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ABSTRACT

Folding of polypeptides to their correct native states underlies efficient
biological function. To ensure fidelity of the folding process, nature codes for
chaperones that assist in the precise assembly of proteins. While most
chaperones assist multiple substrates, several archaeal, prokaryotic,
eukaryotic, and viral proteins, are synthesized with covalently attached
propeptides that function as dedicated, single-turnover chaperones. Since the
propeptides are indispensable for the folding of their cognate domains, and are
part of the primary sequence of the polypeptide, such propeptides are referred
to as “Intramolecular Chaperones” or IMCs. IMC-mediated folding pathways
offer an ideal system to understand folding/unfolding mechanisms, to facilitate
design of folding catalysts, and to explore how evolutionary selection has

optimized the properties of a specific domain for folding advantages.

In this dissertation, the mechanism of IMC mediated protein folding was
explored using Subtilisin E (SbtE), a classical bacterial serine protease, as a
model. As a member of the ubiquitous family of proteases called subtilases,
and being extremely well characterized both in structure and function, SbtE
offers an ideal model to address the role of IMCs in protease folding,
maturation, and regulation. Detailed analysis of SbtE and other subtilases
demonstrates that the catalytic domains of the subtilase super-family are highly

conserved, while their cognate IMCs vary significantly in their primary

XV



sequences. Interestingly, most IMCs are also extremely charged, and appear to
be unstructured or partially structured polypeptides. Further, biophysical
studies demonstrate that the rate-determining step to protease maturation is not
the IMC-mediated folding, but the release of the IMC from its inhibitory complex
with the protease. Neither the significance of the above, nor the precise role of
IMCs in protease maturation is completely understood. In this dissertation,
some of the most fundamental questions about IMCs were addressed, namely;
(i) How do IMCs facilitate efficient protease maturation? (il) How do differences
in charge, structure, and primary sequence within IMC relate to their chaperone
and inhibitory functions? (iii) Why have specific proteins evolved dedicated

IMCs to mediate folding pathways?

Our results demonstrate that the conformational dynamics of the IMC
domain effectively regulate an inherently stochastic SbtE activation. Hence,
apart from their role in folding, IMCs also appear to function as regulators of
protease activation, and the absence of intrinsic structure within the isolated
IMC-domain is critical for its function as a regulator. Furthermore, the
chaperone function of the IMC is linked to its net charge and two conserved
motifs, N1 and N2, while the overall o scaffold of the IMC is critical for
inhibition. Thus, IMC of SbtE is optimized to maintain the synergy of the
protease maturation process and directs the protease to a kinetically trapped
native state. Interestingly, Intracellular serine protease 1 (ISP1), an intracellular
homologue of SbtE, is similar in sequence and structure, but folds to a
thermodynamically stable state and independent of an IMC domain. Our results

suggest that the thermodynamic versus kinetic constraints on the folding

XVi



pathways of the two homologues may have positively evolved to offer distinct
functional advantages. Thus, it appears that not only the protein sequence and
structure, but also its inherent folding pathway maybe optimized for functional

advantages.
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CHAPTER 1

INTRODUCTION

The question of how proteins find their unique native structures by using
information encoded within their amino acid sequences lies at the heart of
molecular biology. Understanding mechanisms of folding/unfolding are of
immense scientific significance because of their potential in providing new
approaches to combat protein-misfolding disorders and, in facilitating the design
of novel proteins that catalyze desired reactions. In addition, the protein folding
problem is ostensibly the most fundamental example of biological self-
assembly, and symbolizes the first step towards tackling one of the most
arduous questions addressable by contemporary science - How have complex
biological systems evolved the ability to self-assemble into robust and
predictable assemblies?

Based on the in-vitro refolding of ribonuclease (Anfinsen 1973), Anfinsen
demonstrated that all information necessary for folding of a polypeptide to its
native functional state is encoded within its primary sequence. While this largely
holds true, polypeptides often have a tendency to mis-fold and aggregate,
especially within the crowded macromolecular milieu in vivo. Interestingly,

nature has evolved elaborate chaperone systems to ensure fidelity of protein
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folding processes. Such chaperones assist the protein folding process from
outside, and are not a part of the final folded state of the protein. Vast majority
of them are non-specific and assist substrates to fold by preventing
aggregation, through repetitive cycles of ATP dependent binding and release
(Young, Agashe et al. 2004). In contrast to these non-specific chaperones,
there are now several examples wherein certain polypeptides are synthesized
with covalently attached propeptides that function as substrate-specific, single-
turnover chaperones (Shinde and Inouye 1993; Shinde and Inouye 2000). How
these unique propeptides facilitate folding, and why specific polypeptide
sequences have co-evolved with dedicated chaperone domains, is a subject of

intense research and the long-term goal for this thesis work.



1) INTRAMOLECULAR CHAPERONES (IMCs):

Inouye and coworkers, first demonstrated that SubtilisinE (SbtE), a
bacterial alkaline serine protease from Bacillus subtilis 168, requires its
propeptide to fold to its native functional state (Ilkemura, Takagi et al. 1987).
SbtE (275 residues) is an extracellular secreted protease that is synthesized as
a pre-pro-protease with a 29-residue signal peptide and a 77-residue
propeptide domain. Formation of active protease, in both Eschericia coli and
Bacillus subtilis, is dependent on the presence of the propeptide domain
(lkemura, Takagi et al. 1987). While the denatured Propeptide-Subtilisin E
(Pro-SbtE) effectively refolds in-vitro to produce active subtilisin, refolding of
denatured SbtE in its isolated form failed to restore activity. Activity of SbtE was
recovered only in the presence of the 77-residue propeptide or a Pro-SbtE
inactive variant (lkemura and Inouye 1988). These studies demonstrate that the
presence of the propeptide is necessary and sufficient to obtain an active
protease, and that the propeptide can assist folding both, in cis and in trans.
Furthermore, the propeptide also functions as a slow-binding competitive
inhibitor of SbtE (Li, Hu et al. 1995). Shorter fragments of the propeptide failed
to inhibit protease activity and demonstrate that the propeptide requires the
polypeptide beyond the substrate-binding pocket to function as a potent
protease inhibitor. Interestingly, exogenously added serine protease inhibitors,
such as Streptomyces Subtilisin Inhibitor (SSI) or Chymotrypsin inhibitor-2 (Cl2)
do not facilitate SbtE folding (lkemura and Inouye 1988). This confirmed that, in
addition to its role as an inhibitor, the propeptide actively functions as a

dedicated chaperone for SbtE. Subsequent work has established that similar
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propeptide mediated folding mechanisms exist within several different
proteases including a-lytic protease (Silen and Agard 1989), carboxypeptidase
Y (Sorenson, Winther et al. 1993), cathepsin L (Carmona, Dufour et al. 1996),
aqualysin | (Lee, Miyata et al. 1991), proteinase A (van den Hazel, Kielland-
Brandt et al. 1993), Kexin (Lesage, Prat et al. 2000), furin (Thomas 2002) and
thermolysin (Marie-Claire, Roques et al. 1998). Since the propeptides are
covalently attached to their cognate proteases and are essential for assisting
folding of the catalytic domain, such propeptides are termed “Intramolecular
Chaperones (IMCs)".

To distinguish propeptides from cellular chaperones, Inouye and
coworkers, coined the term “Intramolecular chaperone (IMC)”. Over the years,
with the discovery of chaperone-like functions in the propeptides of various
systems, “IMC” has become an accepted term. IMCs differ from classic cellular
chaperones in a number of ways. Unlike the non-specific cellular chaperones,
IMCs are highly substrate specific and are not regulated by ATP hydrolysis.
While the cellular chaperones help refold polypeptides through iterative cycles
of binding and refolding, IMCs are single-turnover catalysts that are degraded at
the completion of folding. Further, most IMCs are effective inhibitors of the
cognate catalytic domains and hence may additionally function downstream of
the folding process as regulators of enzyme activity (Shinde and Inouye 2000;
Young, Agashe et al. 2004).

Apart from IMCs that directly catalyze the folding process, there exist
other propeptides that can indirectly assist in folding. For example, the

propeptide of barnase interacts with the molecular chaperone GroEL and thus



ensures productive folding of barnase (Gray, Eder et al. 1993). Further, the
propeptides in matrix metalloproteases (MMPs) contain a conserved cysteine
residue the sulfhydryl group of which is coordinated by the catalytic Zn?* ion,
thus maintaining these proteases in a catalytically-inactive state. Proteolytic
cleavage within the propeptide triggers a conformational change and releases
shielding of the catalytic cleft in MMPs by interrupting the coordination between
Zn*"ions and cysteine residue (Morgunova, Tuuttila et al. 1999). Thus, based
on their roles in protein folding, propeptides have been grouped into two major
classes, Class | and II. Class | propeptides directly catalyze the folding, while
Class Il propeptides function in oligomerization, protein transport, localization,
etc., and are indirectly involved in folding. The IMC of SbtE is a stereotypical
Class | propeptide as it directly functions to catalyze the folding process (Shinde
and Inouye 2000). In this dissertation the work refers to propeptides that directly
function as IMCs, and the terms “IMC” and “propeptide” are used

interchangeably.

A) EXAMPLES OF IMC-MEDIATED FOLDING
PATHWAYS:

Initial studies demonstrated that IMC-mediated folding pathways exist in
several secreted proteases of bacterial origin. However, subsequent work has
established the existence of IMC-dependent folding in a variety of proteins that
include both proteases and non-proteases from prokaryotes, eukaryotes, archaea

and viruses. Some of the classic and emerging examples include the following:
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a-lytic protease is a chymotrypsin-like serine protease that is secreted by the
gram-negative soil-bacterium Lysobacter enzymogenes and serves to lyse
and degrade microorganisms. a-lytic protease is secreted with a 166-residue
propeptide and a 33-residue signal sequence. The 198-residue protease
belongs to the same family as the mammalian digestive serine proteases,
trypsin and chymotrypsin (Silen and Agard 1989). Several studies clearly
establish that the propeptide functions as both a chaperone and an inhibitor of
the protease, and ensures its folding to an active, secretion-competent, stable
conformation. Interestingly, the eukaryotic homologues trypsin and
chymotrypsin that display low sequence identity, but adopt similar three-
dimensional scaffolds, can fold independent of an IMC domain (Baker, Sohl et
al. 1992; Jaswal, Sohl et al. 2002).

Carboxypeptidase Y (CPY) from Saccharomyces cerevisiae is a serine
carboxy-peptidase that is used extensively as a marker for protein transport
and vacuolar sorting in yeasts. The protease, which is synthesized as a pre-
pro-protease with a 91-residue propeptide, folds and cleaves its IMC in the
endoplasmic reticulum (ER), resulting in an inhibited complex (Valls, Hunter et
al. 1987). Upon its translocation to the yeast vacuole the enzyme is activated
in trans by another serine protease, Proteinase A (Ammerer, Hunter et al.
1986; Ramos, Winther et al. 1994). Guanidine hydrochloride denatured pro-
CPY can be rapidly and efficiently refolded by dilution into a suitable buffer.
Under identical conditions, mature CPY, fails to refold to an enzymatically
active form suggesting that the propeptide is required for correct folding of the

mature protein (Winther and Sorensen 1991). Folding of mature CPY in the
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absence of the propeptide results in the formation of a molten globule-like
intermediate state, similar to that observed in the case of a-lytic protease and
SbtE (Winther, Sorensen et al. 1994).

Proteinase A (PrA) from Saccharomyces cerevisiae is a vacuolar aspartic
endo-proteinase (329 residues) that is vital for sporulation and viability during
nitrogen starvation. The protease is secreted with a 54-residue propeptide that
is proteolytically removed in the vacuole. Although the pro-PrA has been
difficult to purify, indirect studies suggest that the propeptide functions to
directly assist in protease folding (van den Hazel, Kielland-Brandt et al. 1993).
Procathepsin-L, a member of the large family of cysteine proteinases, was the
first example of propeptide-assisted folding in this family of enzymes (Smith
and Gottesman 1989). Studies demonstrate that loss of protease activity is
directly proportional to truncations within the propeptide domain, and that the
complete cognate propeptide is required for correctly folded cathepsin-L
(Ogino, Kaiji et al. 1999). Subsequently, it was established that cathepsin-S
and cathepsin-B also required the presence of their cognate propeptides for
productive folding (Wiederanders, Kaulmann et al. 2003). Folding of
cathepsin-S under varying conditions of pH, time, redox state and ionic
strength did not compensate for the loss of propeptide (Ogino, Kaji et al.
1999). Similar to the subtilisin family (Shinde, Liu et al. 1997), studies on
cathepsins demonstrate that mutations in the propeptide directly affect
protease function. This is highlighted by the hereditary disease

pycnodysostosis, caused by “loss-of-function” mutations in the cathepsin-K
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gene, one of which is directly localized in the propeptide domain (Hou,
Bromme et al. 1999).

Elastase, an important virulence factor in the opportunistic pathogen
Pseudomonas aeruginosa, is a thermolysin-like neutral zinc metalloprotease
(TNP) that is synthesized with an amino terminal propeptide (174 residues).
Elastase was the first TNP family member demonstrated to require it's
propeptide for both folding and secretion (Mclver, Kessler et al. 2004).
Subsequent studies on other TNPs such as thermolysin, the prototype of this
family of proteases, and pro-aminopeptidase processing protease (PA
protease), demonstrated that their N-terminal propeptides function as IMCs as
well (Tang, Nirasawa et al. 2003). Analysis of propeptides of TNPs
demonstrates the presence of two conserved regions within the propeptide
domains that may be critical for function. Mutations within the two conserved
regions directly affect the chaperone function (Mclver, Kessler et al. 2004).
Interestingly, the propeptide of vibriolysin, another TNP, has been shown to
chaperone the folding of PA-protease although they share only 36% sequence
identity.

Apart from proteases, growth factors and neuropeptides such as transforming
growth factor-p1, activin A (Gray, Eder et al. 1993), nerve growth factor and
amphiregulin (Suter, Heymach et al. 1991; Thorne and Plowman 1994),
hormones such as insulin (Steiner 2004), certain glycoproteins like von
Willebrand factor (Voorberg, Fontijn et al. 1993), and bacterial pancreatic
trypsin inhibitor (BPTI) (Weissman and Kim 1992) also depend on propeptides

for folding assistance.



The above examples effectively highlight the wide scaffolds that fold using
the assistance of IMC domains. To date, IMCs have been identified in all four
major classes of proteases: serine, cysteine, aspartyl and metalloproteases.
While the bacterial proteases are mostly secreted extracellularly, the eukaryotic
proteases function mostly in sub-cellular compartments of extreme pH (Baker,
Shiau et al. 1993; Shinde and Inouye 1993).

