 

 Value Standard Error 

A1 41.36594 3.57885 

A2 26.72423 3.3615 

Kf 0.14873 0.06178 
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Table A4.15 – One-way Analysis of Variance for PS Catalyzed Folding Rate (Kf) values 

P value P<0.0001 

P Value summary *** 

Are means signif. different? (P<0.05) Yes 

Number of groups 8 

F 21.41 

R squared 0.9035 

 

Table A4.16 – One-way Analysis of Variance Table for PS Catalyzed Folding Rate (Kf) 

values 

 SS df MS 

Treatment 

(between columns) 

0.004391 7 0.0006272 

Residual (within 

columns) 

0.000688 16 0.00002930 

Total 0.004859 23  
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Table A4.17 – Tukey’s Multiple Comparison Test for PS Catalyzed Folding Rate (Kf) 

values 

 Mean Diff. q Significant? 

P<0.05? 

Summary 95% CI of diff 

Wt vs N16 0.04026 12.88 Yes *** 

0.02495 to 

0.05556 

Wt vs N29 0.02383 7.627 Yes *** 

0.008530 to 

0.03914 

Wt vs C15 0.04033 12.91 Yes *** 

0.02503 to 

0.05564 

Wt vs C28 0.04033 12.91 Yes *** 

0.02503 to 

0.05564 

Wt vs 

N16+C28 0.04027 12.89 Yes *** 

0.02497 to 

0.05558 

Wt vs 

N29+C15 0.03787 12.12 Yes *** 

0.02256 to 

0.05317 

Wt vs 

Uncatalyzed 0.04033 12.91 Yes *** 

0.02503 to 

0.05564 

N16 vs N29 -0.01642 5.255 Yes * 

-0.03173 to -

0.001120 

N16 vs C15 0.00007610 0.02435 No ns 

-0.01523 to 

0.01538 

N16 vs C28 0.00007595 0.02430 No ns -0.01523 to 
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0.01538 

N16 vs 

N16+C28 0.00001767 0.005653 No ns 

-0.01529 to 

0.01532 

N16 vs 

N29+C15 -0.00239 0.7648 No ns 

-0.01769 to 

0.01291 

N16 vs 

Uncatalyzed 0.00007613 0.02436 No ns 

-0.01523 to 

0.01538 

N29 vs C15 0.01650 5.280 Yes * 

0.001196 to 

0.03180 

N29 vs C28 0.01650 5.280 Yes * 

0.001196 to 

0.03180 

N29 vs 

N16+C28 0.01644 5.261 Yes * 

0.001138 to 

0.03174 

N29 vs 

N29+C15 0.01403 4.491 No ns 

-0.001270 to 

0.02934 

N29 vs 

Uncatalyzed 0.01650 5.280 Yes * 

0.001196 to 

0.03180 

C15 vs C28 

-

0.00000015

33 

0.000049

07 No ns 

-0.01536 to 

0.01524 

C15 vs 

N16+C28 -0.00005843 0.01870 No ns 

-0.01588 to 

0.01571 

C15 vs -0.002466 0.7891 No ns -0.01869 to 
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N29+C15 0.01290 

C15 vs 

Uncatalyzed 2.667E-8 8.533E-6 No ns 

-0.01530 to 

0.01530 

C28 vs 

N16+C28 -5.828E-5 0.01865 No ns 

-0.01536 to 

0.01524 

C28 vs 

N29+C15 -0.002466 0.7891 No ns 

-0.01777 to 

0.01284 

C28 vs 

Uncatalyzed 1.8E-07 5.760E-5 No ns 

-0.01530 to 

0.01530 

N16+C28 vs 

N29+C15 -0.002408 0.7705 No ns 

-0.01771 to 

0.01290 

N16+C28 vs 

Uncatalyzed 0.00005846 0.01871 No ns 

-0.01524 to 

0.01536 

N29+C15 vs 

Uncatalyzed 0.002466 0.7892 No ns 

-0.01284 to 

0.01777 
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Table A4.18 – One-way Analysis of Variance for PS Catalyzed Folding Rate (Kf) Rate 

Enhancement Values 

P value P<0.001 

P Value summary *** 

Are means signif. different? (P<0.05) Yes 

Number of groups 7 

F 17.23 

R squared 0.8807 

 

Table A4.19 – One-way Analysis of Variance Table for PS Catalyzed Folding Rate (Kf) 

Rate Enhancement Values 

 SS df MS 

Treatment 

(between columns) 

14420000000 6 2403000000 

Residual (within 

columns) 

1952000000 14 139400000 

Total 16370000000 20  
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Table A4.20 – Tukey’s Multiple Comparison Test for PS Catalyzed Folding Rate (Kf) 

Enhancement Values 

 Mean Diff. q Significant? 

