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ABSTRACT

Hydrolytic enzymes (Hydrolases) are the enzymes that catalyze the hydrolysis of
various chemical bonds. They are classified as EC 3 in the EC number classification of
enzymes. Hydrolases can be further classified into several subclasses, based upon the
bonds they act upon. Peptide hydrolases (Peptidases) are the enzymes that catalyze the
peptide bonds and are recommended to be further divided into "exopeptidases" that act
only near a terminus of a polypeptide chain and "endopeptidases" that act internally in
polypeptide chains. The endopeptidases are divided into sub-subclasses on the basis of
catalytic mechanism, and specificity is used only to identify individual enzymes within
the groups. The sub-subclasses of endopeptidases are aspartic proteases (EC 3.4.23),
serine proteases (EC 3.4.21), cysteine proteases (EC 3.4.22), metallo proteases (EC
3.4.24) and threonine proteases (EC 3.4.25).

The aspartic proteases constitute one of the primary classes of proteolytic
enzymes utilizing two aspartic acid residues in the active site for the catalytic activity
with the direct participation of a water molecule. The study of the kinetic properties of
this class of enzymes frequently has been motivated by their involvement in
physiological and pathological processes of human, thus their effective regulators, i.e.,
aspartic protease inhibitors, are tremendously essential for physiological regulations. The
enzymatic properties of pepsin, plasma renin, HIV1 protease, plasmepsin, lysosomal
cathepsins and chymosins and their significant role in human diseases like Alzheimer’s
disease, malaria, and candidal infections have evoked considerable interest for
investigating the role of inhibitors. Recent developments in the involvement of aspartic

proteases in the life cycle of human immunodeficiency virus and in the degradation of
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hemoglobin by malarial parasite have generated enormous attention to investigate the
interaction between the potent inhibitors and the target enzymes.

The other very important class of hydrolytic enzymes is the Glycoside hydrolases
(EC 3.2.1.). They are a group of enzymes that catalyze the hydrolysis of glycosidic
linkages. Chitinases (EC 3.2.1.14) are glycoside hydrolases that catalyze the hydrolytic
cleavage of B-1, 4-glucosidic linkage of chitin. It has recently been suggested that
Chitinases could play an important role in human diseases such as arteriosclerosis,
colorectal cancer, Gaucher disease, pneumonia and infections in immune-compromised
hosts. Therefore, from the biomedical point, inhibitors of this class of enzymes will have
tremendous importance in near future. A number of naturally occurring reversible
Chitinase inhibitors like allosamidine have been reported. Specific inhibitors of
Chitinases have been proved valuable tools not only to understand about the active site
structures and mechanisms of these interesting enzymes but also in generating new
therapeutic agents. Determination of the kinetic parameters of the inhibition of aspartic
proteases and Chitinases will provide insights into the mechanism of the interaction
between the enzyme-inhibitor complexes.

The work carried out has been structured under the following chapters.

1. General introduction
2. Biochemical characterization of an aspartic protease inhibitor from thermo tolerant
Bacillus licheniformis: Interaction with Pepsin.
(i) Isolation and identification of thermo tolerant Bacillus licheniformis.
(ii) Purification and characterization of API from thermo tolerant Bacillus
licheniformis.
(iii) Interaction of API with pepsin: Implications in the mechanism of

Inactivation.
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3. Purification and characterization of an aspartic protease from mid gut of Plutella
xylostella: Inactivation by API.

4. Bifunctional role of API: Structural and mechanistic insights into the inhibition of
Chitinase.

5. Aspartic protease inhibitor from alkalo-thermophilic Bacillus sp.: In vivo and in vitro
effects on cuticle moulting fluid enzymes of Helicoverpa armigera.

Chapter 1. General introduction

This chapter presents the literature survey of the research carried out on aspartic
proteases. The study of the kinetic properties of this class of enzymes frequently has been
motivated by their involvement in physiological and pathological processes of human,
thus their effective regulators, i.e., aspartic protease inhibitors, are tremendously essential
for physiological regulations.
Chapter 2. Biochemical characterization of an aspartic protease inhibitor from
thermo tolerant Bacillus licheniformis: Interaction with Pepsin.

(i) Isolation and identification of thermo tolerant Bacillus licheniformis.

(i) Purification and characterization of API from thermo tolerant Bacillus

licheniformis.

(iii) Interaction of API with pepsin: Implications in the mechanism of
inactivation.
(i) Isolation and identification of thermo tolerant Bacillus licheniformis

The microorganism was isolated in the laboratory from the fruit tomato. The
culture was purified by the single colony plating technique. The strain was an aerobic,
motile, gram positive, spore forming rod-shaped bacterium. On nutrient agar at 50°C, the
colonies were large, irregular, sticky and pale cream colored. The organism was thermo-

tolerant with a broad growth range of 28°C-50°C with optimum growth at 50°C and pH
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7. The isolated organism was identified to be Bacillus licheniformis based on the
biochemical characteristics as described in the Bergey’s Manual of Determinative
Bacteriology and 16S rDNA sequencing.
(if) Purification and characterization of APl from thermo tolerant Bacillus
licheniformis

The indispensable nature of the aspartic proteases in numerous physiological
functions has evoked tremendous response towards isolating new inhibitors from various
resources. After extensive screening, a thermo tolerant Bacillus licheniformis was
isolated, which produces an aspartic protease inhibitor (API). The organism produced
API in the peptone beef extract complex media at 50°C and pH 7. The extracellular
culture filtrate of Bacillus licheniformis was subjected to activated charcoal treatment,
ultra filtration and gel filtration to remove the high molecular weight impurities and salts.
The gel filtration fractions showing anti pepsin activity were concentrated and loaded in
C-8 pre- packed column for rp-HPLC. The anti pepsin activity was associated with the
peak A, having a retention time of 5.966 min and other eluted peak B with retention times
7.649, showed no inhibitory activity. Homogeneity of the active fractions was indicated
by the single peak as analyzed on rp-HPLC and mass spectrometry (MALDI-TOF)
showed Mr 1363 Da. Reverse zymographic SDS-gel electrophoresis showed Mr 1358
Da. The amino acid analysis experiments indicate the presence of 12 amino acid residues
having a Mr of 1425 Da, which suggest peptidic nature of API. The amino acid sequence
of the purified peptide was found to be Asp-Leu-Tyr-Asp-Gly-Trp-Lys-His-Glu-Ala-Glu-
Cys-Ile with a pl value of 4.3. The estimated secondary structure contents from the CD

analysis were 7% a-helix, 49% B-sheet, and 44% aperiodic structure. API was stable in a
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broad range of pH (2-11) and temperature (37-80°C). API was stable for 2 '2 hours and
30 minutes at 90°C and 100°C respectively. A very low inhibitory activity of API was
recorded against other aspartic proteases like HIV1 protease, plasmapsin Il and cathapsin
D. The inhibitor didn’t show any inhibitory activity against other classes of the proteases
like trypsin, chymotrypsin, papain and subtilisin.
(iii) Interaction of API with pepsin: Implications in the mechanism of inactivation
The Kinetic studies of Pepsin-API interactions reveal that API is a slow-tight
binding competitive inhibitor of pepsin with the ICsy and K; values 4.0 nM and (3.83 nM-
5.31nM) respectively. The overall inhibition constant K;* value is 0.107 £ 0.015 nM. The

progress curves are time-dependent and consistent with slow-tight binding inhibition: E +

I 2 (ka, ks) EI 2 (ke, k7) EI*. Rate constant ks=2.73 + 0.32 s”' reveals a fast isomerization

of enzyme-inhibitor complex and very slow dissociation as proved by k,=0.068+0.009s™".
The Rate constants from the intrinsic tryptophanyl fluorescence data is in agreement with
those obtained from the kinetic analysis; therefore, the induced conformational changes
were correlated to the isomerization of EI to EI*. On the basis of our foregoing results, it
is concluded that, concomitant with the kinetic characterization; fluorescence studies will
be useful for the evaluation of inhibitor kinetic constants in the absence of enzyme
turnover number and the deciphering the inhibition mechanism of aspartic proteases by
slow tight binding inhibitors.
3. Purification and characterization of an aspartic protease from mid gut of Plutella
xylostella, diamond backmoth: Inactivation by Pepstatin A and API.

An aspartic protease from Plutella xylostella (PxAP) was purified to homogeneity

by ammonium sulphate precipitation; gel filtration and affinity chromatography with 110
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fold purification. The enzyme exhibited a Mr. of 46.1 kDa on SDS-PAGE with an
optimum pH and temperature of 3.4 and 37°C respectively. The enzyme hydrolyzed
hemoglobin with a K, value of 538 uM. The enzyme properties are consistent with those
of aspartic proteases as it was inhibited by a universal inhibitor of aspartic proteases,
pepstatin. The enzyme was also inhibited by an aspartic protease inhibitor, API, recently
reported from our laboratory. The kinetic analysis of PxAP-API interaction suggested the
competitive mode of inhibition with ICsy and K; values of 44.0uM and 55.0 uM
respectively.

Chapter 4. Bifunctional role of API: Structural and mechanistic insights into the
inhibition of Chitinase.

The inhibition of 1, 4-B-poly-N-acetylglucosaminidase (Chitinase A) from
Serratia marcescens by APl is reported in this chapter. ChitinaseA-API kinetic
interactions reveal noncompetitive, irreversible and tight binding nature of API with an
ICsp value 710 nM and K; value 510-920 nM. The inhibition progress curves show a two
step slow tight binding inhibition mechanism where first step involves a rapid
equilibrium for formation of reversible enzyme inhibitor complex (E1) that isomerizes to
a stable complex (ET*) in the second step because of inhibitor induced conformational
changes in ChitinaseA (ChiA) with rate constant ke (8.74+0.1x107s™"). Slower
dissociation rate constant k; (7.3%0.6x10” s™) for EI* to EI and overall inhibition
constant K;* (6.3-7.5 nM) indicates the tight binding nature of API. CD-spectra analysis
and time dependent Tryptophanyl fluorescence quenching of ChiA incubated with
incresing API concentrations indicates malicious changes in secondary and tertiary

conformation of ChiA, which is correlated to the isomerization of ET to ET* and to the
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irreversible conformationally locked ET** complex. Abolished isoindole fluorescence of
o-phthalaldehyde (OPTA)-labeled ChiA proves that Aspl residue of API binds to the
Lysine and Histidine residues present near active site of ChiA which disrupt electronic
microenvironment and hydrogen-bonding network near the active site of ChiA. For the
first time, it is also shown the importance of near active site residues in ChiA and model
can be applied to study other enzymes.

Chapter 5. Aspartic protease inhibitor from alkalo-thermophilic Bacillus sp.: In vivo
and in vitro effects on cuticle moulting fluid enzymes of Helicoverpa armigera.

The inhibition of moulting fluid enzymes from Helicoverpa armigera by an
aspartic protease inhibitor ATBI (Alkalo-Thermoplic Bacillus Inhibitor) is reported in the
present chapter. In vivo and in vitro experiments were carried out to evaluate the effects
of ATBI against the development of H. armigera. ATBI showed 75% proteolytic and
95% of chitinase enzyme inhibition with the ICsy values of 48 uM and 35 uM
respectively. The inhibition studies of proteases with the help of specific protease
inhibitors and ATBI suggest that one or more aspartic proteases have important roles in
insect development. Also, laboratory experiments in vitro showed significant inhibition
towards the growth and development of H. armigera. The effect of ATBI on insect
metamorphosis can be correlated through the inhibition of proteases and chitinase from
moulting fluid. The results provide the basis for the selection of non-host inhibitors and
present an optimized combination for developing H. armigera resistant transgenic plants.
It will be a new area of making transgenic plants targeting the insect moulting fluid

enzymes.
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CHAPTER 1
GENERAL INTRODUCTION




Ajit Kumar Chapter 1

Hydrolytic enzymes (Hydrolases) catalyze the hydrolysis of a chemical bond and
are classified as EC 3 in the EC number classification of enzymes. Hydrolases can be
further classified into several subclasses, based upon the bonds they act upon:

EC 3.1 Acting on ester bonds

EC 3.2 Glycosylases

EC 3.3 Acting on ether bonds

EC 3.4 Acting on Peptide Bonds (Proteases)

EC 3.5 Acting on Carbon-Nitrogen Bonds, other than Peptide Bonds

EC 3.6 Acting on Acid Anhydrides

EC 3.6.3 Acting on acid anhydrides; catalyzing transmembrane movement of

substances.

EC 3.7 Acting on Carbon-Carbon Bonds

EC 3.8 Acting on Halide Bonds

EC 3.9 Acting on Phosphorus-Nitrogen Bonds

EC 3.10 Acting on Sulfur-Nitrogen Bonds

EC 3.11 Acting on Carbon-Phosphorus Bonds

EC 3.12 Acting on Sulfur-Sulfur Bonds

EC 3.13 Acting on Carbon-Sulfur Bonds
The Proteases

Proteases (EC 3.4) are one of the largest and most diverse families of enzymes.
They catalyze the addition of water across amide (and ester) bonds to affect cleavage
using a reaction involving nucleophilic attack on the carbonyl carbon of the scissile bond.
Proteases play a critical role in many physiological and pathological processes such as
protein catabolism, blood coagulation, cell growth, cell migration, tissue arrangement,
morphogenesis in development, inflammation, tumor growth, metastasis and activation of
zymogens, release of hormones and transport of secretory proteins across membranes.
Their activity, if uncontrolled, would be destructive to the cell or organism and therefore
must be precisely regulated. Thus, inhibitors of such proteases are emerging with
promising therapeutic uses (Shaw, 1990; Craik et al., 1995; Seife, 1997) in the treatment
of diseases such as cancers (Beckett et al., 1996; Johnson et al., 1998; Yan et al., 1998),
parasitic, fungal, and viral infections (Wlodawer et al., 1993; Darke and Huff, 1994; Li et
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al., 1994; Becker et al., 1995; West and Fairlei, 1995; Abad-Zapatero et al., 1996; Kim et
al., 1996; Love et al., 1996; Shieh, 1996; Silva et al., 1996; Brindley et al., 1997; Abad-
Zapatero et al., 1998; Gibson and Hall, 1997;), inflammatory, immunological,
respiratory, cardiovascular and neurodegenerative disorders (Stubbs and Bode, 1993;
Bernstein et al., 1994; Tanaka et al., 1995; Hugli, 1996; Fath et al., 1998; Vassar et al.,
1999). The mechanism of cleavage and the active site substituents vary widely among
different proteases subtypes and provide the basis for the classification of proteases into
the aspartic proteases, serine proteases, cysteine proteases and metallo proteases (Barett
et al., 1998). There are a few miscellaneous proteases that do not precisely fit into the
standard classification, for example, ATP-dependent proteases, which require ATP for
activity (Menon and Goldberg, 1987).
I. The aspartic proteases

Aspartic proteases are a group of proteolytic enzymes of the pepsin family that
share the same catalytic mechanism and usually function in acidic conditions. Aspartic
proteases have been isolated and studied from a wide range of organisms such as
vertebrates, plants, fungi, parasites, retroviruses and bacteria (Hill and Phylip, 1997;
James et al., 1998). Thre aspartic proteases like pepsin, gastricsin, and renin documented
from the human body are secretory and have well-defined physiological roles. Cathepsin
D, is found ubiquitously in the lysosomes of most cells (Saftig et al., 1995), while the
Cathepsin E, located within the endoplasmic reticulum/trans-Golgi network/endosomal
compartments of cells (Kageyama, 1998). Aspartic proteases have been studied
extensively for their structure and functional relationships and have been the topics of
several reviews or monographs (Tang, 1977; Tang, 1979; Kay, 1985; James and Sielecki,
1987; Dunn, 1991; Dunn, 1992; Dunn et al., 1995; Fusek et al., 1995; Takahasi, 1995;
James, 1998; Rao et al., 1998; Dunn, 2002; Fruton, 2002). Aspartic proteases are directly
dependent on aspartic acid residues for their catalytic activity and represent the simplest
sub-subclass of proteases comprising the three families, pepsin (A1), retro pepsin (A2)
and para retroviruses such as the cauliflower mosaic virus form family A3.
Crystallographic studies have shown that the enzymes of the pepsin family are
homologous bilobed molecules with the active-site cleft located between the lobes, and

each lobe contributes an aspartate residue of the catalytically active diad of aspartates.
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These two aspartyl residues are in close geometric proximity in the active molecule and
one aspartate is ionized, whereas the second one is unionized at the optimum pH range of
2 to 3 (Blundell et al., 1991; Sielicki et al., 1991). Retropepsins carry only one catalytic
aspartate, and thus dimerization is required to form an active enzyme (Miller et al., 1989;
Blundell et al., 1991). The nucleophilic attack is achieved by two simultaneous proton
transfers, one from a water molecule to the diad of the two-carboxyl groups and a second
one from the diad to the carbonyl oxygen of the substrate with the concurrent CO-NH
bond cleavage. This general acid-base catalysis, which may be called a “push-pull”
mechanism, leads to the formation of a noncovalent neutral tetrahedral intermediate
(Holm et al., 1984; Blundell et al., 1991; Veerapandian et al., 1992; Northrop, 2001;
Dunn, 2002). In family A1 of pepsin (clan AA), the catalytic Asp residues occur within
the motif Asp-Xaa-Gly, in which Xaa can be Ser or Thr. Members of clan AA are all
more or less strongly inhibited by pepstatin by a mechanism that is known to be similar at
least for families A1 and A2 (Fitzgerald et al., 1990). Leader proteases II (family Ul1)
and thermopsin (family U16) also are sensitive to this inhibitor. Covalently reacting
inhibitors of pepsin, namely, diazoacetylnorleucine methyl ester (DANLME), 1,2-epox-
3-(p-nitrophenoxy) propane (EPNE), and p-bromophenacyl bromide, have also been used
as diagnostic reagents for aspartic endoproteases.

i) Pepsin family

All members of the pepsin family have been found in eukaryotes like animal
digestive tract enzymes, such as pepsin and chymosin, lysosomal enzymes such as
cathepsin D and enzymes involved in posttranslational processing such as renin and yeast
aspartic proteases. There are also examples from protozoa (e.g., Eimeria, Plasmodium),
fungi, and plants. Family Al contains many enzymes that enter the secretory pathway,
and it is probable that all the proteins are synthesized with signal peptides and
propeptides. Unusually, barrier pepsin from yeast has a long C-terminal extension that
can be excised without affecting enzymatic activity (Mackay et al., 1988).

il) Retropepsin family

Retropepsin is required for processing of all three viral polyproteins, although
cellular enzymes perform initial stages of envelope polyprotein cleavage. Processing

occurs at a very late stage in virion assembly, usually after budding of virus particles
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from the cell membrane; inactive virions containing only gag polyprotein can be formed.
Processing seems to be essential for RNA dimerization within the virion, and hence for
infectivity. Therefore, there have been intense research interests in the development of
inhibitors of retropepsins as antiretroviral agents (Hellen and Wimmer, 1992). A subset
of the retropepsins from oncoviruses and avian retroviruses are larger proteins with N-
terminal domain homologous to dUTPases.

iii) Cauliflower mosaic virus proteases family

Cauliflower mosaic virus belongs to a group of plant viruses known as
pararetroviruses. Although the viral genome is double-stranded DNA, it contains an open
reading frame (ORF V) analogous to the pol gene of retroviruses. ORF V encodes a
polyprotein, including a reverse transcriptase that is homologous to that of retroviruses
and based on an Asp-Thr-Gly triplet near the N terminus, was suggested to be included as
an aspartic proteases as well (Fuetterer and Hohn, 1987). The existence of an
endoproteases was confirmed by mutational studies that implicated the involvement of
Asp-45 in catalysis. There was also weak inhibition by pepstatin. The proteases are larger
than retropepsin, however, because it contains only one Asp-Thr-Gly sequence, it is
assumed to be active only as a dimer (Torruella et al., 1989). Other pararetroviruses
contain sequences homologous to the cauliflower mosaic virus proteases.

iv) Plant aspartic proteases
Aspartic proteases reported from plants are mostly confined to seeds and are involved in
the processing of storage proteins during ripening and germination (Runeberg-Roos et al.,
1994; Takahasi, 1995; Hiraiwa et al., 1997; James, 1998; Mutlu et al., 1998). Aspartic
proteases in plant seeds have been purified from barley wheat, rice (Doi et al., 1980;
Runeberg-Roos., 1991; Asakura et al., 1995), castor bean (Hiraiwa et al., 1997), and
buckwheat and their enzymatic properties have been investigated. Many plant aspartic
proteases are synthesized as the preproform. cDNA cloning of plant aspartic proteases
has demonstrated the presence of an insert of approximately 100 amino acids at the C-
terminal region that is not found in animal or microbial aspartic proteases. This plant
aspartic proteases-specific insert (PSI) may thus characterize aspartic proteases of plant
origin (Runeberg-Roos et al., 1994; Asakura et al., 1995; D’Arcy-Lameta et al., 1996;
Verissimo et al., 1996; Faro et al., 1999). Investigations of the crystal structures of

Ph.D. Thesis 2007 4 University of Pune



Ajit Kumar Chapter 1

phytepsin (Kervinen et al., 1999) and cardosin A (Frazao et al., 1999) also showed that
the PSI should be located in the surface of the molecule, as each of these proAPs binds to
the plasma membrane at the PSI site prior to being transported into the vacuole, where
the PSI is eventually removed by processing (Kervinen et al., 1999). The gene for
cyprosin obtained from the cardoon, Cyanara cardunculus was expressed in the yeast
Pischia pastoris. The resulting protein was shown to be a disulfide-linked dimer, where
the unique PSI had been processed out of the sequence (White et al., 1999). It has been
reported that the PSI-deletion mutant of cyprosin is not processed by itself, indicating that
in the absence of PSI, plant aspartic proteases fail to autolyze from the proform to the
mature form.

v) Membrane bound aspartic proteases

B-secretases are membrane bound aspartic proteases and involved in the
production of the amyloid plaques formed by the accumulation of the 4-kDa amyloid
(AP) peptide, which is a characteristic feature of Alzheimer’s Disease (Glenner and
Wong, 1984; Masters et al., 1985). The B-secretase, also referred as Aspl BACE (Beta
site APP Cleaving Enzyme) or memapsin2, is reported to contain the two active site
motifs, DTGS at residues 93-96 and DSGT at residues 289—-292, which are characteristic
of aspartic proteases (Howlett et al., 2000). A second closely related aspartic protease,
referred as Asp2, BACE 2 or Down’s region aspartic protease or memapsinl, was
reported and shown to have 55% homology to Asp2 (Hussain et al., 2000; Howlett et al.,
2000). Aspl and Asp2 show 25 to 30% homology at the amino acid level to other human
aspartic proteases (Hussain et al., 1999; Vassar et al., 1999; Lin et al., 2000). A unique
feature of Aspl and Asp2, which distinguishes them from the other human aspartic
proteases, is the presence of a C-terminal extension that includes a transmembrane
domain and a signal peptide. Asp2 has been reported to have four predicted glycosylation
sites in the protein sequence. A distinguishing feature of the protein is the pro-domain
(amino acids 22—45), which is shorter than that of other human aspartic proteases.

vi) Putative aspartic proteases

Families of proteases (U22, U33, U34, U23, U24, U25, Ul1, and U4) are strictly
categorized as of unknown catalytic type, but they exhibit certain indications of aspartic

type of proteases.
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The putative endoproteases of family U22 are encoded by open reading frames
that correspond to the po/ gene of retroviruses (Inouye et al., 1986), whereas that of the
copia transposon (U23) is encoded by the open reading frame corresponding to the Rous
sarcoma virus gag gene (Yoshika et al., 1990). The gypsy transposon from Drosophila is
homologous to Drosophila transposons in family U22 and has been suggested to contain
proteases (Garfinkel et al., 1991). For family U23, deletion of part of the 5' end of yeast
TyB (including the Asp-Ser-Gly tripeptide) prevents processing, and similar results were
obtained by another group subsequently (Garfinkel et al., 1991). For the product of copia
transposon in Drosophila, autocatalytic processing has been shown to be necessary for
the release of the protein VPL from the polyprotein precursor, and mutation of the
putative catalytic Asp prevents processing (Yoshika et al., 1990). The autocatalytic
processing of the copia transposon of Drosophila, thought to be mediated by the
transposon endoproteases, was not significantly inhibited by pepstatin. Family U24
comprises only the putative endoproteases of maize transposon bs/ (Johns et al., 1989).

Pepstatin-insensitive proteases active at low pH values are known from a variety
of fungi (Aspergillus, Scytalidum) and bacteria (Xanthomonas, Pseudomonas, Bacillus).
The bacterial enzymes are inhibited by the carboxyl-specific carbodiimides and by
peptide aldehyde tyrostatin. Unlike enzymes from the pepsin family, these endoproteases
are thermostable. Scytalidopepsin B from Scytalidium and aspergillopepsin 11
(Aspergillus proteases A) have been sequenced and are found to be homologous.
Aspergillopepsin Il is a secreted enzyme, synthesized as a precursor. Activation involves
not only removal of the 59-residue prepropeptide, but also excision of an internal 11-
residue peptide to produce a two-chain molecule. The gene for the proteases does not
include introns (Inoue et al., 1991).

Among the few proteases that are known from archaebacteria, there is a subtilisin
(family S8) and a multicatalytic endoproteases complex (S25). However, thermopsin
from the thermophilic Sulfolobus acidocaldarius shows no relationship to any other
protein. The enzyme has a pH optimum of 2, maximally active at 70°C, and it is
covalently attached to the cell membrane. Thermopsin is apparently synthesized as a

precursor with a 41-residue prepropeptide. Sensitivity to inhibition by pepstatin suggests
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a possible distant relationship to the pepsin clan; however, the typical Asp-Xaa-Gly motif
is not present, and there is no evidence of an internal duplication.

Bacterial cell walls contain large quantities of murein lipoprotein. This is a small
protein that has Nterminal cysteine substituted on sulfur with the CH2
(OOCR1)CH(OOCR2)CH2- group, and the C-terminal lysine is bound to the membrane
peptidoglycan (murein) through the g-amino group. Secretion of the lipoprotein from the
cytoplasm is mediated by a leader peptide, which is cleaved by specialized proteases of
the inner membrane known as leader proteases II. Leader proteases II is strongly
inhibited by the antibiotic globomycin, but it is also inhibited by pepstatin, which
suggests that the enzyme may be an aspartic endoproteases.

Pseudomonapepsin, an acid endoproteases from Pseudomonas species, is not
inhibited by the standard inhibitors for the pepsin family, pepstatin, DANLME, or EPNP,
but it is inhibited by tyrostatin (N-isovaleryltyrosyl-leucyl-tyrosinal). Pseudomonapepsin
is a secreted enzyme, synthesized as a precursor with a signal peptide and a large
propeptide, which is autocatalytically activated by cleavage at a Leu-Ala bond (Oda et
al., 1994).

