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Abstract

ISPs constitute the major cellular proteolytic activity of many bacilli, yet their
physiological role, mechanism of regulation and 3D structure were unknown. ISP
from B. clausii is expressed as a dimeric inactive precursor. Dimerisation is not
involved in regulating ISP activity. The 3D structure of ISP revealed residues from
the C-terminus cross over and interact with the adjoining protomer distant from either
active site. The mechanism for ISP activation involves inter-molecular processing of
the 18 residue N-terminus. The ISP structure exposed a novel mechanism by which
proteolytic activity is regulated: The N-terminal extension binds back over the active
site with the proline from the conserved LIPY sequence inducing a kink in the
polypeptide backbone positioning the hydrolysable peptide bond beyond reach of the
catalytic serine. The N-terminal extension acted as a potent inhibitor when added in
vitro (K; of 5 X 10”7 M). The majority of ESPs require a prodomain to fold to a native
and active conformation. ISP refolds without a classical prodomain and is therefore
thermodynamically stable, in contrast to the kinetically stable ESPs. Removal of
calcium from ISP results in loss of activity and protein likely adopting a partially
unfolded monomeric state. The structure of ISP indicated that calcium is bound at a
high-affinity binding site conserved amongst the subtilases.

ISP preferentially degraded unfolded protein rather than substrates in native
conformation. Also, ISP has a preference for large hydrophobic residues at the P1
and P4 substrate binding sites. This supports the hypothesis that ISP is involved in
processing of misfolded/unfolded protein. Molecular insights confirm the primary
sequence features novel to the ISPs translate to unique structural, functional, folding
and regulatory properties amongst the subtilase family. This allows us to postulate
the physiological roles for ISPs and how this role differs from their close relatives, the

ESPs.
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1- Introduction

1. Introduction

1.1 Proteolytic enzymes

Proteases are an important class of enzymes that are ubiquitous in nature and
play numerous important biological and non-biological roles. They catalyse hydrolysis
of peptide bonds using a number of different reaction mechanisms. Found in all
organisms their functions range from the initiation and propagation of the blood
coagulation cascade (Davie et al, 1991) to the control of cellular sodium balance
(Huntington 2008) to blood pressure maintenance (Vallet et al, 1997) and gastric
digestion (Richter et al, 1998). Proteases also have extensive uses within the
biotechnology, industry and medicine. For example trypsin, a protease normally found
in the digestive tract, is used in cell culture to separate bound cells (Ricardo et al., 2008)
and tissue plasminogen activator, which catalyses the activation of plasmin to
breakdown blood clots, is used in the treatment of an ischemic stroke (Yepes et al.,
2009).

The term protease can be used synonymously with the term peptidase, which
until clarified by Barrett and McDonald (1986) was used exclusively for enzymes that
hydrolysed small polypeptides. At present the terms peptidase and protease can be used
generally for all peptide bond hydrolase enzymes whereas proteinase is used
exclusively for endopeptidases.

1.1.1 The peptide bond

The peptide bond (amide bond; Figure 1) is formed via a condensation reaction
joining the amine group of one amino acid and the carboxyl group of another.
Polymerisation of amino acid residues creates a polypeptide chain with a repeating
backbone consisting of an amide nitrogen, alpha carbon, to which a side chain group is
attached, and carbonyl carbon. The lone pair of electrons on the nitrogen delocalises
with the carbonyl oxygen, which results in the amide bond (1.32 A) being shorter than a
normal C-N bond (1.47 A) but longer than a normal C=N bond (1.25 A). This confers a
partial double bond character that restricts the free rotation around the amide bond
creating a very stable, rigid, planar bond. There is therefore two degrees of freedom per
residue along the polypeptide chain: the nitrogen and alpha carbon bond, called the Phi
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1- Introduction
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Figure 1.2 Breakdown of the peptide bond by (A) acid or (B) alkali hydrolysis.
Acid hydrolysis involves protonation of the amide nitrogen and attack by the hydroxide
anion, whereas in a highly basic solution the hydroxide anion is available for direct

attack of the carbonyl group.

The relative strength of a nucleophile relies on its electronegativity and
polarisation. An increased electronegativity translates to a higher affinity for electrons
and therefore decreased nucleophilicity since the atom is less liker to donate electrons.
The polarity of the nucleophile also changes the availability of the electron pair. As the
distance between the valance electrons and the positively charged nucleus increases, the
atom becomes polar, increasing the ability to donate electrons. Another important
factor in nucleophilicity is the solvent; hydrogen-bonding solvents act to decrease
nucleophilicity by interacting with the free electrons of the nucleophile, thus reducing

their reactivity.
1.1.3 The protease families

Proteases are classified according to their catalytic mechanism into six main classes.
Aspartic, cysteine, glutamic, metallo, serine and threonine type proteases. The serine,
cysteine and threonine proteases activate their respective active site residues (hydroxyl,
thiol and hydroxyl groups) for initial nucleophilic attack via deprotonation by a general
base, normally a histidine (Storer and Menard 1994, Hedstrom 2002). The reaction