P<0.05? 

Summary 95% CI of diff 

Wt vs N16 76630 11.24 Yes *** 

43700 to 

109500 

Wt vs N29 58370 8.562 Yes *** 25450 to 91290 

Wt vs C15 76770 11.26 Yes *** 

43850 to 

109700 

Wt vs C28 76770 11.26 Yes *** 

43850 to 

109700 

Wt vs 

N16+C28 76610 11.24 Yes *** 

43690 to 

109500 

Wt vs 

N29+C15 71250 10.45 Yes *** 

38330 to 

104200 

N16 vs N29 -18250 2.677 No ns -51180 to 14670 

N16 vs C15 145 0.02127 No ns -32780 to 33070 

N16 vs C28 144 0.02112 No ns -32780 to 33070 

N16 vs 

N16+C28 -18.41 0.002701 No ns -32940 to 32900 

N16 vs 

N29+C15 -5378 0.7888 No ns -38300 to 27540 

N29 vs C15 18400 2.699 No ns -14520 to 51320 
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N29 vs C28 18400 2.699 No ns -14520 to 51320 

N29 vs 

N16+C28 18240 2.675 No ns -14690 to 51160 

N29 vs 

N29+C15 12880 1.889 No ns -20050 to 45800 

C15 vs C28 -0.9968 

0.000146

2 No ns -32920 to 32920 

C15 vs 

N16+C28 -163.4 0.02397 No ns -33090 to 32760 

C15 vs 

N29+C15 -5523 0.8101 No ns -38450 to 27400 

C28 vs 

N16+C28 -162.4 0.02382 No ns -33080 to 32760 

C28 vs 

N29+C15 -5522 0.8099 No ns -38440 to 27400 

N16+C28 vs 

N29+C15 -5359 0.7861 No ns -38280 to 27560 
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A5 Inhibition 
 
Table A5.1 - Data for the Inhibition Curve for Wt 

Concentration 

(nM) Wt PS 

% Uninhibited 

 Run 1 Run 2 Run 3 

0 100 100 100 

5.01 99.77784004 92.87196865 90.83096213 

7.515 64.54950826 63.43114852 88.33329205 

12.525 49.17206185 82.72285402 85.79834331 

25.05 64.8290982 58.33329205 86.35752317 

30.06 74.89433585 82.44326409 98.93907024 

50 69.58212709 75.17392578 58.3985297 

75 61.47401898 103.1329193 46.3761625 

100 58.95770957 54.20468068 53.36591087 

125 70.98007676 28.20281674 60.35565924 

150 39.1068242 70.70048683 56.72099009 

200 26.58192295 21.64276762 18.20683348 

400 21.21327585 21.85751351 10.47598165 

500 16.91835817 16.27412052 18.42157936 

300.6 22.50175116 18.85107113 16.4888664 

601.3 7.254793391 9.831743999 6.410076437 

901.9 2.95987571 3.604113362 4.03360513 

1202.5 0.597670985 0.382925101 7.469539275 
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1530.125 4.463096898 4.03360513 6.610555738 

 

 
Figure A5.1 – Inhibition of commercial porcine pepsin activity by Wt PS.  A 10 nM 

solution of pepsin at pH 5.3 was incubated with various concentrations of prosegment for 

5 minutes at 25 °C before addition of substrate. The data was normalized to the activity in 

the absence of prosegment and fit according to the Michaelis-Menten competitive 

inhibitor equation to obtain Ki values.   
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Table A5.2 – Nonlinear Curve Fitting Results for Figure A3.1, the inhibition constant for 

Wt PS repeated in triplicate 

 Value Standard Error 

V 134 6.99 

S 100000 0 

Km 45000 0 

Ki 38.9 7.37 
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Table A5.3 - Data for the Inhibition Curve for N16 

Concentration 

(nM) N16 PS 

% Uninhibited 

 Run 1 Run 2 Run 3 

0 100 100 100 

14.8 115.0421346 117.177366 115.0421346 

29.6 91.21295314 91.19160083 100.8001425 

50.3 105.8898634 87.1954875 91.42397729 

75.45 106.2876862 106.5012094 98.81437734 

100.6 93.04925208 97.10619158 85.36241994 

125.75 75.40022653 90.53376891 73.61980977 

201.2 49.70405635 65.29124496 44.36597837 

251.5 82.58661862 76.60797094 75.96740208 

352.1 71.69693891 58.88555101 73.83217075 

444 69.77523072 64.01010617 55.89622756 

592 54.82861151 51.83928766 67.85352302 

740 40.09551542 73.19160083 53.76099623 

888 74.89978588 39.88199229 47.35530224 

1184 25.7894656 28.13822005 31.98163665 

1480 24.29480368 31.76811329 27.71117398 
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Figure A5.2 - Inhibition of commercial porcine pepsin activity by N16 PS.  A 10 nM 

solution of pepsin at pH 5.3 was incubated with various concentrations of prosegment for 