Bacilli produce spores under the direction of a protein known as ¢ (sigma) E,
which switches on the genes necessary for sporulation. The o factor is produced as a
precursor, and the proteases believed to be responsible for processing it is the product of
the spollGA gene. Because of the presence of an Asp-Ser-Gly motif in the processing
proteases, the enzyme has been assumed to be aspartic proteases. The proteases is located
in the inner membrane and possesses five membrane-spanning domains and large
cytoplasmic domain that contain the putative catalytic Asp.

I1. Proteases inhibitors

The research interest in proteases inhibitors has evoked tremendous attention in
many disciplines. Multicellular organisms possess endogenous protein proteases
inhibitors to control proteolytic activity. Most of these inhibitory proteins are directed
against serine proteases, although some are known to target cysteine, aspartyl, or
metalloproteases. Indeed, inhibitors of serine, cysteine, and metalloproteases are
distributed ubiquitously throughout the biological world. In sharp contrast, however,

naturally occurring inhibitors of aspartic proteases are relatively uncommon and are
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found in only certain specialized locations. Traditionally, proteases inhibitors have been
developed by natural product screening for lead compounds with subsequent optimization
or by empirical substrate-based methods (West and Fairlie, 1995). This substrate-based
drug design has been substantially improved in recent years with the availability of three
dimensional structure information for proteases, permitting receptor-based design. The
structural information about the active site of the receptor (or proteases) and selection of
designed molecules with the aid of computers has helped to design receptor based
inhibitors. Combinatorial chemistry also presents opportunities both to discover new
molecular entities for assaying and to optimize lead structures for development of
proteases inhibitors.
i) Inhibitors of aspartic proteases

Aspartic proteases have received enormous attention because of their significant
roles in human diseases. The best-known examples are the involvement of renin in
hypertension, cathepsin D in metastasis of breast cancer and the proteases of human
immunodeficiency virus (HIV) in acquired immune deficiency syndrome (AIDS).
Therefore, the new understanding of the structure and function relationships of these
enzymes has a direct impact on the design of inhibitor drugs. Moreover, as structure and
function are closely related among the aspartic proteases, model enzymes have been
particularly informative. Aspartic proteases are uniquely susceptible to inhibition by
pepstatin and by the active site-directed affinity labels, diazoacetyl norleucine methyl
ester and EPNP [epoxy-(p-nitrophenoxy) propane]. Aspartic proteases-inhibitor crystal
structures are currently available on the PDB database for viral proteases (HIV-1, HIV-2,
SIV, FIV), Cathepsin D, renin, renin/chymosin, penicillopepsin, secreted aspartic
proteases, pepsin, mucoropepsin, retropepsin, saccharopepsin, rhizopuspepsin and
plasmapepsin II. Aspartic proteases generally bind 6 to 10 amino acid regions of their
polypeptide substrates, which are typically processed with the aid of two catalytic
aspartic acid residues in the active site (James and Sielecki, 1997). Thus, there is usually
considerable scope for building inhibitor specificity for particular aspartic proteases by
taking advantage of the collective interactions between a putative inhibitor, on both sides
of its scissile amide bond, and a substantial portion of the substrate-binding groove of the

enzyme. Some aspartic proteases also have one or more flaps that close down on top of
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the inhibitor, further adding to inhibitor proteases interactions and increasing the basis for
selectivity. The scissile amide bond undergoes nucleophilic attack by a water molecule,
which is itself partially activated by de-protonated catalytic aspartic acid residue. The
protonated aspartic acid donates a proton to the amide bond nitrogen, generating a
zwitterionic intermediate, which collapses to the cleaved products. The water molecule
that binds between the enzyme and inhibitor is thought to position a peptide substrate,
stretching the peptide bond out of planarity toward a tetrahedral transition state that is
stabilized by a second water molecule (Chatfield and Brooks, 1995). Aspartic proteases
inhibitors can be grouped under two categories by their molecular nature, (1)
proteinaceous inhibitors, and (2) low-molecular-weight inhibitors.

a) Proteinaecous inhibitors

Proteinaceous inhibitors of aspartic proteases are relatively uncommon and are
found in only a few specialized locations (Bennet et al., 2000). Few of the examples
include renin-binding protein in mammalian kidney, which, intriguingly, has now been
identified to be the enzyme, N-acetyl-D-glucosamine-2-epimerase (Kay et al., 1983;
Phylip et al., 2001), a 17-kDa inhibitor of pepsin and cathepsin E from the parasite
Ascaris lumbicoides (Kageyama, 1998; Ng et al., 2000), proteins from plants such as
potato, tomato, and squash (Kreft et al., 1997; Christeller et al., 1998), and a pluoripotent
inhibitor from sea anemone of cysteine proteases as well as cathepsin D (Lenarcic and
Turk, 1999). There is a report of an 8-kDa polypeptide inhibitor from yeast, which
inhibits the vacuolar aspartic proteases (proteases A or saccharopepsin).

b) Low-Molecular-Weight Inhibitors

As compared to the proteases inhibitors from plants and animals, the inhibitors
produced by microorganisms are of smaller molecular nature. The presence of proteases
inhibitors in microorganisms came into existence from the studies on antibiotics because
they act as inhibitors of enzymes that are involved in growth and multiplication. The
production of inhibitors of the proteolytic enzymes by microorganisms has probably
evolved as a mechanism to provide cell protection. Specific inhibitors of microbial origin
have been used as useful tools in biochemical analysis of biological functions and
diseases. Polysaccharide sulfates have been reported to be pepsin inhibitors; however,

their antipepsin activity is weak, and the effect of such poly anionic compounds is not
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specific. Pepstatin, a low-molecular-weight aspartic proteases inhibitor, isolated from
various species of Streptomyces, is a specific inhibitor of pepsin (Umezawa et al., 1970).
Streptomyces testacus was reported to produce various pepstatins that differed from one
another in the fatty acid moiety (C2-C10). A pepstatin containing an isovaleryl group has
been most widely used for biological and biochemical studies. Moreover, as minor
components, pepstanone containing (S)-3- amino-5-methylhexane-2-one instead of the C-
terminal (3S, 4S)-4-amino-3-hydroxy-6-methylheptanoic acid (AHMHA), and
hydroxypepstatin containing L-serine instead of L-alanine, have also been isolated.
Pepstatin containing an acetyl group and propanoyl or isobutyryl groups were isolated
from Streptomyces naniwaensis and Streptomyces no. 2907. Pepstatins, pepstanones, and
hydroxypepstatins have almost identical activity against pepsin and cathepsin D.
However, pepstatin is more effective against renin than are pepstanone or
hydroxypepstatin, and its potency against renin increases with the increasing numbers of
carbon atoms in the fatty acid moiety. Esters of pepstatin, pepstatinal and pepstatinol
possess anti-pepsin activity similar to pepstatins. Several pepstatin analogs have also
been synthesized to date. AHMHA and its N-acyl derivative exhibit no potency toward
pepsin; however, N-acetyl-valyl-AHMHA is active, and the addition of another valine
between the acetyl and valyl groups does not increase their activity. The addition of L-
alanine to the C-terminal group increases the activity about 100 times. This suggests that
the acetyl-valyl-AHMHA-L-alanine is the smallest molecular structure that exhibits
inhibition against pepsin and cathepsin D similar to pepstatin. Acetyl- L-valyl-L-valyl-
[(3S, 4R)-4-amino-3-hydroxy-6-methyl] heptanoic acid prepared by chemical synthesis
shows absence of activity. This suggests that the 4S-configuration of AHMHA is
essential for activity. The bacterial enzyme that hydrolyzes the isovaleryl bond in
pepstatin has been identified, and from the residual peptide benzoyl-L-valyl-AHMHAL-
alanyl-AHMHA and L-lactyl-L-valyl-AHMHA-Lalanyl-AHMHA have been synthesized.
These analogs are more water soluble than pepstatin and have almost identical activity
against pepsin and cathepsin D. However, these water soluble analogs have much weaker
activity against renin when compared with pepstatin. The addition of aspartic acid or
arginine to the C-terminus of pepstatin increases its water solubility. Such water soluble

analogs have same activity against renin as does pepstatin and also have a hypotensive
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action (Rich, 1985). Pepstatin also inhibits carageenin-induced edema and suppresses the
generation of Shay rat ulcer. Therapeutic effects on stomach ulcers in man have also been
observed. Pepstatin has been reported to be effective against experimental muscle
dystrophy and enhances the effect of leupeptin. Pepstatin also inhibits leukokinin
formation and ascites accumulation in ascites carcinoma of mice. Pepstatin inhibits the
growth of Plasmodium beghei and inhibits focus formation in murine sarcoma virus
(Yuasa et al., 1975). Recently, a new class of peptidomimetics, the unsymmetrical
peptidyl ureas, has emerged as powerful inhibitors of aspartic proteases (Dales et al.,
2001). These were developed using mechanism-based and substrate-based design
techniques and using the computational method GrowMol (Ripka et al., 2001). These
newly synthesized inhibitors possess a distinct advantage over the natural inhibitors. The
natural inhibitors such as antipain, elastinal, etc. contain urea bonds in place of the amide
bonds between the P3 and P4 residues and not between the P1 and P2 residues. Ureas
have the ability to form stronger hydrogen bonds than the amide groups. The synthesis of
ureas as inhibitors was therefore a natural choice. These synthetic inhibitors of porcine
pepsin were generated through computational programs that analyze the target enzyme
structure, predict inhibitor structures, and analyze the enzyme-inhibitor complex formed.
These structures would help to chemically build up molecules of medicinal value and
would give rise to newer classes of drugs.
i) HIV-1 proteases inhibitors

The proteases of the human immunodeficiency virus (HIV-1 PR) have proven to
be an attractive drug target due to its essential role in the replicative cycle of HIV.
Several low-molecular-weight inhibitors of HIV-1 PR are now used in humans, including
saquinavir, ritonavir, indinavir, nelfinavir, and amprenavir. These are the first successful
examples of receptors/structure-based designer drugs and were developed using
structures of compounds bound in the active site of HIV-1 PR and with the knowledge of
inhibitors of other aspartic proteases (e.g., renin) (Kempf and Sham, 1996). All HIV-1 PR
inhibitors developed so far target the active site substrate-binding groove of the
homodimeric enzyme, a long cylindrical cavity that binds 6 to 7 amino acids via ionic,
van der Waals, or hydrogen bonding interactions (Kempf and Sham, 1996). Two catalytic

aspartates in the center of this cavity promote amide bond hydrolysis. Saquinavir became
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the first proteases inhibitor designed from a three-dimensional structure of a proteases
(structure-based design) to be approved for human use in 1996 (Roberts et al., 1990;
Pakyz et al., 1997; Patick et al., 1998), despite its low oral bioavailability due to poor
absorption and extensive first-pass degradation by cytochrome P450 (Wacher et al.,
1998). It is active in cell culture against both HIV-1 and HIV-2 viruses and in
combinations with ritonavir, an inhibitor of cytochrome P450 (Kempf et al., 1997), lead
to greatly increased plasma concentrations. Ritonavir itself is a potent inhibitor of HIV- 1
PR with high oral bioavailability (Lea and Faulds, 1996). Indinavir or Crixivan is another
potent inhibitor of HIV-1 and HIV-2 proteases that halts the spread of HIV infection in
MT4 lymphoid cells and is orally bioavailable. In humans, Indinavir is rapidly absorbed
in fasting state, there is significant binding to plasma proteins, and the main degradation
pathway is via cytochrome P450 (Lacy et al., 1996). The mesylate salt of nelfinavir,
approved for human use in 1997, is a lipophilic proteases inhibitor with good oral
bioavailability in rats and monkeys (Shetty et al., 1996; Kaldor et al., 1997). Amprenavir,
is water soluble, orally bioavailable inhibitor with long half life, allows less frequent
administration of drug, thereby having the potential for less side effects with respect to
other marketed HIV proteases inhibitors described above (Kim et al., 1995; Adkins and
Faulds, 1998; Fung et al., 2000; Noble et al., 2000). Viral resistance to “monotherapy”
with any of these drugs is a significant problem (Erickson, 1995). Serial passages of HIV-
1 in vitro in the presence of increasing concentrations of a proteases inhibitor cause a
rapid emergence of drug-resistant viral strains of HIV-1. Thus, new HIV proteases
inhibitors with different resistance profiles are still being actively pursued. A number of
second-generation inhibitors have been developed. Lopinavir or ABT-378 was designed
to inhibit mutant proteases produced in response to ritonavir (Carrillo et al., 1998; Sham
et al., 1998; Hurst et al., 2000). It is 10-fold more potent against ritonavir-resistant strains
and displays lower binding to serum proteins. Although the oral bioavailability of
lopinavir is very poor, when administered with ritonavir the bioavailability was enhanced
(Sham et al., 1998). Kaletra, the HIV proteases inhibitor was developed as a mixture of
lopinavir and ritonavir by Abbott. It was the first second-generation inhibitor of HIV
proteases to be used successfully as a recommended drug, when the primary therapy with

other proteases inhibitors failed (Wlodawer, 2002). CGP-73547 inhibits indinavir and
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saquinavir-resistant strains of HIV-1, is orally bioavailable (Bold et al., 1998). One of the
most promising preclinical candidates for HIV proteases inhibition is palinavir. This
compound is a very potent, orally active inhibitor of HIV-1 and HIV-2 proteases with
high antiviral activity (Lamerre et al., 1997). An orally bioavailable inhibitor called as
Mozenavir was developed by DuPont Merck and the University of Uppsala. Mozenavir
has a seven-membered cyclic urea ring as the starting molecule (Lam et al., 1994).
Mozenavir has a Ki of 0.3 nM and is highly potent in cell cultures. A very different
inhibitor, tiprinavir, was developed by Pharmacia and Boehringer-Ingelheim. It is a
nonpeptidic molecule with a Ki of 5 pM (Turner et al., 1998). Tiprinavir is soluble and
highly bioavailable with significant activity against multidrug resistant HIV- 1 strains
(Thaisrivongs et al., 1999; Rusconi et al., 2000). L-735, 524, a hydroxyaminopentane
amide class peptidomimetic is a highly potent and orally bioavailable HIV proteases
inhibitor (Dorsey et al., 1994; Vacca et al., 1994). The Ki values of L-735, 524 for HIV-1
and HIV-2 are 0.38 nM and 2.45 nM, respectively. This seven-fold difference combined
with its enhanced oral bioavailibility offer chances of using this molecule or close
structural analogues as effective agents. A report of the inhibitors of HIV-1 proteases
dimerization has been published recently. These compounds indicate the first studies of
nonpeptidic inhibitors of HIV-1 proteases dimerization (Song M et al., 2001). Compound
1 contained 4-(2-aminoethyl) - 6-dibenzofuranpropionic acid as a conformationally
restricted linker. Compound 2 was a nonpeptidic beta strand mimetic, 2-[3-([2-[9-
fluorenylmethoxy) carbonyl] hydrazine] carbonyl)-4-methoxyanilino]-2- oxoacetic acid.
The Ki values of these compounds were 5.4 and 9.1 pM, respectively. A peptide inhibitor
has been isolated from an extremophilic Bacillus species. It is reported to be a tight
binding, noncompetitive inhibitor with a Ki value of 17.8 nM against HIV proteases
(Dash and Rao, 2001). New reports of the HIV proteases inhibitors have suggested that
resistance evading inhibitors can be designed (Dash and Rao, 2001). Even though a
multitude of proteases inhibitors have been reported, only six, viz., saquinavir, nelfinavir,
ritonavir, indinavir, lopinavir, and amprenavir, have been approved as drugs by USFDA
(United States Food and Drug Administration) in the treatment of AIDS. Newly
emerging resistant strains of HIV enhance the need for newer and more potent drugs.

Hence, the research in this field needs to be intense.
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iii) Renin inhibitors

The aspartic proteases renin is involved in the rate-limiting step of the renin-
angiotensin (RAS) system, by hydrolyzing the a2-globulin angiotensinogen to release the
10-residue peptide angiotensin [. Because of its specificity, renin inhibitors are
antihypertensive agents similar in action to ACE inhibitors, and AIl antagonists, but are
free of some side effects associated with ACE inhibitor administration. For example,
Zankiren (A-72517), a potent inhibitor of human plasma renin, is the peptidic inhibitor
with significant oral absorption (Kleinert et al., 1992). Renin inhibitors have been
developed mainly by modifying substrate fragments from the angiotensinogen cleavage
site (Rosenberg, 1995), but their clinical progress has been hampered by their peptidic
character, which confers low stability and poor oral bioavailability in humans. Another
hurdle in the development of rennin inhibitors has been the high cost of production,
compared with current antihypertensives such as ACE inhibitors and AIl receptor
antagonists. Generally, renin inhibitors need to interact with five subsites (S4-S1') of the
enzyme to bind tightly and selectively compared with only three for ACE inhibitors.
Several renin inhibitors with low molecular weight, less peptidic character, and improved
oral bioavailabilty have emerged recently. CP-108 671 was designed from the cleavage
site of angiotensinogen and the structure of the general aspartic proteases inhibitor
pepstatin (Hoover et al., 1995). It uses a cyclohexylnorstatine transition-state analogue,
a(R)-benzylsuccinate, at P3 for chymotrypsin stability and is a potent inhibitor of human
plasma renin. It is highly selective over most aspartic eptidases but does weakly inhibit
cathepsin D. BILA 2157 BS is another potent renin inhibitor with some selectivity toward
cathepsin D and oral activity (Simoneau et al., 1999). A combination of the X-ray crystal
structure of CGP38560 bound rennin (Buhlmayer et al., 1988) and previous information
(Goschke et al., 1997) that the S3 subsite can be accessed by extending the P1 residue has
helped in developing several other nonpeptidic inhibitors with good activity and
specificity. Recently, a new class of renin inhibitors, the substituted piperidines, have
emerged (Oefner et al., 1999), which proposes a novel paradigm for the inhibition of the
monomeric aspartic proteases. The inhibitors have been developed from a simple 3,4-
disubstituted piperidine lead compound. Two representative compounds from this class

were tested against recombinant human renin. The first compound, trans (3R, 4R)-2-
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naphthyl-methoxy-4-(4-bromophenyl)-piperidine, inhibited renin with a ICsy of 5 uM.
The bromophenyl substituent allowed the nitrogen of piperidine to close in on the two
catalytic carboxylates. Structural variation gave rise to the 3,4,5-trisubstituted- piperidine
derivative. This derivative had an ICsy of 2 nM and formed a better complex with renin.
iv) Plasmepsins inhibitors

Plasmepsins I and II, found in the malarial parasite Plasmodium falciparum, are
aspartic proteases that are essential for the degradation of its major food source, human
hemoglobin (Dame et al., 1994). The inhibition of these enzymes, which have 73% and
35% sequence homology with human cathepsin D, therefore is considered a viable
therapeutic strategy for the treatment of malaria (Coombs et al.,, 2001). Both
plasmepepsin I and II are believed to initially cleave the Phe33-Leu34 peptide bond of
the a-chain of hemoglobin, followed by cleavage of the polypeptides into smaller
fragments that are subsequently processed by the cysteine proteases falcipain (Francis et
al., 1997). SC-5003, the first peptidomimetic inhibitor reported to selectively inhibit
plasmepsin I and II, was active in vitro against the live parasite, preventing hemoglobin
degradation (Francis et al., 1994). X-ray crystallographic structure of plasmepepsin II
complexed to pepstatin A have been used to develop peptidic inhibitors, which starves
the live parasite in vitro as well as inhibits human cathepsin D (Silva et al., 1996).
Currently, combinatorial synthesis is being used to generate inhibitor libraries for these
enzymes. Another class of inhibitors, the allophenyl norstatine based inhibitors, have
been shown to be effective and potent inhibitors of plasmempsin II (Nezami et al., 2002).
The allophenylnorstatine scaffold contains four different positions where separate
functional groups can be introduced. This improves the binding affinity and selectivity
toward the selected target. The KNI series of inhibitors that incorporates the
allophenylnorstatine moiety with a hydroxymethylcarboxamide isostere is the most
effective inhibitor series. The exception is KNI-529, which has the anti diastereoisomer
phenylnorstatine replacing the allophenylnorstatine. The best compound of this series,
KNI-727, shows a Ki of 70 nM. The reaction is favored both enthalpically and
entropically. Good oral bioavailability and low toxicity indicates that
allophenylnorstatine is a very good scaffold for the development of inhibitors with

clinical applications. All compounds developed to date are potent inhibitors of human
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cathepsin D, so better selectivity needs to be attained in orally active inhibitors of these
enzymes. Interestingly, a combination of cysteine and aspartic proteases inhibitors was
found recently to be more effective than either compound alone in inhibiting Plasmodium
mediated hemoglobin degradation in both culture and a murine malaria model (Semenov
et al., 1998). This synergy suggests that combination therapy may be a viable strategy for
antimalarial treatment regimes of the future.
v) Cathepsin D inhibitors

Human cathepsin D is an intracellular aspartic proteases found mainly in
lysosomes. It has a number of “housekeeping” functions, including the degradation of
cellular and phagocytosed proteins. The enzymes may be involved in a variety of disease
states, including cancer and Alzheimer’s disease. Clinical studies have shown that
cathepsin D is overexpressed in breast cancer cells, and this seems to be associated with
an increased risk of metastasis due to enhanced cell growth (Rochefort and Liaudet-
Coopman, 1999). Cathepsin D or similar aspartic protease is also thought to be involved
in formation of the B-amyloid peptide in Alzheimer’s disease (Papassotiropoulos et al.,
1999; Wolfe et al., 1999). The availability of selective and potent inhibitors will help to
further define the role of cathepsin D in disease and possibly lead to therapeutic agents.
Relatively few inhibitors of cathepsin D have been reported, partly because of its
uncertain role as a viable target for therapeutic intervention. Human cathepsin D was co-
crystallized with pepstatin A, and its structure (Baldwin et al., 1993) has promoted some
inhibitor studies. One study suggests that the entropy and solvation effects are key
determinants of high affinity for pepstatin-cathepsin D binding (Majer et al., 1997).
Although a general inhibitor of aspartic proteases, pepstatin A remains the most potent
inhibitor known. There have been reports of cyclic inhibitors designed from the X-ray
structures using the fact that the enzyme-bound conformation of the P2 and P3' residues
of pepstatin are in close proximity to each other (Silva et al., 1996). This allows
cyclization of the inhibitor, thereby increasing the proteolytic stability of the three-amide
bonds in the cycle. Combinatorial approaches have been carried out for the development
of inhibitors to prove the methodology for the optimized specificity against other aspartic

proteases.
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vi) Secreted aspartic proteases inhibitors

The Candida yeast strains C. albicans, C. tropicalis, and C. parapsilosis exist in
small quantities in a healthy intestinal tract, but they become a health problem when the
immune system is compromised. Such opportunistic infections arise in AIDS patients
where C. albicans is a serious pathogen of the mucous membranes (Gruber et al., 1999).
It is also the major cause of vaginitis (De Bernardis et al., 1999) and has been implicated
in liver toxicity and in the development of multiple chemical allergies. C. tropicalis is the
predominant cause of fungal infections in neutropenic cancer patients. These organisms
have the ability to secrete into the host (Naglik et al., 1999) several aspartic proteases
(SAP, secreted aspartic proteases) of broad specificity. These proteases are thought to be
linked to the virulent effects of Candida strains in humans as proteases deficient mutants
reduce the virulence (Hube et al., 1997; Sanglard et al., 1997). Therefore, these enzymes
are becoming attractive targets for therapeutic attack. Nine SAPs have been identified in
the genome of C. albicans to date (SAP1-9) (Monod et al., 1998). From mutation
experiments, SAP2 seems to be the dominant isoenzyme for the normal progression of
systemic infection, while SAP1 and 3 are also important for overall virulence of C.
albicans (Naglik et al., 1999). SAP4-6 appears to play a role in the process of induction
of SAP2 (Sanglard, D. et al., 1997). X-ray crystal structures have been determined for
SAP2 complexed to pepstatin (Cutfield et al., 1995), a close homologue SAP2X bound to
the same inhibitor (Abad- Zapetero et al., 1998), and a SAP enzyme of C. tropicalis
(Symerski et al., 1997). Very little inhibitor design has been reported for SAP2. A-70450
was originally designed to inhibit renin and later found to be nonselective inhibitor of the
SAP of C. albicans. This inhibitor incorporates the (S)-hydroxylethylene isostere with the
hydroxyl group positioned in the crystal structure between two catalytic aspartate
residues. Interestingly, the terminal methylpiperazine ring of A-70450 is found in a boat
conformation that occupies the S3 subsite of the enzyme together with the benzyl group
of the ketopiperazine ring. The large S3 subsite is not found in other aspartic proteases,
and this difference could be exploited to develop selective inhibitors for SAP2 (Abad-
Zapetero et al., 1996). SAPs have been reported to be inhibited by indinavir and ritonavir
in the range of 1 to 10 uM (Cassone et al., 1999; Gruber et al., 1999). Reduced amide

monohydroxyethylene and diamonidiol-based transition state peptidomimetics were also
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reported to inhibit SAPs effectively (Skrbec and Romeo, 2002). A few natural products
were iso lated from Lycopodium cernuum out of which lycernuic acid C and apigenin-4'-
O- (2", 6"-di-O-pcoumaryl)- beta-D-glucoside showed inhibition of SAP with IC50
values of 20 and 8.5 pg/ml (Zhang et al., 2002). Further research efforts are needed to
screen natural sources for the identification of new inhibitors.
vii) p-Secretase Inhibitors

The feasibility of an inhibitor drug against PB-secretase for the treatment of
Alzheimer’s Disease was substantiated by the success in the design of inhibitor drugs
against HIV proteases and the apparent tolerance of the B-secretase gene deletion in mice
(Cai et al., 2001; Luo et al., 2001). A first generation inhibitor OM99-2, an 8-residue
transition analog with Ki near 1 nM was designed based on the substrate specificity (Lin
et al., 2000; Ghosh et al., 2000). The crystal structure of the p-secretase-OM99-2
complex resolved at 1.9 A indicated that S3' and S4' subsites were not well formed in B-
secretase (Hong et al., 2002). A further detailed subsite preference of B-secretase (Turner
et al., 2001) and preferred binding residues led to the designing of a second generation
inhibitor, OMO00-3 with a Ki of 0.3 nM from a combinatorial inhibitor library (Hong et
al., 2002). The crystal structure of B-secretase and OMO00-3 at 2.1 A resolution was
determined using the molecular replacement method. The interactions of the P1/P1'
region of OMO00-3 with the substrate binding cleft of B-secretase and the conformation of
the inhibitor from P3 to P2' are the same as those for the OM99-2-3- secretase complex
(Hong et al., 2002). The S4 pocket deduced from the crystallographic studies of -
secretase involves Glull, GIn73, Thr232, and Arg307. The latter was shown to form
several ionic bonds with the carboxylate oxygen atoms of inhibitor P4 Glu. These
multiple interactions with the proteases contribute to the inhibitor binding. In OMO00-3,
the leucines at P3 and P1 show contacts with the S3 site of the enzyme as well as with
each other and stabilize the conformation of the inhibitor. The locations and the nature of
the S3' and S4' binding sites have been defined for the first time. It has been demonstrated
that valine at P2' provides better binding with the enzyme. Other binding modes provided
for the P2 and P4 side-chains could help in the future designing of inhibitors. The current
findings suggest that designed inhibitors should have a strong binding side chain such as