Why do specific sequences require IMCs to fold to their native states? Are
there specific structural, functional, or sequence signatures that may necessitate
the presence of IMC domains? Do IMCs employ a common mechanism to assist
the folding of these varied scaffolds? Answering these questions would have
enormous implications for the fundamental understanding of protein folding in
general and regulation of cellular proteases in particular, and would also facilitate
the rational design of protein specific chaperones. To address these fundamental
questions in IMC-mediated folding, we use Subtilisin E, a member of a large

super-family of subtilisin-like serine proteases (subtilases), as a model.
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Il) SUBTILASES - AS A FOLDING MODEL_:

Subtilases are an ancient group of enzymes that are widely dispersed
through evolution. Although functionally diverse, majority of these enzymes are
synthesized as pre-pro-proteases, secreted extracellularly or within the
secretory transport system, and are activated by cleavage of the propeptide.
The catalytic domain of this super-family is characterized by an invariant Asp-,
His-, Ser- catalytic triad, and a distinct a-B scaffold (Fig. 1.1 and Fig. 1.2). This
subtilase super-family now includes more than 800 homologues encompassing
archaea, prokaryota, eukaryota and even viruses (Siezen and Leunissen 1997;

Rawlings, Tolle et al. 2004).

A) Subtilases are widespread in nature:

Subtilases constitute the S8 family in the Merops protease database and
can be divided into two subfamilies: degenerative subtilases identified mainly in
prokaryotes (S8A family; prototype: subtilisin BPN from Bacillus
amyloliquefaciens) and processing proteases mainly from eukaryotes (S8B
family; prototype: kexin)(Rawlings, Tolle et al. 2004). Nine subtilases have been
characterized in mammals, seven of which belong to the S8B subfamily, the
pro-protein convertases (PCs) (Steiner 1998; Seidah and Chretien 1999). More
recently, two mammalian subtilases were identified within the S8A subfamily

(Rawlings, Tolle et al. 2004).

A.1. Degradative Subtilisins:

10



A.1.1 Bacterial subtilisins:

These are normally secreted extracellularly and function under extreme
conditions. They are implicated to function during bacterial sporulation and
general protein turnover (Ferrari, Howard et al. 1986). The prototype of this
family of enzymes is SbtBPN from Bacillus amyloliquefaciens (Bott, Ultsch et al.
1988). While the majority of bacterial subtilisins are secreted as pro-proteases
(~100 residue propeptide-domain and 260-1700 residues catalytic domain), a
few are devoid of distinct propeptides and are found to be intracellular
(Strongin, Izotova et al. 1978; Siezen and Leunissen 1997). Due to their broad
substrate specificity and the ability to function at alkaline pHs, bacterial
subtilases have found wide applicability in detergents, leather industry and

waste management (Gupta, Beg et al. 2002) (See Chapter1- Section II,C).

A.1.2. Plant subtilisins:

Plant subtilases, together with S1P and SKi-1, belong to the pyrolysin
group within the S8A subfamily. Despite their prevalence, current understanding
of subtilase function in plants is still very limited. Plant subtilases have been
implicated in general protein turnover as well as highly specific regulation of
plant development, or responses to environmental challenges (Berger and
Altmann 2000; Janzik, Macheroux et al. 2000). The primary example for plant
subtilases that function in protein degradation is cucumisin, which constitutes
up to 10% of the soluble protein in melon fruit. The catalytic properties of this
enzyme have been extensively documented and it was the first subtilase to be

cloned from any plant species (Kaneda and Tominaga 1975; Yamagata,
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Masuzawa et al. 1994). The tomato subtilase P89, initially identified as a
pathogenesis-related protein, was shown to be one of the several subtilases
that are specifically induced following pathogen infection (Tornero, Conejero et
al. 1996; Meichtry, Amrhein et al. 1999). Since then, several other plant
subtilisins have been identified and characterized, and most of these enzymes
are highly abundant and exhibit broad substrate specificity (Rawlings, Tolle et

al. 2004),

A.1.3. Subtilisins in parasites:

The sequencing of the malaria genome helped identify three subtilisin-
like proteases that are crucial for malarial infection: Plasmodium falciparum
SUB-1 (PfSUB-1), Plasmodium falicparum SUB-2 (PfSUB-2) and Plasmodium
falciparum SUB-3 (PfSUB-3). Pf-SUB-1 has been extensively studied and
appears to be processed to a propeptide-protease complex prior to activation,
similar to other known subtilases. Further, the propeptide of this protease is a
tight-binding inhibitor (K; ~ 5.5 nM) (Sajid, Withers-Martinez et al. 2000; Jean,
Hackett et al. 2003). Although the specific roles of Pf-SUB1, PfSUB-2, and
PfSUB-3 in malarial parasite invasion are yet to be elucidated, these enzymes
are currently being investigated as probable drug targets (Withers-Martinez,
Jean et al. 2004).

Sensitivity of Toxoplasma gondii tachozyte invasion to serine protease
inhibitors led to the identification of two subtilisin-like serine protease, Tg-SUB1
and Tg-SUB2 (Miller, Binder et al. 2001; Miller, Thathy et al. 2003).

Furthermore, a subtilisin-like protease, NcSUB1, has been purified from
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Neospora canium (Louie and Conrad 1999) and another unique member
AhSUB has been identified in Acanthamoeba healyi. Interestingly, AhSUB that
has been implicated to play a role in ameobic keratitis and encephalitis,
displays a 67% sequence similarity with the thermostable subtilase aqualysin
(Hong, Kong et al. 2000). Further studies on these proteases will help highlight
the subtleties between the different subtilases, and may facilitate rationale

design of potential drugs to target pathogens.

A.2. Regqulatory Subtilisins:

A.2.1. Kexin family - Prohormone convertases (PCs):

The Kexin/Subtilisin-like eukaryotic proteases (prohormone convertases)
are a family of subtilases that to date, have been identified in all eukaryotes.
PCs are required for activation of a number of proteins including growth factors
and their receptors, proneuropeptides, pro-hormones, adhesion molecules,
plasma proteins, viral glycoproteins and bacterial toxins (Steiner 1998; Seidah
and Prat 2002; Thomas 2002).

In mammals, seven members of the family have been identified: furin,
PC1/3, PC2, PC4, PC5/6, PC7/8/LPC and PACE4. All members of the family
are active within the secretory pathway and are transported into the ER through
the presence of a signal peptide. Furin, PC5, PC-7, PC4 and PACE-4 are
involved in the processing of proteins secreted via the constitutive pathway. In
contrast, PC1 and PC2 are found in the core secretory granules and function in

the regulated secretory pathway.
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The N-terminal propeptides of PCs vary from 80-115 residues and are
shown to function as chaperones and inhibitors of their cognate proteases
(Rockwell and Thorner 2004). Similar to other subtilases, the propeptide is
cleaved by a two-step maturation event. After the first autocatalytic cleavage,
the propeptide remains attached to the protease as an inhibitor. The release of
the propeptide occurs in the TGN where a decrease in the pH causes a second
auto-proteolytic cleavage (Anderson, Molloy et al. 2002). The catalytic domain
of PCs is a conserved subtilisin like scaffold with the Asp-His-Ser catalytic triad
(Fig. 1.1) (Henrich, Cameron et al. 2003; Holyoak, Wilson et al. 2003).
However, unlike the bacterial proteases, PCs preferentially cleave after dibasic
residues or an R-X-X-K/R-R motif. As discussed later, specific residues that line
the pockets of substrate binding sites S1 and S2 define the specificity (See
Chapter1- Section II, B) (Henrich, Lindberg et al. 2005). Following the catalytic
domain, the PCs have a conserved 150 residue P-domain (Fig. 1.1). The P-
domain appears necessary for folding and maintaining the catalytic domain, and
to regulate its calcium- and pH- dependence (Zhou, Martin et al. 1998). In
addition, the middle of the P-domain in most PCs contains the cognate integrin-
binding RGD sequence that may be required for intracellular
compartmentalization and maintenance of enzyme stability within the ER
(Rovere, Luis et al. 1999). The carboxy terminal tail provides uniqueness to
each PC family member and is the least conserved region in all convertases
(Rockwell and Thorner 2004). Of all known PCs, furin has been extensively
studied in terms of structure, function, folding, and regulated activation (Thomas

2002). It has been established that the folding of furin in the absence of its
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propeptide domain resuits in ER retention and inactivity (Anderson, Molloy et al.
2002).

The role of the PCs in processing of essential growth factors, adhesion
molecules, MMPs and integrins makes them attractive targets for treatment of
malignancies and tumors (Bassi, Lopez De Cicco et al. 2001; Khatib, Siegfried
et al. 2002). In particular, the inhibitive properties of the propeptides have been
tested for potential anti-cancer therapy (Khatib, Siegfried et al. 2002). The
propeptide of furin and other PCs were shown to inhibit processing of growth
factor precursors such as nerve growth factor and brain-derived neurotrophic
growth factor, both of which are involved in cancer and metastasis. However,
since the propeptides are not always specific for their cognate enzymes, it will
be necessary to modify their structure to improve their selectivity and potency
(Zhong, Munzer et al. 1999).

In yeast, there is a single gene that codes for kexin, the first PC to be
characterized. Kexin is localized in the TGN and is required for the generation
of mature a-factor and killer toxin (Julius, Brake et al. 1984). The recently
solved crystal structure of furin and kexin offer interesting insights into the
substrate specificity of this family of enzymes (Henrich, Lindberg et al. 2005).

The C.elegans genome contains a complement of four genes that
comprise the subtilisin like PC family. However, these are predicted to produce
at least 14 convertase proteins through alternative splicing events. They
possess the overall PC like structure, but their precise functional roles are not

known (Thacker and Rose 2000).
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Subtilases similar to the mammalian PCs have also been isolated from
Drosophila melanogaster. Dfur1 and Dfur2 are two furin-like genes that code for
multiple subtilisin-like serine proteases. While they display similar catalytic
specificities, these proteases differ in their biosynthetic fates from the
mammalian homologues (De Bie, Savaria et al. 1995). A serine protease similar
to PC2 was also isolated from the sheep blowfly, Lucilia cuprina (Mentrup,

Londershausen et al. 1999).

B) Common fold and catalytic mechanism of
subtilases:

Since the first crystal structure of Subtilisin BPN (SbtBPN) from Bacillus
amyloliquefaciens, several well-resolved structures of subtilases (Bott, Ultsch et
al. 1988), alone and with their peptide and protein inhibitors, have been solved
(Siezen and Leunissen 1997). These structures establish a well-conserved
catalytic domain in subtilases that is comprised of three layers, a seven-
stranded (3-sheet sandwiched between two layers of helices (Fig. 1.1). Between
individual subtilisins, there are subtle differences in surface loops, disulphide
bridges, and in calcium-binding sites. Structural analysis of the subtilase family
shows the presence of up to five calcium-binding sites in most known
subtilases. For example, SbtE has two calcium ions, while the thermostable
subtilases Bacillus Ak.1 protease and sphericase have four and five calcium
ions respectively (Smith, Toogood et al. 1999; Almog, Gonzalez et al. 2003).
These calcium ions are often bound to surface loops and have been shown to

enhance thermostability and proteolytic resistance (Bryan 2000). Apart from
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higher number of bound metal ions (Fig. 1.1), the thermostable subtilisins have
significantly more aromatic residues and lesser-exposed hydrophobic surface
area (Smith, Toogood et al. 1999). In addition to their importance in maintaining
structure and stability, calcium ions also appear to modulate enzyme specificity
and activity. For example, the recently solved crystal structures of furin and kex
2 establishes that these eukaryotic subtilisin-like proteases have three bound
calcium ions, one of which is bound at the base of the S1 site and may play a
role in substrate recognition (Henrich, Cameron et al. 2003; Holyoak, Wilson et
al. 2003).

Subtilisins follow a two-step reaction for hydrolysis involving the Asp-,
His- and Ser- catalytic triad (Fig. 1.2; Fig. 1.3). The Ser provides the hydroxyl
nucleophile for attack of the scissile bond, while His serves as the catalytic base
for deprotonation of Ser, and the Asp serves to stabilize the positive charges on
the His. Further, an Asn serves as an “oxyanion hole” and stabilizes the buildup
of negative charges on the carbonyl oxygen. Once a suitable substrate is
bound, the hydroxyl moiety of the catalytic Ser attacks the scissile bond. This
acylation step results in the release of the peptide bond C-terminal to the
cleavage site and the polypeptide remains bound to the Ser through an ester
linkage. Subsequent deacylation mediated through a water molecule results in
the release of the N-terminal product (A.Fersht 1985). Although all subtilases
follow the same mechanism for substrate hydrolysis, the rate of acylation and
deacylation may differ between individual enzymes (Philipp and Bender 1983;

Rockwell and Fuller 2001).
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Most known subtilases are broad specificity proteases and their
specificity is largely defined by residues at S1 and S4 in the substrate-binding
pocket. Whereas in the bacterial enzymes these are lined by large hydrophobic
groups (Mei, Liaw et al. 1998), in the eukaryotic kexin and PCs, the S1 and S4
sites are lined by negatively charged residues resulting in specificity for
cleavage after Lys/Arg residues (Henrich, Cameron et al. 2003). These
enzymes have optimal activity in the mild-alkali pH and are inhibited by general
serine peptidase inhibitors such as Diisopropyl-flucrophosphate (DFP) and
Phenyl-methyl-sulphonyl-fluoride (PMSF) (Rawlings, Tolle et al. 2004).
Additionally, since many members of the family bind calcium for stability,
inhibition can also be seen with EDTA and EGTA (Yabuta, Subbian et al. 2002).
Protein inhibitors of the subtilisin family include turkey ovomucoid third domain
(Ardelt and Laskowski 1985), Streptomyces subtilisin inhibitor (Takeuchi, Satow
et al. 1991), eglin C (Fei, Luo et al. 2001) and barley inhibitor CI-1A (Radisky,
Kwan et al. 2004), many of which also inhibit chymotrypsin. Further, the
subtilisin propeptide is a potent inhibitor of its cognate protease domain (Li, Hu

et al. 1995).