5 minutes at 25 °C before addition of substrate. The data was normalized to the activity in 

the absence of prosegment and fit according to the Michaelis-Menten competitive 

inhibitor equation to obtain Ki  values.   
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Table A5.4 - Nonlinear Curve Fitting Results for Figure A3.2, the inhibition constant for 

N16 PS repeated in triplicate 

 Value Standard Error 

V 151 6.84 

S 100000 0 

Km 45000 0 

Ki 198 37.1 
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Table A5.5 - Data for the Inhibition Curve for N29 

Concentration 

(nM) N29 PS 

% Uninhibited   

 Run 1 Run 2 Run 3 

0 100 100 100 

2.54 87.02587195 65.82919544 64.30150704 

5.075 61.81901339 101.9208338 73.27667638 

7.6 55.89922085 61.62805234 55.70825981 

12.7 77.09589737 72.51283218 72.32187113 

25.4 61.81901339 62.39189654 75.61103134 

50.2 53.22576616 57.80883135 43.29579158 

75.4 53.03480511 52.46192196 46.35116837 

100.49 55.89922085 36.03927169 31.26524545 

125.6 31.26524545 39.66753163 32.98389489 

200.97 28.97371285 27.2550634 57.38828718 

30.45 50.38362207 31.77122621 49.18282234 

251.2 53.18548811 49.98335549 57.78855375 

401.9 30.37029319 29.16949346 27.56842715 

502.4 33.17215924 27.76856044 24.76656111 

152.3 52.98535482 42.37829052 58.7892202 

304.5 36.37429186 34.17282568 42.57842381 

609 26.767894 25.96736084 29.56976004 

913.5 12.95869707 17.96202929 18.76256244 
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1218 11.35763076 13.15883036 13.55909694 

1522.5 0.950699744 11.95803063 3.552432498 

 

 
Figure A5.3 – Inhibition of commercial porcine pepsin activity by N29 PS.  A 10 nM 

solution of pepsin at pH 5.3 was incubated with various concentrations of prosegment for 

5 minutes at 25 °C before addition of substrate. The data was normalized to the activity in 

the absence of prosegment and fit according to the Michaelis-Menten competitive 

inhibitor equation to obtain Ki values.   
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Table A5.6 - Nonlinear Curve Fitting Results for Figure A3.3, the inhibition constant for 

N29 PS repeated in triplicate 

 Value Standard Error 

V 105 6.60 

S 100000 0 

Km 45000 0 

Ki 75.9 19.4 
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Table A5.7 - Data for the Inhibition Curve for C15 

Concentration 

(nM) C15 PS 

% Uninhibited   

 Run 1 Run 2 Run 3 

0 100 100 100 

2.3085 107.7585072 96.15513165 146.3661021 

4.617 87.50534262 83.91884473 117.2521781 

6.9255 80.75428776 92.35766329 112.6108278 

9.234 88.7711654 84.76272658 82.44205148 

11.5425 95.10027932 94.6783384 101.4293932 

13.851 61.76694599 72.52643966 67.14669283 

18.468 83.70787426 85.39563797 76.32390802 

23.085 89.19310633 76.32390802 75.05808523 

135.79775 62.61082785 56.07074346 86.4504903 

271.5955 92.4298028 90.34515472 97.54666628 

407.39325 91.48223549 98.11520666 81.24850854 

543.191 85.03877778 90.34515472 81.81704892 

814.7865 77.64775276 82.57510277 88.07099317 

1086.382 78.4058066 81.05899507 61.9181354 

1357.9775 96.41125124 69.01573523 94.86784189 

2715.955 90.43054 92.16687552 79.04789602 
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Figure A5.4 – Inhibition of commercial porcine pepsin activity by C15 PS.  A 10 nM 

solution of pepsin at pH 5.3 was incubated with various concentrations of prosegment for 

5 minutes at 25 °C before addition of substrate. The data was normalized to the activity in 

the absence of prosegment and fit according to the Michaelis-Menten competitive 

inhibitor equation to obtain Ki  values.   
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Table A5.8 - Nonlinear Curve Fitting Results for Figure A3.4, the inhibition constant for 

C15 PS repeated in triplicate 

 Value Standard Error 

V 129 5.21 

S 100000 0 

Km 45000 0 

Ki 9008 14532 
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Table A5.9 Data for the Inhibition Curve for C28 