Val at P2. The new binding mechanisms proposed at P2 and P4 suggest scope for further
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inhibitor design. The recent reports of B-secretase inhibitors have raised the possibilities
of inhibitors as therapeutic agents in Alzheimer’s disease.
II1. Sequence homology

Protein sequence homology has become routine in computational biology and
implicated in the prediction of the secondary structure and phylogenetic analysis of
proteins. The comparison of the amino acid sequences assists in the study of their
evolution. However, no reports of sequence homology studies of aspartic proteases
inhibitors are available. Aspartic proteases inhibitors from diverse origins such as plants,
animals, and microbes have been selected from the Swiss-Prot entries. Sequence data
from eight inhibitors from potato, five from nematodes, and five synthetic peptides were
available and have been aligned using the CLUSTAL W online software for multiple
alignments (Thompson et al., 1994). The dendrogram drawn suggested that the inhibitors
could be classified into three distinct groups. The inhibitors from potato, which are
reported to be cathepsin D and pepsin inhibitors, were classified as Group 1. The
inhibitors classified under group 2 showed inhibition against pepsin, whereas the group 3
inhibitors were reported to be renin inhibitors. The further analysis of the results
indicated that the eight aspartic proteases inhibitors in group 1 showed variations that
might have arisen out of mutations or genetic shuffling in a single gene locus giving rise
to single amino acid variations interspersed among highly conserved regions. The
analyses of group 2 indicated that a stretch of 21 amino acids was conserved with
variations at amino acid positions 2, 5, 7, 15, and 16. The most predominant amino acids
at these positions were aspartic acid, methionine, glutamine, glutamine, and lysine,
respectively. The aspartic acid at position 2 was substituted by valine in two of the
sequences. Methionine at position 5 was replaced by serine occassionally. The two
glutamines at positions 7 and 15 were substituted by leucine, glycine, or arginine, while
lysine at position 16 was replaced by alanine, serine, or glutamine. The analysis of the
synthetic peptides constituting group 3 showed that two histidines and phenylalanine
were conserved. The variations in the amino acids, however, did not affect the inhibitory
activity of the inhibitors. From the survey of the genome databank of NCBI, it was noted
that the DNA sequences for the aspartic proteases inhibitors were not available. This

could be attributed to the fact that very few natural protein inhibitors have been
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investigated for their gene sequence. The peptide sequences were derived as cleavage
products, and as a result the nature of their DNA sequence may not have been deduced.
Girdwood et al. (1998) have determined the functional relationship between the protein
sequences of aspartic proteases inhibitors derived from nematodes belonging to the
family Filaridae. Their studies are aimed at correlating similar gene sequences from
Ascaris, Onchocerca, and other related nematodes to assess their function as aspartic
proteases inhibitors.
IV. Inhibitor design and future prospects

Most aspartic proteases inhibitors developed bind to their target enzyme through
non covalent interactions (i.e., hydrogen bonds, ionic, or van der Waal’s contacts)
making them reversible inhibitors of proteases. An effective inhibition relies on the
enzyme having greater affinity for the inhibitor than its natural substrate and trying to
maximize the number of non-covalent interactions that the inhibitor makes with the
enzyme. Incorporation of a transition state isostere into designed inhibitors is one
approach that has proven very successful. A transition state isostere is a functional group
that can mimic the tetrahedral transition state of amide bond hydrolysis but is itself be
hydrolyzed by the enzyme. It has been hypothesized that stable structures, which can
resemble the transition state of an enzyme reaction, will be bound more tightly than the
substrate for the enzyme-catalyzed reaction. Studies on pepstatin (which incorporates the
statine transition state isostere) suggest that this increased affinity can be as great as 104-
fold. Renin, pepsin, cathepsin D, and human immunodeficiency virus-proteases, are
generally typecast on the basis of their susceptibility to inhibition by acetylated
pentapeptides, isovaleryl-, and acetylpepstatin. An analogous yet different strategy where
a chemical modification of the scissile peptide bond is used to introduce a non
hydrolyzable analogue of the tetrahedral transition state formed during hydrolysis was
also reported (Szelke et al., 1982). Instead of using the naturally occurring statine
residues as the centerpiece around which the inhibitor is constructed, the complete amino
acid sequence of the substrate is retained in the inhibitor except that the scissile peptide
bond between P1- P1' of the substrate is replaced by the non hydrolyzable analogue of the
transition state. Using this approach, a tight-binding inhibitor of human renin has been

developed that is a synthetic analogue based on the sequence of residues known to occur
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on either side of the scissile peptide bond of the angiotensinogen but with a reduced -
CH,-NH- isostere in place of the -CONH- of the substrate. It is also possible, of course,
to device such inhibitors not on the sequence of residues found in naturally occurring
protein substrates but based on synthetic peptides that are known to be good substrates
for certain enzymes. Thus, it would appear that although naturally occurring inhibitors of
aspartic proteases may have little physiological significance in regulating their target
enzymes in vivo, nevertheless such compounds and their synthetic counterparts have
proved of inestimable value in facilitating distinction among the different types of
aspartic proteases. Such inhibitors can be utilized for diagnostic purposes to establish the
nature of “newly isolated” proteases. As an illustration of this, consider the inhibition of
human pepsin and gastricin by isovaleryl and lactyl-pepstatin (Reid, 1984). Although
considerable progress has been made with the structure, activity, and importance
(biological and commercial) of the aspartic proteases, much remains to be learned about
the distinctions of various architectures and how these are reflected in the functions of the
enzymes. Inhibitors (naturally occurring and synthetic) have permitted detailed
biochemical and crystallographic investigations to be made, but an understanding of the
selectivity of such inhibitors may be of just as much importance for the design and
synthesis of specific inhibitors for use therapeutically in controlling individual aspartic

proteases.
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SUMMARY

The microorganism was isolated in the laboratory from the fruit tomato. The
culture was purified by the single colony plating technique. The strain was an aerobic,
motile, gram positive, spore forming rod-shaped bacterium. On nutrient agar at 50°C, the
colonies were large, irregular, sticky and pale cream colored. The organism was thermo-
tolerant with a broad growth range of 28°C-50°C with optimum growth at 50°C and pH
7. The isolated organism was identified to be Bacillus licheniformis based on the
biochemical characteristics as described in the Bergey’s Manual of Determinative

Bacteriology and 16S rDNA sequencing.
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INTRODUCTION

Bacillus licheniformis is a Gram-positive, motile, spore-forming, facultatively
anaerobic rod belonging to the B. subtilis group of Bacilli. It is an apathogenic soil
organism, mainly associated with plant and plant materials in nature but can be isolated
from nearly everywhere due to its highly resistant endospores. Bacillus licheniformis is
toxinogenic and food poisoning in humans has been associated with cooked meat, poultry
and vegetable dishes (particularly stews and curries which have been served with rice).
Food poisoning by Bacillus licheniformis is characterised by diarrhoea, although
vomiting occurs in half of reported cases.

Bacillus licheniformis is used by industry to produce proteases and amylases.
Proteases were first used to improve the effectiveness of a laundry detergent in 1913 by a
German named Otto Rohm, the founder chemical company Rohm and Hass. He derived a
quite crude proteolytic enzyme from milled animal pancreases. Commercially feasible
quantities of proteolytic enzymes are now produced through fermentation of Bacillus
subtilis or Bacillus licheniformis. The proteases and amylases secreted by these strains
have the advantage that they work best at the warm alkaline conditions prevailing in
washing liquids. They also do not lose their activity in the presence of surface active
agents, magnesium or calcium ions, builders (sodium tripolyphosphate), perfumes, and
other additives routinely formulated into laundry detergents such as. In the U.S., about
50% of liquid detergents, 25% of powder detergents, and almost all powdered bleach
additives now contain enzymes to help break down stains. B. licheniformis is also used to
make the polypeptide antibiotic Bacitracin.

There are no indications that B. licheniformis is pathogenic to plants. The initial
results of inoculation of Bacillus licheniformis strain on pepper and tomato plants shows
the greater effect on pepper than on tomato and treated plants had less disease than non-
treated plants. This strain had considerable colonization and competitive ability, and it
could be used as a bio-fertilizer or biocontrol agent without altering normal management
in greenhouses. This part of the present chapter deals with the isolation and identification
of thermo tolerant Bacillus licheniformis strain that produces an aspartic protease
inhibitor, API.
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MATERIALS AND METHODS

Materials

Lysozyme, SDS, EDTA, phenol, chloroform, isoamyl alcohol, isopropanol,
RNAase, deoxyribonucleoside triphosphate (ANTP), Tag DNA polymerse, agarose, tris
base, boric acid, ethidium bromide, polyethylene glycol were from Sigma Chem. Co.
USA. 16S rDNA primers commercially obtained from Life technologies, India, NaCl,
activated charcoal, luria broth, agar, beef extract, yeast extract, peptone, glucose,
magnesium sulfate, dipotassium hydrogen phosphate, soya meal were purchased from
Himedia and Qualigens India. All other chemicals were of analytical grade.
Isolation and identification of the microorganism

The organism was isolated in the laboratory from the fruit tomato. The culture
was purified by the single colony plating technique on LB agar plates. The organism was
identified by carrying out biochemical tests as described in the Bergey’s Manual of
Determinative Bacteriology (Buchanan and Gibbons, 1974) and by 16S rDNA
sequencing using ABI 3700 DNA sequencer. The 16S rDNA sequence was blasted at
NCBLI.
Isolation of genomic DNA

The bacterial culture was grown in 100 ml of Luria Broth (pH 7.0) at 37°C for
48h with continuous shaking at 200rpm. DNA was isolated according to the method
described by Hopwood et al. (1985) with slight modifications. Bacterial cells (1g) washed
in 5ml TE buffer (pH 8.0) was centrifuged at 10,000rpm for 10min. at 4°C. The pellet
was freezed in liquid nitrogen and powdered for better access by lysozyme. The
powdered pellet was re-suspended in 5ml TE containing 2mg/ml lysozyme. It was
incubated at 30°C, triturating every 15min. until a drop of suspension on a microscopic
slide was completely cleared with a drop of 10% SDS (1 hour). Further, 1.2ml of 0.5 M
EDTA was added to the mixture followed by 0.7 ml 10% SDS. The solution was swirled
and incubated at 37°C for 2h. Proteins were extracted from the aqueous phase by adding
6ml of a mixture of phenol:chloroform: IAA (isoamyl alcohol) (25:24:1). The mixture
was shaken for 5min. and then centrifuged at 10,000 rpm, 4°C for 10min. This step was
repeated again for the aqueous phase in a new tube. Finally, 40pg/g of RNAase from a
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stock of 10mg/ml was added to pre-weighed aqueous phase and incubated at 37°C for 1h.
The genomic DNA was precipitated by adding equal volume of isopropanol and was
stored at room temperature for 1h. DNA was spooled with a glass rod and transferred to a
fresh tube and dissolved in 5ml of TE buffer, pH 8.0.
PCR Amplification of 16S rDNA

The primers used for the identification of Bacillus sp. were universal eubacterial
16S rDNA primers (16F27N- 5°CCA GAG TTT GAT CMT GGC TCA G, 16F536
(5’GTG CCA GCA GCC GCG GTR ATA), 16R1525XP (5’TTC TGC AGT CTA GAA
GGA GGT GWT CCA GCC) commercially obtained from Life technologies, India. The
25ul Polymerase chain reaction (PCR) was set by using the genomic DNA and the
reaction mixture typically contained Genomic DNA 0.50ul, 10X Buffer 2.50ul, 0.2mM
deoxyribonucleoside triphosphate (dNTP) 2.5ul, Forward and Reverse Primers 10-
20pmoles, (1.25ul each), distilled water 16.87ul, and 1unit of Taq DNA polymerse 0.25ul
(Bangalore Genei). All the additions were done on ice and the PCR reaction was
performed on Gene Amplifier PCR System 9700 (Perkin Elmer, USA). The PCR
conditions for 16SrTDNA gene amplification were: Initial denaturation 95°C for 3min.;
followed by 35cycles of 94°C for 1min., 55°C for lmin., 72°C for Imin. and final
extension at 72°C for 10min. 5ul of the above PCR amplified product was used for
electrophoresis using 1.0% agarose gel in 1X TBE buffer (Working solution: 0.5X;
Stock: 5X, 54g Tris base, 27.5g boric acid, 20ml 0.5M EDTA [pH 8]). The gel was run at
80V for 90min. using 1X TBE as running buffer. The gel was stained in 1% ethidium
bromide for 45min. and was observed under UV illumination.
Purification of PCR amplified product

To 20ul PCR amplified product, 0.6 volumes of 20% PEG-NaCl (Polyethylene
glycol - NaCl) solution was added and incubated at 37°C for 30min. It was then
centrifuged at 12000rpm for 20min. The supernatant was discarded and the pellet was
washed twice with 70% ethanol and separated by centrifuging at 12000rpm for 20min.
The pellet was dried and dissolved in 10 pl of double distilled water and stored at -20°C.
Sequencing of the purified PCR product

The sequencing reactions were carried out using Taq DNA polymerase dye

terminator cycle sequencing using the ‘ABI PRISM BigDye Terminator Cycle
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Sequencing Ready Reaction Kit’ (Perkin Elmer Applied Biosystems Division, Foster
City, CA) according to the manufacturer’s protocol. This Kit contains the four ddNTPs
with different fluorescence labels termed as BigDye Terminators. 2ul PCR product and 3
pmol of the sequencing primer were used in a 20ul sequencing reaction. The sequencing
reaction mixes were subjected to 25cycles in a Perkin Elmer thermal cycler 9700. Each
cycle consisted of 95°C for 10min., 50°C for Smin. and 60°C for 4min. DNA sequencing
was carried out on ABI 3700 DNA sequencer. The analysis of nucleotide sequence was
done at NCBI server using BLAST-n (www.ncbi.ncm.gov/blast).

Growth Conditions of the microorganism

The Bacillus licheniformis was routinely maintained on LB- agar slants and
preserved at 4°C. The pH of the slants was adjusted to pH 7. For long-term storage, 25%
glycerol suspension of the 16 h grown culture was kept frozen at -70°C. The bacterial
culture was grown at 50°C for 16 h.

The media composition for the growth of the organism was:
Glucose - 1%

Beef extract - 0.75%

Sodium chloride - 0.3%

Magnesium sulfate - 0.1%

Dipotassium hydrogen phosphate - 0.1%

Soyameal - 2%

The cultivation of the organism was carried out by inoculating a loop full of
freshly grown culture on LB-agar slant into the inoculums flask containing the liquid
media with the above composition at 50°C. The inoculums were developed in for 24 h in
the inoculums flasks at 50°C. 10 ml of the inoculums was transferred into 500 ml
Erlenmeyer flasks containing 100 ml of the above medium and was incubated under

shaking conditions (250 rpm) at 50°C for 48 h.
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RESULTS

Identification of the microorganism

The isolated organism was identified to be Bacillus licheniformis based on the
biochemical characteristics as described in the Bergey’s Manual of Determinative
Bacteriology. On nutrient agar at 50°C, the colonies were large, irregular, sticky and pale
cream colored (Figure 1). The strain was an aerobic, motile, gram positive, spore forming
rod-shaped bacterium (Figure 2). The organism was thermo-tolerant showing growth at
broad range of temperature (28°C-50°C). The strain showed negative reaction for
production of indole, hydrogen sulfide, ammonia and urease, but positive reaction for
production of starch, Voges-Proskaeur, catalase and reduction of nitrate. The organism
produced oxidase and the ammonia was utilized as a nitrogen source.
Identification of the microorganism by16SrDNA sequencing

The genomic DNA was isolated, loaded on agarose gel and was found to be high
molecular weight and intact DNA. The spectrophotometeric analysis of the DNA showed
that the DNA had an Ajep:Azg0 ratio of 2.0, which indicates the purity of the DNA
preparation. Fig. 3 shows the 16srDNA sequence from Bacillus sp. On NCBI BLAST,
this sequence showed closest homology (99.5%) to Bacillus licheniformis. The blast hits
have been shown in Figure 4. It revealed that the isolate of Bacillus sp. had maximum
similarity to Bacillus licheniformis.
Optimum growth conditions for the organism

The optimum fermentation condition for Bacillus licheniformis conditions was
found at temperature 37-50°C and pH 7.0 in 48-96 hours. Therefore the organism can be
called as thermo-tolerant. The growth of the organism in fermentation media was

measured by taking O.D. at 600nm.
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Fig. 1. Large, irregular, sticky and pale cream colored colonies of isolated Bacillus

licheniformis

Fig. 2. Aerobic, motile, gram positive, spore forming rod-shaped Bacillus licheniformis
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ACCAAGGGTTTAGATAAGCTCTCACATTCATGAACCGAAGGGGACCGCCCTATT
CGAACGGTACTTGTTCTTCCCTAACAACAGAGCTTTACGATCCGAAAACCTTCA
TCACTCACGCGGCGTTGCTCCGTCAGACTTTCGTCCATTGCGGAAGATTCCCTA
CTGCTGCCTCCCGTAGGAGTCTGGGCCGTGTCTCAGTCCCAGTGTGGCCGATCA
CCCTCTCAGGTCGGCTACGCATCGTTGCCTTGGTGAGCCGTTACCTCACCAACT
AGCTAATGCGCCGCGGGTCCATCTGTAAGTGGTAGCTAAATGCCACCTTTTATA
ATTGAACCATGCGGTTCAATCAAGCATCCGGTATTAGCCCCGGTTTCCCGGAGT
TATCCCAGTCTTACAGGCAGGTTACCCACGTGTTACTCACCCGTCCGCCGCTAA
CATCAGGGAGCAAGCTCCCATCTGTCCGCTCGACTTGCATGTATTAGGCACGCC
GCCAGCGTTCGTCCTGAGCCAGGATCAAACTCTCCAA

Fig. 3.16SrDNA sequence of Bacillus sp.

S000008756

0.871 1428

Bacillus sp.; TGS437; AB020195

S000246790 - 0.871 1438 Bacillus mojavensis; JF-2; AY436360
S000358759 - 0.898 1461 Bacillus licheniformis; C16; AY479984
S000362547 - 0.878 1421 bacterium Te21R; AY587808
S000365537 - 0.871 1446 Bacillus sp. TUT1206; AB188212
S000365541 - 0.902 1456 Bacillus sp. TUT1217; AB188216
S000392549 - 0.890 1427 Bacillus licheniformis; Mo1l; AF372616
S000425010 - 0.875 1463 Bacillus subtilis; IM4; AY728013
S000434651 - 0.878 1416 Bacillus licheniformis; KL.-176; AY030335
S000448045 - 0.888 1458 Bacillus licheniformis; S2; AY052767
Query 44  ACCGCCCTATTCGAACGGTACTTGTTCTTCCCTAACAACAGAGCTTTACGATCCGAAAAC 103
PLERTERRERR e e e e e e et e e Pl
Sbjct 477 ACCGCCCTATTCGAACGGTACTTGTTCTTCCCTAACAACAGAGTTTTACGATCCGAAAAC 418
Query 104 CTTCATCACTCACGCGGCGTTGCTCCGTCAGACTTTCGTCCATTGCGGAAGATTCCCTAC 163
ELEETRRERR et e e e e e e e e e e el
Sbjct 417 CTTCATCACTCACGCGGCGTTGCTCCGTCAGACTTTCGTCCATTGCGGAAGATTCCCTAC 358
Query 164 TGCTGCCTCCCGTAGGAGTCTGGGCCGTGTCTCAGTCCCAGTGTGGCCGATCACCCTCTC 223
FLLRERRRRRR et e e e e e e e e e e e e el
Sbjct 357 TGCTGCCTCCCGTAGGAGTCTGGGCCGTGTCTCAGTCCCAGTGTGGCCGATCACCCTCTC 298
Query 224 AGGTCGGCTACGCATCGTTGCCTTGGTGAGCCGTTACCTCACCAACTAGCTAATGCGCCG 283
PELREERREER e e e e e et e e e e el
Sbjct 297 AGGTCGGCTACGCATCGTTGCCTTGGTGAGCCGTTACCTCACCAACTAGCTAATGCGCCG 238
Query 284 CGGGTCCATCTGTAAGTGGTAGCTAAATGCCACCTTTTATAATTGAACCATGCGGTTCAA 343
PELRRRRRRRR e et eeer bee e e e e el
Sbjct 237 CGGGTCCATCTGTAAGTGGTAGCTAAAAGCCACCTTTTATAATTGAACCATGCGGTTCAA 178
Query 344 TCAAGCATCCGGTATTAGCCCCGGTTTCCCGGAGTTATCCCAGTCTTACAGGCAGGTTAC 403
PLERRERRRRE e e e e e e e e e el
Sbjct 177 TCAAGCATCCGGTATTAGCCCCGGTTTCCCGGAGTTATCCCAGTCTTACAGGCAGGTTAC 118
Query 404 CCACGTGTTACTCACCCGTCCGCCGCTAACATCAGGGAGCAAGCTCCCATCTGTCCGCTC 463
PEERTRRREER e e e e e e e e e e el
Sbjct 117 CCACGTGTTACTCACCCGTCCGCCGCTAACATCAGGGAGCAAGCTCCCATCTGTCCGCTC 58
Query 464 GACTTGCATGTATTAGGCACGCCGCCAGCGTTCGTCCTGAGCCAGGATCAAACTCT 519
PELERERRER e e e e e e e e e e el
Sbjct 57  GACTTGCATGTATTAGGCACGCCGCCAGCGTTCGTCCTGAGCCAGGATCAAACTCT 2

Fig. 4. BLAST result hits obtained from NCBI for Bacillus sp. 16SrDNA sequence.
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SUMMARY

The indispensable nature of the aspartic proteases in numerous physiological
functions has evoked tremendous response towards isolating new inhibitors from various
resources. After extensive screening, a thermo tolerant Bacillus licheniformis was
isolated, which produces an aspartic protease inhibitor (API). The organism produced
API in the peptone beef extract complex media at 50°C and pH 7. The extracellular
culture filtrate of Bacillus licheniformis was subjected to activated charcoal treatment,
ultra filtration and gel filtration to remove the high molecular weight impurities and salts.
The gel filtration fractions showing anti pepsin activity were concentrated and loaded in
C-8 pre- packed column for rp-HPLC. The anti pepsin activity was associated with the
peak A, having a retention time of 5.966 min and other eluted peak B with retention times
7.649, showed no inhibitory activity. Homogeneity of the active fractions was indicated
by the single peak as analyzed on rp-HPLC and mass spectrometry (MALDI-TOF)
showed Mr 1363 Da. Reverse zymographic SDS-gel electrophoresis showed Mr 1358
Da. The amino acid analysis experiments indicate the presence of 12 amino acid residues
having a Mr of 1425 Da, which suggest peptidic nature of API. The amino acid sequence
of the purified peptide was found to be Asp-Leu-Tyr-Asp-Gly-Trp-Lys-His-Glu-Ala-Glu-
Cys-Ile with a pl value of 4.3. The estimated secondary structure contents from the CD
analysis were 7% a-helix, 49% B-sheet, and 44% aperiodic structure. API was stable in a
broad range of pH (2-11) and temperature (37-80°C). API was stable for 2 !4 hours and
30 minutes at 90°C and 100°C respectively. A very low inhibitory activity of API was
recorded against other aspartic proteases like HIV1 protease, plasmapsin II and cathapsin
D. The inhibitor didn’t show any inhibitory activity against other classes of the proteases

like trypsin, chymotrypsin, papain and subtilisin.
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INTRODUCTION

The aspartic proteases of pharmaceutical importance such as pepsin (Friedman
and Peterson, 1998) plasma renin (Thaisrivongs, 1989), HIV-1 protease (Debouck and
Metcalf, 1990), plasmepsin (Rosenthal, 1998) and lysosomal cathepsin D (Scarborough
et al., 1993; Ward & Kodama, 1991) have evoked considerable interest for investigating
the kinetic role of their inhibitors and are also of interest as therapeutic targets. These
enzymes participate in a variety of physiological processes and the onset of pathological
conditions (Phylip et al., 2001). Only in the case of the HIV-1 protease have inhibitors of
this class of enzymes attained clinical importance (Kakuda et al., 1998; Thaisrivongs,
1994; Lin, 1997; Vacca et al., 1997). The inhibitors of cysteine, serine and
metalloproteases are distributed all over throughout the biological world, however,
naturally occurring inhibitors of aspartic proteases are relatively uncommon and are
found in only certain specialized locations, e.g., the inhibitor peptide released on
activation of pepsinogen(s), acetylated pentapeptides (pepstatins) from various species of
Actinomycetes, proteins from Ascaris lumbricoides, inhibitor of protease A from yeast
and the renin-binding proteins. This is due mostly to the lack of bioavailability of the
potent inhibitors that have been developed. Also, despite the successes of using protease
inhibitors for treatment of HIV, there remain a number of problems with current therapies
such as overlapping resistance patterns and long-term side (De Clercq, 2002). Traditional
approaches for development of inhibitors have involved natural product screening or
replacing the scissile bond of a peptide substrate with a non-cleavable isostere. More
recently, peptidomimetic research, which has the ultimate goal of developing inhibitors
with improved pharmacokinetic properties, has gained importance (Hirschmann, 1991;
Ripka and Rich, 1998; Hruby, 2001).

The enzyme Inhibitors serve as probes for kinetic and chemical processes during
catalysis that led to a detailed understanding of enzyme catalytic mechanisms and has
provided effective therapeutic agents for the treatment of diseases. They help in
elucidating the mode of ligand binding, where the ligand may be an inhibitor, substrate,
or substrate analogue. Inhibitors are also used for in vivo studies to localize and quantify

enzymes in organs or to mimic certain genetic diseases that involve the absence of an
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enzyme in given biosynthetic pathway. The other applications for inhibitors are the
detection of short-lived enzyme-bound reaction intermediates, or the identification of
amino acid residues at the active site that are necessary for the catalytic activity of the
enzyme. Although in the past decade, the rational drug discovery has taken the movement
away from the development of enzyme inhibitors by screening of natural products, the
biodiversity widespread in soil, water, insects, and tropical plants still acquire tremendous
potential for the isolation of novel and effective enzyme inhibitors. There have been
plethora of reports of synthetic aspartic protease inhibitors; however, there is a paucity of
reports of such inhibitors from microorganisms. Furthermore, to our knowledge, there are
no reports of peptidic inhibitors of aspartic proteases from thermo tolerant
microorganisms. We have exploited the vast diversity of natural sample and isolated a
thermo tolerant Bacillus licheniformis, which produces an aspartic protease inhibitor,
APIL. This part of the present chapter deals with the purification and biochemical

characterization of the inhibitor.
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MATERIALS AND METHODS

Materials

Acetonitrile and casein were from E-Merck, Germany. Trifluoroacetate (TFA), Pepsin
and other chromogenic substrates were from Sigma Chem. Co. USA. AccQ Fluor
Reagent and 3.9x150mm column AccQ.Tag from Waters USA. The other materials used
were according to materials section of part 1 of this chapter.