C) Industrial applications of subtilases:

Microbial proteases constitute ~40% of the total enzyme sales in
industrial sectors, the largest share of which has been held by subtilisin-like
alkaline proteases (Gupta, Beg et al. 2002). Their high stability, broad substrate
specificity, low molecular mass, and activity under alkaline conditions make

subtilases attractive industrial targets (Kumar and Takagi 1999). For example,
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the ability to facilitate the removal of proteinaceous stains makes subtilases
useful additives in household detergents and cleaning solutions(Gupta, Beg et
al. 2002). They are also widely used in the food and feed industry for
preparation of protein hydrolysates of high nutritional value (Nekliudov, Ivankin
et al. 2000). For example, B.subtilis proteases are used in the production of fish
hydrolysates of high nutritional value, for cheese whey hydrolysates, and to
convert lean meat waste into edible products (Perea, Ugalde et al. 1993;
Kristinsson and Rasco 2000). Subtilases also play a major role in the waste
management industry. They are used to lower the biological oxygen demand of
aquatic systems, food-processing industries and poultry (Ichida, Krizova et al.
2001; Gupta, Beg et al. 2002). Further, subtilisins are extensively used for
soaking, dehairing and bating stages of preparing skins and hides in the leather
industry (Loperena, Ferrari et al. 1994; Pan, Huang et al. 2004), and for the
treatment of burns, abscesses and wounds in the medical industry (Lobenko,
Burov et al. 1991). Subtilases have also found applications in the photographic
industry where they are extensively used for recovery of silver from
photographic films (Masui, Yasuda et al. 2004). The widespread use of
subtilases in industry hence makes them attractive targets for protein
engineering. Rational design and evolutionary engineering approaches have
enabled the creation of subtilisin variants with desired enzyme properties such
has increased thermal stability (Takagi, Takahashi et al. 1990) and higher
catalytic efficiency (Takagi, Morinaga et al. 1988). There is a wealth of
information regarding protein sequences, tertiary structures and molecular

functions of subtilases. Their ubiquitous distribution from viruses to mammals,
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and the scope of their applications from waste management to cheese curing,
makes subtilases attractive models to decipher relation between primary
sequences, protein structures, functional evolution, and assisted versus

unassisted folding pathways.
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1) UNDERSTANDING THE FUNDAMENTALS OF
IMC-MEDIATED MATURATION:

Over the past two decades, numerous genetic, biochemical, and
structural analyses of subtilases have provided insights into the mechanism of
IMC-mediated protein folding. While different systems have added
complementary information towards deciphering the mechanism, SbtE and
SbtBPN remain the classical subtilase models for these studies (Shinde and
Inouye 1993). Additionally, extensive studies on a-lytic protease, a
chymotrypsin-like serine protease from Lysobacter enzymogenes has provided
valuable insights to understanding the overall mechanism (Jaswal, Sohl et al.
2002). Structural data on the above systems offer interesting snapshots into the
gradual transition of the polypeptide from an unfolded state, through an
inhibited complex, to an active protease. Complementary biophysical and
biochemical studies have helped to elaborate reasons for non-productive
folding of the isolated protease-domains, and to elucidate a general mechanism

for how IMCs may function in this pathway.

A) Crystal structure of SbtE AND Pro-SbtE complex
Several high-resolution crystal structures of both SbtE and SbtE in
complex with its IMC domain have been solved (Gallagher, Gilliland et al. 1995;
Jain, Shinde et al. 1998; Radisky, King et al. 2003). The structure of SbtE (Fig.

1.3a) is comprised of three B-sheets and nine a-helices, with Asp32-His64-
Ser221 forming the catalytic triad. The largest B sheet is comprised of seven,

parallel, 3-strands and is flanked on one side by three helices, and on the other
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by two. The substrate-binding site (Fig. 1.3b) is a surface channel that
accommodates 6 residues (P4-P2'). In SbtE, the substrate-binding pocket is
large and hydrophobic made of main chain residues from Ser125-Leu126-
Gly127, and main and side chain residues of Ala152-Ala153-Gly154 and
Gly166. The Gly166 is at the bottom of the pocket for P1 and is critical for
specificity. The P1-P4 substrate backbone forms the central B-strand in an anti-
parallel B-sheet with the protease residues 100-102 and 125-127. Further,
SbtE displays two calcium binding sites (Fig. 1.3a), a high affinity site that is
well conserved (A-site) in most subtilases, and a weak affinity site that is less
conserved (B-site) (Siezen and Leunissen 1997). Calcium at A-site is
coordinated in pentagonal-bipyramidal geometry by the loop comprised of
residues 75-83, GIn2 at the N-terminus, and an Asp at 41. The seven
coordination distances range from 2.3-2.6 A with the Asp being the closest (Fig.
1.3c). The second calcium makes contact with the main-chain carbonyl oxygen
atoms of residues 169,171 and 174 in a shallow crevice near the surface of the
molecule and is coordinated in a distorted pentagonal-bipyramid (Alexander,
Ruan et al. 2001). These two calcium-binding sites together make SbtE an
extremely stable protease in the absence of any cysteines, or stabilizing
disulphides in its structure (Yabuta, Subbian et al. 2002). The lack of cysteine
residues in SbtE is advantageous because it allows the probing of specific
interactions during the folding process. This approach has been used to identify
a precise non-native interaction by engineering two cysteine residues, which

are distal in the native protein but are proximal during folding, and form a
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specific intramolecular molecular disulfide bond under oxidative folding
conditions (See Chapter1- Section IIl, B.2.2) (Inouye, Fu et al. 2001).

Engineering a S,,,C substitution at the active site of Pro-SbtE blocks the
maturation process subsequent to the first proteolytic cleavage of the IMC. This
variant facilitates the isolation of stable, cleaved stoichiometric Pro:S,,1C-SbtE
complex, whose X-ray structure (Fig. 1.4a) has been solved (Bryan, Wang et al.
1995; Gallagher, Gilliland et al. 1995; Jain, Shinde et al. 1998). The structure of
the mature domain in the complex is super imposable with the structure of the
isolated protease domain with a root mean square deviation of 0.46 A, when the
Co atoms were compared. While the isolated IMC is largely unstructured, the
IMC in complex with the protease folds into a single domain with a four
stranded anti-parallel § sheet and two three-turn helices, forming an o+ plait.
The structured, inhibitory, IMC packs against two surface helices (a1 and a2;
Fig.1.3a) of the protease domain formed by residues Tyr104-Asn117 and
Ser132-Ser145. Further, residues -1 to -7 from the IMC domain directly interact
with the substrate-binding region to complete a three-stranded B-sheet with B-
strands from the protease domain. In all, there are 27 hydrogen bonds (Fig.
1.4a) at the IMC-subtilisin interface. Interestingly, 24 hydrogen bonds stabilize
the interaction of residues -1 to -9 with the active site and with the substrate-
binding regions. These include the three hydrogen bonds that stabilize the
backbone amide groups of Glu(-9) and Asp(-7), that form helix caps for the two
SbtE interaction helices (a1 and a2). In contrast, the remaining 68 residues of
the propeptide are stabilized by only three hydrogen bonds, between the

backbone amides of residues -34 to -36 and the carboxylate group of the
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Glu112 from the protease domain. The significance of this asymmetric
distribution of hydrogen bonds at the IMC: protease interface is unknown.
Another noteworthy point is that while the average B-factor of the side-chain
and the main chain atoms is 15.0 and 13.6 A% in the protease, it is 35.5 and
33.8 A® respectively in the IMC (Jain, Shinde et al. 1998). This approximately
two-fold increase in the B-factors within the IMC domain may be biologically
significant and necessary for function.

An interesting insight from the structure of the Pro-S,,1C-SbtE was that
the N-terminus of the protease is more than 20 A away from the active site.
Earlier biochemical studies had clearly established that the processing of IMC
was intramolecular (Li and Inouye 1996). Based on this, the structure of Pro-
SbtE (Fig. 1.4b) just prior to cleavage was modeled with the N-terminus of the
protease bound to the C-terminus of the IMC at the active site. The lack of a
preferred conformation in N-terminal residues (Residues 1-6) of SbtE and the
recovery of activity in a HgsA-SbtE active site mutant with a E(2)H substitution in
IMC, through substrate assisted catalysis, substantiated the model (Shinde and
Inouye 1995). A recent crystal structure of an active-site mutant of a subtilisin
homologue, pro-kumamolysin, shows the propeptide bound to the protease
prior to cleavage, and confirms this model proposed for the uncleaved

precursor (Comellas-Bigler, Maskos et al. 2004).

B) Mechanism of IMC-mediated structural acquisition:

B.1. Why do polypeptide sequences require IMCs?

B.1.1 Kinetic and Thermodynamic characterization :

24



To establish how IMCs function in the folding pathway, folding of a-lytic
protease and SbtBPN were compared in the presence and absence of their
IMC (Baker, Sohl et al. 1992; Eder, Rheinnecker et al. 1993). Folding of
SbtBPN in the absence of its IMC resulted in formation of a non-functional,
structured state that is stable for weeks. This intermediate displayed a
hydrodynamic volume intermediate between that of the fully folded and fully
unfolded protease. Circular dichroism spectra of the intermediate in the far UV-
region (190-250nm) corresponded to a well-defined secondary structure with a
minimum at 208 and 222nm. However, in the near UV-region (250-320nm) the
intermediate displayed no amplitude, suggesting a lack of well-formed tertiary
packing. This was also confirmed through an NMR study that established a
strongly reduced dispersion in the amide and methyl regions of the H' NMR
spectrum compared with the fully folded protease. A noteworthy point,
however, was that the intermediate appeared to bind calcium with a
stoichiometry of 1, but with an affinity intermediate to affinities of A-site and B-
site (Eder, Rheinnecker et al. 1993) (See Chapter1- Section Ill, A). Similar
behavior was also observed with the intermediate state of o-lytic protease
folded in absence of its IMC (Baker, Shiau et al. 1993). Although the
intermediate state was extremely stable for weeks, addition of cognate IMCs
yielded active native protease.

Hence, these studies suggested that in the absence of IMC, the protease
folds to a kinetically-trapped state with properties of a classical “molten-globule”
intermediate (Kuwajima 1989). A high-energy barrier between the molten-

globule intermediate and transition state, limits the folding to a native state (Fig.
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1.5). Addition of the IMC lowers this barrier to enable productive folding (Baker,
Sohl et al. 1992; Bryan, Alexander et al. 1992; Eder, Rheinnecker et al. 1983;
Eder, Rheinnecker et al. 1993). Based on these observations, it was
established that the IMC functions to overcome a kinetic barrier on the folding
pathway, and that the observed intermediate is either on-pathway, or in
equilibrium with a conformation on the folding pathway.

To establish the relevance of the observed intermediate to the biological
in-cis folding, refolding of full-length Pro-SbtE and Pro-SbtBPN were analyzed
(Eder, Rheinnecker et al. 1993; Sohl, Jaswal et al. 1998). To avoid
complications of proteolysis and to inhibit IMC processing, both studies were
done using a Serx;¢Ala active site variant that has six orders of magnitude lower
proteolytic activity. This variant represents the propeptide:protease complex just
prior to cleavage as discussed earlier (Fig. 1.4b; See Chapter1- Section Hl, A).
The folded, but uncleaved, Pro-S,»1A-SbtBPN binds calcium ions and adopts a
compact conformation with an apparent molecular weight of 36kD. Equilibrium
unfolding of fully folded Pro-Sz21A-SbtBPN monitored through changes in
circular dichroism, and fluorescence spectroscopy, followed a three-state
unfolding curve. Most of the tertiary and a part of the secondary structure
unfolded through an initial cooperative process while separated secondary
structures followed a less cooperative second transition. Interestingly, the
second unfolding transition was similar to the unfolding transition of the molten-
globule intermediate formed in the absence of IMC. Additionally, at higher
denaturant concentrations Pro-S,,1A-SbtBPN displayed properties similar to the

trapped molten-globule intermediate. These resuits, taken together, established
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that the equilibrium unfolding of the Pro-S,,1A-SbtBPN occurs via an
intermediate that is similar to the kinetically trapped molten-globule
intermediate. Further, three-state equilibrium-unfolding transition suggested that
the polypeptide folds to a molten-globule like state and then transitions to the
native state, through the assistance of the IMC. Thus it was argued that the IMC
functions only during the late stages of the folding pathway. Another interesting
finding was that the relative thermodynamic stability of the fully folded Pro-
SbtBPN complex was only marginally higher than that of the SbtBPN
intermediate (Eder, Rheinnecker et al. 1993; Sohl. Jaswal et al. 1998). The
thermodynamic stability was also strongly dependent on salt concentrations,
which was probably an effect of the highly charged propeptide and its effect on
the electrostatic interactions of the solvent environment (Eder and Fersht 1995).
Most of the initial folding studies highlighted above employed slow
dialysis for refolding and hence were not amenable to kinetic analysis (lkemura
and Inouye 1988). Subsequent optimization of a fast refolding that involves the
rapid dilution of unfolded protein into denaturant free buffer, paved the way for
kinetic studies of IMC-mediated folding. Using the technique of refolding by
rapid dilution, Eder and Fersht (Eder, Rheinnecker et al. 1993) established the
kinetics of refolding of Pro-S;,1A-SbtBPN by monitoring the increase in intrinsic
fluorescence. Pro-Sy,1A-SbtBPN follows two-state kinetics with a rapid phase
(65% amplitude as native) and slow phase (35% amplitude as native). While the
rapid phase reflects the acquisition of structure in the intermediate, the slow
phase established the kinetics of folding of the intermediate in the presence of

the IMC. This slow phase followed a rate constant of 0.0047s™". Initial studies
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had established a folding rate of <1.4x10°® s for SbtBPN refolded in absence
of the IMC. Hence, taken together, this demonstrated that the IMC accelerates
the kinetics of protease folding by atleast five orders of magnitude. Based on
Eqn.1.1,

AAG® = —RT m(m) Equation (1.1)

Sht

the difference in transition state energies for folding with and without the IMC
was estimated to be >7.5 kcal/mol (Fig. 1.5) (Eder and Fersht 1995). Similar
studies with a-lytic protease established that the propeptide lowers the kinetic
barrier to folding by 18kcal/mol. With a-lytic protease, the relative
thermodynamic stability of the native state relative to the unfolded and
intermediate states was also established. Interestingly, these studies
demonstrate that the native state is ~1kcal/mol less stable than the unfolded
state (Baker, Sohl et al. 1992: Sohl, Jaswal et al. 1998). Thus the protease
appears to be in a kinetically trapped, thermodynamically unstable native state.
Hydrogen-exchange experiments establish that this state has extremely low

conformational dynamics with >50% of the residues having a protection factor

(Ps) >10* (Jaswal, Sohl et al. 2002).

B.1.2. Calcium deletion variant:

Both SbtE and SbtBPN have two well-defined calcium-binding sites, a
high-affinity A-site and medium affinity B-site (See Chapter1-Section IlI, A; Fig.
1.3a). Studies establish that calcium binds to the A-site (Fig. 1.3c) with an

affinity of ~10” M and contributes significantly to the thermodynamic stability of
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the protease (Alexander, Ruan et al. 2001). What is particularly interesting is
that the kinetic barrier to calcium dissociation is extremely high (~23kcal/mol)
and is higher than the binding free energy (Alexander, Ruan et al. 2001). This
suggests that the binding of calcium and the accompanied lowering of
conformational entropy might limit IMC independent folding. To establish this,
Bryan and coworkers created a variant (SbtBPN ) that had the calcium-
binding loop (A-site: 75-83) removed. Upon refolding of SbtBPN 4 under low
ionic conditions, no activity was observed. However, folding of SbtBPN ., under
high ionic conditions resulted in independent folding of SbtBPN e to active,
native state (Bryan, Alexander et al. 1992). Folded SbtBPN . is unstable and
further mutations, including a disulphide bond, have to be introduced to
enhance stability. However, the new variant has a structure similar to the
wildtype protease except in the region of the A-site (Almog, Gallagher et al.
1998). This suggests that the calcium binding A-site may be a critical factor that
dictates the requirement for an IMC. However, it is interesting to note that
productive folding is seen only under conditions of high ionic strength and that
the calcium independent protease variant is extremely unstable.