Concentration 

(nM) C15 PS 

% Uninhibited   

 Run 1 Run 2 Run 3 

0 100 100 100 

3.1101 73.86785473 57.37516443 107.6880686 

6.2202 72.18986765 62.61006376 102.6156048 

12.4404 58.04630537 96.72514741 109.6204357 

24.8808 55.22751342 100 86.43202995 

31.101 52.77315993 57.64362081 88.12285121 

50.3 74.85395778 81.77983449 79.2281957 

75.45 71.20875951 61.00220435 62.09576383 

100.6 57.17474616 59.17960521 56.81022633 

125.75 61.36672417 60.63768452 62.64254357 

148 41.14710654 51.20066779 59.36186512 

148.1 59.36186512 70.84423968 75.94751726 

296 26.88421631 38.04630537 46.0938657 

444 19.2134182 30.26107047 56.23879324 

592.4 11.0631952 25.16039933 28.46101546 

888.6 11.9742876 16.89530526 14.52592639 

1036.7 4.319371226 3.590331571 9.422648806 

1184.8 8.693609151 8.146829411 4.866150966 
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Figure A5.5 – Inhibition of commercial porcine pepsin activity by C28 PS.  A 10 nM 

solution of pepsin at pH 5.3 was incubated with various concentrations of PS for 5 

minutes at 25 °C before addition of substrate. The data was normalized to the activity in 

the absence of PS and fit according to the Michaelis-Menten competitive inhibitor 

equation to obtain Ki values.   
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Table A5.10 - Nonlinear Curve Fitting Results for Figure A3.5, the inhibition constant for 

C28 PS repeated in triplicate 

 Value Standard Error 

V 128 4.86 

S 100000 0 

Km 45000 0 

Ki 69.6 10.8 

 

Table A5.11 – One-way Analysis of Variance Results for PS Inhibition Rate (Ki) values 

for Wt, N16, N29, C28 truncations 

P value P<0.001 

P Value summary *** 

Are means signif. different? (P<0.05) Yes 

Number of groups 4 

F  104.8 

R squared 0.9752 
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Table A5.12 – ANOVA Results for PS Inhibition Rate (Ki) values for Wt, N16, N29, C28 

truncations 

 SS df MS 

Treatment 

(between columns) 

45180 3 15060 

Residual (within 

columns) 

1149 8 143.6 

Total 46320 11  

 

Table A5.13 – Tukey’s Multiple Comparison Test for PS Inhibition Rate (Ki) values for 

Wt, N16, N29 and C28 truncations 

 Mean 

Diff. 

q Significant? 

P<0.05? 

Summary 95% CI of diff 

Wt vs N16 -162.1 23.42 Yes *** -193.4 to -130.7 

Wt vs N29 -41.03 5.929 Yes * -72.36 to -9.690 

Wt vs C28 -33.80 4.885 Yes * -65.14 to -2.463 

N16 vs N29 121.0 17.49 Yes *** 89.69 to 152.4 

N16 vs C28 128.3 18.54 Yes *** 96.91 to 159.6 

N29 vs C28 7.227 1.044 No ns -24.11 to 38.56 

 

 

 



 

    121 

Table A5.14 – One-way Analysis of Variance Results for PS Inhibition Rate (Ki) values 

including C15 truncation 

P value 0.2314 

P Value summary Ns 

Are means signif. different? (P<0.05) No 

Number of groups 5 

F 1.675 

R squared 0.4012 

 

Table A5.15 – ANOVA Results for PS Inhibition Rate (Ki) values including C15 

truncation 

 SS df MS 

Treatment 

(between columns) 

1420000000 4 354900000 

Residual (within 

columns) 

2119000000 10 211900000 

Total 3529000000 14  
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Table A5.16 – Tukey’s Multiple Comparison Test for PS Inhibition Rate (Ki) values 

including C15 truncation 

 Mean Diff. q Significant? 

P<0.05? 

Summary 95% CI of diff 

Wt vs N16 -162.1 0.01928 No ns -39280 to 38950 

Wt vs N29 -41.03 0.004881 No ns -39160 to 39070 

Wt vs C15 -24380 2.901 No ns -63500 to 14730 

Wt vs C28 -33.80 0.004021 No ns -39150 to 39080 

N16 vs N29 121.0 0.01440 No ns -38990 to 39240 

N16 vs C15 -24220 2.882 No ns -63330 to 14900 

N16 vs C28 128.3 0.01526 No ns -38990 to 39240 

N29 vs C15 -24340 2.896 No  ns -63460 to 14780 

N29 vs C28 7.227 0.000859

9 

No ns -39110 to 39120 

C15 vs C28 24350 2.897 No ns -14770 to 63460 

 

 
 

 
 