Production of the Aspartic Protease Inhibitor

The media composition for the production of aspartic protease inhibitor (API) was

as given below:

Glucose - 0.25%

Pepton - 0.187%

Beef extract - 0.75%

Sodium chloride - 0.3%

Magnesium sulfate - 0.1%

Dipotassium hydrogen phosphate - 0.1%
Soyameal - 5%

The pH of the autoclaved medium was adjusted to 7. Production of the inhibitor
was carried out by inoculating a loop full of freshly grown culture from Luria Broth agar
slants into the inoculums flask containing the liquid media with the above composition.
The inoculum was developed in for 24 h in the inoculum’s flasks at 50°C. 10 ml of the
inoculums was transferred into 500 ml Erlenmeyer flasks containing 100 ml of the above
medium and was incubated under shaking conditions (200 rpm) at 50°C for 72 h.
Production optimization and Time Profile for the Production of API

The production of the inhibitor at various time intervals was checked by removing
samples at different time intervals and assaying as described below for its anti-pepsin
activity. The time course of production of API was estimated in terms of the inhibitor
units against pepsin activity taking equal volume of the charcoal treated culture broth for

the assay.
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Purification of API

The extracellular culture filtrate of Bacillus licheniformis was obtained by
centrifugation of growth medium constituents at 10000 rpm, at 4°C for 20 minutes.
Further the API was purified by ultrafiltration (UM-10 and UM-3), gel filtration
(sephadex G-25) and rp-HPLC by using prepacked UltroPac column (fluka RP-C 8) pre-
equilibrated with 90% acetonitrile (CH;CN) and 0.05% trifluoroacetate (TFA). The
fractions were eluted on a linear gradient of 0-90% acetonitrile with H,O containing
0.05% TFA at a flow rate of 0.5 ml/min and monitored at a wavelength of 210 nm. The
eluted sample was lyophilized and dissolved in de-ionized water to check the anti-pepsin
activity.

Biochemical characterization of API

The molecular weight of the inhibitor was determined by the mass spectroscopy
(MALDI-TOF by using Applied Biosystems Voyager System 6031) and SDS-PAGE. The
Solutions for SDS-PAGE and reverse zymography SDS-PAGE were prepared according
to Q.T. Le and Katunuma, 2004.

The amino acid analysis was done by hydrolyzing the 100 pM with 6N HCI for 24
hours. The hydrolyzed amino acids were derivatized with AccQ Fluor Reagent (6-amino
quinolyl-N-hydroxysuccinimide carbamate) and run on a prepacked rp-hplc 3.9x150mm
column AccQ.Tag.

The amino acid sequence of the purified peptide was analyzed with a protein
sequencer (ABI Procise Clc Protein Sequencer) and the sequence homology was done
manually after retrieving the peptide sequences from the data bank.

Isoelectric point of API was determined by the modified straight tube method
using ampholines in the range of pH 3.0-11.0 (Sathivel et al., 1995). Initially a broad
range of ampholines were used to locate the approximate value of the pl, further the pH
range was narrowed down to determine the exact pl of API using appropriate ampholines.

CD spectra were recorded in a Jasco-J715 spectropolarimeter at ambient
temperature using a cell of 1-mm path length. Replicate scans were obtained at 0.1-nm
resolution, 0.1-nm band width and at a scan speed of 50 nm/min. Spectra were averages

of six scans with the base line subtracted spanning from 280 to 200 nm in 0.1-nm
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increments. The CD spectrum of API (10 pM) was recorded in 50 mM HCI. Secondary
structure content of API was calculated using the algorithm of the K2d program.
Assay for inhibitory activity of API towards pepsin

10 ul of pepsin (100 pg/ml) and 100 pl inhibitor solution from each step of
purification were incubated at 37°C for 10 min in KCI-HCI buffer, pH 2.0. Then 0.5 ml
of hemoglobin (1%) dissolved in the same buffer was added and incubated at 37°C for 30
minutes. The reaction was stopped by the addition of 5% trichloric acid (TCA) acidified
with 2.25% HCI. One unit of pepsin was defined as the amount of enzyme that produced
an increase in absorbance of 0.001 at 280 nm per minute under the conditions of the
assay. One protease inhibitor unit was defined as the amount of inhibitor that inhibited
one unit of pepsin activity (Anson, 1940).
Assay for inhibitory activity of API towards other aspartic proteases

The inhibitory activity of API in appropriate concentration against other aspartic
proteases was determined by assaying the enzymatic catalytic activity using the specific
chromogenic substrates at specific pH and temperature in appropriate pH buffers. The
HIV-1 PR activity was assayed using the synthetic substrate Lys-Ala-Arg-Val-Nle-p-
nitro-Phe-Glu- Ala-Nle-amide (Dash & Rao, 2001). Synthetic substrate Lys-Pro-Ile-Leu-
Phe*Nph-Ala-Leu-Lys was used for plasmampsin II (Westlinget et al., 1999) and
hemoglobin was used for cathapsin D (Lenney, 1975). The inhibitory activity of API
against other class of protease also determined. Synthetic substrates Bz-L-Arg-pNA HCI
for trypsin and papain, Bz-Tyr-pNA for chymotrypsin and Z-Ala-Ala-Leu-pNA for
subtilisin were used (Walsh, 1970; Arnon, 1970; Grant and Bradshaw, 1981).
Temperature and pH stability of API

For the temperature stability experiments, API (25 pl) was incubated at
temperatures 25-100°C for 6 h and by estimating its inhibitory activity against pepsin at
different intervals of time. The pH stability of API was determined by pre-incubating API
(25ul) in a range of pH values in appropriate buffers for 1 h and estimating the anti-

pepsin activity.
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RESULTS

Production of API

The maximum production (250 inhibitor units) of aspartic protease inhibitor, API
(activity evaluated against pepsin) was observed at 72 h of growth using a fermentation
media containing glucose (0.25%), peptone (0.187%), beef extract (0.75%), NaCl (0.3%),
MgSO4 (0.1%), KoHPO4 (0.1%) and soyameal (5%). Figure 1 shows the time profile for
the production of API by the organism.
Purification of API

The extra-cellular culture filtrate of Bacillus licheniformis was subjected to
activated charcoal treatment, ultra filtration and gel filtration to remove the high
molecular weight impurities and salts. The gel filtration fractions 16-26 showing the anti
pepsin activity (Figure 2) were concentrated and loaded in C-8 pre- packed column for
rp-HPLC. The anti pepsin activity was associated with the peak A, having a retention
time of 5.966 min (Figure 3A) and other eluted peak, B with retention times 7.649,
showed no inhibitory activity. The fractions showing the inhibitory activity were pooled
and lyophilized. Homogeneity of the active fractions containing peak A was indicated by
the single peak as analyzed on RP-HPLC with the retention time of 5.966 (Figure 3B).
The inhibitor was purified with 466 fold purification. Table 1 summarizes the results for

the purification of inhibitor.
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Table 1. Purification of API.

Purification Volume | Total | Total Specific Purification | Yield | pH
Step (ml) protein | activity | Activity (Fold) (%)

(mg) (Units) | (Units/mg)
Centrifugation | 750 700 4500 6.428 1 100 | 8.42
Activated 600 175 4024 23.00 3.57 89.4 |9.30
charcoal
Ultra filtration | 575 115 3741 32.53 5.06 83.1 [9.19
10KDa cut off
Ultrafiltration | 550 80 3676 46.75 7.27 81.6 |9.1
3 KDa cut off
SephadexG-25 | 10 1.46 2142 1467 228.22 47.6 | 6.85
Rp-HPLC 3 0.5 1500 3000 466.7 333 [24

Biochemical Characterization of API

Homogeneity of the active fractions containing peak A was indicated by the
single peak as analyzed on rp-HPLC, mass spectrometry (MALDI-TOF) showing Mr
1363 Da (Figure 4) and by reverse zymographic SDS-gel electrophoresis showing Mr
1358 Da (figure 5).

301 A 3.0

Absorption at 210nm
Absorbance at 210nm

R 1 R 1 R ) . 1 . 1 . )
0 5 10 15 0 5 10 15

Timeinminutes Time in minutes

Figure 3A Figure 3B

Figure 2. Reverse phase-HPLC purification of API. (A) 5ul of the lyophilized API
sample was loaded on prepacked UltroPac column (fluka RP-C 8) pre-equilibrated with
acetonitrile (CH3CN) and trifluoroacetate (TFA). The fractions containing the peaks A,
and B were collected manually and assayed for the anti-pepsin activity. (B) 10ul of the
pooled fractions containing the peak A (associated with the anti-pepsin activity) was
reloaded onto the reverse-phase HPLC system under similar experimental conditions.
The peak detected showed a retention time of 5.966 min.
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The amino acid analysis experiments indicate the presence of 12 amino acid
residues having a Mr of 1425 Da (Figure 6), which suggest peptidic nature of API. API
has an amino acid sequence of Asp-Leu-Tyr-Asp-Gly-Trp-Lys-His-Glu-Ala-Glu-Cys-Ile
with a pl value of 4.3. The amino acid sequence of the inhibitor was distinctly different
from the sequence of the other reported peptidic inhibitors of aspartic proteases. The
predominance of the charged amino acid residues in the inhibitor sequence indicates its
hydrophilic nature. To evaluate the secondary structure of API, the CD spectra of API
analyzed. The estimated secondary structure contents from the CD analysis were 7% a-
helix, 49% B-sheet, and 44% aperiodic structure (Figure 7). API was stable in a broad
range of pH (2-11) and temperature (37-80°C). API was stable for 2'2 hours and 30
minutes at 90°C and 100°C respectively (Figure 8A and 8B).

Applied Biosystems Voyager System 6031

Voyager Spec #1=>NF0.7==BC[EP = 1363.4, 2082

1363 4714 A Lanel Lane2

.0 “d «— 26600 Da
” 17000 Da

+
f “’I +— 14200 Da
© Y g500Da
3496 Da

1358 —

+— 1060 Da

Figure 4. Molecular mass of API. The Figure 5. Re\.fers.e. zymographic
purified API was analyzed for the pattern of the inhibitor loaded on

determination of the Mr by MALDI spectra the 15% tris-tricine gel. Lane A
(1363.46 Da). shows the reverse zymograph of

inhibitor. Lane 1 shows the HPLC
purified inhibitor loaded on the 15%
tris-tricine gel, lane 2 shows the
standard molecular weight marker.
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Inhibitory activity of API towards other aspartic proteases

A very low inhibitory activity of API was recorded against other aspartic

proteases like HIV1 protease, plasmapsin II and cathapsin D. The inhibitor didn’t show

any inhibitory activity against other classes of the proteases like trypsin, chymotrypsin,

papain, and subtilisin.
NH

3

1100

Tyl’
Lys

1000 ;
] Amino  No of

900 acid Residues
Asp
Glu
Gly
His
Ala

800
700

600

mV

llu

PR aoaRrPRrNRE Ny

500 —
400 H
300 +

200

100 +

0

22
Time(Minutes)

24 26 28 30

Figure 6. Amino acid analysis of API
done by hydrolyzing 100nM peptide with
6N HCI for 24 hours and run on a
prepacked  rp-hplc  column  after
derivatizing with AccQ Fluor Reagent.

Leu

1004

%-\
b &)_- l\
= 70: .
g ] T
S o]
g |
= 5041
2 |
€ 20
2 o
8 4
o D9
m 4

10

0 T T T T 1
2 4 6 8 10
pH

0 X 107 degree cm™ M"]

104
124

144

Relative Inhibitory Activity

T T T T T T T T T T T T T T T T T T T 1
200 210 220 230 240 250 260 270 280 290 300
Wavelength

Figure 7. Far-UV CD spectra analysis of
API to analyze the secondary structure.
API dissolved in 0.05N HCI and the CD
spectra were recorded from 300 to 190
nm at 25 °C.

Timeinhours

Figure 8. pH and temperature stability of API. (A) API was treated with various buffers
of different pH and its anti-pepsin activity was determined. (B) API was incubated at 50

(m), 60 (), 70 (A), 80(¥), 90 (&), and 100 °C (+) for the time specified and the anti-

pepsin activity was determined at 37°C.

Ph.D. Thesis 2007

39

University of Pune



PART 3

INTERACTION OF API WITH PEPSIN: IMPLICATIONS
IN THE MECHANISM OF INACTIVATION




Ajit Kumar Chapter 2, Part 3

SUMMARY

The Kinetic studies of Pepsin-API interactions reveal that API is a slow-tight
binding competitive inhibitor of pepsin with the ICsy and K; values 4.0 nM and (3.83 nM-
5.31nM) respectively. The overall inhibition constant Ki* value is 0.107 £ 0.015 nM. The

progress curves are time-dependent and consistent with slow-tight binding inhibition: E +

I 2 (s, ks) EI 2 (ke, k7) EI*. Rate constant kg =2.73 + 0.32 s reveals a fast isomerization

of enzyme-inhibitor complex and very slow dissociation as proved by k;=0.068+0.009s™.
The Rate constants from the intrinsic tryptophanyl fluorescence data is in agreement with
those obtained from the kinetic analysis; therefore, the induced conformational changes
were correlated to the isomerization of EI to EI*. On the basis of our foregoing results, it
is concluded that, concomitant with the kinetic characterization; fluorescence studies will
be useful for the evaluation of inhibitor kinetic constants in the absence of enzyme
turnover number and the deciphering the inhibition mechanism of aspartic proteases by

slow tight binding inhibitors.
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INTRODUCTION

Pepsin is a well studied enzyme whose activity has been extensively studied since
Northrop crystallised it in 1929 (Northrop, 1930). It belongs to the family of the aspartic
proteases, together with catepsin D, quinosine, renine and the HIV-protease. The
recognition of the HIV-protease as a member of this family (Pearl and Taylor, 1987) has
renewed the interest in this type of enzymes and in their inhibition (Velazquez-Campoy
et al., 2000). There is a wide range of specific inhibitors that can bind to the active site
and electively remove the activity of pepsin. One of the best known ones is pepstatin
(Umezawa, 1970) that, at acidic pH, tightly binds to the catalytic site of both pepsin and
its precursor: pepsinogen (Marciniszyn et al., 1976; Glick et al., 1986). The pepstatin-
pepsinogen complex, however, cannot be formed above pH 3 because the active site is
blocked by a propeptide sequence (Marciniszyn et al., 1976; Cooper et al., 1990; James
and Sielecki, 1986). Below pH 5, pepsinogen is self-cleaved to produce active pepsin
(McPhie, 1972). Pepsin is a monomeric, two domain, mainly L-protein, with a high
percentage of acidic residues (43 out of 327) leading to a very low pl. The catalytic site is
formed by two aspartate residues, Asp32and Asp215, one of which has to be protonated,
and the other deprotonated, for the protein to be active (Antonov et al., 1978). This
occurs in the 1-5 pH intervals (Cornish-Bowden et al., 1969; Lin et al., 1992). Above pH
7, pepsin is in a denatured conformation that retains some secondary structure (McPhie,
1989; Konno et al., 2000). This denaturation is not fully reversible (Favilla et al., 1997),
the lack of reversibility being attributed to the N-terminal domain (Lin et al., 1993). In
the 5-7 pH interval the conformation of pepsin is poorly characterized. Although some
conformational changes experienced by pepsin in the acidic region have been reported
(Favilla et al., 1997; Wang and Edelman, 1971), the intermediate conformations
associated to them have not been studied in detail.

Enzyme inhibitors with specificity for a target enzyme are of interest for two
general reasons. On one hand, their action provides background information for the
development of specific bioactive compounds whose action may be beneficial to patients
as chemotherapeutic agents. On the other hand, they are useful probes of the kinetic and

chemical mechanisms of enzyme-catalyzed reactions. Of particular importance in these
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connections are compounds that act as inhibitor analogs of substrates and have high
affinities for enzymes with Ki values in nM range and less. The classification of
inhibitors depends on the reversibility, strength and rates of their interaction with
enzyme. The four categories of reversible inhibitors are classical, tight-binding, slow
binding, and slow-tight-binding inhibitors (Morrison, 1982). The categories are generally
differentiable based on the ratio of total inhibitor (It) to total enzyme (Et) under
experimental conditions and the qualitative time required for attainment of the
equilibrium between the enzyme, inhibitor, and enzyme-inhibitor complex. The
classification is essentially for inhibitors whose actions cannot be described by
Michaelis-Menten kinetics. For classical reversible inhibitors, the affinity for the inhibitor
is sufficiently low that It >> Et and the rates at which the inhibitor associate and
dissociate from the enzyme are relatively high. When the affinity of an enzyme for the

inhibitor is very high, tight-binding situations arise, then the experiment would be

performed in concentration regimes where It = Et. Under such conditions steady-state

treatments are inadequate and incorrect, even though the net binding and release of
inhibitors may be described by fast steps (Morrison, 1969; Henderson, 1972; Cha, 1975;
Cha, 1976).

There have been some development of the kinetic theory for tight-binding
inhibitors (Goldstein, 1944; Strauss and Goldstein, 1943; Ackermann and Potter, 1949;
Reiner, 1959; Eason and Stedman, 1936), but few studies have been undertaken in
sufficient detail to test the theoretical predictions. The future development of tight-biding
inhibitors for chemotherapeutic purpose will undoubtedly depend on application of
kinetic techniques that yield quantitative information about the behavior of the inhibitors.
When the structure of tight-binding inhibitor can be correlated with the dissociation
constants for the enzyme-inhibitor complexes, a systematic approach can be made
towards the synthesis of more effective inhibitors for a particular enzyme. Delineating the
inhibition mechanism and understanding of the binding efficiency will thus provide
further insight into their in vivo efficacy. While classical and tight-binding inhibitors have
been recognized for a very long time, awareness of compounds that cause inhibition of
enzymes in a time-dependent manner is much more recent (Morrison, 1982; Cha, 1975;

Cha, 1976; Williams and Morrison, 1979). A number of enzymatic reactions do not
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respond to the presence of competitive inhibitors instantly, but rather display a slow-
onset of the inhibition. In some cases the inhibitor interacts slowly with the enzyme, in
others the formation of the enzyme-inhibitor complex takes place in a very short time.
Such inhibition is called slow-binding inhibition and the inhibitor is refereed to as slow-
binding inhibitor (Williams and Morrison, 1979; Szedlacsek and Duggleby, 1995;
Sculley et al., 1996). From the kinetic point of view, the possible mechanisms for the
slow-binding inhibition phenomena are described in Scheme I. Scheme 1 a assumes that
the formation of an EI complex is a single slow step and the magnitude of k4l is quite
small relative to the rate constants for the conversion of substrate to product. However,
scheme I b demonstrates the two-step slow-binding inhibition, where the first step
involves the rapid formation of a reversible EI complex, which undergoes slow
isomerization to a stable, tightly bound enzyme-inhibitor complex, EI* in the second
step. The two-step mechanism of inhibition can be considered as the prototype of slow-
binding inhibition on a steady state time scale. The ratio between the kinetic constants of
ke/k7 can be taken as an index of the accumulation of E.I* and the energetic of its
formation. The higher the values of ke/k; ratio, the longer-lived is the E.I* and the more
likely the inhibitor is to have a useful in vivo lifetime. The weakness in the use of
classical enzyme inhibitors as drugs of clinical condition is that enzyme inhibition results
in the upstream accumulation of the substrate for the enzyme, which has an impact on the
isomerization of E.I* to E.I and hence reversal of the inhibition which will be of immense
value in clinical applications. Inhibitors, which inhibit the enzyme-catalyzed reactions at
concentrations comparable to that of the enzyme and under conditions where the
equilibria are set up rapidly, are referred as tight binding inhibitors. The establishment of
the equilibria between enzyme, inhibitor, and enzyme inhibitor complexes, in slow
binding inhibition occurs slowly on the steady-state time scale (Morrison, 1982), which
has been thoroughly reviewed (Morisson and Walsh, 1988; Yiallouros et al., 1998; Ploux
et al., 1999; Merker et al., 1990; Pegg and Itzstein, 1994; Kati et al., 1998). As yet, no
general paradigm has emerged for relating inhibitor and/or enzyme structure which
allows the predictions to be made about the design of compounds that would give rise to

slow-binding inhibition. However, understanding the basis of the isomerization of EI
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complex to EI* complex could lead to design inhibitors that allow titration of the lifetime
of the EI* complex.

Early investigations of pepsin gave rise to a variety of mechanistic proposals,
which were resolved in favor of the mechanisms shown in Scheme I (Suguna et al.,
1987). E stands for free enzyme, I is free inhibitor, EI is a rapidly forming pre-
equilibrium complex and EI* is the final enzyme inhibitor complex. Binding between
enzyme and inhibitor may either involve a single step, having a slow association and
dissociation rates (Scheme I a) or have an initial fast binding step, followed by a slow
reversible transformation of EI to another entity EI* (Scheme 1 b), or have an initial slow
inter conversion of the enzyme E into another form E* which binds to the inhibitor by a

fast step (Scheme 1 c¢).

kl k3
E + S ES ——E + P
kZ
k4
+ E 1
(a) E | k.
k6
(b) E I E I*
k7
kcf k6
(c) E E *+ 1 E I*
k-cf k7

The future development of slow-tight binding inhibitors will undoubtedly depend
on application of kinetic techniques that yield quantitative information about the
properties of the inhibitors. An efficient inhibitor in vivo is characterized not only by its
tight-binding but also by the rapid binding to prevent undesirable degradation of
biological substrates during the formation of inhibitor complex. Considering the
physiological importance of the aspartic proteases and their role in various diseases, there
is a lacuna in the studies of slow binding inhibitors, which could provide greater insight

into the inhibition mechanism and their in vivo efficacies. Investigations of the inhibition
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mechanism have generated enormous attention to unravel the interaction between potent
inhibitors and the target enzymes. The best-known slow-biding inhibitor of pepsin is
pepstatin (Umezawa et al., 1978), with the t;; for the dissociation 2.5 h. This lifetime is
long enough for medicinal chemists to proceed to incorporate the statyl group into design
of inhibitors for other proteases such as renin. Several analogs of pepstatin have been
prepared to analyze the structural features required to express slow, time-dependent onset
of enzyme inhibition (Rich and Sun, 1980). There have been also reports where two
approaches have been combined in protease inhibitor design, by the use of a statyl-type
residue along with a group that could accumulate as a stabilized tetrahedral (Gelb et al.,
1985). However, the hydrophobic nature of pepstatin holds a disadvantage for its poor
oral bioavailability.

This part of the chapter deals with the evaluation of the kinetic parameters of the
slow-tight binding inhibition of the aspartic proteases pepsin from porcine gastric mucosa
by API. API exhibited time-dependent inhibition against pepsin with a two-step binding
mechanism. The fluorescence studies revealed that the binding of API induced localized
conformational changes in the enzyme, as reflected during the isomerization of the EI

complex to EI* complex.
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MATERIALS AND METHODS

Assay for inhibitory activity of API towards pepsin for inhibition kinetics

Pepsin was assayed in the presence of the synthetic substrate N-acetyl-L-
phenylalanyl-L-3, 5-diiodotyrosine (APD) purchased from Sigma-Aldritch, USA. 0.25 ml
of the enzyme solution (50 nM) was incubated with 0.125ml of 0.05N HCIl at 37°C. After
10 minutes, 0.125 ml of APD solution was added to the test reaction and 0.5 ml of
ninhydrin reagent was added to the blanks (final enzyme conc. 12.5 nM). After 30
minutes more, 0.5 ml ninhydrin reagent was added to the test reactions and at any time
0.125 ml of APD solution was added to the blanks. All the tubes were placed in a boiling
water bath for exactly 15 minutes and cooled. The contents of tubes were diluted with 2.5
ml of 60% (v/v) ethanol and then shaken to mix the solutions. The absorbance of the
solutions at 570 nm was read against water. The activity can be expressed in APD units.
One APD unit is the quantity of enzyme which librates 1 micromole of diiodotyrosine per
minute under the above conditions (Ryle, 1970). For the kinetic analysis and rate constant
determinations, the assays were carried out in triplicate, and the average value was
considered throughout this work.
Initial kinetic analysis

The kinetic parameters for the substrate hydrolysis were determined by measuring
the initial rate of enzymatic activity. The inhibition constant K; was determined by Dixon
(Dixon, 1953) method and also by the Lineweaver-Burk equation. The Ky value was
calculated from the double-reciprocal equation by fitting the data in to the computer
software Origin 6.1. For the Lineweaver-Burk analysis, pepsin (12.5 nM) was incubated
with API at InM and 5nM and assayed at increased concentration of APD (10—100 uM)
at 37°C for 30 min. The reciprocals of substrate hydrolysis (1/v) for each API
concentration were plotted against the reciprocals of the substrate concentrations, and the
Ki was determined by fitting the resulting data. In Dixon’s method, hydrolytic activity of
pepsin (12.5 nM) was measured in the presence of 50 uM and 100 uM APD, at
concentrations of API ranging from 1-10 nM at 37 °C for 30 min. The reciprocals of
substrate hydrolysis (1/v) were plotted against the API concentration and the K; was
determined by fitting the data using ORIGIN 6.1.
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Demonstration of the time dependence of inhibition

The API (1-10 nM) from 1 mM stock solution in milli Q water was added to
50nM pepsin in appropriate volume of 50 mM HCI (final conc. 12.5 nM). After 0-30 min
of preincubation, 0.25 ml of the pepsin-API mixture was added into 250 uM of APD
solution at 37°C. After 30 min, the release of diiodotyrosine was quantified as described
above.
Determination of Initial apparent inhibition constants

Inhibition studies were performed by adding 0.25 ml of pepsin (12.5 nM) to 0.25
ml of 1 mM APD solution in standard buffer containing varying concentrations of API
(1-10 nM) at 37°C. After 30 min. the release of diiodotyrosine was quantified as
described above. Relative enzymatic activity, R, was computed from the ratio of product
amounts obtained in the presence and absence of APl as R = 1 — [P]/ (P]o. The relative
inhibition was fit by nonlinear least-squares regression to eq 1, where [I]o is the total
concentration of API and Ky, the fitting parameter, is the apparent inhibition constant.
R= [T]o/(Kapy+[1lo) (1)
Time dependence of apparent inhibition constants

Experiments were conducted as described above, except that the pepsin was
added to API at varying concentrations, and then assayed after preincubation for 0, 15
and 30 min.
Measurement of the reaction progress

1-10 nM API was mixed with 100 uM APD in 0.25 ml of 0.05 N HCL 0.25 ml of
pepsin, 12.5 nM, was added to initiate the reaction. Aliquots were removed from 0
minutes to 30 min and product formation was monitored as described above.
Substrate progress curve analysis