Thus, a high-energy barrier that separates the unfolded and native states
limits the spontaneous folding of specific proteases. IMCs assist in the folding
pathway by lowering these barriers to enable productive folding. Selection of
such kinetic barriers on the folding pathway may provide a mechanism for
evolution of optimal functional properties. Since most IMC-dependent proteases
appear to function in harsh protease-rich conditions the presence of the IMC

may enhance longevity through high unfolding energy barriers.
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B.2. How do IMCs assist in folding?

B.2.1. Stabilization of folding nucleus—“Side-on Model:

The 77-residue IMC domain is an intrinsically unstructured polypeptide
that folds to an a-B conformation in the presence of the protease (Buevich,
Shinde et al. 2001). Crystal structure of the inhibited Pro-Ss»1C-SbtE (Fig. 1.4a)
demonstrated that the folded IMC interacts directly with two surface helices of
the protease (Jain, Shinde et al. 1998). Based on this, it was proposed that the
a-B-a binding interface of the IMC may represent the folding nucleation motif of
the protease, and that stabilization of this sub-structure upon binding of the IMC
may help to induce folding (Gallagher, Gilliland et al. 1995). To establish the
nature of the interaction between the IMC and protease, Bryan et al analyzed

the bimolecular folding of SbtBPN,c..as given by Eqn.1.2,

Pro” +SbtBPNY , <> Pro”~SbtBPN , <> Pro‘ —SbtBPN’ 5 Pro” + SHiBPN Y

Equation (1.2)
Where Pro" and SbtBPN', , represent the unfolded propeptide and protease
respectively, Pro”-SbtBPN', , represents the partially structured
intermediate, Pro”—SbtBPN’_, represents the folded complex, Pro” represents
the degraded propeptide and SbiBPN , represents the free active protease.
Reaction rates were determined using the differences in tryptophan content
between the IMC and protease domains. SbtBPN .., with three tryptophan

residues in its primary sequence, shows a 1.7 fold increase in intrinsic
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tryptophan fluorescence upon refolding. As the IMC has no tryptophan
residues, any change in fluorescence reflects structural changes in the protease
domain. Further, the binding of IMC to the protease increases the intrinsic
fluorescence of the protease due to shielding of one of the tryptophan residues.
By monitoring the rate of change in the intrinsic tryptophan fluorescence, the ko,
and ko for binding of IMC to SbtBPNaca, and the rates of SHtBPN g folding
under increasing concentrations of the IMC were determined. These studies
demonstrated that the formation of the initial complex (Pro” ~SbtBPNY ;)
between IMC and SbtBPN .. was the rate-limiting step to folding. However,
upon increasing residual structure in the isolated IMC domain the folding of
Pro”—SbtBPN’, , to Pro”-SbtBPNY, , becomes rate limiting (Wang, Ruan et al,
1998; Ruan, Hoskins et al. 1999). This established that structural content within
the IMC might have a direct effect on its chaperoning function. Simultaneous
studies that showed a direct correlation between inhibition constants of isolated
IMC mutants, and their chaperoning efficiency, strengthened this conclusion (Li,
Hu et al. 1995; Ruvinov, Wang et al. 1997). Hence, it was proposed that the
binding energy of the IMC contributes to stabilizing the aBa structure either, by
surmounting an entropic barrier through stabilization of native interactions or, by
overcoming an enthalpic barrier through breaking of non-native interactions.
While in the presence of an unstructured IMC the binding energy maybe diluted
by its folding, the presence of a structured IMC ensures faster binding and
folding.

Although this nucleation propagation mechanism of folding through a

“side-on interaction” of the IMC with the protease seems possible, other studies
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highlighted below question this hypothesis. Furthermore, the biological reaction
is clearly unimolecular and evolution of covalently linked protease domains may
itself be to enhance efficiency and economy of trans-chaperone mediated
folding. Hence, while the bimolecular folding studies offer initial insights into
propeptide mediated folding, establishing similar principles in unimolecular

folding is fundamental to the above hypothesis.

B.2.2. Stabilization of folding nucleus—“Top-on Model”:

Studies based on unimolecular folding highlight a similar, but slightly
varied, mechanism. Random mutagenesis helped identify a number of
mutations in the IMC that affected the secretion of active protease. Second site
suppressor analysis for an M0 T mutation in the IMC identified a Sqggl
substitution in SbtE that restored activity. Since, S188 and M-60 do not interact
with each other and are ~47A apart in the folded Pro-SbtE complex, it was
suggested that these residues may interact during the folding process. One
possible way in which these two residues could interact is via a “top-on
interaction” (Fig. 1.6). To test this hypothesis, cysteine residues were
introduced at positions -60 and 188 and the folding of this double-cysteine
variant [M.0)C-Pro-S153C-SbtE] was analyzed under oxidizing and reducing
conditions. Interestingly, folding under oxidizing conditions results in the
formation of a cross-linked intermediate with stable secondary structure. A
noteworthy point is that upon prolonged incubation with small peptide
substrates such as AAPL-pNA and AAPF-pNA, the trapped intermediate

displays catalytic activity. Addition of a reducing agent to the cross-linked
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intermediate triggers proteolysis of the IMC, and results in a wild type-like native
state. Hence, isolation of the stable cross-linked intermediate suggests that the
IMC interacts with the protease in a “top-on orientation” during folding, and
further, that this interaction results in productive folding (Inouye, Fu et al. 2001).

Furthermore, the “side-on” interaction of the IMC with the protease is
stabilized largely by three hydrogen bonds between E112 in the protease and
IMC backbone amides (Fig. 1.4a). Disruption of these hydrogen bonds in
E112A-SbtE variant does not affect IMC-mediated folding of the protease.
However, the Kof IMC to E11,A-SbtE is lowered ~35-fold relative to that of
SbtE. This suggests that the “side-on” interaction of the IMC is critical for
inhibition, and further, that the inhibitory and chaperone functions of the IMC
may not be obligatorily linked (Fu, Inouye et al. 2000). Additional evidence for
the above comes from the fact that IMC of aqualysin is a ten-fold better inhibitor
of SbtE, relative to the IMC of SbtE, but is unable to efficiently chaperone the
folding of SbtE (Marie-Claire, Yabuta et al. 2001).

The above studies demonstrate that, in unimolecular folding, the “top-on”
interaction may initiate folding while the “side-on” interaction is critical for
inhibition. Thus the IMC may interact with the protease closer to the active site
region before it transits to the “site-on interaction” seen in the crystal structure.

This movement of the IMC may be coincident with its cleavage by the protease.

B.2.3. Changes coincident with IMC cleavage:

Subsequent to folding of the polypeptide to a structured state, the

peptide bond between the IMC and protease domains is auto-proteolyzed (Li
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and Inouye 1996). However the IMC remains bound to the protease as an
inhibited complex. The solved crystal structure of the Pro-Sz,1C-SbtE (Fig. 1.4a)
inhibited complex offers a structural snapshot of the polypeptide folding at the
completion of autoprocessing (Jain, Shinde et al. 1998).

To establish changes coincident with autoprocessing of the IMC,
structural properties of the complex before and after autoprocessing were
characterized (Shinde and Inouye 1995). ANS is a fluorescent dye that binds to
exposed hydrophobic surfaces on structured proteins (Shastry and Udgaonkar
1995). ANS displayed a higher intensity and a shift towards a lower wavelength
in the presence of the unautoprocessed complex (Pro-Sz»1A-SbtE) relative to
processed complex (Pro-S;,1C-SbtE). This suggested that there is a large
decrease is exposed hydrophobic surface coincident with autoprocessing.
Further, in the crystal structure of Pro-S,»,C-SbtE, the N-terminus of the
protease is at least 20A away from the active site. Based on this, it was
proposed that upon autoprocessing, the N-terminus of the protease folds back
to form the N-terminal a-helix that contributes GIn2 to calcium binding at the A-
site (Fig. 1.4) (Shinde and Inouye 1995). Recent studies establish that while the
rate of folding and autoprocessing are independent of calcium, the stability of
the autoprocessed complex and mature subtilisin show a strong dependence on
calcium. Further, the autoprocessed complex has much higher thermal,
thermodynamic, and proteolytic stability, relative to the unautoprocessed
complex (Yabuta, Subbian et al. 2002). This demonstrated that the A-site is
indeed formed subsequent to cleavage, and that the IMC regulates its

formation. The processing of the IMC triggers calcium binding, and induces
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structural changes in the protease, that serve to lock the protease in a more
stable conformation.

The release and degradation of the IMC from the stable inhibited
complex is required for release of active protease (Yabuta, Takagi et al. 2001).
While this appears to be mediated through an autocatalytic activation, the

precise mechanism of activation is unknown.

B.2.4. Alternative approaches to SbtE folding:

While the above offer direct analyses of IMC-mediated folding, an
alternative approach was to identify specific conditions that may allow folding of
proteases in absence of their IMCs. Studies demonstrated that folding low
concentrations of the protease in 2M potassium acetate at pH 6.5, or refolding
the protease from an acid denatured state, allowed recovery of IMC-
independent activity. With potassium acetate, while the yield of active protease
was initially low immobilization of the protease on a solid support increased the
folding efficiency. These experiments elucidate an interesting effect of
electrostatics on the IMC-mediated folding process. In the case of the acid-
denatured proteins, CD studies of the denatured protein established residual
structure in the protease, even after denaturation. This further substantiates the
hypothesis that stabilization of a folding nucleus may enable productive folding.

Hence, the IMC appears to initiate folding by stabilizing a sub-structure
within the protease. This may involve the interaction of the IMC with the
protease in a “top-on” orientation (Fig. 1.6). Upon acquisition of structure within

the protease and formation of the catalytic triad, the IMC is cleaved in an
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autoprocessing reaction. This is coincident with the movement of the IMC to the
“side-on” inhibitory orientation and the formation of a calcium-binding site (Fig.
1.4). Release and degradation of the IMC from this inhibited complex releases

active native protease (Fig. 1.7).

B.3. Kinetics of IMC-mediated maturation:

Based on structural and biochemical studies, the overall IMC-mediated
maturation pathway (Fig. 1.7) can be studied in terms of three distinct stages. 1)
Folding of the polypeptide to a structured state, 2) Autoprocessing of the
peptide bond between the propeptide and protease domains resulting in an
IMC:protease inhibited complex, and 3) Release and degradation of propeptide
from the protease resulting in active protease. As discussed above (See
Chapter1- Section IlI, B.1), most of the early studies focused on the kinetics of
folding. Utilizing the optimization of folding by rapid dilution, and the isolation of
folding mutants, Yabuta et.al carried out a thorough characterization of the
kinetics of all the sub-stages of the maturation pathway. These studies
established that while in-vitro folding and autoprocessing are rapid and reach
completion in 30 mins, the activation of the protease is not seen untill ~240
mins. Hence, activation and not protein folding, is rate limiting to IMC-mediated
maturation (Yabuta, Takagi et al. 2001). As evident from the crystal structure,
the protease is fully folded as an inhibited complex (Fig. 1.4a). However it
appears that the release of the IMC from this complex is extremely slow.
Establishing the reasons for this slow release and the mechanism of release

would give further insights into IMC-mediated maturation. Further, during the
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maturation process the IMC switches from a chaperone to an inhibitor and
eventually to a proteolytic substrate. Establishing the energetics of each of
these stages will give further insights into the high-energy kinetic barrier and

how the IMC functions to modulate this barrier,

C) Similarities and differences in IMCs:

Concurrent studies on subtilases, alpha-lytic protease and
carboxypeptidase established that productive folding mediated by the IMC is a
kinetically driven process (Baker and Agard 1994). This conservation across
unrelated protease families suggests that IMCs have evolved in multiple parallel
pathways and may share a common mechanism of action (Eder and Fersht
1995). However, while the protease domains of the subtilases are well
conserved, the IMCs show very low sequence similarity. Since IMCs perform
functions different from their cognate catalytic domains, they may be subjected
to different mutational frequencies due to different functional constraints (Miyata
and Yasunaga 1980). Nevertheless, sequence analyses of the IMCs highlight
some unique characteristics that may be critical for function. Alignment of
known IMC sequences helped identify two small hydrophobic motifs, N1 and N2
that appears to be conserved within such propeptides (Shinde and Inouye
1994). Interestingly, folding mutants identified through earlier random
mutagenesis experiments are mostly localized to these motifs, suggesting that
these may be necessary for chaperone function (Kobayashi and Inouye 1992;
Li, Hu et al. 1995). Further, the IMCs are extremely charged polypeptides.