mechanisms are similar with acylation and deacylation steps, occurring during peptide
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1- Introduction

bond cleavage, and the use of a water molecule as a second nucleophile (described in
detail later). The aspartic proteases contain two aspartate residues in their active site
together with a water molecule hydrogen bonded to the carboxyl groups of both
aspartate residues. Due to differing pK, values one aspartate acts as a general base
deprotonating a water molecule to use as a nucleophile to attack the carbonyl carbon.
The other aspartate acts as a general acid donating a proton to the a-carbon forming a
tetrahedral intermediate (Davies 1990). This breaks down releasing the carboxyl
termini. The protonated aspartate is deprotonated by the amide nitrogen on the leaving
group and the enzyme is regenerated by the entrance of a water molecule (Coates et al.,
2008). The metallo proteases coordinate a metal ion, mainly zinc, at their active site
using two histidine residues, a water molecule and either third histidine or a glutamic
acid. The water molecule is deprotonated by a separate glutamic acid acting as a
general base, which promotes nucleophilic attack by the hydroxyl oxygen on the
carbonyl carbon of the peptide bond. A tetrahedral intermediate is formed similarly to
that seen with the aspartic proteases, followed by its breakdown and release of the
amide leaving group after protonation by the glutamic acid this time acting as a general
acid. The metal ion is used to stabilise the negative charge generated on the peptide
carbonyl oxygen (Matthews 1988, Hernick and Fierke 2005). The glutamic acid
proteases also employ a water molecule as a nucleophile. The water is deprotonated by
the active site glutamic acid that in turn attacks the peptide carbonyl carbon in a
mechanism similar to the metallo protease except stabilisation of the oxyanion is by a
glutamine residue (Fujinaga et al., 2004).

These classes are further arranged into clans that are subdivided into families
and species of homologous proteins. To date over 3000 species of proteases have been
identified totalling over 140,000 sequences found within bacteria, archaea, protozoa,

fungi, plants, animals and viruses (Rawlings et al., 2008, http://merops.sanger.ac.uk).

1.2 Serine proteases

The serine proteases are the largest of all the classes, representing over 1,200
proteins. Of these, the 3D structure of over 200 has been solved, making this class of
enzymes one of the most studied in biology. This class is further divided into
approximately 46 families with five main families: chymotrypsin, subtilisin,

carboxypeptidase Y, Clp and sedolisin proteases. The Chymotrypsin (S1) family is the
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1- Introduction

largest with over 500 proteins involved in food digestion (chymotrypsin A and trypsin)
(Blow 1976) and blood coagulation cascade (factors VII and IX-XII) (Davidson et al.,
2003). The subtilisin family (S8) is the second largest with nearly 200 proteins are
predominately secreted from the cell for nutrition, however the intracellular serine
proteases form the basis of this thesis. The carboxypeptidase Y family (S10) differ
from most serine proteases as they function under acidic rather than alkaline conditions.
A conserved glutamic acid residue forms a glutamic acid bridge that increases stability
at low pH (Mortensen and Breddam 1994, Bullock et al.,, 1996). The proteases within
this family are important in the innate immune response and structural assembly (Pejler
et al., 2007 and Pshezhetsky et al., 2009). The Clp family (S14) is mainly involved in
the degradation of incomplete polypeptides when translation has been halted or
interrupted (Gottesman et al., 1998). The sedolisin family (S53) use a serine residue as
their nucleophile however the traditional histidine is replaced by a glutamic acid that
acts as a general acid and base during hydrolysis. In prokaryotes these proteases are
involved in proteolysis for nutrition whereas in eukaryotes they have been shown to be
the cause of an autosomal recessive neurodegenerative disease. The deficiency of
tripeptidyl-peptidase I, a lysosomal protease, causes the accumulation of material in the
brain that causes axon degeneration (Sleat ef al., 2004).

1.3 Catalytic mechanism of serine proteases

An aspartate and a histidine residue in addition to the active site serine form a
catalytic triad (Figure 1.3) required for hydrolysis of peptide bonds. The catalytic triad
forms a hydrogen-bonded network between the N® of histidine and the carboxylate
oxygen on the aspartate and between N2 of histidine and hydroxy of serine.

The first serine proteases identified (chymotrypsin, trypsin and elastase) had
high sequence and structural similarities suggesting that these proteins evolved via
divergent evolution from a common ancestor. The discovery of additional serine
proteases from different sources, such as the subtilisin class, that had entirely different
primary and tertiary structures but nevertheless contained a virtually super imposable
catalytic triad demonstrated convergent evolution. The order of the catalytic residues
within the primary sequence (Table 1.1) of these proteins is quite different suggesting it
is unlikely that these proteins evolved from a common ancestor. It therefore appears
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