The percentage of product formed, p, vs reaction time, t, was fitted to the
recursive integral rate equ.2, a variant of a known method for the estimation of Ky and
Vmax from the reaction progress (Duggleby, 1986). The instrumental offset parameter p,
accounts for the possible systematic error of the detection method. Other optimized
parameters in the least-squares regression were the specific molar instrumental response

of the reaction product rp, the Michaelis constant Ky and the maximum velocity Viax.
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The fixed parameter were the mixing delay time (D = 0) and the initial substrate

concentration [S]o. Auxiliary variables o and [P] are defined in equations (2a) and (2b).

p™ 1 =p™ + r (1 - [P)/[S]o - exp ))/(1/[S]o - exp o /Kw) )
o =([P] = t Vinax)/Km (2a)
[P1=(p"™ - po)/rp (2b)

Inhibitor progress curve analysis

The progress curves for the interaction between API and Pepsin were analyzed
using equation 3.
P=Po+ Vst + (Vo - Vy[1 - exp(-K appt)]/Kapp &)
Each individual progress curve was fitted separately. The local fitting parameters were
the initial velocity Vy, the steady-state velocity Vj, the apparent first order rate constant
Kapp, and the instrumental offset po. These fitting parameters were analyzed to extract
approximate inhibition constants. Several reaction progress curves, obtained in the
presence and absence of inhibitor at various concentrations, were combined and fitted as
a whole in the eq 4,
p = po+ I[Pt @)

in which the concentration of product [P]t at time t is obtained by numerical

integration of the system of differential egs. 5a-g.

d[E}/dt = -ki[E][S] + (k> + k3)[ES] - ka[E][I] + ks[EI] (5a)
d[S]/dt =-ki[E][S] + ku[ES] (5b)
d[ES)/dt= k| [E][S] - (k2 + k3)[ES] (5¢)
d[P}/dt = ks[ES] (5d)
d[1)/dt =ka[E][1] + ks[EI] (5¢)
d[ET]/dt=K4[E][I] - (ks + ke)[EI] + k;[EJ] (59)
d[EJ)/dt = Ke[EI] - ks[EJ] (5g)

Numerical integration of the differential system (eqs 5a-g) was performed by
using the Livermore Solver of Ordinary Differential Equations (Hindmarsh, 1983). A
modification of the Marquardt-Levenberg least-squares fitting algorithm (Reich, 1992) as
used to perform the regression of experimental data as described by Moss et al., 1996.
The optimized fitting parameters were all rate constants except the bimolecular

association rate constant k, the total enzyme concentration [E]y for each progress curve
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(within 10% titration error), the molar response coefficient rp, and the offset pO for each
progress curve. The regression analysis was performed by using the computer programs
DYNAFIT (BioKin, Ltd., Madison, WI), ORIGIN 6.1, and GRAPH PAD PRISM.
Fluorescence analysis

Fluorescence measurements were performed on a Perkin-Elmer LS50
luminescence spectrometer connected to a Julabo F20 water bath. Protein fluorescence
was excited at 295 nm and the emission was recorded from 300 to 500 nm at 25°C. The
slit widths on both the excitation and emission were set at 5 nm and the spectra were
obtained at 1 nm/min. Fluorescence data were corrected by running control samples of
buffer and smoothed. For inhibitor binding studies, pepsin (8.2 nM) dissolved in 0.05N
HCL. Titration of pepsin with API was performed by the addition of different
concentrations of API each time to a new pepsin solution. The magnitude of the rapid
fluorescence decrease (Fy - F) occurring at each inhibitor concentration was computer
fitted to the equation (Fy - F) = A Fpax / {1 + (Ki/ [I])} to determine the calculated value
of K; and AF.x. The first-order rate constants for the slow loss of fluorescence, Kops, at
each API concentration [I] were calculated by computer fitting of the remaining data,
starting 1 sec after inhibition addition, to a first order equation y = a + b¥*exp (-Kobs*t)
using ORIGIN 6.1 software (origin lab). These values of kops were then computer fitted to
the equation Kobs = K¢ [I] / (K + [I]) for the determination of ks under the assumption that,
for a tight-binding inhibitor, k7 can be considered negligible at the onset of the slow loss
of fluorescence (Houtzager et al., 1996). Time courses of the protein fluorescence
following the addition of inhibitor were measured for up to 5 min with excitation and
emission wavelengths fixed at 295 and 342 nm, respectively. Data points were collected
at 1.0 s intervals during time courses. Corrections for the inner filter effect were
performed as described by the formula F, = F antilog [(Acx + Aem)/2], where Fc and F are
the corrected and measured fluorescence intensities, respectively, and Aex and Aep, are the
solution absorbance at the excitation and emission wavelengths, respectively (Lakowicz,
1983). Background buffer spectra were subtracted to remove the contribution from

Raman scattering.
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RESULTS

Determination of Ky and K;

API was found to inhibit pepsin with an ICsy value (50% inhibitory concentration)
of 42 nM (Figure 1). The inhibition of pepsin followed a hyperbolic pattern with
increasing concentrations of the inhibitor. However, the secondary plot (the slope of
inhibition graph versus API concentration) was not linear, suggesting that the application
of Michaelis-Menten inhibition kinetics was not appropriate in this study. The inhibition
constant K;, determined by the classical double reciprocal Dixon plot was 4.0 nM (Figure
2), which is almost equal to the ICsy value of the inhibitor. The Lineweaver-Burk
reciprocal plot (Figure 3) showed that API was a competitive inhibitor of pepsin and the

Kwm value for the pepsin of APD was 77uM and K; value was 4.5 nM.

80
70 1
60
50 1

40

% Inhibition

30 1

20

10 1

Figure 1. The hyperbolic curve indicates the best fit for the percentage inhibition data

obtained, and the ICsy value was calculated from the graph.
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Figure 2. Enzymatic activity of the pepsin
(12.5 nM) was estimated using the
substrate APD=100 uM (B) and 200 pM
(A) at different concentrations of API for
determining Ki value from Dixon plot.

Figure 3. Pepsin (12.5 nM) was incubated,
without (m) or with APl at 5 nM (e) and 10
nM (A) concentrations and assayed at
increasing concentrations of the substrate
for determining K; value from Lineweaver-

Burk plot.
Substrate Kinetics

A preliminary substrate kinetic analysis was performed by using the standard
initial velocity method, which gave Ky of 77 uM of APD for pepsin. A more accurate
estimate of Ky and V.« came from the analysis of the substrate progress curve. Figure 4
shows the results of nonlinear least-squares fit to equ. 2. The initial substrate
concentration, [S]o, was fixed at 200 pM, while the best-fit values of the adjustable fitting
parameters were Vyax = 0.207 = 0.02 nM s'l, Km=66=%0.5uM , rp =0.478 + 0.007 au
nM™, and p0= -0.21 + .05 au. The arbitrary unit (au) of molar response is defined as
percent of product formed in the reaction. From the results of fit, the maximum velocity
expressed in the arbitrary units is 0.478 x 0.207 = 0.099% of product per second, and for
control, the maximum conversion is 0.478 x200 + 0.21 =95.8% of product.

The progress curves collected at different substrate concentrations (10, 20, 50,
100, 150, and 200 uM) showed the possibility of product inhibition (Figure 5). The data
were fitted simultaneously to the mathematical model for the simple Michaelis-Menten
reaction mechanism, represented by the system of differential equations (equ. 6a-d) and
the response function (equ. 4). While the bimolecular association rate constant k; was
kept constant at 10° M™'s™, as was the assumed enzyme concentration (50nM), the best-fit

values of the remaining rate constants were k, = 66.2 + 1.7 s'and k; =0.9+0 .024 st
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d[E)/dt = -Ki[E][S] + (k2 + ks)[ES]
d[S}/dt =—k[E][S] + ko[ES]
d[ES]/dt= ki[E][S] - (k» + k3)[ES]
d[P}/dt =ks[ES]
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Figure 4. The substrate curve
kinetics. Least-squares fit of substrate
progress curve (12.5 nM Pepsin, 200
uM APD) to the modified integral
Michaelis-Menten eq 2. The best-fit
values and standard errors of adjustable
parameters were V., =0.207 = 0.02
oM s”, Ky = 6.6x10% £ 0.5 nM, rp
=0.478 + 0.007 au nM™, and p0= -0.21
+ .05 au, where the arbitrary unit (au) is
the percentage of the product formed.

Pre-incubation experiments with API
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Figure 5. Simultaneous least-squares fit of
substrate progress curves to equ. 4 and the
system of differential eqs. 6a-d. The
constant parameters were [E]o = 12.5 nM,
and p0= 0. Substrate concentrations were
10, 20, 50, 100, 150 and 200 upM,
respectively, for curves A-F. The best-fit
values and standard errors of adjustable
parameters were k; = 6.62+0.17 s' ky =
0.940.024 s, and rp =91 £ 0.1 cpm nM".

Pre-incubation experiments show that, whether the API, was time-dependent

inhibitor of the pepsin. The concentration of APD was set to a value below the Michaelis

constant (Ky) 50 uM, so that the reactions were approximately first-order in APD. API

showed time dependent inhibition (Figure 6). The results from the pre-incubation

experiments with the API are shown in Table 1. The apparent inhibition constants

decreased 5 fold over a 30 min period (Figure 7).
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Figure 6. Loss of residual enzyme Figre 7. The pre-incubation Kinetic
activity upon pre-incubation of pepsin studies. Apparent Inhibition
(12.5 nM) with API (10 nM, squares) Constants with or without pre-
and Control (no inhibitor) is incubation of API (0-10 nM) with
represented by circle. See pepsin  (12.5nM).  Results are
Experimental Procedures for details. described in table-2.

Table 2. Apparent inhibition constants with or without pre-incubation of inhibitor
(0-10 nM) with Pepsin (12.5 nM).

------------------------- kapp (nM)a---------_--_--_-_-------_--_---
t =0 min t=15 min t=30 min
5.0+0.12 2.11£0.14 0.99+0.18

“Pepsin was pre-incubated with varying concentrations of inhibitor for 0, 15, or 30 min
before the assay. Remaining residual enzyme activity was measured in a 30 min assay.

Regeneration of pepsin activity after inhibition

The API was tested to determine if it was a reversible inhibitor. Pepsin (12.5 nM)
was pre-incubated with and without the equimolar concentration of API for 60 minutes in
0.05N HCI. Further, the enzyme inhibitor mixture was diluted 100 fold into the assay
mixture containing the substrate at 10 Ky. After pre-incubation, 1.0 ml of sample was
removed and diluted to 10.0 ml in 0.05N HCI. At the specified time, aliquots were
removed and assayed for the proteolytic activity. From the rate of product formation, the

recovered enzyme concentration could be estimated as approximately 6 nM and the
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reduction of APD was observed at a steady-state velocity of approximately 47% relative
to the control.
Simplified Progress curve analysis for API

The reaction progress was analyzed by two different methods (Moss et. al., 1996).
The results of a preliminary analysis, based on the assumption of rapid equilibrium, are
shown in Figure 8. The progress curves obtained at 1, 2, 4, 6 and 10 nM API were fitted
individually to eq 3. The best-fit values of adjustable parameters, for each concentration
of the API, are listed in Table 2.

For a one-step inhibition mechanism, without an intermediate enzyme-inhibitor
complex, the initial velocity Vj should be constant, and the apparent rate constant Ky,
should increase linearly with the inhibition concentration (I]o. These properties of the

one-step mechanism are expressed in eq. 7a-c (Szedlacsek & Duggleby, 1995).

VO = Vmax[S]O/([S]O + KM) (7a)
Vs = Via[STo/([STo + Km(1 + [T]o/Ki)) (7b)
Kapp = K7 + Ke[1]o/(1 + [S]o/Km) (7¢)

On the other hand, for a two-step mechanism (Scheme 1), the initial velocity
should decrease with the inhibitor concentration, by following a typical binding curve,

and the apparent rate constant should depend on [I], as a hyperbola, according to eq. 8a-c.

VO = Vmax [S]O/([S]O + KM(1 + [I]O/KI)) (83)
Vs = Viax [S]o/([S]o + Km(1 + [T]o/Ki*)) (8b)
Kapp = K7+ Ke([T]o/Ki)/(1 + [S]o/Knmt + [1]o/Ki) (8c)

The parameters listed in Table 2 favor the two-step mechanism, because the initial
velocity does decrease with the concentration of the inhibitor, as predicted by eq 8a.
Also, the increase of the apparent rate constant with [I]y is hyperbolic, instead of linear.
The nonlinear least squares fit of Vo, Vs, and Kypp to eq. 8a-c is shown in Figure 9. From
fitting of Vj to eq. 8a, the dissociation constant K; of the initial complex is 3.83 £ 0.41
nM; the fitted value of Viayx 1s 0.097 £ 0.001 au s'l, in good agreement with the substrate
kinetic analysis Vi was 0.099 au s™' from fitting the substrate progress curve in Fig. 6.
From fitting of Vg to eq. 8b, the overall dissociation constant K;* is 0.0431 £ 0.005 nM;
the fitted value of Vpax 1s 0.098 £0.001 au s in this case. From fitting of Kypp to eq. 8c

(fig. 8B inset), the initial inhibition constant K; was 4.42 + 0.12 nM. The isomerization
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rate constants were ks = 5.94 + 0.1 x 102 s and k; = 0.217 + 0.06 xlO'zs'l, from which

the total dissociation constant Ki* = Kik/ke is 0.16 nM.
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Figure 8. Least-squares fit of progress Figure 9. Least-squares fit of the initial

curves from the inhibition of pepsin velocities V, from Table 3 to eq. 8a, the
(12.5 nM) by API to equ. 3. The initial steady-state velocity Vg to eq. 8b, and the
substrate concentration was 200 pM. The apparent first-order rate constant Kup, to
API concentrations were 1, 2, 4, 6 and 10 eq. 8c. The best fit values of adjustable
nM for curves A-E, respectively. For parameters ki, ki*, K¢, and k; are listed in
experimental condition and the best-fit the text

values of adjustable parameters see text.

The inhibition progress curves for inhibitor were analyzed more thoroughly by
using a complete differential model where the rapid equilibrium assumption is not made
(Moss et. al., 1996). The collection of progress curves in Fig. 8 was fitted as a whole to
the system of eqs. 4 and 5. The constant parameters were the initial concentration of the
substrate ([S]o = 200 uM) and the API ([I]o = 0, 1, 2, 4, 6, and 10 nM), the initial
concentration of the pepsin in the assay where inhibitor was absent ([E]o=12.5 nM), and
the bimolecular rate constant for the formation of the Michaelis complex (k; = 100 uM™
s™). The best-fit values of globally optimized parameters were k, = 4.92 £ 0.5 s, ks =
0.98 £0.02s", ks =5.120.5nM" 57, ks =21.43 £ 2.5 5, ks =2.73 £ 0.32 5™, k; = 0.068 +
0.006 and rp = 0.45 £ 0.02. All enzyme concentrations in assays where the inhibitor was
present were considered as locally optimized parameters, within the estimated 10%
titration error. The best fit values of locally optimized concentrations were [E]p = 13 + 1

nM, [E]J0=15+2nM, [E]p=13 £ 1 nM, [E]p =11 £ 0.5 nM, and [E]p =12 £ 1 nM, for
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the assays at 1, 2, 4, 6, and 10 nM API, respectively. From the best-fit values of rate
constants k4 and Ks, the dissociation constant of the initial complex, K;, was calculated as
ks/ky = 4.33 nM. Similarly, the overall dissociation constant of the final complex, K;*,
was calculated as ksk7/ksks = 0.107 nM. This value is bracketed by the results obtained by
the simplified method above, as shown in Table 4 (K;* = 0.043 nM and 0.16 nM by using
eq 8b or 8c, respectively). The kinetic constants determined in this study are summarized

in Table 3.

Table 2. Best-Fit Values of Adjustable Parameters, Obtained in Fitting the Progress
Curves Shown in Figure 8 (12.5 nM pepsin, 200 pM APD, pH 1.5, 37 °C) to Equation 3.

[1]o (nM) Vs (%P s™) Vo (%P s™) Kapp (57
0? 0.0953 0.0953 e
1 0.00359 0.0649 0.01600
2 0.00205 0.0506 0.02813
4 0.00160 0.0456 0.04433
6 0.00129 0.0322 0.05064
10 0.00107 0.0272 0.06948
& Initial velocity from fitting the substrate progress curve shown in Figure 8.

Effect of API binding on the Fluorescence of pepsin

The kinetic analysis revealed a two-step inhibition mechanism, where the EI
complex isomerizes to a tightly bound, slow dissociating EI* complex. This
isomerization is a consequence of the conformational changes induced in pepsin due to
the binding of APIL. The tryptophanyl fluorescence of pepsin exhibited an emission
maxima (Amax) at 342 nm, as a result of the “radioactive” decay of the n-n* transition
from the Trp residues (Figure 10). The binding of inhibitor resulted in a concentration-
dependent quenching of the fluorescence with saturation reaching at or above 10nM
inhibitor (Fig. 10 inset). The absence of blue or red shift in Ay.x negated any drastic gross
conformational changes in the three-dimension structure of the enzyme due to API
binding. Binding of API resulted an exponential decay of the fluorescence intensity as

indicated by a sharp decrease in the quantum yield of fluorescence followed by a slower
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decline to a stable value. Furthermore, titration of inhibitor against pepsin revealed that
the magnitude of the initial rapid fluorescence loss (Fo-F) increased in a saturation-type

manner (Figure 11), which corroborated the two-step slow-tight binding inhibition of

pepsin by inhibitor.
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Figure 10. Steady-state fluorescence emission spectra of pepsin as a function of
inhibitor. Protein fluorescence was excited at 295 nm, and emission was monitored from
320-380 nm at 25 °C. Titration was performed by the addition of different API
concentrations to a fixed concentration of pepsin. Concentrations of API used were 0-10
nM (B-L). The curve in the inset represents the best fit of the fluorescence quenching
data of pepsin at 342 nm (Amnax) as a function of API concentration.

The value of K; determined by fitting the data for the magnitude of the rapid
fluorescence decrease (Fo-F) was 4.74+0.19 nM. The subtle conformational changes
induced during the isomerization of EI to EI* was monitored by analyzing the
tryptophanyl fluorescence of the complexes as a function of time (Figure 12). The ks and
Ki values were determined from the data derived from the slow decrease in fluorescence

were 2.42+0.2s”" and 5.3120.5 respectively (fig 13). These rate constants are in good
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agreement with that obtained from the kinetic analysis (table 4). Therefore, the initial
rapid fluorescence decrease can be correlated to the formation of the reversible complex
El, whereas the slow, time-dependent decrease reflected the accumulation of the tight

bound slow dissociating complex EI*.
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Figure 11. The fluorescence changes (F(-F) were plotted against the API concentrations.
The resulting hyperbola curve was fitted to the equation ((Fo - F) = A Fpax / (1 + (Ki/ [1]))
to give the calculated value of K;.

Table 3. Summary of Kinetic Constants®.

Method K;(nM) Ki* (nM) ke (M " sec™) ks (sec™) ke (sec) k; (sec™)
A’  3.8310.41  0.043140.005

B¢ 4.4240.12  0.16%0.03 0.0594+0.005  0.00217+.0006
C'  433+0.15% 0.10740.015%  5.1+0.5 21.43+2.5  2.7310.32 0.068+0.009
DY 4.74+0.19

E® 5.3140.5 2.4240.2

E" 4.0+0.3

G 4.5+0.45

“Uncertainties of parameters expressed with the “+” sign are standard errors from
nonlinear regression. ® From fitting initial velocities Vy and pseudo-steady-state
velocities Vs to eqs 8a and 8b, respectively. © From fitting apparent first-order rate
constants to eq 8c. ¢ From fitting progress curves to differential eqgs. 5a-c. “Computed
from rate constants. ' From fitting progress curves to equation (Fo - F) = A Fpax /{1 +
(Ki/[1])} . From fitting progress curves to equation Keps = Ke [1] / (Ki + [I]). " From initial
kinetics with inhibitor (fig 2). ' From initial kinetics with inhibitor (fig 3).
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Figure 12. Time-dependent effect of API on the fluorescence quenching of pepsin.
(A) API was added to pepsin (8.2 nM) at the specified time (indicated by the arrow), and
the fluorescence emission was monitored for 300 s, at a data acquisition time of 0.1 s.
The excitation and emission wavelength were fixed at 295 and 342 nm, respectively. The
data are the average of five scans with the correction for buffer and dilutions. The
concentrations of inhibitor used were 0 nM (A), 5 nM (B).
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Figure 13. The slow decay of pepsin fluorescence at each concentration was fitted to a
first order rate equation to obtain K.ps (see material and method). The Kobs values were
then computer fitted to the equation Ko,s=Ke [1]/(Ki+[I]) to give calculated values of K; and
Ke.
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DISCUSSION

Aspartic proteases play significant roles in determining the pathogenicity of both
viruses and fungi (Erikson et al., 1990; Fitzgerald, 1993; Hoegl et al., 1999; Tomasselli
and Heinrikson, 2000; Leung et al., 2000; Richman, 2001; Brik and Wong, 2003; Borg-
von Zeppelinet, 1999; De Bernardis et al., 1999; Staib et al., 2000; Stewart and Abad-
Zapatero, 2001; Atzori et al., 2000). The design and synthesis of high affinity inhibitors
of these enzymes can thus provide useful leads for the development of potential anti-
infective drugs (Erikson et al., 1990; Fitzgerald, 1993; Hoegl et al., 1999; Tomasselli and
Heinrikson, 2000; Leung et al., 2000; Richman, 2001; Brik and Wong, 2003; Stewart and
Abad-Zapatero, 2001; Kempf, 1994).

To be exploited as potential drug leads, the protease inhibitors must possess a
relatively low molecular weight and a hydrophilicity/hydrophobicity ratio suitable for a
sufficient level of bioavailability (Tomasselli and Heinrikson, 2000; Leung et al., 2000;
Brik and Wong, 2003). In this context, there is an effort to develop a flexible approach
for the design and synthesis of such inhibitors (Tossi et al., 1995; Miertus et al., 1996;
Benedetti et al., 1997, Frecer et al., 1998; Tossi et al., 1999; Benedetti et al., 1999; Tossi
et al., 2000; Skrbec and Romeo, 2002; Benedetti et al., 2002).

Inhibitors of aspartic proteases have tremendous applications in biomedical
research, because they are responsible for the physiological regulation of proteases,
which are involved in biochemical regulation of cellular functions. Pepsin is a major
aggressive factor in the GERD (Gastro-Easophgeal Reflux Diseases). Alginate containing
products are currently used in the treatment of GERD (eg. Gavicon Advance) that interact
with pepsin in vitro, in a non-competitive manner. To our knowledge, the known slow-
binding inhibitors of pepsin are pepstatin, its analogues and a low molecular weight
(1147Da) inhibitor. However, there is a paucity of inhibitors from natural resources. To
our knowledge, there have been no reports of aspartic protease inhibitors from thermo-
tolerant microorganisms. Here, Bacillus licheniformis was isolated from the surface of
rotten tomato, which produced an aspartic protease inhibitor, API. API was determined to
be an efficient inhibitor of aspartic protease pepsin. The inhibitor was purified to

homogeneity and was stable over a pH range of 2-11. API has an amino acid sequence of
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Asp-Leu-Tyr-Asp-Gly-Trp-Lys-His-Glu-Ala-Glu-Cys-Ile with a pl value of 4.3. Amino
acid composition and the sequence data revealed the abundance of charged amino acid
residues in the peptide, and homology search with other peptidic inhibitors of aspartic
proteases revealed no similarity. The inhibitor has a molecular mass of 1363 Da, thus
belonged to low molecular weight class of inhibitors. API was highly specific towards
inhibiting the aspartic protease class of enzyme, as it failed to inhibit the representative
enzymes of other classes of proteases. Being a low molecular weight hydrophilic peptide,
and produced from a bacteria source, API possesses tremendous potential for the
economical and effective production.

The determined kinetic data for the enzyme-inhibitor interactions were linked
with the conformational changes induced in the pepsin due to the API binding. During
the initial kinetic analysis, the inhibitor showed competitive inhibition against pepsin in
vitro. The 1:1 molar ratio of the interaction of inhibitor with pepsin classified it under the
“tight-binding inhibitor” group (Williams and Morrison, 1979; Wolfendenl, 1976).
Inhibitor was found to inhibit pepsin with an ICsy value (50% inhibitory concentration) of
4.2 nM (Figure 1) and inhibition constant K;, determined by the different methods was
found between 3.83 nM to 5.31nM (table 3), which are almost equal to the ICsy value of
the inhibitor. The Lineweaver-Burk reciprocal plot (Figure 3) shows that inhibitor was a
competitive inhibitor of pepsin. For the inhibition kinetic studies, the pepsin activity was
monitored in the presence of various concentrations of inhibitor and substrate as a
function of time. In the region of K;, both kul, and ks values would be low. These low
rates of association and dissociation would lead to slow-binding inhibition (Schemel).
Alternatively, binding may also involve two steps where there is a rapid formation of an
initial collisional complex, EI that subsequently undergoes slow isomerization to form the
final tight complex EI*. The nature of these changes has been discussed (Lenarcic and
Thyroglobulin, 1999; Jencks, 1975). The extent of EI* formation depends on the affinity
of the EI complex and the relative rates of formation of EI* and its relaxation to EI.
Slow-binding inhibitor can also arise due to an initial slow interconversion of the enzyme
E into another form E* which binds the inhibitor by a fast step (Scheme 1¢). As found in
most of the ground-state inhibitors, formation of the first reversible complex pepsin-API,

was too rapid to be measured at steady-state kinetics and was likely to be near diffusion
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control (Scheme 1a). The rate of formation of the second enzyme inhibitor complex,
pepsin-API*, was slow and relatively independent of the stability of the pepsin-API
complex or of the ability of the inhibitor to stabilize the pepsin -API* complex (Scheme
1b). Thus the major variable for slow-binding inhibition is K7, the first-order rate at which
pepsin-API* relaxes to pepsin-API. An equivalent statement is that the apparent inhibitor
constant, Ki*, depends on the ability of the inhibitor to stabilize the pepsin-API*
complex. It is interesting to comment on the kinetic data of inhibitor in the light of the
extensive kinetic analysis of pepstatin, a known tight-binding inhibitor of pepsin. The
values of Kj and K;* for inhibitor were observed higher than those of pepstatin. The slow-
binding inhibitors combine at the active site and induce conformational changes that
cause the enzyme to clamp down in the inhibitor, resulting in the formation of a stable
enzyme-inhibitor complex. The time-dependent inhibition kinetics of pepsin by inhibitor
followed a two-step mechanism, which was also reflected in the quenching pattern of the
fluorescence. On the basis of our fluorescence studies, it is proposed that the rapid
fluorescence loss was due to the formation of the reversible pepsin-API complex,
whereas the subsequent slower decrease was a result of the accumulation of the tightly
bound pepsin-API* complex. The kinetically observable isomerization of pepsin-API to
pepsin-API* does not involve a major alteration in the three-dimensional structure of the
enzymes as reflected in the absence of any shift in the tryptophanyl fluorescence. Further,
agreement of the rate constant values determined from kinetic and fluorescence analysis
prompted us to correlate the localized conformational changes to the isomerization of
pepsin-API to pepsin-API*. Any changes in the environment of individual tryptophan
residues may result in an alternation of fluorescence characteristics such as emission
wavelength, quantum yield, and susceptibility to quenching (Pawagi and Deber, 1990).
Fluorescence quenching can also result from the energy transfer to an acceptor molecule
having an overlapping absorption spectrum (Cheung, 1991). As the API has no
absorption in the region of 290-450 nm, it was ruled out the quenching of fluorescence
due to the energy transfer between the inhibitor and the tryptophan residues. The results
of our investigation demonstrated that the inactivation of pepsin by inhibitor followed the
slow tight binding inhibition mechanism and can be conveniently monitored by

fluorescence spectroscopy.