While the mature domain of SbtE has 12% charged residues, the IMC
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sequence has 36% charged residues (Shinde and Inouye 1993). Also, the
charge on the IMC of SbtE directly complements a pocket around the substrate-
binding site (Jain, Shinde et al. 1998). Establishing why IMCs have evolved to
be charged, and if the charge on IMCs was selected with their chaperone
function would give further insights into the nature of kinetic barriers on folding
pathways. Another interesting feature of the IMCs is their intrinsic instability.
While the IMC of SbtE is largely unstructured when isolated, a number of other
IMCs have unstable or molten-globule like characteristics (Buevich, Shinde et
al. 2001). However the relevance of the structure of the IMC to its function is yet
to be elucidated.
Thus, the goals of this dissertation are to explore,

1) How IMCs facilitate efficient protease maturation

2) How differences in charge, structure, and primary sequence within IMC

relate to their chaperone and inhibitory functions, and
3) Why specific proteins have evolved dedicated IMCs to mediate their

folding.
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IV) FIGURES

Fig. 1.1: Structural conservation among subtilases — All subtilases have
a well-conserved subtilisin-like catalytic domain and are stabilized by bound
metal ions. Yellow spheres depict calcium ion, while the orange sphere
represents sodium ion. (a) Crystal structure of Subtilisin E (1SCJ), a bacterial
alkaline serine protease, (b) Crystal structure of furin (1P8J), a eukaryotic
subtilisin-like protease, with the P-domain and an inhibitor (magenta) (c)

Structure of a Ak.1 protease (1DBI), a thermostable subtilase from Bacillus.
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Fig. 1.2: Catalytic Mechanism of Serine Proteases — Subtilases have a
conserved -Asp, -His,-Ser catalytic triad that catalyzes proteolysis through
two steps: acylation and a subsequent deacylation. A well-conserved Asn
residue functions as an oxyanion hole during catalysis (Adapted from

Rockwell and Thorner 2004).
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Fig. 1.3: Structural characterization of SbtE — (a) Structure of SbiE is
depicted together with the substrate-binding site (b), and the calcium (orange)
binding A-site (c). SbtE also has a second calcium binding site (B-site) of
medium affinity. The catalytic residues are highlighted in yellow. (b) The
substrate binding site is highlighted with an inhibitor (magenta) bound in the
S1-84 pocket.Residues lining the substrate binding pocket are highlighted in
blue. (c) Calcium binding at the A-site is coordinated by residues from a loop

comprised of residues 75-83, an N-terminal GIn, and a Asp.
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Fig. 1.4: Structural characterization of Pro-SbtE complex — (a) Crystal
structure of the autoprocessed, inhibited complex (1SCJ). The IMC ( blue)
docks against two helices (a1 and a.2) in the protease (orange) and occludes
the substrate-binding site. The binding interface is stabilized by 27 hydrogen
bonds in a asymmetric distribution, of which three are contributed by E112 in
protease. D-7 and E-9 form helix caps for the two helices (a1 and 02). The
calcium ions (white) and the N-terminal helix (green) are also highlighted. (b)
Modeled structure of the propeptide-protease complex prior to cleavage. The
N-terminus (green) of the protease (orange) is bound to the IMC (blue) at the

active site and, hence the calcium-binding A-site is not fully formed.
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Fig. 1.5: IMCs lower kinetic barriers on the folding pathway - (a)
Unfolded Pro-Ser221CysSbtBPN (U) folds to the native state (F) through a
stable molten-globule intermediate (1). Kinetic studies establish that the high
activation energy barrier to protease folding (broken line) is lowered by

>7.5kcal/mol in the presence of the IMC (solid black line).
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Fig. 1.6: IMC interacts in a “top-on” orientation — (a) M-60 in the IMC
(blue) and S188 in the protease (orange), identified through second-site
suppressor analysis are, 47A apart in the inhibited complex. (b) Cross-linking
studies with a double cysteine mutant helped isolate a stable cross-linked
intermediate, based on which the “top-on” interaction between the propeptide

(blue) and protease (orange) was modeled.
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Fig. 1.6
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Fig. 1.7: IMC mediated SbtE maturation — N terminal helix of protease
(green); calcium ion (white). Maturation of Pro-SbtE occurs in three stages:
1) A non-native top-on interaction between the protease (orange) and IMC
(blue), punctuates the transition of the precursor from the unfolded state, to a
structured state (unautoprocessed precursor). 2) Once the active site is
formed, the precursor autoproteolyzes to an inhibited, autoprocessed
Pro:SbtE complex and 3) The release and degradation of the IMC from the
complex release active protease that can subsequently trans-activate other

proteases. Activation is the rate-limiting step to maturation.
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Chapter 2: Activation of Pro-Subtilisin

) ABSTRACT:

Several secreted proteases are synthesized with N-terminal propeptides
that function as Intramolecular Chaperones (IMCs) and direct the folding of
proteases to their native functional states. Using Subtilisin E as our model
system, we had earlier established that (i) release and degradation of the IMC
from its complex with the protease, at the completion of folding, is the rate-
determining step to protease maturation and (ii) IMC of SbtE is an intrinsically
unstructured, extremely charged polypeptide that adopts an a—p structure only
in the presence of the protease. Here, we explore the mechanism of IMC
release and the intricate relationship between IMC structure and protease
activation. We establish that the release of the first IMC from its protease
domain is a non-deterministic event that subsequently triggers an activation
cascade through trans-proteolysis. By in-silico simulation of the protease
maturation pathway through application of stochastic algorithms, we further
analyze the sub-stages of the release step. Our work shows that modulating the
structure of the IMC domain through external solvent conditions can vary both
the time and randomness of protease activation. This behavior of the protease
can be correlated to varying the release-rebinding equilibrium of IMC, through
simulation. Thus, a delicate balance underlies IMC structure, release and
protease activation. Proteases are ubiquitous enzymes crucial for fundamental
cellular processes and require deterministic activation mechanisms. Our work
on SbtE establishes that through selection of an intrinsically unstructured IMC
domain, nature appears to have selected for a viable deterministic handle that

controls a fundamentally random event. While this outlines an important
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mechanism for regulation of protease activation, it also provides a unique
approach to maintain industrially viable subtilisins in extremely stable states that

can be activated at will.
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[[) INTRODUCTION:

Proteases are essential for biology and play vital roles in several cellular
processes such as; development, immune response, apoptosis, cell cycle and
protein turn over. Almost all proteases are secreted as inactive zymogens that
are activated by specific cellular factors at precise times and in definite cellular
locations (Khan and James 1998). Several zymogens are secreted with N-
terminal propeptides that aid in protease inhibition, protein targeting,
stabilization and/or regulation (Li, Hu et al. 1995; Takeshima, Sakaguchi et al.
1985; Ruvinov, Wang et al. 1997; Cui, Hackenmiller et al. 2001). However, N-
terminal propeptides of specific, secreted proteases have evolved to assist the
folding of their cognate protease domain and are termed as Intramolecular
chaperones (IMCs) (Shinde and Inouye 1993; Shinde and Inouye 2000). IMCs
are covalently attached to the proteins they help to fold and are essential to
obtain active proteases both in vivo and in vitro (lkemura, Takagi et al. 1987;
Silen and Agard 1989; Zhu, Ohta et al. 1989; Shinde and Inouye 2000). IMC
dependent folding is observed in several prokaryotic and eukaryotic proteases
that include serine, cysteine, aspartyl and metalloproteases (Shinde and Inouye
1993; Shinde and Inouye 2000). Since IMCs are also good inhibitors of their
cognate proteases (Li, Hu et al. 1995; Sohl, Shiau et al. 1997; Khan and James
1998), release and degradation of the IMC subsequent to folding, signals the
completion of maturation and releases active protease (Yabuta, Subbian et al.
2002). Degradation of IMCs uncouples folding and unfolding pathways, and
increases unfolding energy barriers of native proteins (Yabuta, Takagi et al.

2001) (Sohl, Jaswal et al. 1998; Jaswal, Sohl et al. 2002). This ensures
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proteolytic stability of the native state and helps secreted proteases to function

in harsh extra-cellular environments (Jaswal, Sohl et al. 2002).

Subtilisin (Bryan, Alexander et al. 1992; Shinde and Inouye 1993; Eder
and Fersht 1995; Ruan, Hoskins et al. 1999; Yabuta, Takagi et al. 2001; Bryan
2002; Yabuta, Subbian et al. 2002) and a-lytic protease (Baker, Sohl et al.
1992; Sohl, Jaswal et al. 1998; Jaswal, Sohl et al. 2002: Cunningham and
Agard 2003; Fuhrmann, Kelch et al. 2004; Truhlar, Cunningham et al. 2004)
constitute the best-studied examples of IMC-mediated protein folding.
Maturation of IMC-subtilisin involves a series of distinct steps (Yabuta, Takagi
et al. 2001; Bryan 2002; Yabuta, Subbian et al. 2002) (Fig. 2.1a): (i) Folding of
the protease mediated by its cognate IMC (ii) Autoprocessing of the IMC at its
primary cleavage site to form a stable IMC:Subtilisin inhibition complex (Jain,
Shinde et al. 1998) and, (iii) The release and degradation of the now inhibitory
IMC-domain from the cleaved complex resulting in activation. We earlier
established that while folding and autoprocessing are rapid in vitro, the rate-
determining release and degradation of the IMC is extremely slow (Yabuta,
Takagi et al. 2001). However, the mechanism of release and the significance of
the delay are unknown. Further, while the X-ray crystallographic structure (Jain,
Shinde et al. 1998) demonstrates that the IMC-domain adopts a well-
defined a—f conformation as an inhibition complex with subtilisin, circular
dichroism and NMR spectroscopy studies establish that the IMC-domain is
unstructured in its isolated form (Buevich, Shinde et al. 2001; Yabuta, Subbian
et al. 2003). IMC of SbtE is also an extremely charged polypeptide (36%

charged) (Shinde and Inouye 1993) that exhibits properties similar to an
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emerging family of intrinsically unstructured proteins (Dyson and Wright 2002;
Dyson and Wright 2002; Tompa 2002). This unstructured 77-residue IMC-
domain is nonetheless capable of functioning as both a chaperone and potent
inhibitor. Interestingly IMC-mutants with increased independent secondary
structure are invariably better chaperones and are more potent inhibitors (Eder,
Rheinnecker et al. 1993; Li, Hu et al. 1995; Ruvinov, Wang et al. 1997: Ruan,
Hoskins et al. 1999; Bryan 2002; Yabuta, Subbian et al. 2003). Understanding
why IMCs have evolved to be intrinsically unstructured will help establish the

significance of this and also determine the intricacies of the maturation process.

Here we explore the mechanism for release of the IMC domain, and
analyze the relation between IMC-structure and precursor activation. Our
results demonstrate that the release of the IMC domain, which results in the first
active protease molecule, is a probabilistic event. The first free protease
molecule thus formed then triggers rapid activation through trans-proteolysis.
Specific solvent conditions that modulate structure within the isolated IMC
domain can significantly affect protease activation and its associated
randomness. To better understand the randomness associated with activation,
we mathematically modeled the entire maturation process using Cellware
(Dhar, Meng et al. 2004). Our simulations concur with a stochastic release step
and suggest that the IMC domain modulates protease activation by altering the
binding equilibrium of IMC. Furthermore, the activation of SbtE coincides with
its transition from a thermodynamically stable inhibited complex to a kinetically
trapped native state. The presence of an intrinsically unstructured IMC aids this

transition. Hence IMCs appear to be not optimized for the individual chaperone
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or inhibition functions but rather selected to be intrinsically unstructured to
maintain synergy, precision and control of the protease maturation pathway.
Because of their high stability, subtilisins are widely used in industrial
applications (Wolff, Showell et al. 1996; Gupta, Beg et al. 2002) as non-specific
proteases. Thus, the ability to control and effect precise temporal activation of
subtilisins has wide applicability in industry and would provide a unique

approach to improve the shelf life of proteases.
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Il) RESULTS:

Maturation Pathway of IMC-subtilisin:

The maturation of IMC-subtilisin involves the three distinct stages of folding,
autoprocessing and, IMC release and degradation (Shinde and Inouye 1995;
Yabuta, Takagi et al. 2001) (Fig. 2.1a). Release and degradation involves the
release of the first active protease molecule and subsequent trans-proteolysis
resulting in complete protease activation. Folding kinetics can be monitored by
changes in secondary structure measured using circular dichroism spectroscopy
(Marie-Claire, Yabuta et al. 2001; Yabuta, Takagi et al. 2001) and is found to be
complete within 5min of initiation (Fig. 2.1c, inset). To monitor the kinetics of
autoprocessing aliquots were taken over time and the amount of IMC:Subtilisin
complex formed was monitored using SDS PAGE and quantitative gel scanning
densitometry. Fig. 2.1b depicts aliquots taken as a function of time from a single
maturation reaction. The kinetics of formation of precursor, mature and IMC
fragments, analyzed by gel-scanning densitometry (Fu, Inouye et al. 2000; Yabuta,
Takagi et al. 2001; Yabuta, Subbian et al. 2002), establish that autoprocessing is
complete within 30 min of folding initiation (Fig. 2.1c). The steps of release and
degradation of the IMC-domain, which together constitute IMC-subtilisin activation,
can be monitored through the release of p-nitroaniline, following degradation of a
chromogenic substrate (Yabuta, Takagi et al. 2001; Yabuta, Subbian et al. 2003)
(Materials and Methods). Activation on an average, takes ~240 min, that is ~210
min after completion of autoprocessing and represents the rate-determining step of

maturation (Yabuta, Takagi et al. 2001). Further there appears to be randomness
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in the activation time between experiments. In order to decipher the significance of
the delay and randomness in activation time, and the precise mechanism of IMC

release, we critically analyzed the activation of subtilisin.

Stochastic Activation of IMC-subtilisin:

Folding was initiated at room temperature (23°C) through a rapid dilution of
denatured protein into a large volume as described in Materials and Methods.
Aliquots of 200 pl of the folded protein were taken on a microplate after 30 min of
folding initiation, and the emergence of activity in these aliquots was observed.
Since earlier studies have established that the folding and autoprocessing reaction
of IMC-subtilisin is saturated within 30 min of folding initiation (Yabuta, Takagi et al.
2001), these two stages are essentially complete when aliquots of the protein are
taken onto the microplate. The activity of subtilisin can be monitored using a
chromogenic substrate N-succ AAPFpNA. The synthetic substrate has a 10°-fold
lower affinity and ~20 fold lower proteolytic sites than the 77-residue IMC-domain
(Li, Hu et al. 1995). Hence the emergence of yellow color in the aliquots indicates
the activation of the protease after complete degradation of the inhibitory IMC-
domain. Fig. 2.2a & 2.2b establish that the individual aliquots of the folded protein
undergo ‘none-to-all’ activation at different times, although they represent the same
folding reaction. The activation time of these aliquots can be calculated from the X-
intercept of the transition curve, corresponding to the sudden burst of activity.
Interestingly, a plot of number of wells active versus time of activation displays a
Poisson like distribution around a mean of 235 min (Fig. 2.2¢). This suggests that

there exists an inherent randomness in the activation of IMC-subtilisin. Since
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aliquots were removed from a single rapid dilution reaction after 30mins, the
observed variations in activation time may not occur due to subtle differences in

folding or autoprocessing.

It may be argued that the distribution in the lag time in the mechanism is not
surprising because it is located at the end of a sequential reaction. Therefore small
fluctuations in the individual steps of folding and autoprocessing may add up to
result in a notable distribution of the lag time. We argue that cumulative fluctuations
in the steps of folding and autoprocessing are not a source of this observed
variation in activation times because the reaction mixture was aliquoted onto the
microplate 30 min after folding initiation, as described in the Materials and
Methods. Therefore, the folding and autoprocessing reactions are completed in a
homogenous solution prior to removing aliquots onto the microplate. Moreover, the
rates of folding and the extent of autoprocessing are highly deterministic events
(Yabuta, Takagi et al. 2001). Hence, variation in activation times should result from
differences in release and degradation of the IMC-domain. To establish this
conclusively, differences between enzymatically active and inactive aliquots were
monitored through SDS-PAGE. IMC-subtilisin maturation was terminated by
trichloroacetic acid (TCA) precipitation (Yabuta, Takagi et al. 2001; Yabuta,
Subbian et al. 2002; Yabuta, Subbian et al. 2003), after 20 - 30 % of the wells
displayed protease activity. An SDS-PAGE analysis (Fig. 2.2b, inset) establishes
that, while the amount of mature protease is similar, the inhibitory IMC-domain is
absent from enzymatically active aliquots. Observed variation in activation time is

also evident when the folding reaction is aliquoted into tubes made from different
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materials, such as glass, polyethylene, polypropylene etc., establishing that it is not

an effect of the material used (data not shown).