Ph.D. Thesis 2007 62 University of Pune



CHAPTER 3

PURIFICATION AND CHARACTERIZATION OF AN
ASPARTIC PROTEASE FROM MID GUT OF PLUTELLA
XYLOSTELLA: INACTIVATION BY API




Ajit Kumar Chapter 3

SUMMARY

An aspartic protease from Plutella xylostella (PxAP) was purified to homogeneity
by ammonium sulphate precipitation; gel filtration and affinity chromatography with 110
fold purification. The enzyme exhibited a Mr. of 46.1 kDa on SDS-PAGE with an
optimum pH and temperature of 3.4 and 37°C respectively. The enzyme hydrolyzed
hemoglobin with a Ky value of 538 uM. The enzyme properties are consistent with those
of aspartic proteases as it was inhibited by a universal inhibitor of aspartic proteases,
pepstatin. The enzyme was also inhibited by an aspartic protease inhibitor, API, recently
reported from our laboratory. The kinetic analysis of PxAP-API interaction suggested the
competitive mode of inhibition with ICsy and K; values of 44.0uM and 55.0 uM

respectively.
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INTRODUCTION

The aspartic proteases such as pepsin (Friedman and Peterson, 1998), plasma
renin (Thaisrivongs, 1989), HIV-1 protease (Debouck and Metcalf, 1990), plasmepsin
(Rosenthal, 1998) and lysosomal cathepsin D (Scarborough et al., 1993) participate in the
control of several biological processes. In insects, acidic proteases are suggested to be
involved in the hydrolysis of storage and intracellular proteins. There are few reports of
aspartic proteases from insect mid-gut and fat bodies such as Ceratitis capitata (Rabossi
et al., 2004), Callosobrochus maculatus and Zabrotes subfasciatus (Silva and Xevier-
filho, 1991). However many insects like flesh fly Sarcophaga peregrine (Whitten, 1964),
Lygus Hesperus (Wrighta et al., 2006), Drosophila melanogaster (Kotani et al., 2005),
mosquito (Cho et al., 1991), Aedes aegypti (Dittmer and Raikhel, 1997), Cockroaches
(Gustchina et al., 2005) and Colorado potato beetle (Leptinotarsa decemlineata)
(Brunelle et al., 2005) also reported to produce aspartic proteases by different organs
where they play very important roles according to the requirement of the insect. The
efficacies of plant defensive proteins are dependent upon the fates of those proteins in the
digestive systems of insects, where insects can compensate for the inhibition of major
proteolytic activities by applying different modes of action. A thorough characterization
of the types and activities of digestive proteases is crucial in understanding the
degradation of nutritional proteins and in determining the effects of inhibitors on an
insect’s digestive system.

An aspartic protease was isolated and characterized from the mid-gut of Plutella
xylostella, Diamondback moth (Lepidoptera: Plutellidac), which is a serious pest of
cruciferous vegetables (Talekar, 1992). This is the only insect pest that has developed
resistance to B. thuringiensis formulations under field conditions (Mohan and Gujar,
2002). However, little is known concerning the enzymes responsible for the proteolytic
processing of the protoxin to the active toxin, some serine proteases were found to play a
major role in proteolytic processes in Lepidopteran larval guts (Christeller et al., 1992;
Mohan and Gujar, 2003). Inhibitors of aspartic proteases from insects are relatively
uncommon. Few examples include proteins from the plants such as potato, squash,

inhibitor from sea anemone and yeast (Christeller et al., 1998). Pepstatin, a low molecular
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weight inhibitor isolated from Streptomyces is universal inhibitor of aspartic proteases
(Lenarcic and Turk, 1999) and has been widely exploited as a research tool for
unraveling the mechanism of aspartic proteases from insects (Devaux et al., 1976).
Digestive proteolytic apparatus of insects is remarkably plastic to study protease inhibitor
interactions in highly complex plant pest systems which allow target pests to hydrolyze
the inhibitors with non target proteases. The system compensate for the loss of proteolytic
functions by producing either more inhibitor-sensitive or inhibitor-insensitive proteases.
The choice and development of more appropriate, suitable inhibitors is a primary
determinant in the success or failure of any pest control strategy. New, broad spectrum
inhibitors of natural origin are currently considered for the improvement of protease
inhibitor based pest control strategies. In the present chapter, the potency of an aspartic
protease inhibitor, API from Bacillus licheniformis, was assessed to inhibit aspartic
protease purification and characterized from mid-gut of Plutella xylostella. API also

inhibits pepsin as recently reported in our laboratory (Kumar and Rao, 2006).
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MATERIALS AND METHODS

Materials

Hemoglobin, Na-p-tosyl-L-lysine chloromethyl ketone (TLCK), N-tosyl-L-phenyl
alanine chloromethyl ketone (TPCK), elastatinal, bovine serum albumin (BSA)
(electrophoresis-marker grade), pepstatinA-agarose and bovine trypsin were purchased
from Sigma Chemical (St. Louis, MO, USA). The chemicals and reagents for SDS—
PAGE, Ethylenediaminetetraacetic acid (EDTA), and other chemicals were purchased
from reputed firms (Genei, Bangalore and Qualigens Fine Chemicals, Mumbai) in India
and of analytical grade.

Rearing of Plutella xylostella

The diamondback moth, P. xylostella larvae were reared on cabbage leaves at
25+1°C with a light:dark cycle of 16:8 and 60-70% relative humidity. Before larvae
emerged as adults, pupae were separated. P. Xylostella were collected and placed into
plastic honey jars until moth emergence. The moths were maintained on a diet of honey
and water.

Preparation of P. xylostella mid-gut homogenate

Fifth instar larval (those reared in laboratory conditions) gut homogenate of P.
xylostella was prepared by extracting midgets (dissecting in 0.5M NaCl) with 50 mM
acetate buffer, pH 3.5. Freshly dissected midgets were homogenized manually using a
close fitting glass pestle maintained in ice. The homogenate was centrifuged at 15,000 g
for 20 min at 4°C and the resulting supernatant was used for enzymes assays and
purification of aspartic protease.

Isolation and purification of Plutella xylostella aspartic protease (PxXAP)

The P. xylostella mid-gut homogenate extracted from 500 mid-guts was
precipitated with 40-60% ammonium sulphate at 4°C for 2 hours, centrifuged at 15000g
for 20 minutes and dissolved in an appropriate volume of same buffer. 1 ml (Img/ml)
homogenate was then applied to a Sephadex G-75 column (2.0 X 50.0 cm) equilibrated
and eluted with the same buffer. Fractions (2.0 ml) were collected and those containing
hemoglobin hydrolyzing activity sensitive to pepstatin were pooled and applied to a

pepstatinA-agarose affinity coloumn (1.0 X 5.0 cm) equilibrated with 5S0mM acetate
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buffer, pH 3.5. The enzyme was eluted with 50 mM Tris/HCI buffer pH 7.0. Active
fractions of aspartic protease were pooled, concentrated and the pH was adjusted at 3.5.
12% SDS-Polyacrylamide Gel Electrophoresis was applied to determine the molecular
weight of the active fractions (Laemmli, 1970). All protein determination was made by
the dye binding assay of Bradford (Bradford, 1976), using bovine serum albumin as
standard.
Enzymes assays

The proteolytic activity of gut homogenate and purified enzyme was measured by
incubating with hemoglobin (ImM) in 0.2 M acetate buffer, pH 3.5 for 30 minutes
(Lemos et al., 1990). The following inhibitors, pepstatin, EDTA (ethylene diamine
tetraacetic acid), E-64 (L-trans-epoxysuccinyl-leucyl-amido (4-guanidino)-butane),
TPCK (tosyl-phenylalanyl-chloromethyl-keton and TLCK (tosyl-lysyl-chloromethyl-
keton) were utilized for inhibition studies. One unit of enzyme was defined as the amount
of enzyme that produced an increase in absorbance of 0.001 at 280 nm per minute under
the conditions of the assay (Anson 1940).
Optimum pH and temperature of the purified enzyme

The effect of pH on the proteolytic activity was determined by assaying the
enzyme as described above in the range of 2.0 to 10.0 by adjusting with variety of 100
mM buffers (pH 3.0 to 5.0), phosphate (pH 5.0 to 8.0), and tris-HCL (pH 8.0 to 10.0).
The effect of temperature on the proteolytic activity was determined at pH 3.5 in the
range of 25 °C to 80 °C.
Purification and biochemical characterization of API

The inhibitor was purified and characterized from extra cellular culture filtrate of
Bacillus licheniformis as described previously in part 2 of chapter 2 (Kumar and Rao,
20006).
Assay for PXAP inhibition by API

100 ul of enzyme (50 uM) and 100 ul API (100 uM) solution were incubated at
37°C for 30 min in 0.2 M acetate buffer, pH 3.5. Then 0.5 ml of hemoglobin (1mM)
dissolved in the same buffer was added and incubated at 37°C for 30 minutes. The
reaction was stopped by the addition of 5% trichloric acid (TCA) acidified with 2.25%

HCI. One unit of enzyme was defined as the amount of enzyme that produced an increase
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in absorbance of 0.001 at 280 nm per minute under the conditions of the assay. One API
unit was defined as the amount of API that inhibited one unit of enzyme activity (Anson,
1940).
Initial kinetic analysis

The kinetic parameters for the substrate hydrolysis were determined by measuring
the initial rate of enzymatic activity according to described in chapter 2 (part 2). For the
Lineweaver-Burk analysis of enzyme (100 uM) was incubated with API at 50 uM and
100 uM and assayed at increased concentration of hemoglobin (0.1-1mM) at 37°C for 30
min. In Dixon’s method, hydrolytic activity of enzyme 100uM was measured in the
presence of 0.5mM and 1mM hemoglobin, at concentrations of API ranging from 10-100

uM at 37 °C for 30 min.
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RESULTS

Detection of aspartic protease activity in gut homogenate

The gut homogenate of P. xylostella showed hemoglobin hydrolyzing activity at
pH 3.5 suggesting the presence of aspartic protease type activity. It was also confirmed
by the 35% inhibition of mid-gut homogenate proteolytic activity by a universal inhibitor
of aspartic proteases, pepstatin.
Purification of aspartic protease from the gut homogenate

The enzyme was purified from P. xylostella mid-gut homogenate extract by 40-
60% ammonium sulphate precipitation, Sephadex G-75 column and pepstatinA-agarose
affinity coloumn. Gel filtration in sephadex G-75 coupled with protease assay employing
the substrate hemoglobin (at pH 3.5) in the presence and absence of inhibitor pepstatin,
showed the presence of aspartic protease (Figure 1). The fractions from 30-45 showed
proteolytic activity at pH 3.5 suggest the presence of aspartic protease which was
confirmed by the inhibition of the proteolytic activity by pepstatin. The active fractions
were concentrated and applied to pepstatinA-agarose affinity coloumn. The gut
homogenate showed 730 U of acidic protease with a specific activity of 5.88 U/mg. The
proteolytic activity remains 132 U with a specific activity of 647 U/mg after affinity
column and the enzyme was purified 110 fold (Table 2). SDS-PAGE showed a single
band of Mr 46.1 kDa (Figure 2) confirming the homogeneity of the enzyme. The purified
enzyme showed an optimum pH and temperature of 3.5 (Figure 3) and 37°C (Figure 4)
respectively. Pepstatin shows 82% inhibition of the purified enzyme while other
inhibitors had no significant effect (Table 1).
Table 1 Effect of various enzyme inhibitors purified PxAP.

Inhibitor (1mM) % Inhibition
Non 0
EDTA 0

E-64 0
Pepstatin A 82
TLCK 0
TPCK 0

% Inhibition activities are the average of three determinations.
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mid-gut homogenate dialyzed and loaded on a
Sephadex G-75 gel-filtration chromatography
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Biochemical properties of APl and determine Ky and K;

API, a peptidic inhibitor of aspartic proteases, produced extracellularly by thermo
tolerant Bacillus licheniformis as has an amino acid sequence of Asp-Leu-Tyr-Asp-Gly-
Trp-Lys-His-Glu-Ala-Glu-Cys-Ile and a pl value of 4.3 (Kumar and Rao 2006).

The inhibition of PxAP followed a hyperbolic pattern with increasing
concentrations of the inhibitor. PxAP was inhibited by API with an ICsy value of 44uM
(Figure 3). The kinetic analysis of PxAP-API interaction suggested the competitive mode
of inhibition. The Lineweaver-Burk reciprocal plot (Figure 4A) showed that the Ky value
of PxAP for hemoglobin was 538 uM. The inhibition constant K; determined by
Lineweaver-Burk and Dixon plot was found to be 59 uM and 55 uM respectively (Figure
4A and 4B).

Table 2- P. xylostella larval mid-gut aspartic protease purification.

Step Proteolytic protein Specific activity | Purification
activity(Units) | (mg) (units/mg)
Homogenate| 730 124 5.88 1
Ammonium | 285 2.8 101.78 17.31
sulphate
SG-75 205 0.6 341 58
PepstatinA- | 132 0.204 647 110
agarose
804
7
60-
g -
£ 50-
=
=
E 404
£
2 30
g |
20
10
0 . 1 1 1 1 1 M 1 1 1 1 1

API(uM)

Figure 3. The hyperbola curve indicates the best fit for the percentage inhibition data
obtained, and the ICs value was calculated from the graph.
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Figure 4. Binding of API to PxAP and inhibition kinetics analysis. (A) Lineweaver-
Burl plot, PxAP (100uM) was incubated, without (m) or with API at 50 uM (e) and 100
UM (A) concentrations and assayed at increasing concentrations of the substrate (se
material methods for more details). (B) For, Dixon plot, Enzymatic activity of PxAP
(100uM) was estimated using hemoglobin= 0.5mM (e) and 1mM (m) at different
concentrations of API.
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DISCUSSION

The presence of serine type of activity in Plutella xylostella larvae was previously
reported by Mohan and Gujar, 2003. The present work demonstrates the hemoglobin
hydrolyzing activity of gut homogenate is partly due to the aspartic protease also. The
purified enzyme was inhibited by pepstatin (which is a known inhibitor of aspartic
proteases) while the inhibitors of serine (TPCK and TLCK), cystein (E-64) and
metalloprotease (EDTA) had no effect. The optimum pH for hydrolysis of hemoglobin
isolated fraction was 3-4 while the optimum of fraction of mid-gut contents on the same
substrate was 6-7. This was also observed by Houseman et al., 1984 when working with a
Cathapsin D-like proteinase from R. prolixus, and while working with Cathapsin B&D-
like proteases in C. maculates (Kitch and Murdock, 1986). The utilization of aspartic and
cysteine proteases for extracellular digestion was first described in Hemiptera feeding in
blood or seeds (Houseman et al., 1984). Later cathapsin B like proteases were described
in the bruchids C. maculates (Kitch and Murdock, 1986), and A. obtectus (Wieman and
Nielsen, 1987). After detection and characterization of aspartic protease (this work) and
serine protease in the larval mid-gut of P. xylostella (Mohan and Gujar, 2003), it seems
that both kinds of proteases are much more widespread than was originally suggested
(Mohan and Gujar, 2003). To gain further insight into the details of the hydrolytic
mechanism of aspartic proteases from insect source, specific inhibitors like pepstatin are
necessary, which can act as mechanistic and structural probes.

In this chapter, a novel aspartic protease from Plutella xylostella mid-gut and its
inhibition by API, is reported. During the initial kinetic analysis, PxAP was found to be
inhibited by the Inhibitor with an ICsy and K values of 45 uM and 55 uM respectively.
The Lineweaver-Burk reciprocal plot (Fig. 5) shows that inhibitor was a competitive

inhibitor of PxAP.
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SUMMARY

The inhibition of 1, 4-B-poly-N-acetylglucosaminidase (Chitinase A) from
Serratia marcescens by API is reported in this chapter. ChitinaseA-API kinetic
interactions reveal noncompetitive, irreversible and tight binding nature of API with an
ICsy value 710 nM and K value 510-920 nM. The inhibition progress curves show a two
step slow tight binding inhibition mechanism where first step involves a rapid
equilibrium for formation of reversible enzyme inhibitor complex (EI) that isomerizes to
a stable complex (EI*) in the second step because of inhibitor induced conformational
changes in ChitinaseA (ChiA) with rate constant ke (8.7440.1x107s™). Slower
dissociation rate constant k; (7.32£0.6x10” s™) for EI* to EI and overall inhibition
constant Ki* (6.3-7.5 nM) indicates the tight binding nature of API. CD-spectra analysis
and time dependent Tryptophanyl fluorescence quenching of ChiA incubated with
incresing API concentrations indicates malicious changes in secondary and tertiary
conformation of ChiA, which is correlated to the isomerization of EI to EI* and to the
irreversible conformationally locked EI** complex. Abolished isoindole fluorescence of
o-phthalaldehyde (OPTA)-labeled ChiA proves that Aspl residue of API binds to the
Lysine and Histidine residues present near active site of ChiA which disrupt electronic
microenvironment and hydrogen-bonding network near the active site of ChiA. For the
first time, it is also shown the importance of near active site residues in ChiA and model

can be applied to study other enzymes.
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INTRODUCTION

I. Chitinases

Chitinases (EC 3.2.1.14) hydrolyze the -1, 4-glucosidic bonds of chitin (Flach et
al., 1992) and are commonly found in a wide variety of organisms, including virus
(Hawtin et al., 1997), fungi (Gooday et al., 1986; Chet and Inbar, 1994; Ohtakara, 1961),
plants and animals (Boller, 1985; Powning and Irzykiewez, 1965; De Jong et al., 1993;
Overdijk et al., 1994; Stintzi et al., 1993), insects (Hamamura and Kanehara, 1940),
crustaceans (Lunt and Kent, 1960) and bacteria (Clarke and Tracey, 1956; Roberts and
Cabib, 1982; Watanabe et al., 1990; Morgavi et al., 1994). The roles of these chitinases
differ in the various hosts. In fungi, chitinase activity plays a physiological role in apical
growth and morphogenesis of fungal hyphae (Gooday et al., 1986; Ohtakara, 1961). The
production of chitinases in higher plants is considered part of their defense system against
fungal infection (Shinshi et al., 1987). Bacterial chitinases appear to have a nutritional or
scavenging function in the decomposition of insoluble chitin and also the utilization of
chitin as a carbon and energy source. In recent years, bacterial chitinase genes from
Alteromonas (Tsujibo et al., 1993), Bacillus circulans (Watanabe et al., 1990), Vibrio
harveyi (Soto-Gil and Zyskind, 1984) and Vibrio vulnifucus (Wortman et al., 1986) have
been cloned and characterized. Some of these microorganisms produce several chitinase
species with different molecular masses (Diekmann et al., 1989; Takayanagi et al., 1991;
Tarentino and Maley, 1974; Watanabe et al., 1990). This diversity in the microbial
chitinases has been studied. Some chitinase isoforms derive from other chitinases.
Recently it has been proposed that several chitinases can derive from a larger primary
gene product by post-translational proteolytic cleavage in Streptomyces olivaceoviridis
(Romaguera et al., 1992). In Janthinobacterium lividum, a 56-kDa extracellular chitinase
was derived from a 69-kDa chitinase (Gleave et al., 1995). Watanabe et al., 1990 reported
that the multiplicity of chitinases in Bacillus circulans is due to proteolytic modification
of one or two precursor proteins. However, Sang et al., 1997 previously cloned genes
encoding small 22-kDa chitinases from Serratia marcescens KCTC2172, which indicates
that not all small chitinase species are derived from higher molecular mass chitinases by

post-translational proteolysis.
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i) Classification of chitinases

Based on amino acid sequences of glycosyl hydrolases, (Henrissat, 1991) grouped
chitinases in to three families 18 and 19. Both families 18 and 19 are comprised of
endochitinases from different sources, such as viruses, bacteria, fungi, insect and plants.
Family 19 mainly comprising of plant chitinases. The enzymes N-acetylglucosaminidase
(EC 3.2.1.30) from Vibrio harveyi, N-acetylhexosaminidases (EC 3.2.1.52) from human
and Dictyostelium discoideum are grouped in family 20. In 1993, 1995 and 1996,
Henrissat and Bairoch, studied additional sequences and included enzymes like endo-N-
acetylglucosaminidase (EC 3.2.1.96) from Flavobacterium species in to family 18. With
the help of known chitinase gene sequences, Perrakis et al., 1993 attempted to group
them in to two distinct Classes I and II that correspond to families 19 and 18 of glycosyl
hydrolases, respectively from the classification by Henrissat, 1991. Plants produce a large
number of chitinase isozymes, as defense response against pathogens, which are tissue-
specific and developmentally regulated. They are classified according to their sequences
into six classes (Iseli et al., 1996a). The characteristics that determine class of chitinases
include: N-terminal sequence, localization of the enzyme, isoelectric pH, signal peptide
and the inducers. For instance, the characteristics of chitinases belonging to Class I were:
cysteinerich N-terminal, leucine or valine- rich signal peptide and vacuolar localization
(Flach et al., 1992). It was further subdivided as sub Class Ia and Ib based on the basic
and acidic nature, respectively of chitinases. The Class I chitinases were found to be
restricted to the plant sources, whereas Class Il enzymes were present in plants, fungi and
bacteria too. Class II chitinases that were pathogen induced, lack the cysteinerich N-
terminal domain, but had sequence similarity with Class I chitinases. Most of the Class I
chitinases were endo-chitinases and Class II chitinases had exo-action. Class III
chitinases did not show any sequence similarity to enzymes of Class I or II (Collinge et
al., 1993). Although Class IV chitinases had similar characteristics as Class I chitinases
including immunological properties, but they were significantly smaller than Class I
chitinases (Collinge et al., 1993). Classes V and VI included single examples (Iseli et al.,
1996a). The nettle lectin precursor (Class V) showed two chitin binding domains in
tandem. Based on the sequence data, it was suggested that chitin-binding (cysteine-rich)

domain seemed to have been lost several times in the evolution of higher plants. The
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nettle lectin must have evolved faster, due to the reduced selective pressure where the
catalytic domain had lost its function. Considering the significance of all the three
systems of classification, the criteria used for IUB classification of chitinases are
important because finally reaction catalyzed by the enzyme is its key information to
understand its roles and biotechnological applications.
il) Three dimensional structure of chitinases

Enzymes exhibit their function when the proteins fold properly to form
appropriate threedimensional structures. Thus, information of the three-dimensional
structure is essential for studying catalytic mechanism of the enzymes. X-ray
crystallography and NMR spectroscopy are now important strategies for obtaining the
three dimensional structure of macromolecules. The crystal structure of 26 kDa chitinase
from barley seeds, Horduem vulgare L., which is classified into family 19, was first
solved by Robertus and his colleagues at the University of Texas (Hart et al., 1993). After
that, the structures of a 60 kDa chitinase A from Serratia marcescence and a 29 kDa
chitinase from rubber tree, Hevea brasiliensis (hevamine) were solved and reported in the
same journal (Perrakis et al., 1994; Terwisha van Scheltinga et al., 1994). Both are family
18 enzymes. Figures (1) and (2) show the crystal structures of barley chitinase (family
19) and Serratia marcescence chitinase A (family 18). Barley chitinase is composed of
two lobes, each of which is rich in a-helical structure. From a docking calculation of the
chitinase and (GIcNAc)g, the substrate binding cleft is estimated to lie between the two
lobes (Hart et al., 1995). The hypothetical binding cleft is composed of two a-helices and
three-stranded [-sheet. The structure of family 18 chitinase from S. marcescence
(chitinase A) is completely different from that of family 19 chitinase from barley seeds.
The family 18 chitinase has a typical (a/p)s barrel structure composed of eight a-helices
and an eight stranded B-sheet. In addition to the main barrel domain, it has an N-terminal
B-strand-rich domain and a small (a+f) domain. The crystal structures of other family 18
chitinases exhibit similar barrel structure. Apparently, in family 18 chitinases, the
sequence homology results in the similarity in three-dimensional structure.
iii) Catalytic mechanism of family 18 and 19 chitinases

The reaction mechanisms of family 18 and 19 chitinases differ significantly and

are both well established. Chitin binds to the active site groove of family 18 chitinases
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with the GlcNAc units stacking on the solvent exposed tryptophans, with the -1 sugar
assuming a boat conformation (step (i), Fig. 3).(Tews et al., 1997; van Aalten et al., 2001,
Brameld and Goddard, 1998). Furthermore, chitin binding results in a reorientation of the
Aspl75 side chain, replacing its hydrogen bond to the carboxyl group of Aspl173 with
hydrogen bonds to the carboxyl group of the catalytic acid Glul77 and the -1 C2- Aceta-
mido group of the substrate. Nucleophilic attack of the carbonyl oxygen of the acetamido
group on the anomeric C1 carbon of the same pyranose ring occurs concurrently with
protonation of the glycosidic oxygen by the catalytic acid, generating the leaving group
from the reducing end of chitin as well as an oxazolinium ion intermediate (step (ii), Fig.
3).( van Scheltinga et al., 1995; Tews et al.,1997; van Aalten et al. 2001; Brameld and
Goddard, 1998). This step differs from the classical retaining mechanism of glycosyl
hydrolases such as lysozyme, cellulase, xylanase and endo-1,3-1,4-p-D-glucan-4-
glucanohydrolase that use a carboxylate side chain as the nucleophile (Zechel and
Withers 2001). For the family 19 chitinases, HPLC (Iseli et al., 1996b) NMR (Hollis et
al., 1997) and modeling studies (Brameld and Goddard 1998) have shown that these
enzymes use a carboxylate as a base to activate a water molecule that attacks the CI
position resulting in an inversion of configuration at the C1 anomeric carbon as part of a
single step mechanism. Formation of the oxazolinium ion intermediate in family 18
chitinases has been questioned on the basis of a combined structural and mutational study
on chitinase A from the bacterium Serratia marcescens (SmChiA) Papanikolau et al.,
2001. However, substrate-assisted catalysis is strongly supported by kinetic data on
SmChiA that show that the polarity of the carbonyl group is essential for enzymatic
activity (Honda et al., 2004). Formation of the oxazolinium ion intermediate is supported
by molecular mechanics calculations (Brameld et al., 1998), whereas mutation studies
have indicated that the formation of the intermediate and its stabilization is assisted by
Tyr245 that forms a hydrogen bond to the N-acetyl oxygen (Bokma et al., 2002), thereby
generating an interaction with the oxazolinium oxygen (Tews et al., 1997; van Aalten et

al., 2001).
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Fig. 1. Three dimensional structure of barley chitinase (PDB number 1CNS). This figure
was created using RasMol 2.6.