To further establish that the observed variation in the activation times was not
an artifact of different enzyme concentration, the amount of active subtilisin in
individual wells of the microplate was estimated. IMC-subtilisin was folded at 23 °C
through rapid dilution into buffer that does not contain the synthetic substrate (see
Materials and Methods). After aliquoting on to a microplate the reaction was
allowed to proceed for 24 hrs, at the desired temperature. This prolonged
incubation allows complete maturation of IMC-subtilisin. Subsequent to this
incubation, synthetic substrate was added to a final concentration of 0.5 mM and
the velocity of substrate hydrolysis in each well was measured. Under these
conditions, velocity of substrate cleavage was proportional to enzyme
concentration and 80 nM of mature subtilisin E gave ~20 mOD min™". The yield of
protease varied less than 1% between individual aliquots and was linearly
dependent upon the precursor concentration used for folding (Fig. 2.2d). These
data suggest that the variation in activation time does not arise due to aggregation
or extent of autoprocessing, since this would be expected to diminish yields of
active subtilisin. Lack of aggregation was further confirmed using gel filtration

chromatography (data not shown).

Effect of Concentration on Release of IMC:
Since an autocatalytic activation cascade could be affected by concentration,
we next established the effect of IMC-subtilisin concentration upon the time of

activation. In these sets of experiments the folding reaction was initiated for
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different concentrations and the observed variations in activation times were
studied. While these variations were observed at the different precursor
concentrations (data not shown), Fig. 2.2d demonstrates that the average time of
activation increases exponentially at low concentrations (<50 nM) and is consistent
with an auto-catalyzed bimolecular (trans-proteolysis) reaction. At higher
concentrations, activation time saturates out, probably limited by turnover of the
inhibitory IMC-domain. It is important to note that under different precursor
concentrations, the extent of autoprocessing remains constant (Inset to Fig. 2.2d).
This suggests that folding/autoprocessing are concentration independent

(unimolecular) while activation is concentration dependent (bimolecular).

Proteolysis of IMC domain:
Release and degradation of IMC from its complex with the protease involves

two known progressive sub-stages represented by Eqn 2.1.

I 11
IMCrolged:SbtE <>  IMCuntoideq + SHIE — IMCegraded + SbtE* — Equation
(2.1)

The variation in time of activation may result from a rate-determining
release (1), or may be limited by rate of proteolysis (l1). Since release and
degradation of IMC are closely coupled reactions we monitored the rate of
proteolysis of IMC indirectly. A 20-fold excess of free IMC was added to mature
subtilisin to maintain an IMC:Subtilisin complex with saturating amounts of IMC.
Aliquots of the reaction were removed at different time intervals, the reaction

was stopped using TCA, and the samples were resolved using Tricine-SDS-
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PAGE and quantitated using gel-scanning densitometry (Fig. 2.3a, inset).
Approximately 9-fold of IMC was degraded within 15s. This may represent the
time necessary for IMC to fold and inhibit subtilisin activity. Once bound, mature
subtilisin requires 30min to proteolyze the remaining 11-fold excess of the IMC
(Fig. 2.3a). The reaction was also monitored using the synthetic chromogenic
substrate. In this experiment 100l of the reaction mixture (active subtilisin with
20 fold excess of IMC) was rapidly mixed with 100ul of the enzyme assay buffer
that contains 0.5mM chromogenic substrate. The release of p-nitroaniline was
monitored as described (Materials and Methods). The time of p-nitroaniline
release coincides with complete degradation of added IMC (Fig. 2.3a). As the
IMC has a ~10°fold higher affinity relative to the synthetic substrate, the release
of p-nitroaniline was seen only after the complete degradation of the IMC
domain. Thus the above establishes that IMC is degraded at ~7.5 and
0.05pmol/s during the rapid and slow phases respectively. An ~20 fold excess
of IMC is completely degraded by mature protease in 30min which is ~8 fold
lower than the activation time of 240 min. Hence, this suggests, that release of

IMC (1) and not its proteolysis (I} is rate-limiting to the overall maturation.

Effect of free subtilisin on activation time:

Our data suggests a bimolecular activation cascade that is driven by a
stochastic release. Since a bimolecular activation would be reactive to the
presence of free protease, we established the extent to which exogenously
added subtilisin modulates the time of activation. IMC-Subtilisin was folded as

described (Materials and Methods) and different amounts of active subtilisin
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were added to the folding mixture at 30min. Aliquots were removed from the
folding reaction at fixed time intervals and subtilisin activity was measured as
described (Materials and Methods). IMC-Subtilisin, folded in the absence of
exogenously added subtilisin, and free mature subtilisin were used as positive
and negative controls (Fig. 2.3b, inset). Exogenously added subtilisin
significantly reduces the time of activation with activation time reduced by ~50%
with addition of even ~20% active subtilisin (Fig. 2.3b, inset). Fig. 2.3b
establishes that activation time reduces as an exponential function of
exogenously added active subtilisin. Thus the release of the first free protease
is inherently random but is closely dependent on the presence of free active
protease.

Taken together, the above data suggests that maturation of IMC-
subtilisin is inherently stochastic. The randomness is not due to folding or
autoprocessing but rather due to a stochastic activation step (Fig. 2.2). This
activation is driven by random release of the inhibitory IMC. Once the first free
protease is formed, an autocatalytic activation drives maturation to completion.
Hence, activation is closely modulated by the concentration of the precursor

(Fig. 2.2d) and by the presence of free active protease (Fig. 2.3b).

Modeling and Simufation of IMC-Subtilisin maturation:

To establish and analyze the nature of the stochastic interactions driving
protease activation we modeled the maturation pathway of IMC-subtilisin using

Cellware (Dhar, Meng et al. 2004), a recently developed simulation package.
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Cellware offers a multi-algorithmic environment for modeling and simulation of
kinetic networks using both deterministic and stochastic algorithms (Dhar, Meng
et al. 2004; Meng, Somani et al. 2004). Elementary molecular interactions are
modeled in terms of rate equations and the temporal changes in molecular
species or their stationary state values are studied. Through the use of
stochastic algorithms, such models allow us to analyze stochastic effects on the
evolution of molecular species, and to study how it affects the behavior of the
system. The main advantage offered by such models is that it allows us to
evaluate how modulating individual interactions affects the overall process
outcome (Meng, Somani et al. 2004; Zhu, Huang et al. 2004). Using Cellware
1.2 we modeled the complete maturation pathway of IMC-Subtilisin. Unfolded
IMC-Subtilisin, Folded IMC-Subtilisin, Autoprocessed IMC:Subtilisin complex,
Free folded IMC, Degraded IMC and Free active Subtilisin were represented as
individual molecular species. Interactions between them were defined using law
of mass action with experimentally derived rate constants (Ruvinov, Wang et al.
1997, Yabuta, Takagi et al. 2001; Yabuta, Subbian et al. 2002). Fig. 2.4a
depicts the complete pathway together with the experimental rate constants that
were used for simulation. For an initial particle size of 10000 unfolded
molecules, the evolution of individual molecular species along the maturation
pathway was simulated using the Gillespie algorithm (Materials and Methods).
Behavior of folded, autoprocessed and mature subtilisin over simulated time
concurs with experimental data (Fig. 2.4b). Folded molecules rapidly decelerate

over time into autoprocessed complex. Rapid decrease in accumulated
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autoprocessed particles coincides with a none-to-all increase in mature species

indicative of rapid, autocatalytic activation.

We next monitored the behavior of activation time between iterations
simulated for an initial unfolded particle size of 10000. The model allows us to
evaluate the synergy and differences, in formation of each species, between
iterations. This can be correlated to the behavior of individual aliquots taken
from the same maturation reaction. For the different iterations, we compared
the evolution of folded, autoprocessed and active protease. The formation of
folded (Fig. 2.5a) and autoprocessed (Fig. 2.5b) species is uniform between the
iterations. However release of free protease is extremely random (Fig. 2.5¢). A
plot of number of active samples versus time of activation for 1000 sample
iterations follows a Poisson’s distribution similar to experimental results (Fig.
2.5d). Thus our model corroborates that folding and autoprocessing are
deterministic, and randomness in maturation of subtilisin is a result of the

stochasticity in release and degradation of the IMC.

Our experimental results clearly established an autocatalytic activation
that is dependent on initial precursor concentration. To further test our
theoretical model we simulated the maturation pathway for varying particle
sizes. The mean time of activation for 1000 iterations was determined for each
initial particle size. The simulated activation time follows an exponential
dependence on particle size with the time of activation increasing exponentially
with decrease in initial particle size. Similar to our experimental data, at higher
particle sizes the activation time saturates out. Fig. 2.5e depicts the normalized,

simulation data, together with the experimental data. Next we simulated the
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effect of exogenously introduced active protease on time of activation. To our
maturation model, active protease was introduced as an activator molecule
with a rate of reaction similar to mature subtilisin. For varying ratios of
activators, the maturation was modeled and the variation in activation time was
observed. Exogenous addition of active protease to the maturation pathway
greatly reduces the time of activation and follows an exponential curve similar to
our experimental results (Fig. 2.5f). Further the intrinsic noise or degree of
randomness in activation time is closely modulated by the amount of free

protease.

Thus, we fit a minimalist mathematical model to the protease maturation
pathway (Fig. 2.4a). Fitting our model to a stochastic algorithm clearly
correlates our experimental results (Fig.5). The theoretical model substantiates
our experimental data that subtilisin activation is indeed stochastic. This
stochasticity results from a fundamentally random release event, which then

results in rapid protease activation through autocatalysis.

Time specific activation of IMC-subtilisin:

It is widely accepted that stochastic events underlie deterministic
biological processes such as gene-expression and signal transduction (Elowitz,
Levine et al. 2002; Ozbudak, Thattai et al. 2002; Swain, Elowitz et al. 2002).
Although functional interactions between macromolecules are inherently
“noisy”, the noise is nature’s way to allow small changes in macromolecular
interactions to signal specific transitions between states. The intrinsic noise

allows for easier regulation and adaptation to change (Elowitz, Levine et al.
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2002; Ozbudak, Thattai et al. 2002; Swain, Elowitz et al. 2002). Hence, our
interest was to identify specific conditions that regulate the inherent

randomness, and hence the activation of subtilisin.

A refolding reaction was initiated as described earlier and structural
pertubants that could expedite precursor activation were identified. Since
subtilisin is a secreted enzyme, free protease and pH/salt changes can
represent naturally occurring conditions (Siezen 1996; Siezen and Leunissen
1997). Fig. 2.6a demonstrates that both pH/salt changes and a small amount of
active subtilisin can expedite precursor activation. Interestingly, sodium dodecyl
sulfate (SDS) an ionic detergent can also rapidly activate the precursor (Fig.
2.6a), while a non-ionic detergent such as DM (n-decyl-maltopyranoside) is
ineffective (data not shown). However, the efficacy of each activator is
different, with 0.01% SDS being the most effective causing instantaneous
activation (Fig. 2.6a). Upon the addition of the above activators, activation is
rapid and deterministic (Fig. 2.6a). It is important to note that mature subtilisin is
stable in 0.01% SDS. To understand how these activators function, aliquots
from the precursor maturation reaction were removed at different time intervals
and subjected to SDS-PAGE. Fig. 2.6b establishes that all activators promote
specific degradation of the precursor and cleaved IMC-domain (Fig. 2.6b).
When activation was expedited by adding specific solvents at different times
after the completion of the first cleavage, the yield of mature subtilisin was
found to be independent of both, the types of activators and the time they were
added (Fig. 2.6¢). This confirms that precursor maturation is complete within 30

min of folding initiation (Yabuta, Takagi et al. 2001) and the cleaved complex is
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in an active competent state. However, if activators were added prior to the
completion of folding or autoprocessing, the yields of the protease are lower
(data not shown). Earlier studies on subtilisin suggest that the delay seen in the
time of activation may be necessary to increase protease yields and ensure
efficiency of the folding process (Zhu, Ohta et al. 1989; Yabuta, Takagi et al.
2001; Yabuta, Subbian et al. 2002). Our results establish that the inhibitory
function of the IMC-domain is necessary only until the completion of
autoprocessing and, prolonged inhibition (after 30 min) does not increase
protease yield. However IMC-domain may function as a regulator, by blocking
enzymatic activity until a suitable ‘activator’ is available. We establish here that
active protease, pH, and SDS, can function as in vitro regulators. Osmotic,

temperature and pH shock may suffice as physiological activators.

In order to function as regulators, the IMC-domains should also be able
to prolong the release of enzyme activity beyond its normal activation time. We
next attempted to identify solvent conditions that prolong precursor activation. It
has been established that the isolated IMC-domain is unstructured but adopts
significant secondary structure in glycerol and trifluoroethanol (Eder,
Rheinnecker et al. 1993; Bryan, Wang et al. 1995). Moreover, enhancing the
independent stability of the IMC-domain through site-specific mutations
increases its affinity for its cognate protease, as well as its chaperoning activity
(Kojima, Minagawa et al. 1998; Ruan, Hoskins et al. 1999: Yabuta, Subbian et
al. 2003). Here we examined whether such solvents can prolong precursor
activation. To the individual aliquots taken from a refolding mixture, 100 ul of the

different additives or ‘stabilizers’ were added and the protease activation was
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monitored. Fig. 2.7a demonstrates that the presence of glycerol (10%)
increases the activation time and its associated variations by approximately
three fold. Interestingly, the addition of SDS (0.01%) rapidly activates the
complex under both normal and stabilizing conditions by expediting IMC-
degradation (Fig. 2.7a & 2.7b), although the activation is marginally delayed in
glycerol. High salt [1M (NH4).SO,] also prolongs activation and shows a similar
but more enhanced effect. In the case of high salt the intrinsic activation of the
protease was not observed till 24 hrs after folding initiation. We also identified a
high salt-glycerol combination as a stabilizer that prolongs activation. While the
glycerol-salt condition stabilizes the inhibitory complex for several weeks (data
not shown), SDS addition always triggers activation (Fig. 2.7b & 2.7c). We
propose that this prolonged activation results specifically through the
modulation of IMC release and its subsequent degradation, because the
stabilizing solvents were added to the reaction only after the completion of
folding and autoprocessing (30 min after folding initiation). It is important to note
that while glycerol (10%) induces structure into the isolated IMC-domain (Fig.
2.8b), it alters neither subtilisin activity (data not shown), nor the secondary
structure of the inhibition complex and mature subtilisin (Fig. 2.8a). This
suggests that glycerol (10%) shifts the equilibrium towards formation of the

inhibition complex by inducing structure in the isolated IMC-domain (Eqn.2.1).