Fig. 2. Three dimensional structure of S. marcescence chitinase A (PDB number 1CTN).

a-helices are shown by red, and B-strands by yellow. This figure was created using
RasMol 2.6.
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The reorientation of Aspl75 to the “up conformation”, hydrogen bonding with
Glul77 and the oxazolinium nitrogen, is believed to be important for stabilization of the
positive charge on the intermediate (van Aalten et al., 2001). In the final step, hydrolysis
of the oxazolinium ion, regenerating the Nacetyl group, results in overall retention of the
stereochemistry at the C1 anomeric carbon as well as re-protonation of Glul77, and
reorientation of Asp175 to re-generate the hydrogen bond with Asp173 (step (iii), Fig. 3).
Retention of configuration at the anomeric carbon is supported by the binary complexes
of the pseudotrisaccharide allosamidin with hevamine (van Scheltinga et al., 1995).
Serratia marcescens chitinase B (SmChiB) (van Aalten et al., 2001) Coccidioides immitis
chitinase (CiChi) (Bortone et al., 2002) and SmChiA (Papanikolau et al., 2003). These
complexes have the allosamizoline aglycone moiety in an equivalent position to the
oxazolinium ion reaction intermediate (van Aalten et al., 2001). A specific, structurally
well-defined water molecule, located opposite the leaving group (O7 oxygen) relative to
the C1 anomeric carbon, is a putative C1 attacking group whose position is consistent
with retention of the C1 stereochemistry (van Aalten et al., 2001). NMR studies using
family 18 chitinases A1 and D from Bacillus circulans WL-12 also support a molecular

mechanism retaining the anomeric conﬁguration (Armand et al., 1994).

Fig. 3. The catalytic cycle of family
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) / <0 s hydrogen bonds. (i) Binding of
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iv) Transglycosylation

Several chitinases belonging to family 18 were found to catalyze the
transglycosylation as well. On the other hand, there is no report on the transglycosylation
for family 19 chitinases. How does the transglycosylation relate to the retaining
mechanism? A site-directed mutagenesis study of T4 phage lysozyme afforded important
information on the mechanism of transglycosylation. T4 phage lysozyme is an inverting
enzyme, and the enzyme itself does not catalyze the transglycosylation. The crystal
structure of the enzyme is very similar to that of barley chitinase or Streptomyces sp.
N174 chitosanase (Monzingo et al., 1996). Glul1 and Asp20 are essential for catalysis as
a proton donor and an activator of water molecule, respectively.
v) Applications of chitinases
Chitinases have many agricultural and industrial applications (Shaikh and Deshpande,
1993; Zikakis, 1989) that require different types of preparations.

a) Chitinases in plant defence mechnisms

In many plant species, the pathogen invasion induces production of pathogenesis -
related proteins (PR- proteins) like chitinases, B-1,3- glucanases, proteinases, proteinase
inhibitors, etc. (Kombrink and Somssich, 1995). As fungi and insects contain chitin in
their protective covers, induction of chitinases in plants is the main defense response.
Most of these chitinases are induced in vegetative plant organs by infection but some are
also present in seeds. Hadwiger and Beckman, 1980 demonstrated that extracts of the pea
endocarp contain chitinase and chitobiase activity. Most of the chitinases preferentially
cleave highly acetylated substrates and the activities decrease with decrease in the degree
of acetylation. Therefore, increase in the deacetylation level on the surface of hyphae
may be useful for the fungus to resist plant chitinases. And the presence of chitin
deacetylase activity during the formation of infection structures supported this hypothesis
(Deising and Siegrist, 1995). According to Roberts and Selitrennikoff, 1988 chitinases
isolated from the grains of wheat, barley, and maize functioned as endochitinases and
inhibited hyphal elongation of test fungi. In contrast, bacterial chitinases from S.
marcescens, S. griseus and Pseudomonas stutzeri act as exo-enzymes and had no effect
on hyphal extension of test fungi like T. reesei and Phycomyces blackesleeanus. The data

presented by Blaak et al., 1993 and Watanabe et al., 1993 on the presence of fibronectin
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type III domain in bacterial chitinases supported this viewpoint. However, Ordentlich et
al., 1988 attributed slower disease development by Sclerotium rolfsii on bean seeds in
presence of S. marcescens to its high chitinase activity. Furthermore, Shapira et al., 1989
cloned S. marcescens chitinase gene in E. coli and the chitinase preparation obtained was
found to be effective in reducing disease incidence caused by S. rolfsii in beans and R.
solani in cotton under greenhouse conditions. This contradiction in the observations made
by Roberts and Selitrennikoff, 1988 versus Ordentlich et al., 1988 and particularly,
Shapira et al., 1989 may be attributed to the difference in the test fungi used and other
factors that contribute in the killing of pathogenic fungus. S. violaceusniger was reported
to be antagonistic to many plant pathogenic fungi (Trejo—Estrada et al., 1998). The
antagonistic activity was attributed to the production of enzymes like chitinase and
glucanase and antifungal compounds, such as AFA (Anti-Fusarium activity), nigericin
and geldanamycin. Several species of fungi are very potent biocontrol agents of plant
pathogenic fungi and insects. The mycoparasitic and entomopathogenic fungi produce
chitinases for invasion and as one of the host killing components (Mathivanan et al.,
1998; Kang et al., 1998; Higuchi et al., 1998). A Fusarium chlamydosporum strain, a
mycoparasite of groundnut rust, Puccinia arachidis produces an endo-chitinase that
inhibits germination of uredospores of the rust fungus. This indicates the significant
contribution of chitinase in the biocontrol of groundnut rust (Mathivanan et al., 1998).
Chitinolytic enzymes of T. harzianum, a most studied mycoparasitic fungus, were found
to be inhibitory to a wider range of deleterious fungi than similar enzymes from other
sources (Lorito et al., 1993). M. verrucaria crude mycolytic preparation (Vyas and
Deshpande,1989; Deshpande, 1998) was found to be effective against S. rolfsii, a
rootinfecting fungus of groundnut. Govindsamy et al., 1998 and to control a groundnut
rust, P. arachidis. The insect-pathogenic fungi, Beauveria bassiana, B. brongniarti and
Verticillium lecanii produced cuticle degrading enzymes when grown on chitin
containing medium.

b) Mosquito control

The worldwide socio-economical aspects of diseases spread by mosquito make
them potential targets for various pest control agents. In the case of mosquitoes,

entomopthogenic fungus like B. bassiana could not infect eggs of Aedes aegypti, a vector
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of yellow fever and dengue, and other related species may be due to aquatic environment.
The scarabaeid eggs laid in the soil found to be susceptible to B. bassiana (Ferron, 1985).
M. verrucaria, a saprophytic fungus, produces a total complex of an insect cuticle
degrading enzymes (Shaikh and Deshpande, 1993; Deshpande, 1998). It has been seen
that both first (I) and fourth (IV) instar larvae of a mosquito, A. aegypti, can be killed
within 48 h with the help of the crude preparation from M. verrucaria (Mendonsa et al.,
1996).

¢) Chitinase as a target for biopesticides

Chitin is present in the exoskeleton and gut linings of insects. The insect molting
enzyme, chitinase has been described from Bombyx mori, Manduca sexta and several
other species. Similarly, chitinases have been implicated in different morphogenetic
events in fungi (Villagomez—Castro et al., 1993). The pseudotrisaccharide, allosamidin, is
a potent inhibitor of chitinases from most of the sources (Sakuda, 1996). The
allosaminidin was found to be inhibitory after ingestion to the growth of mite,
Tetranychus urticae and a larva of a housefly, M. domestica (Sakuda, 1996).

d) Production of chitooligosaccharides

Biologically active chito-oligosaccharides act as elicitors of plant defense,
involved in the signaling for root nodule formation and are potentially useful in human
medicine too as they showed anti-tumor activity. A chitinase from Vibrio alginolyticus
was used to prepare chitopentaose and chitotriose from colloidal chitin (Murao et al.,
1992). N,N 9-Diacetylchitobiose has been widely used as a starting material for synthesis
of biologically active compounds (Terayama et al., 1993, Kobayashi et al., 1997). A
chitinase preparation from S. griseus was used for the enzymatic hydrolysis of colloidal
chitin. The chitobiose produced was subjected to chemical modifications to give novel
disaccharide derivatives of 2-acetamido-2-deoxy-D-allopyranose moieties that are
potential intermediates for the synthesis of an enzyme inhibitor. Kobayashi et al., 1997
reported use of Bacillus chitinase for the synthesis of chitobiose by combining GlcNAc
and a sugar oxazoline derivative. The GIcNAc itself also is an anti-inflammatory drug
and synthesized from glucose. The GlcNAc administered by iv, intramuscular (im) and
even oral routes was reported to be effective as an anti-inflammatory drug useful for the

treatment of ulcerative colitis and other gastrointestinal inflammation disorders

Ph.D. Thesis 2007 83 University of Pune



Ajit Kumar Chapter 4

(Friedman and Skehan, 1980, Aloise et al., 1996). Nanjo et al., 1989 observed
accumulation of hexamer when tetramer or pentamer were incubated with Nocardia
orientalis chitinase. A chitinase from T. reesei also exhibited similar type of efficient
transglycosylation reaction (Usui et al., 1990). Stoyachenko et al., 1994 reported four
major chitinases from S. kurssanovii. One of them (Chi-26) showed accumulation of
hexamer in the reaction medium containing tetramer and pentamer.

e) Single cell protein production

Revah—Moiseev and Carrod, 1981 used chitinase from S. marcescens and yeast,
Pichia kudriavzevii to hydrolyze chitinous material to single cell protein (SCP) that was
acceptable as aquaculture. Fungi, in general used as the source for SCP are Hansenula
polymorpha, M. verrucaria, Candida tropicalis, P. kudriavzevii, S. cerevisiae etc. (Vyas,
1991). The criteria used to evaluate SCP production are growth yield, total protein and
nucleic acid contents. The best reported organism was S. cerevisiae that exhibited 60%
protein and 1 to 3% nucleic acid contents. The P. kudriavzevii had 45% protein and 8 to
11% nucleic acid contents (Revah—Moiseev and Carroad, 1981). Vyas and Deshpande,
1991 used M. verrucaria chitinase preparation for chitin hydrolysis and S. cerevisiae for
SCP. The high N-acetylglucosaminidase activity in the culture filtrate of M. verrucaria
yielded high levels of GlcNAc. The total protein contents were reported to be 61% with
very low contents of nucleic acids (3.1%).

f) Application of chitinases in biological research

As chitinases play a very critical role in the dissolution of cell walls of fungi, they
are very useful for the generation of fungal protoplasts. Dissolution of cell wall by
chitinase was first observed by Skujins et al., 1965 where they found a Streptomyces
chitinase to effectively lyse hyphal walls of Aspergillus oryzae and Fusarium solani.
Next, Johnson et al., 1979 used a chitinase containing cul-ture filtrate of Bacillus
circulans WL12 to generate spheroplasts of Phaffia rhodozyme. Similarly, a commercial
preparation of chitinase and cellulase was used to release protoplast from Caprinus
pellucidus (Yanagi and Takabe, 1984) and Caprinus macrorhizus (Moringa et al., 1985).
Chitinase from Trichoderma harzianum has shown most effeciency in the generation of a
variety of fungal protoplasts (Kitamoto et al., 1988; Kumari and Panda, 1992). Likewise,

the use of chitinase (either separately or as a combination with other enzymes) in
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generation of protoplasts has been extensively examined (Moriguchi and Kotegawa,
1985; Ishikawa and Oishi, 1985; Hermova and Selitrennikoff, 1987; Sandhu, et al., 1989;
Yu and Chang, 1987; Ramaguero et al., 1993).

g) Use of chitinase in degradation of fish waste

The monomer of chitin, N-acetyl-D-glucoseamine is very useful in the
manufacture of chemical and pharmaceutical intermediates and food products such as
sweeteners and growth factors (GyoErgy and Rose, 1955). N-acetyl- D-glucosamine is
conventionally prepared by complete hydrolysis of chitin with strong mineral acids or by
chemical synthesis from glu coseamine (Purchase and Braun, 1946; Inouye et al., 1956).
These processes involve high cost and corrosion problems due to which the costs of N-
acetyl-D-glucoseamine or its oligimers are still prohibitive. In the last two decades there
has been a lot of focus on the production of N-acetyl-D-glucosamine through enzymatic
hydrolysis of chitin. Revah-Moiseev and Carroad, 1981 as well as Tom and Carroad,
1981 have described a process for the bioconversion of shell fish waste to N-acetyl
glucose-amine and other valuable products.

h) Miscellaneous applications

Fungal protoplasts have gained substantial importance in the mycological
research as well as in strain improvement program for biotechnological applications
(Peberdy, 1989; Lee et al., 1993; Gokhale, 1992). One of the major components of the
fungal cell wall lysing enzyme complex is chitinase/chitosanase. It has been seen using
various mycolytic enzyme preparations singly or in combination for protoplast isolation
that high chitinase levels permit effective fungal mycelia degradation (Vyas and
Deshpande, 1989; Kelkar et al., 1990). The lectins due to their specific monosaccharide-
binding properties can be used to locate sugar residues in thin sections of plants and
fungi. Similarly chitinases can also be employed to locate fungal pathogens that have
chitinous cell wall. The chitinase-gold complex can be used for this purpose (Benhamou
and Asselin, 1989). A wide spread ability to produce N-acetylglucosaminidase has been
observed in fungi in presence and absence of added chitin in the growth medium.
Although N-acetylglucosaminidase activity was found to be expressed in a limited
number of bacteria (Miller et al., 1998). Therefore, N-acetylglucosaminidase activity

measured on fluorogenic substrates of the soil samples was significantly correlated with
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the estimate of fungal biomass, based on the levels of 18:2w6 phospholipid fatty acid and
ergosterol. Similarly, using chitinase and chitin-binding protein a method has been
suggested for the detection of fungal infection in humans (Laine and Lo, 1998).
vi) Cloning and molecular genetics of chtinases

The genetic improvement plays an important role in chitinases biotechnological
applications. The mutation, protoplast fusion and molecular cloning are being effectively
used to achieve overproduction of chitinases, to change in their localization viz.
periplasmic or extracellular and to understand the organism itself. Molecular cloning of
chitinase genes has been reviewed earlier (Shaikh and Deshpande, 1993; Flach et al.,
1992, Kramer and Muthukrishnan, 1997; Sahai and Manocha, 1993, Tews et al.,
1996a,b). The constitutive, extracellular activity the co-transformation of Trichoderma
reesei protoplasts with Aphanocladium album chitinase was reported (Deane et al., 1999).
Number of reports on molecular cloning for chitinases either to increase biocontrol
efficiency of B. thuringiensis, to prepare highly active chitinase preparation or even
transgenic plants for the increased resistance has been described (Wiwat et al., 1996;
Watanalai et al., 1997, Tantimavanich et al., 1997). The B. thuringiensis strains produce
B-toxin that kills number of insect pests. Two chitinase genes from Coccidioides immitis,
a human pathogenic fungus have been cloned and sequenced (Pishko et al., 1995). To
obtain large amount of chitinase for chemotherapeutic studies, a Cht gene from B. malayi
microfilariae from infected jirds was cloned and expressed in E. coli (Southworth et al.,
1996). In plants, chitinases are induced by the pathogen attack, elicitors, growth
regulators, heavy metals as well as wounding (Kombrink and Somssich, 1995; Kim et al.,
1998, Ancillo et al., 1999). The molecular cloning was used to study their localization,
expression pattern and molecular properties. The Class II chitinase encoded by Rcht 2
gene of rice was produced as a fusion protein in E. coli confirming that the gene codes for
a functional enzyme (Kim et al., 1998). The induction of Rcht 2 chitinase by fungal
elicitor is affected by phosphorylation/ dephosphorylation mechanism (Kim et al., 1998).
In potato a distinct basic chitinase, Cht C of Class I gene family was reported to be

expressed in the epidermal cells (Ancillo et al., 1999).
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II. Chitnases inhibitors

Chitinase inhibitors have chemotherapeutic potential against fungi (Hollis et al.,
2000; Sandor et al., 1998), insects (Sakuda et al., 1987) and malaria transmission (Vinetz
et al., 1999; Vinetz et al., 2000). Recently, chitinase inhibitors were also suggested to
have anti-inflammatory potential against asthma and allergic diseases, including atopic
dermatitis and allergic rhinitis (Zhu et al., 2004). Although a few synthetic chitinase
inhibitors for family 18 exist, the majority of effective (i.e. nM range) inhibitors are
natural products. These vary widely in structure and include cyclic peptides (Izumida et
al., 1996; Omura et al., 2000; Arai et al., 2000; Shiomi et al., 2000; Arai et al., 2000),
amino acidderived materials (Tabudravu et al., 2002), pseudotrisaccharides (Sakuda et
al., 1987; Nishimoto et al., 1991; Sakuda et al., 1986), complex alkaloids (Kato et al.,
1995) and simple purinederived heterocycles (Rao et al., 2005). The need to understand
the mode of binding of such inhibitors has led to detailed crystallographic investigations
of chitinase—inhibitor complexes along with complementary kinetic, mutational and
computational studies. These studies have also elucidated the reaction mechanism of this
family of enzymes, and numerous examples of bound inhibitors mimicking reaction
intermediates have been observed (Rao et al., 2005; van Aalten et al., 2001).
i) Kinetics and modes of binding of chitinase inhibitors

Most known chitinase inhibitors are classical reversible inhibitors that compete
with the substrate by blocking its binding site, usually mimicking the stacking to one or
more of the subsite tryptophans through n-m or other hydrophobic interactions and
generating hydrogen bonds with potential partners in the active site. However, over the
past two decades a range of natural product chitinase inhibitors have been identified and
characterized, and in recent years, numerous crystal structures of chitinase-inhibitor
complexes have been published (Tabudravu et al., 2002; Rao et al., 2005; Bortone et al.,
2002; Papanikolau et al., 2003; Rao et al., 2003; Vaaje-Kolstad et al., 2004; van Aalten et
al., 2001; Houston et al., 2002; Rao et al., 2005a; Houston et al.,2002a; Houston et al.,
2004). Most of these inhibitor complexes are of the “bacterial-type” chitinases, whereas

only one “plant-type” chitinase complex has been published (van Scheltinga et al., 1995).
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i) The pseudotrisaccharide allosamidin and its derivatives

Allosamidin (Fig. 4b), a pseudotrisaccharide first isolated from the mycelium of
Streptomyces sp. (Sakuda et al.,1987; Sakuda et al., 1986) is the most extensively studied
chitinase inhibitor. Various biological properties have been reported associated with its
activity as a chitinase inhibitor, including inhibition of cell separation in fungi (Kuranda
and Robbins, 1991; Sakuda et al., 1990), toxicity towards insect larvae (Sakuda et al.,
1987; Sakuda et al., 1986; Blattner et al., 1994) and blocking of malaria parasite
penetration into the mosquito midgut (Shahabuddin et al., 1993). Most recently,
allosamidin has been shown to ease lung inflammation in a mouse model of asthma (Zhu
et al., 2004). Allosamidin is in general reported to be a competitive chitinase inhibitor
(Dickinson et al., 1989), although non-competitive inhibition has also been reported
(McNab and Glover, 1991). The structure of allosamidin is composed of two N-
acetylallosamine residues and an aminocyclitol aglycone, allosamizoline (Fig. 5).
Investigation of the biosynthesis of allosamidin in Streptomyces sp. has revealed that both
N-acetylallosamine sugars and the carbocyclic moiety of allosamizoline are derived from
Dglucosamine whereas the oxazoline group is derived from L-Arg and L-Met (Fig. 6)
(Zhou et al., 1992). Binding of allosamidin to chitinases has been investigated through
crystal structures using hevamine (van Scheltinga et al., 1995), SmChiB (Vaaje-Kolstad
et al., 2004; van Aalten et al., 2001), CiChi (Bortone et al., 2002), human chitotriosidase
(HCHT) (Rao et al., 2003), SmChiA (Papanikolau et al., 2003) and AfChiB1 (Rao et al.,
2005). It is likely that bound allosamidin resembles the oxazolinium ion reaction
intermediate of the substrate-assisted reaction mechanism, thus generating favourable
interactions leading to tight binding. Ki values of 60nM and 230nM have been reported
for Candida albicans chitinase (Dickinson et al., 1989) and CiChi (Bortone et al., 2002)
respectively. 1Csy values have also been reported for allosamidin against numerous
chitinases (Table 2) ranging from strong inhibition of HCHT (Rao et al., 2003) and
Bombyx mori chitinase (Sakuda, 1996) to relatively weak inhibition of Saccharomyces
cerevisiae chitinase (Nishimoto et al., 1991). Allosamidin binds to the different chitinases
in a similar way, with the two N-acetylallosamine sugars occupying the -3 and -2 subsites
in an identical fashion to the corresponding N-acetylglucosamine substrate units. The

allosamizoline unit binds in the -1 subsite as an exactmimic of the oxazolinium ion
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reaction intermediate, making similar hydrogen bonds from the allosamizoline nitrogen
and oxygen to the side chains of Asp175 and Tyr245, respectively (Rao et al., 2003; van
Scheltinga et al., 1995; Vaaje-Kolstad et al., 2004; van Aalten et al.; 2001). Moreover,
Aspl75 is in the “up conformation” forming an additional hydrogen bond with Glul77,
similar to that observed for the reaction intermediate (Papanikolau et al., 2003; Rao et al.,
2003; van Scheltinga et al., 1995; Vaaje-Kolstad et al., 2004; van Aalten et al., 2001). In
addition to conserved stacking interactions with Trp52 (only present in “bacterial-type”
family 18 chitinases) and Trp384, hydrogen bonds are formed between the allosamizoline
C6-hydroxyl and the side chain of Asp246, between the allosamizoline C4 hydroxyl and
the backbone nitrogen of Trp137, between the acetyl of the-2 sugar and the side chain of
Trp384, between the C5 hydroxyl of the -2 sugar and the backbone nitrogen of Thr 138,
between the acetyl group of the -3 sugar and the side chain of Thr138 and between the C5
hydroxyl of the -3 sugar and the side chains of Arg57 and Glu322. These interactions are
almost fully conserved amongst family 18 chitinases. Several naturally occurring
analogues of allosamidin have been identified and isolated (Nishimoto et al., 1991) from
Streptomyces sp., and tested for chitinase inhibition, namely methylallosamidin, (Isogai et
al., 1989), N-demethylallosamidin, methyl-N-demethylallosamidin, glucoallosamidinsA
and B (Somers et al., 1987) and didemethylallosamidin (Zhou, et al., 1993). N-
demethylallosamidin has been shown to be a better protector of lysis of Saccharomyces
cerevisiae daughter cells (Cabib et al., 1992) and is a stronger inhibitor of HCHT than
compound allosamidin (Rao et al., 2003).