IMC structure and protease activation:

The X-ray-structure of the inhibition complex establishes that the B-factor

of the IMC in complex, is twice that of subtilisin, and implies substantially larger
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backbone dynamics within the IMC-domain (Jain, Shinde et al. 1998). We
therefore examined whether glycerol (10%) affects the structure of the IMC-
domain in the inhibition complex, to decrease its proteolytic susceptibility. The
inactive IMC:Subtilisin complex was isolated and incubated under normal and
stabilizing conditions with TPCK-treated trypsin (1/10 the amount of complex).
Proteolytic susceptibility of the IMC-domain from the complex was measured
using a quantitative gel-scanning densitometry as described in Materials and
Methods. Fig. 2.8c shows that trans-proteolysis of the IMC within the inhibition
complex, by TPCK-treated trypsin, is substantially reduced in glycerol,
suggesting a significantly compacted folded state for the IMC domain (Jaswal,
Sohl et al. 2002). Using our maturation model we additionally simulated the
trans-proteolysis of IMC. Our model was varied to include the presence of a
activator molecule whose activity was defined by the proteolytic activity of
trypsin. Using an initial particle size of 1000 we simulated the trans-degradation
of IMC in the presence of trypsin as an activator. Fig. 2.8d depicts the
simulated trans-proteolysis curve. Altering the binding affinity of IMC for the
protease by 10-fold closely overlaps the trans-degradation in the presence of
glycerol (Fig. 2.8d). Thus inducing structure in the IMC domain, reduces its
conformational dynamics and shifts the equilibrium (IMCy, €==> IMCk) of the
IMC-domain towards the bound state (IMC:S), as seen from Eqgn 2.1, resuiting

in a tighter inhibition complex.

To establish this conclusively, we next determined the affinity of IMC for
the protease in the presence and absence of 10% glycerol. The affinity constant

of IMC for subtilisin E was measured using isothermal titration calorimetry (Fig.
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2.9a, lower panel). The K, for this interaction was 7.34x10°M™ and is similar to
that observed through previous independent binding studies (Li, Hu et al. 1995;
Bryan 2002). In the presence of 10% Glycerol the affinity of IMC is increased
~10 fold to 7.2x10” M™" (Fig. 2.9a, upper panel). Thus, inducing structure in the
IMC, enhances its binding affinity, and modulates release and associated
randomness (Fig. 2.7a). We next simulated the maturation pathway for different
values of K, and analyzed the distribution in time of activation (Fig. 2.9b & c¢).
For each value of K, and an initial particle size of 10000, the mean time of
activation for 1000 iterations was estimated. At low K, activation is fairly
uniform and rapid, whereas as affinity is increased it results in a corresponding
increase in both the time of activation (Fig. 2.9b) and the intrinsic noise in

activation time (Fig. 2.9c).

Thus, the above data establishes that intrinsic noise in activation of the
protease is modulated by the addition of specific solvents that appear to
function by modulating the structure of IMC without altering the structure,
activity, or stability of the protease (Fig. 2.8). This variation in the folded state of
the IMC directly affects the binding equilibrium of IMC and hence its stochastic
release (Fig. 2.7 & 2.9). It is noteworthy that such modulation in protease
activation is effected without any mutations in the protease or IMC domain.
Hence, the solvents outline conditions that specifically modulate the time and
randomness of activation, without affecting the earlier stages of the maturation

pathway.
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Energetics of precursor activation:

To investigate causes for the probabilistic release of the IMC domain and
the variation in the time of activation, we established the activation energy, E,
for release (Segel 1975; Sohl, Jaswal et al. 1998) (Materials and Methods). The
mean time of activation of subtilisin as a function of temperature was
established. The temperature dependence of the activation rate (Fig. 2.10a) fits
well to non-linear Eyring equation as well as to a linear function. The
parameters computed from the two functions are similar (AG: 17.39kcal/mol;
AS: -45.6cal/molK; AH: 3.88kcal/mol; ACp: -0.123 kcal/molK). The ACp for this
reaction is relatively low suggesting a small exposure in hydrophobic surface in
going from the inhibited complex to the transition state. The activation energies
computed from the equations for release and degradation of the IMC is ~17.3 +
0.3 kcal mol™. Unlike molecular chaperones, IMCs can bind tightly with their
cognate proteases and the affinity is similar to the best-known inhibitors
(Shinde, Li et al. 1993; Li, Hu et al. 1995). To complete the free-energy diagram
for precursor activation we utilized the affinity constant of IMC for Subtilisin E
that was established by isothermal titration calorimetry (Fig. 2.9a). The K, for
this interaction was 7.34x10°M™". By using the thermodynamic relation shown in
Eqn. 2.2
AGrelease = - RT In (Kgq) Equation (2.2)
where Keq = Kofitkon = 1/Ky
we estimate that IMC binding with subtilisin stabilizes the inhibition complex by

~9.4 kcal mol™ (Fig. 2.10b). This computed free energy is in close agreement

with kon @nd ke rates determined using fluorescence spectroscopy for a
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subtilisin homologue (Bryan, Wang et al. 1995; Ruan, Hoskins et al. 1999:
Bryan 2002). It is interesting to note that the free-energy diagram for precursor
maturation favors formation of a thermodynamically stable inhibition complex
(Fig. 2.10b) over the active protease. Although the measured E, signifies the
net limiting energy barrier for release and degradation, since proteolysis is
rapid, it may be safely assumed that the energy barrier for the stochastic
release is equivalent or higher. Interestingly, the binding affinity of IMC for
subtilisin increases 10-fold in the presence of glycerol (Fig. 2.9a). This in turn
would further stabilize the inhibition complex there by prolonging IMC-release
and degradation as evident in Fig 7a-c. Based on results, we propose that the
variation in activation time arises due to the non-spontaneous nature of the

release step.
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IV) DISCUSSION:

Stochasticity of IMC-Release and its Significance:

Stochastic effects in gene expression play crucial roles in biological
processes such as development and growth, where the initial asymmetries,
amplified by feedback mechanisms, determine cell fates (Elowitz, Levine et al.
2002). The inherent noise in interactions between macromolecules allows small
changes in macromolecular states to signal specific transitions. Here, using the
bacterial subtilisin system we demonstrate that protease activation may be
driven by a fundamentally stochastic event (Shinde and Inouye 1993). Our
results show that although folding and subsequent autoprocessing of IMC-
subtilisin are extremely deterministic, the release and degradation of the IMC
domain is a probabilistic event that causes variations in the time of activation.
Interestingly, the release process is easily stabilized or destabilized under
specific conditions that affect the binding equilibrium of the IMC domain.
Controlled spatial and temporal activation is well established in many
proenzymes. For example cathepsins are specifically activated under the low
pH conditions of the lysozyme (Jerala, Zerovnik et al. 1998: Wiederanders,
Kaulmann et al. 2003). It has been suggested that in human cathepsin L and
cathepsin S, this may be mediated through loss of tertiary structure and affinity
in the propeptide (Maubach, Schilling et al. 1997; Jerala, Zerovnik et al. 1998).
Further, furin, a eukaryotic homolog of subtilisin that folds and auto processes
in the endoplasmic reticulum, becomes active in the trans golgi network upon

pH shock (Anderson, Molloy et al. 2002). Using SubtilisinE, here we
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demonstrate that this activation maybe inherently random. Through selection of
IMCs, with specific structural characteristics, which regulate the inherent noise,
nature may have selected for a system that effectively responds to external
conditions. Modeling and simulation of the maturation pathway allows us to
analyze the intricacies of this single molecular event using stochastic models.
Since release of IMC and the subsequent trans-activation of the protease are
tightly coupled events, the mathematical model allows us to monitor in detail the
behavior of each event and to further evaluate hypotheses from our
experimental results. Interestingly, this allows for analyses without introducing
mutations that may perturb the system.

The analysis of the energetics associated with activation process
establishes that the release of the inhibitory IMC-domain from the
thermodynamically stable complex (RDS) is energetically unfavorable. The
release of the first free protease forces the equilibrium towards activation
because the IMC-domain in the inhibition complex is an excellent substrate for
the free protease. This transition of the protease although energetically
unfavorable, helps to ensure longevity of the protease under harsh,
environmental conditions by increasing the energy barrier for unfolding (Jaswal,
Sohl et al. 2002). It is noteworthy that deterministic activation of proteases
observed in earlier studies of IMC-mediated folding have been facilitated by the
addition of external activators such as trypsin (Sohl, Jaswal et al. 1998; Bryan

2000; Yabuta, Subbian et al. 2003).
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Relation Between IMC-structure and Protease Activation:

A number of recent studies (Dyson and Wright 2002; Dyson and Wright
2002; Tompa 2002) have shown the importance of naturally occurring
intrinsically unstructured proteins (IUPs) that offer distinct advantages in cellular
functions, such as DNA and RNA binding (Spolar and Record 1994; Mogridge,
Legault et al. 1998), transcriptional regulation (Kussie, Gorina et al. 1996:
Bowers, Schaufier et al. 1999; Parker, Rivera et al. 1999), signal transduction
(Kim, Kakalis et al. 2000; Huber and Weis 2001) and cell-cycle regulation
(Kriwacki, Hengst et al. 1996; Pavletich 1999). Their increased flexibility
enables binding to multiple targets, better affinity and rapid responses in cellular
signaling. IMC of Subtilisin appears to behave as an intrinsically unstructured
protein. Further many propeptides of proteases, characterized in the literature,
are either completely unfolded or exhibit limited secondary structure (Jerala,
Zerovnik et al. 1998; Marie-Claire, Yabuta et al. 2001; Wiederanders, Kaulmann
et al. 2003; Yabuta, Subbian et al. 2003). We propose that the intrinsic disorder
in IMC structure plays an important role in ensuring the synergy of the
maturation pathway and enables IMCs to effectively switch from a chaperone to
an inhibitor and subsequently to a protease substrate. Release of IMC
coincides with the transition of the protease from a thermodynamically stable
inhibited state to a kinetically trapped native state. The intrinsically unstructured
IMC may aid this transition. Hence, while the kinetically trapped native states
ensure proteolytic stability under harsh extracellular conditions (Jaswal, Sohl et

al. 2002), having intrinsically unstructured IMC domains that effectively
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modulate protease-activation provides a mechanism for proteases to ensure

synergy and precision of their activation.

Industrial Importance:

The role of IMCs in regulating the protease activation can be exploited in
industrial applications of subtilisin. A number of industries, including detergent,
leather, food, sewage treatment, silk, and industrial waste management utilize
subtilisins as classical non-specific proteases (Cheng, Hu et al. 1995: Wolff,
Showell et al. 1996; Kumar and Takagi 1999; Nekliudov, Ivankin et al. 2000;
Gupta, Beg et al. 2002). A common problem faced in industrial applications is
ensuring the shelf life of the protease. Our finding that modulation of the
conformational dynamics of the IMC can effectively control the temporal
activation of subtilisins provides a novel approach to increasing shelf life of
these enzymes. The isolation of specific solvent conditions, to super-stabilize
the inhibited complex (Fig. 2.7a-c) offers a distinct method to keep the protease
in an inactive state for prolonged periods. Activators that destabilize the IMC-

domain can be employed to trigger activation at will.
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V) MATERIALS AND METHODS:

Rapid-dilution folding technique:

Proteins were expressed and purified as described earlier (Shinde and
Inouye 1995; Jain, Shinde et al. 1998; Yabuta, Takagi et al. 2001). 20 ul of
denatured prosubtilsin (100 uM in 6M GdnHCI, pH 4.8) was rapidly mixed in
19980 pl of the refolding buffer (50 mM MES-NaOH, pH 6.5, 0.5 M (NH4)2SQy,
1mM CaClz) at 23°C with 0.5 mM synthetic substrate (N-succ-AAPF-pNA). After
15 min the stirring was stopped and 200 ul aliquots of the reaction mixture were
transferred to a 96-well microplate, after 30 min of folding initiation. Subtilisin
activity was monitored by release of p-nitroanilide measured at 405 nm ina
microplate reader (Yabuta, Takagi et al. 2001; Yabuta, Subbian et al. 2002;
Yabuta, Subbian et al. 2003) maintained at the desired temperature. The time
of activation was calculated from the X-axis intercept of the ‘none-to-all’
transition curve as described earlier (Fu, Inouye et al. 2000; Inouye, Fu et al.

2001).

Amount of active subtilisin:

Precursors were folded at 23 °C as described above, however without
the synthetic substrate. The reaction was allowed to proceed on the microplate
at the desired temperature. After 24 hrs of incubation, synthetic substrate was
added to a final concentration of 0.5 mM and the velocity of substrate hydrolysis
in each well was measured. Care was taken to ensure that substrate

concentration was not rate limiting during velocity measurements. Under these
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conditions velocity of substrate cleavage was proportional to enzyme

concentration and 80 nM of mature subtilisin E gave ~20 mOD min™.

Proteolysis of IMC:

IMC (23uM) was added to 120nM of subtilisin to maintain a complex
with excess IMC. 100pl aliquots were removed at various times, and the
reaction was stopped using trichloroacetic acid precipitation. The samples were
subjected to SDS-PAGE and analyzed using densitometry. Additionally the

activity of subtilisin was monitored over time as described above.

Mathematical Modeling:

Mathematical modeling of the maturation pathway was done using
Cellware version 1.2. Cellware is a multi-platform modeling software with a
convenient user interface and extensive algorithms library (Dhar, Meng et al.
2004). The model used for our simulation is represented in Fig.4a. Known
intermediates along the maturation pathway were represented as individual
molecular species. Reactions between the species were represented as
reversible/irreversible reactions defined at the rates denoted. All rates used for
simulation were based on experimental results. The models were simulated
using the Gillespie stochastic algorithm available in the package. The package
allows for varying the particle size in a defined initial volume. Due to the
computational complexity of stochastic simulations, the models were simulated
using higher initial concentrations such that activation occurs in a feasible time

scale. To establish the evolution of folded, autoprocessed and mature species
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between iterations, the simulations were terminated at specific times, the data
on the individual species were parsed and analyzed using Sigma-Plot. To
establish the effect of exogenously added protease, the pathway was modified
to include the presence of a activator molecule. The model was simulated under
similar conditions as above but with varying ratios of the activator molecule to
IMC:Subtilisin complex. We established the effect of concentration by varying
the initial particle size (U) from 100 to 50,000. The time of activation under each
condition was parsed and data plotted using Sigma Plot. Altering the kon and ko
rates established the effect of IMC binding equilibrium on the time of activation.
For graphs that depict both the experimental and simulation data, the
concentration and time of activation of the simulated data was normalized to

experimental scales.

Co-Solvent induced modulation of precursor activation:
Precursors (200 nM) were folded (as described above) and aliquoted
(100 ul each well) onto the microplate. Activators (2X conc.) were prepared in
the folding buffer and 100 pl were added to each well at the desired time and
mixed. The final concentration of the activators that expedite activation are SDS
- 0.01 %,; salt-shock-0.25 M (NH,),SOyq; active subtilisin - 2.5 nM, pH-shock -
Tris-HCI (50 mM, pH 8.5). While 1 ul of SDS (1 %) in each well was sufficient to
activate the precursor, a 100 pl volume was chosen to enable complete mixing.
The aliquots with the added activators were incubated on a microplate reader at
the desired temperature and the emergence of activity as a function of time was

monitored at 405 nm.
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100 ul of glycerol (20 %), (NH4)2S0, 2.0 M) and the combination of
glycerol- (NH4),SO, serve as stabilizers that prolong activation. Stabilizers
were added 30 min after folding initiation to allow complete folding and
autoprocessing (Yabuta, Takagi et al. 2001; Yabuta, Subbian et al. 2002).The
aliquots taken on the microplate were incubated at the desired temperature and
the activation of pro-subtilsin was monitored. 1 ul of 2 % SDS was added as an

activator at different time points to induce uniform activation.

Circular dichroism measurements:

CD measurements were performed on an automated AVIV 215
spectrophotometer maintained at 25°C and spectra were taken between 190 to
260 nm as described earlier (Shinde, Li et al. 1993; Shinde, Liu et al. 1997; Fu,
Inouye et al. 2000; Yabuta, Subbian et al. 2002; Yabuta, Subbian et al. 2003).
Protein concentrations were maintained between 0.25 mg to 0.4 mgml™. A 1
mm path-length cuvette was used to measure spectra except in case of the
IMC-domain, where a 0.5 mm path-length cuvette was used. The spectra

depicted in Fig. 2.8a represent averages of 3 independent scans.

Proteolytic stability of the precursor:

A cleaved but proteolytically inactive complex (Jain, Shinde et al. 1998)
(~1 uM) was prepared as described elsewhere (Hu, Haghjoo et al. 1996). The
sample was maintained under normal and stabilized conditions (10% glycerol)
and 1/10 the amount of TPCK-treated trypsin was added. 50ul of the complex

were removed at fixed time intervals and the reaction was stopped by TCA
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precipitation (Yabuta, Takagi et al. 2001; Yabuta, Subbian et al. 2002). The
samples were analyzed using SDS-PAGE and the extent of IMC-degradation
was quantitated using gel-scanning densitometry (Yabuta, Takagi et al. 2001;

Yabuta, Subbian et al. 2002) .

Activation Energy:

The activation rate at different temperatures was calculated using a fixed
amount of precursor (200 nM) and the mean time of activation at different
temperatures was obtained from the none-to-all activation curves as described
above. The temperature dependence of activation rates were fit to linear
Arrhenius relation (Segel 1975; Sohl, Jaswal et al. 1998) for temperature
dependence as well as to non-linear kinetics (van Nuland, Chiti et al. 1998) to

obtain Ea for activation.

Affinity Constant by Isothermal Titration Calorimetry (ITC):

ITC experiments were performed with a Microcal VP-ITC titration
calorimeter. For ITC measurements, inactive Ser,,:Cys active site variant of
subtilisin was used (Jain, Shinde et al. 1998; Yabuta, Takagi et al. 2001:
Yabuta, Subbian et al. 2003). Both the inactive mature domain and the IMC
were dialyzed against buffer containing 50mM MES (pH 6.5), 0.5M Ammonium
Sulphate, 1mM CaCl, and 2mM BME. A 5uM solution of Mat S,»1C was taken in
the sample cell and a 28uM solution of IMC was loaded in the injection syringe.
The sample cell was maintained at 23 °C. For measuring the heat of binding,

Sul injections of IMC were diluted into the sample cell with 250s spacing. For
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control titrations, the propeptide was diluted into dialysis buffer. Titration data
was analyzed using the Origin 5.0 software and K, was estimated. For the
binding constant in the presence of glycerol, the above experiment was

repeated with 10% glycerol added to the above buffer.
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VI) FIGURES

Fig. 2.1. Maturation pathway of IMC-subtilisin. (a) Schematic
representation of IMC-subtilisin maturation. The rate-limiting step (RDS) is
shown in red and trans-autocatalytic activation is shown in green (b) SDS-
PAGE of aliquots taken over time from a maturation reaction. The precursor
(36-kDa) undergoes autoprocessing to give IMC (8-kDa) and mature subtilisin
(28-kDa) fragments that exist as a complex. (¢) The amounts of precursor
(filled circles), mature (open circles) and IMC (open diamond) were estimated
by densitometry. Folding of the precursor (inset) saturates in ~5mins and

autoprocessing is complete in ~30mins.
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Fig. 2.2. Variation in the time of activation of IMC-subtilisin. (a) Non-
deterministic activation of multiple aliquots from a single folding reaction
captured at different time intervals using a chromogenic substrate. (b)
Enzyme activity as a function of time, for 12 randomly selected samples
from a maturation reaction. Inset depicts SDS-PAGE of IMC-subtilisin
maturation with active (+) and inactive (-) aliquots. Inactive aliquots differ
by the presence of the IMC domain. (c) Frequency distribution of the
number of active aliquots in a microplate as a function of time. Activation
follows a poisson’s distribution with a mean of ~235min (d) Subtilisin yield
(open circles, Left Axis) and average activation time (filled squares, Right
Axis) as a function of precursor concentration. The inset shows an SDS-
PAGE gel that depicts the extent of autoprocessing for increasing
precursor concentrations monitored 30mins after folding initiation. The
ratio of mature/precursor is constant throughout the concentrations studied

establishing that autoprocessing is concentration dependent.
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Fig. 2.3. Rate of proteolysis of the IMC in trans. (a) Degradation
of a 1:20 complex of subtilisin:IMC was followed by both Tricine-
SDS PAGE analysis (inset and filled circles in graph) and activity
(broken line). Degradation of IMC occurs in two distinct phases. The
first rapid phase denotes the degradation of free IMC and the
second slow phase corresponds to the degradation of IMC in
complex. Increase in protease activity measured using a
chromogenic substrate coincides with complete degradation of IMC.
(b) Modulation of activation time by exogenously added active
protease. Addition of active protease exponentially reduces the time
of activation. In controls without exogenous protease, activation
occurs at ~240 mins (inset, filled circles). Activation time is reduced
by ~50% (inset, open circles) by addition of 20% active protease

(inset, filled triangles).
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Fig. 2.4. Mathematical modeling of IMC-Subtilisin maturation. (a)
Maturation pathway used for simulation. U-Unfolded IMC-Subtilisin; F-
Folded but unautoprocessed IMC-Subtilisin: M-Mature Subtilisin; Pf-Folded
IMC; Pu-Unfolded IMC; D-Degraded products; K.-rate of folding; K

of autoprocessing; K,-binding affinity; Kdeg1—rate of proteolysis of IMC;

auto_rate
Kdegz-rate of trans-proteolysis of complex by free M:; Kdeg3-rate of
degradation of F by free M; Kmg ,-rate of degradation of U by free M.
Folding and binding equilibrium of IMC were represented as reversible
reactions. Folding and Autoprocessing are deterministic events (depicted in
blue). Release and degradation (depicted in red) of IMC from its complex
with the protease (M:Pf) results in active protease (M). Active, free
protease (M) can proteolyze IMC bound to another protease (M:Pf),
unfolded (U) and folded but unautoprocessed (F) species (depicted in
green). (b) In silico evolution of unfolded (U, red), folded (F, blue),

autoprocessed (M:Pf, green) and mature (M, black) species.
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Fig. 2.5. Simulation of IMC-Subtilisin maturation using stochastic
algorithm. (a,b &) Representative curves for evolution of folded (a),
autoprocessed (b) and mature (c) for 20 randomly selected sample
iterations. Folding and autoprocessing are deterministic. The release of
mature protease is stochastic. (d) Normalized time of activation for 1000
iterations simulated using stochastic algorithm for an initial particle size
(U=10000) follows a Poisson’s distribution. (e) Variation of time of
activation with initial particle size. The experimental data (filled circles)
together with simulated activation time (open circles) normalized for
differences in concentration. (f) Variation of activation time with
exogenous addition of active protease. The simulated data (open
circles) normalized for differences in concentration follows identical

behavior as the experimental results (filled circles).
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Fig.2.6. Activator induced IMC-subtilisin release. (a) Deterministic
activation induced by external additives (activators). The leftmost panel
depicts the control samples that show intrinsic variation in activation times,
while the other panels depict the immediate increase in absorbance seen
due to activators added at different times - Solid line:0.01% SDS; dotted
line:2.5nM active subtilisin; dashed line: 50mM Tris-HCI, pH 8.5. The solid
black arrow indicates the time of addition (60,120,180 mins). (b) Effect of
activators monitored using SDS-PAGE. Lanes 7-10 represents aliquots
taken from the control at indicated time points. The O/N sample shows the
activation of Prosubtilisin as seen by complete degradation of the IMC and
precursor. Lane 2 depicts the starting material. Lanes 4-6 depict aliquots
that were taken 1hr after folding initiation and to which activators
(subtilisin:lane 4; Tris-HCl:lane 5; SDS:lane 6) were added. Addition of
activators induces immediate degradation of precursor and IMC-domains.
Lane 3 represents the amount of subtilisin added as an activator to lane 4.
(c) Subtilisin yield when activators (SDS:solid circles: subtilisin:open
circles; Tris-HCl:gray circles) are added at different times. Amount of
active subtilisin produced is independent of the activator and the time of

addition.
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Fig. 2.7. Solvent-induced conformational stabilization of IMC. (a)
Frequency distribution of the number of active aliquots (black bars)
as a function of time, under normal and glycerol conditions. The
mean time of activation and variations in time of activation increase
in the presence of glycerol. Addition of 0.01% SDS at 120mins to
both normal and glycerol conditions instantaneously activates all
wells (Grey bar). (b) Effect of stabilizing conditions monitored using
SDS-PAGE. Lanes 2-5 depict aliquots taken at 2hr, and Lanes 7-10
depict aliquots taken at 8hr, after folding initiation. Under normal
conditions intrinsic activation is seen at 8hr (Lane 7). With glycerol
the IMC remains bound at both 2 and 8hr (Lane3 and 8). However
activation is triggered under both conditions when the IMC is
destabilized through the addition of SDS (Lanes 4,5,9,10) ¢)
Averaged activation under normal and stabilized conditions (glycerol,
salt and glycerol-salt). Intrinsic (dotted lines) and induced (solid lines)

activation due to activators (0.01% SDS) added at times indicated.
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Fig. 2.8. Effect of glycerol on IMC structure and dynamics (a)
Circular dichroism spectra for inhibition complex (solid line) and
mature (dotted line), and differential spectra of IMC- in complex
(broken line), under normal (grey) and stabilized (black) conditions.
The spectra for the IMC-domain in complex were obtained from the
difference between the inhibition complex and mature subtilisin. (b)
Circular dichroism spectra for isolated IMC domain (solid line) under
normal (grey) and stabilized (black) conditions. (c) Proteolytic
stability of the IMC-domain in the inhibition complex under normal
(filled circles) and stabilized (open circles) conditions against TPCK-
treated trypsin. (d) Simulated curves for trans-proteolysis of the IMC
domain in normal (filled triangles) and glycerol (open triangles)

conditions.
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Fig. 2.9. Binding equilibrium regulates protease activation. (a)
Titration curves for binding of IMC, and IMC in 10% glycerol to
subtilisin mature domain. The heats of binding for successive additions
of IMC are plotted against the IMC/subtilisin molar ratio. The estimated
K, for each is depicted. (b) Dependence of simulated activation time
on the K, of IMC for its protease. (c) Distribution of intrinsic noise in

simulated activation time with Ka.
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Fig. 2.10. Energy landscape for protease maturation. (a)
Arrhenius plots for activation rate. (b) Free energy diagram of
protease activation. Activation requires transition of the
protease from its thermodynamically stable inhibition complex
to a kinetically trapped active form. Variation in activation time
occurs due to the non-spontaneous nature of the RDS, namely

release and degradation of the inhibitory IMC-domain.
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Chapter 3: Energy landscape for maturation

) ABSTRACT:

Efficient and precise assembly of polypeptides into their functional native
states is critical for normal cellular processes. Understanding how a specific
structure is encoded in the polypeptide sequence and what drives the structural
progression to the native state is the first step towards curing of folding
diseases and for design of novel proteins. In this manuscript, we investigate the
elementary steps in the propeptide mediated maturation of Subtilisin E, a
bacterial serine protease, and attempt to define its folding energy landscape.
Our studies demonstrate that the initial structural acquisition of Pro-SbtE is
driven by a rapid hydrophobic collapse and occurs through the formation of a
molten globule-like intermediate state. Furthermore, induction of structure within
the propeptide stabilizes both the molten globule-like folding intermediate and
the native state, and appears to expedite initial stages of folding, purely through
thermodynamic stabilization of the folded state. However, this induced structure
is detrimental to the activation of the precursor and dramatically delays
propeptide release, since this stage requires some degree of unfolding. The
efficiency of autoprocessing, at higher temperatures, is also lowered by the
structured propeptide although the activation barrier to autoprocessing is not
significantly affected. Hence, based on our studies, we establish that the
intrinsically unstructured propeptide of SbtE is optimized for a synergistic

maturation process and not for faster folding kinetics.
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[I) INTRODUCTION:

Protein folding is one of the simplest and most fundamental examples of
biological self-assembly. Understanding the principles of protein folding will not
only help us outline the factors that drive this process, but is also the first step
to cure folding diseases, and to design novel proteins. The broad question of
folding is driven towards deciphering how a specific structure is encoded in the
polypeptide sequence, and how the polypeptide attains this native state in a
limited time (Alm, Morozov et al. 2002: Dobson 2004). Extensive studies have
led to the new view of folding, which postulates that the native state is attained
by a stochastic search of all possible conformations, that is aided by the stability
of sub-structures that are formed (Dobson 2003: Onuchic and Wolynes 2004).
However, such studies have been based on small proteins (%00 residues) that
fold with fast kinetics, and in the absence of stable intermediate states (Plaxco,
Simons et al. 2000; Dobson 2003). On the other hand, the average biological
molecule is large (~300 amino acids) and such proteins generally fold through
the formation of stable folding intermediate states (Kuwajima 1989). Stable
intermediates can provide valuable information about the development of the
overall fold from a linear polypeptide, and can also help examine whethe<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>