Table 2. ICsq values of allosamidins against various family 18 chitinases (nM) ©'¢ ¢t#}-200-

Chitinase Allosamidin derivative

1 3 4 5 6 7
HCHT Rao etal. 2003) 40 2.6 1.9 Nd. N.d 80
Mouse acidic mammalian chitinase®°° ¢t al- 200D 400 N. d. N.d. N.d. N.d N. d.
Neurospora crassa™MNab and Glover. 1991) 1600 N.d.  N.d. Nd N.d N.d
Trichoderma harzianum®#ud2 1996) 1300 1900 1300 N.d. N.d. 2600
Bombyx morjSakuda. 1996) 48 65 81 Nd. N.d. 65
Candida albicans™ishimoto etal.1991:Dickinson et al., 1989) 300/10000 14000 1200 960 5300 1300
Saccharomyces cerevisige Nishimeto etal. 1991) 54 000 58000 490 640 49000 800
Trichoderma sp. Nishimoto etal. 1991) 1300 1900 1300 210 1400 2600
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Fig. 4 (a) Ligand binding to chitinase active sites. A SmChiB—GIcNAc5, B Af ChiBl-
allosamidin, C SmChiB—CI-4, D Af ChiBl1-argifin, E Af ChiBl-argadin and F Af ChiB1—caffeine.
Residues involved in direct ligand interactions are shown (selected residues in A omitted for
clarity). Residue numbering is according to Af ChiB1 for all complexes; hydrogen bonds defined
by WHAT IF120 are shown in green. Ligand carbon, magenta; protein carbon, grey; oxygen, red;
nitrogen, blue; sulfur, yellow. Subsites (+2, +1, —1, —2 etc.) are also indicated. (b) Chemical
structures of ligands depicted in Fig. 4a, (Andersen tal. 2009
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Fig. 5. Allosamizoline and naturally occurring allosamidins. Fig. 6. Biosynthetic origin of allosamidin.

i) Psammaplins

PsammaplinA (Fig.7) is a member of a family of compounds with antibacterial
and antitumour properties that are derived biosynthetically from bromotyrosine and
cysteine. PsammaplinA was originally isolated from the sponge Psammaplysilla
purpurea, collected in the region of Tonga by Quinoa et al., 1987; Jimenez andCrews,

1991 and subsequently identified independently from other sources by the groups of

Rodriguez et al., 1987 and Arabshahi and | it : i

r- =N | N,»VS S%N | Br
Schmitz, 1987. Tabudravu et al., 2002 | J N, " "N

HO OH HO OH
showed that psammaplinA is a modest R Ré
inhibitor of Bacillus sp. Chitinase (ICsy = Ry Ra

(Psammaplin A) H H

68uM) giving a mixed non-competitive (Psammaplin K) H  OH
. ey e . (Psammaplin L) OH OH
inhibition at lower concentrations and an —_— P

uncompetitive inhibition at higher Fig. 7. Psammaplins tested for chitinase inhibitory activity.
concentrations. PsammaplinA was further determined to be a non-competitive inhibitor
of SmChiB with a Ki of 148 uM and an ICsy of 100 uM (Tabudravu et al., 2002). The
closely related derivatives psammaplinK and L (Fig.7), and the dimeric analogue,
bisaprasin (Fig.7) showed no significant inhibition of Bacillus sp. chitinase. Further
members of the psammaplin family have since been isolated by Pina et al., 2003 but no
chitinase inhibitory activity has so far been reported. The crystal structure of SmChiB in
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complex with psammaplinA shows undefined electron density in the active site consistent
with conformational flexibility and disordered binding of the inhibitor (Tabudravu et al.,
2002). Aspl175 is partially in the “up conformation” pointing towards Glul77 indicating
partial binding in the -1 subsite. The precise binding mode of this inhibitor to family 18
chitinases has thus so far not been established.

iii) Styloguanidines

The styloguanidines are a small group of natural products that possess a unique
hexacyclic bis-guanidine structure. Styloguanidine (Fig. 8) itself and two brominated

analogues A and B (Fig. 8) were isolated by Kato et al., 1995 from the sponge Stylotella

aurantium, collected in the Yap Sea. ; o ;"‘""Z |
Also isolated was the isomeric ] N " oH
alkaloid palauw’amine C (Fig. 8), 8 HN_;@“ NH
which had previously been obtained stloguanidine o 1" NH
by Kinnel et al., 1993 and Kinnel et . AN . e

al., 1998 from Stylotella agminata,

collected in the Western Caroline

NH NH

Islands.  Kato  reported  that

analogue B analogue C
styloguanidine and analoques (A

Fig. 8. Styloguanidines, palau’amine and synthetic

&B) showed inhibitory activity towards intermediates.

a bacterial chitinase from Schwanella sp. and also inhibited the moulting of cyprid larvae
of barnacles. Although a range of interesting biological properties has been reported for C
(cytotoxic, antibiotic, antifungal, immunomodulatory), no inhibition of chitinases has yet
been noted.

iv) Cyclic proline-containing dipeptides

The cyclic dipeptide, cyclo (L-Arg-D-Pro) (CI-4, Fig. 4b), produced by the
marine bacterium Pseudomonas sp. 12208, was isolated and identified as a chitinase
inhibitor by Izumida et al., 1996a. They prepared CI-4 and the stereoisomers A and B (Fig.
9) and evaluated them against chitinase from Bacillus sp. CI-4 gave 17.2% inhibition of
this enzyme at a concentration of 1 mM, the L-L diastereoisomer A was slightly more

potent giving 18.4% inhibition at the same concentration, while B only showed 4.9%

inhibition (Izumida et al.,1996a). Using the agar plate method, Izumida et al.,1996a also
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detected chitinase inhibitory activity for CI-4 and A at a concentration of 50 pgper disk,

whereas weaker inhibition was observed for B,

consistent with the enzyme kinetics data. CI-4 has since

been shown to competitively inhibit SMChiB with a Ki H,N Hmﬁ}
of 0.65 mM (Houston et al., 2002a) and an ICsy of 1.2 \E; o

mM (Houston et al., 2004) whereas an IC50 value of Arg. Fra

6.3 mM has been reported for A (Houston et al., 2004). A L L

CI-4 was also shown to inhibit cell separation in

Fig. 9. Stereoisomers of 100 (CI-4)

Saccharomyces cerevisiae and blocked morphological | & 1o pie inhibitory activity.

changes in Candidaalbicans, presumably through inhibition of chitinases in these
organisms (Izumida et al., 1996a). Crystallographic and kinetic studies of other cyclic
dipeptides related to CI-4 have also been reported (Houston et al., 2004). The structure of
SmChiB in complex with CI-4 shows that the latter mimics the reaction intermediate
(panel C, Fig. 4a) with the proline unit and the cyclic dipeptide backbone of the similarly
sized two-ring structure coinciding with the oxazoline and pyranose rings of the reaction
intermediate, respectively (Houston et al., 2002a). The hydrogen bond between the D-Pro
carbonyl oxygen and the Tyr245 hydroxyl group also imitates the corresponding
hydrogen bond involving the oxazoline nitrogen of the reaction intermediate. Likewise,
the hydrogen bond between the L-Arg carbonyl oxygen and the main chain nitrogen of
Trp137 reproduces the corresponding interaction that involves the hydroxyl group of the
pyranose moiety. Additionally, a water-mediated hydrogen bond is observed between the
L-Arg backbone nitrogen to the carboxyl group of Asp246, mimicking the direct
hydrogen bond from the hydroxymethyl group of the intermediate to the Asp residue. An
additional hydrogen bond involves the L-Pro backbone nitrogen and the side chain of
Glul7s.

v) The cyclopentapeptides argifin

The cyclopeptide argifin (Fig. 4b), isolated from the fungal strain Gliocladium sp.
FTD-0668 (Omura et al., 2000; Arai et al., 2000; Shiomi et al., 2000) was the first non-
sugar molecule to show chitinase inhibition in the submicromolar range (Shiomi et al.,
2000). Cyclopeptide argifin consists of an N-methyl carbamoyl-derivatised L-Arg, an N-
methyl L-Phe, two B-L-Asp and a D-Ala residue. The unusual acylated Arg residue plays
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a key role in the binding of cyclopeptide argifin to family 18 chitinases. ICsy values of
3.7, 1.1 and 4.5 uM were obtained against Lucilia cuprina (blowfly) chitinase (Shiomi et
al., 2000), Af ChiB1 and HCHT (Rao et al., 2005a) respectively. A Ki of 33 uM was
obtained against SMChiB (Houston et al., 2002) whereas a Kq of 0.46 uM has been
reported for Af ChiB1 (Rao et al., 2005a). Crystallographic structures of binary enzyme-
cyclopeptide argifin complexes have been determined for SmChiB (Houston et al., 2002).
Af ChiB1 and HCHT (Rao et al., 2005a). The structures reveal that cyclopeptide argifin
binds to subsites -1, +1 and +2, interacting with residues Trp384, Trp137 and Phe251 that
are conserved hydrophobic residues in family 18 chitinases (panel D, Fig. 4a).
Cyclopeptide argifin binds in a similar fashion to the three different chitinases and itself
contains one intramolecular hydrogen bond linking the carbonyl group of the D-Ala to
the nitrogen of the first f-Asp. The N-methyl-carbamoyl moiety packs in the active site
pocket so as to interact with the side chains of Tyr48 and Trp384; its nitrogen hydrogen
bonds to the carboxyl groups of Aspl75 and Glul77, whereas its oxygen hydrogen bonds
to the hydroxyl group of Tyr245. The Arg residue also forms a salt-bridge-like interaction
with the catalytic acid Glul77. Parts of the binding pattern of the N-methylcarbamoyl
group resemble that seen for the natural substrate in which the N-acetyl group of the
distorted -1 sugar in the SmChiB-GIcNAcS structure overlaps with the N-methyl-
carbamoyl group thereby retaining the hydrogen bonds to Asp175 and Tyr245. Likewise,
one of the hydrogen bonds to the catalytic acid is preserved, while Asp175 is retained in
the “up conformation” pointing towards the catalytic acid. An additional hydrogen bond
conserved amongst chitinases is observed between the first f-L-Asp side chain and the
Trp137 side chain. In addition, stacking interactions are formed between the L-Phe side
chain of cyclopeptide argifin and the side chains of Phe251 and Trp137. The higher
affinity of cyclopeptide argifin towards Af ChiB1 compared to SmChiB can be explained
by a slight shift in the binding of cyclopeptide argifin to Af ChiB1 (maximum backbone
coordinate shift of 1.9 A°) (Rao et al., 2005a) that generates specific hydrogen bonds
between the LArg side chain and the Asp246 carboxyl group and between the L-Arg
carbonyl and the Arg301 side chain. In addition, a higher number of water-mediated
hydrogen bonds linking cyclopeptide argifin with the protein are observed in the Af
ChiB1 complex.
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vi) The cyclopentapeptides argadin

Shortly after the isolation of cyclopeptide argifin was reported, a further
cyclopentapeptide, argadin (Fig. 4b), was obtained from fungal strain Clonostachys sp.
FO-7314 (Arai et al, 2000). Argadin consists of an acetylated L-Arg, a D-Pro, a
backbone cyclised L-Asp-bsemialdehyde, an L-His and an L-aminoadipic acid residue.
The published inhibition and binding constants for argadin against representative
chitinases are generally lower compared to argifin, with ICsy values of 150 nM against
Lucilia cuprina chitinase (Arai et al., 2000). 0.5 uM against Af ChiB1 (Rao et al., 2005a)
and 13 nM against HCHT (Rao et al., 2005a). A Kd of 0.81 uM was obtained against Af
ChiB1 and a Ki of 20 nM was obtained against SmChiB (Rao et al., 2005a). Compound
argadin has also been shown to arrest the moulting of cockroach larvae upon injection
into the ventral abdominal part (Arai et al., 2000). Compared to argifin, argadin has a
smaller cyclic backbone, generating a more compact structure. The hemiaminal unit and
the D-Pro restrict torsion involving the main chain, thus possibly contributing to a more
rigid structure for argadin. Moreover, four conserved intramolecular hydrogen bonds
(aminoadipic carbonyl to hemiaminal nitrogen, aminoadipic nitrogen to hemiaminal
hydroxyl group and two bonds from the aminoadipic carboxyl group to the Arg side
chain, panel E, Fig. 4a) are present in the binary SmChiB (Houston et al., 2002), Af
ChiB1 and HCHT- argadin (Rao et al., 2005a) complexes to further stabilize the inhibitor
conformation upon binding to chitinases. An additional intramolecular hydrogen bond
between the aminoadipic carboxyl group and the backbone nitrogen of L-Arg is observed
in the Af ChiB1 and HCHT complexes. While, like argifin, argadin is seen to bind to
subsites -1, +1 and +2 in the complexes with SmChiB, Af ChiB1 and HCHT, this binding
is surprisingly different compared to argifin with the His side chain instead of the Arg
pointing inside the active site pocket. The binding pattern of the His residue of argadin
mimics that of the natural substrate in a similar fashion to that observed for binding of
argifin, with the L-His side chain hydrogen bonding the side chains of Aspl75 and
Tyr245; however the Aspl75 is in the “down conformation” pointing towards Asp173.
The peptide backbone of argadin binds noticeably deeper in the active site than that of
argifin allowing hydrogen bonds between the hemiaminal carbonyl and the side chain of

Asp246 whereas two hydrogen bonds are observed between the L-Arg carbonyl and the
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side chain of Arg301. Mutation, crystallographic and kinetic studies have determined that
the stacking interactions with Trp384, Trp137 and Phe251 (corresponding to the -1, +1
and +2 subsites) are the main contributors for cyclopentapeptide binding and specificity.
Consequently, “plant-type” family 18 chitinases are believed to be poor targets for argifin
or argadin, as these enzymes do not possess all of these conserved side chains. The
published inhibition and binding constants of the cyclopentapeptides show that chitinases
(except Af ChiB1) have a marked preference towards argadin over argifin. The difference
can be explained by the more rigid structure of argadin, and a deeper binding in the active
site that displaces more water molecules allowing a larger contact surface with the
protein (130-148 A°) compared to argifin (112-133 A”) (Houston et al., 2002; Rao et al.,
2005a). The stronger Af ChiB1 inhibition of argifin relative to argadin can be explained
by Trp384 adopting a different conformation upon binding of a, thereby maximizing the
stackingwith the guanylurea moiety. Moreover, a few enzyme-specific differences are
observed in the hydrogen-bonding pattern.

vii) Methylxanthines

Methylxanthines have been found in as many as sixty different plant species and
include the well known compounds caffeine (Fig. 4b), theophylline and theobromine

(Fig. 10). Caffeine and theophylline have recently & H o
W O
A
0 T N

/
been identified as chitinase inhibitors, with | )
D{.’)‘-—urrl.-f"““ﬁn

Methylxanthines  Thepbromine

inflammatory ~ activities related to asthma theophylline
) Fig. 10. Methylxanthines theophylline
(Weinberger and Hendeles, 1996). caffiene and  and theobromine.

theophylline previously having been shown to act

as a bronchodilator, and to have several anti-

theophylline were shown to be competitive Af ChiB1 inhibitors and crystallographically
determined to bind in an identical fashion in the -1 subsite, mimicking the oxazolinium
ion intermediate by hydrogen bonding the side chains of Asp175 (theophylline only) and
Tyr245 as well as the main chain of Trp137 (panel F, Fig. 4a). Despite the loss of one
hydrogen bond and a displacement of Aspl75 to the “down conformation” pointing
towards Aspl73, caffiene was shown to be the more potent Af ChiB1 inhibitor compared
to theophylline with ICsy values of 469 and 1500 uM, respectively. Inhibition of human

acidic mammalian chitinase has also been reported by Rao et al., 2005. The preparation
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of xanthine-type molecules related to caffeine, theophylline and theobromine are quite
straight forward and there should therefore be considerable scope for the synthesis of a
variety of analogues of this kind.

viii) Miscellaneous inhibitors

A few other reports of chitinase inhibitory activity have appeared for other natural
products, but so far no crystallographic information have been reported for these
molecules. Nitoda et al., 2003 have reported the oH o oH o
identification ofa water-soluble polysaccharide \I/J\/ﬂ/_iﬁ \Hjic
from screening of fungal broths that is a potent S

B

inhibitor of a chitinase from Spodoptera litura A

(ICso = 28 nM) (Nitoda et al., 2003). The isolated Iy _q OH o
molecule, with an estimated molecular weight of /\(jl\{e /\]):ifc‘
16 kDa, was partially characterised and shown to C or D

contain glucose, galactose, N-acetylglucosamine Fig. 11. o,B-Unsaturated y-lactones

and a deoxysugar. Braun et al., 1995 isolated four isolated Streptomyces antibioticus.
a,B-Unsaturated y-lactones A-D (Fig. 11) from Streptomyces antibioticus that were weak

inhibitors of a chitinase from S. marcescens.

The present chapter describes a slow-tight binding irreversible inhibition of
Chitinase A from Serratia marcescens by API. API also reported to inhibit aspartic
pepsin (Kumar and Rao, 2006). The steady-state kinetics reveals a two-step inhibition
mechanism. The conformational modes observed during the binding of API to ChiA were
conveniently monitored by fluorescence and CD-cpectra analysis. The mechanism of
inactivation of ChiA by API was delineated by monitoring the isoindole fluorescence of
the 0-phthalaldehyde (OPTA)-labeled ChiA and a model for the probable interactions is
proposed.
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MATERIAL AND METHODS

Materials

Acetonitrile was purchased from E-Merck, Germany. Trifluoroacetate (TFA), p-
nitrophenyl-N,N’-Diacetyl-B-chitobioside [p-NP-(glcNAc),] and OPTA were from
sigma-Aldrich USA. All other chemicals were of analytical grade.
Purification and biochemical characterization of API

The inhibitor was purified and characterized from extra cellular culture filtrate of
Bacillus licheniformis as described previously in part 2 of chapter 2 (Kumar and Rao
20006).
Assay for inhibitory activity towards ChiA for inhibition kinetics

ChiA was assayed in the presence of chromogenic substrate p-nitrophenyl-N,N’-
diacetyl-B-chitobioside [p-NP-(glcNAc),] according to Vorgias, 1997 with some
modifications. 250 pl of enzyme solution (0.5 nM) was incubated with 250 pl of ImM [p-
NP-(glcNAc);] solution dissolved in 100 mM macilvein buffer (pH 6.0) for 30 minutes at
50°C. The release of p-nitrophenol was monitored at 405 nm (E40s = 18.5 mrnol'l.cm'l)
using a lcm path length cuvette. One unit of chiA activity was defined as the amount of
enzyme that catalyzes the release of 1uM.min™ of p-nitrophenol. For the kinetic analysis
and rate constant determinations, the assays were carried out in triplicate, and the average
value was considered throughout this work.
Initial kinetic analysis

The kinetic parameters for the substrate hydrolysis were determined by measuring
the initial rate of enzymatic activity as described in materials and methods section of
chapter 2 (part 2). ChiA was reported to have Ky value of 500uM for [p-NP-(glcNAc),]
(Vorgias, 1997). For Dixon plot, hydrolytic activity of chiA (0.5 nM) was measured in
the presence of 500 uM and 1000 uM [p-NP-(glcNAc),], incubated with 0.1 to 1 uM API
concentrations at 50 °C for 30 min.
Demonstration of the time dependence of inhibition

API (0.1-1uM) was added from a 1 mM stock solution in milli Q water to 0.5 nM
ChiA in 500ul macilvein buffer (pH 6.0). After 0-30 minutes of preincubation, 250 pl of
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the chiA-API mixture was added into 250 uM of [p-NP-(glcNAc),] solution at 50°C.
After 30 minutes, the release of p-nitrophenol was quantified as described above.
Determination of initial apparent inhibition constant

The apparent inhibition constant determination studies were performed by adding
250 pl of chiA (0.5nM) to 250 ul of 1 mM [p-NP-(glcNAc),] solution in macilvein buffer
containing varying API concentrations (0.1-1 uM) at 50°C. After 30 minutes, the release
of p-nitrophenol was quantified as described above. Please see materials and methods
section of chapter 2 (part 2) for more detailes.
Time dependence of initial apparent inhibition constants

Experiments were conducted as described above, except that the ChiA was added
to substrate sulution at varying API concentrations (0.1-1uM), and then assayed after
preincubation for 0, 15, and 30 minutes.
Recovery of activity from inactivated ChiA

API was tested to determine if it was an irreversible inhibitor of ChiA. ChiA (0.5
nM) was preincubated with and without the equimolar concentration of API for 60
minutes in macilvein buffer. Further, the enzyme inhibitor mixture was diluted 100 fold
into the assay mixture containing the substrate at 10 K, After preincubation for 60
minutes, 1.0 ml of sample was removed and diluted to 10.0 ml in macilvein buffer. At the
specified time, aliquots were removed and assayed for the catalytic activity.
Inhibitor progress curve analysis

The inhibitor progress curves for the interaction between API and ChiA were
analyzed as described in materials and methods section of chapter 2 (part 2).
Fluorescence analysis

Fluorescence measurements were performed according to Kumar and Rao 2006.
For inhibitor binding studies, ChiA (0.5nM) was titrated with different API
concentrations (0.1-1uM) each time to a new enzyme solution.
Effect of API on the isoindole fluorescence of OPTA-labeled ChiA

Fresh OPTA solution was prepared in methanol for each experiment. The enzyme
modification was carried out by incubating ChiA (1 nM) in 1 ml macilvein buffer, pH 6,
with 50 nM OPTA at 25 °C. Methanol had no effect on the activity of the enzyme and

was always less than 2% (v/v). The formation of ChiA-isoindole derivative was followed
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spectrofluorometrically by monitoring the increase in fluorescence with the excitation
wavelength fixed at 338 nm. To monitor the effect of API on the isoindole fluorescence
of ChiA, the enzyme was preincubated with API (1 uM) for 15 min, and then OPTA was
added and the formation of isoindole derivative was monitored as described above.
Circular dichroism analysis

CD spectra were recorded in a Jasco-J715 spectropolarimeter at ambient
temperature using a cell of 1-mm path length. Replicate scans were obtained at 0.1-nm
resolution, 0.1-nm bandwidth, and a scan speed of 50 nm/min. Spectra were averages of
six scans with the base line subtracted spanning from 200 to 260 nm in 0.1-nm
increments. The CD spectrum of the ChiA (10 uM) was recorded in macilvein buffer (pH
6.0) in the absence and presence/absence of API (10-100 uM) and substrate (100 uM) at
4°C. Secondary structure content of the ChiA, the ChiA-substrate complex, and the
ChiA-API complex was calculated using the algorithm of the K2d program (Andrade et
al., 1993).
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RESULTS

Biochemical characterization of APl and determination K; value

API, a peptidic inhibitor of aspartic proteases, produced extracellularly by thermo
tolerant Bacillus licheniformis (Kumar and Rao, 2006) has an amino acid sequence of
Asp-Leu-Tyr-Asp-Gly-Trp-Lys-His-Glu-Ala-Glu-Cys-Ile and a pl value of 4.3 (Part 2 of
Chapter 2). The predominance of the charged amino acid residues in the inhibitor
sequence indicates its hydrophilic nature. API inhibited ChiA with an ICsy value (50%
inhibitory concentration) of 780+30 nM (Figure 12). The inhibition of ChiA followed a
sigmoidal pattern with increasing concentrations of the inhibitor. However, non linearity
of secondary plot (the slope of inhibition graph versus API concentration) suggests
Michaelis-Menten inhibition kinetics is not appropriate in this study. The inhibition

constant K;, determined by Dixon plot was to be 510 nM (Fig. 13).
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Figure 13- Enzymatic activity of the
ChiA (0.5 nM) was estimated using the
substrate [p-NP-(glcNAc)2] 0.5 mM
(o) and 1.0 mM (m) at different API
concentrations (0.1-1.0 uM).
Reciprocals of the reaction velocity
were plotted versus the [p-NP-
(glcNAc)2] concentration. The straight
lines indicated the best fit of the data
obtained. The inhibition constant K;
was calculated from the point of the
intersection of the plots.

Figure 12 - The sigmoidal curve
indicates the best fit for the
percentage inhibition data
obtained, and the ICsy value was
calculated from the graph.
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Time dependent inhibition of ChiA by API and recovery of activity from inactivated
ChiA

The concentration of [p-NP-(glcNAc),] was set to a value below the Michaelis
constant (K,) 500 uM (Vorgias, 1997), to make reactions approximately first-order. The
results from the preincubation experiments with the API are presented in Table 1. The
apparent inhibition constants decreased 41 fold over a 30 min period (Figure 14). When
ChiA was preincubated with API for more than 60 minutes, recovered enzyme
concentration was estimated very low as approximately 0.02 nM. Reduction of [p-NP-
(glcNAc),] was observed at a steady-state velocity of approximately 7% relative to the

control (Figure 15). This shows that API is an irreversible inhibitor of ChiA.
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Figure 14. The preincubation Kkinetic Figure 15- Loss of residual enzyme

studies. Apparent Inhibition Constants activity upon preincubation of 0.5 nM

with or without Preincubation of API chiA with (e) and without (m) API. See

(0.1-1.0 uM) with chiA (0.5 nM). Results Experimental Procedures for details.
are described in table 1.

Table 1- Apparent Inhibition Constants with or without Preincubation of Inhibitor (0.1-
1.0 uM) with ChiA (0.5 nM).

Kapp (UM)?
t =0 min t=15 min t =30 min
949.5+56.4 185+11.4 21.743.2

*ChiA was preincubated with varying concentrations of inhibitor for 0, 15, or 30 min

before the assay. Remaining residual enzyme activity was measured in a 30 min assay.
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Simplified inhibition progress curve analysis for API

The reaction progress was analyzed by two different methods (Moss et al., 1996).
The results of a preliminary analysis, based on the assumption of rapid equilibrium, are
shown in Figure 16. The progress curves obtained at 100, 200, 400, 600 and 1000 nM
API concentrations were fitted individually to eq. 2. The best-fit values of adjustable
parameters, for each concentration of the API, are listed in Table 2. For a one-step
inhibition mechanism, without an intermediate enzyme-inhibitor complex, the initial
velocity Vi should be constant, and the apparent rate constant K., should increase
linearly with the inhibition concentration [I]o. These properties of the one-step

mechanism are expressed in eq. Sa-c (Szedlacsek and Duggleby, 1995).

Vo= VmaX[S]O/([S]O + KM) (Sa)
Vs = Vinax[STo/([S]o + Km(1 + [1]o/K5)) (5b)
Kapp = K7 + Ke[1]o/(1 + [S]o/Km) (5¢)

On the other hand, for a two-step inhibition mechanism (Scheme 1 chapter 2, part 3) the
initial velocity should decrease with the inhibitor concentration, by following a typical
binding curve, and the apparent rate constant should depend on [I] as a hyperbola,

according to eq. 6a-c.

Vo = Vinax [S]o/([S]o + Knm(1 + [T]o/Kj)) (6a)
Vs = Vinax [S]o/([S]o + Km(1 + [T]o/Ki*)) (6b)
Kapp = K7+ Ke([T]o/Ki)/(1 + [S]o/Km + [1]o/Ki) (6¢)

The parameters listed in Table 2 favor the two-step inhibition mechanism,
because the initial velocity does decrease with the concentration of the inhibitor, as
predicted by eq. 6a. Also, the increase of the apparent rate constant with [I]y is
hyperbolic, instead of linear. The nonlinear least squares fit of Vo, Vs, and Ky, to eq. 6a-
c are shown in Figure 17. From fitting of Vj to eq. 6a, the dissociation constant K; of the
initial complex was 830 nM; the fitted value of Vi was 9.7+ 0.1x10%au s™'. From fitting
of Vg to eq. 6b, the overall dissociation constant Ki* was 7.5+1 nM; the fitted value of
Vinax Was 0.098 £0.001 au s™ in this case. From fitting of Kapp to €q. 6¢ (fig. 17 inset), the
initial inhibition constant K;j was 790 nM. The isomerization rate constants were Kg
=8.74+0.1x107 s and k; =7.3+0.6x 10'55'1, from which the total dissociation constant K;*

= Kik7/ks was 6.6 nM.
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Figure 16- Least-squares fit of progress
curves from the inhibition of ChiA (0.5
nM) by inhibitor to eq. 2. The initial
substrate concentration was 1 mM. The
API concentrations were 0.0, 0.2, 0.4, 0.6
and 1.0 uM for curves A-E, respectively.
For experimental condition and the best-fit
values of adjustable parameters see text.

Figure 17- Least-squares fit of the initial
velocities V( (m) from table 2 to eq. 6a,
the steady-state velocity Vs (@) to eq. 6b,
and the apparent first-order rate constant
Kapp to eq. 6¢c. The best fit values of
adjustable parameters K;, Ki*, k¢, and k;
are listed in the text and summarized in
table 3.

Table 2- Best fit values of adjustable parameters, obtained in fitting the progress curves
shown in figure 16 (0.5 nM ChiA, 1 mM [p-NP-(glcNAc)2], pH 6.0, 37 °C) to eq. 2.

[1]o (nM) Vs (REA) Vo (REA) Kapp (5)
0 73.00 73.00 0.00
100 13.91 49.88 0.11
200 1.36 29.36 0.18
400 1.11 12.03 0.26
600 0.86 5.66 0.32
1000 0.59 3.00 0.34

The inhibition progress curves for inhibitor were analyzed more thoroughly, by

using a complete differential model where the rapid equilibrium assumption was not
made Moss et al., 1996. The collections of progress curves in Figure 16 were fitted as a
whole to the system of eqs. 3 and 4. The constant parameters were the initial
concentration of the substrate ([S]o = 1 mM), API ([I]o = 0, 100, 200, 400, 600, and 1000
nM), initial concentration of the ChiA in the assay where inhibitor was absent ([E]p=0.5
nM) and the bimolecular rate constant for the formation of the Michaelis complex (k; =

1000 pM™ s). The best-fit values of globally optimized parameters were k, = 9.92 +

Ph.D. Thesis 2007 University of Pune

104



Ajit Kumar Chapter 4

0.85 s, ks = 8.840.95 uM™' s, ks =8.123 £ 1.0 s, ks =6.31 £ 0.5 x 107 5™, ke = 5.47 +
0.6 xlO'Ss'l, k; = 2.68 £ 0.22 s! and rp = .85 £ 0.02. From the best-fit values of rate
constants ks and ks, the dissociation constant of the initial complex, K, was calculated as
ks/ks =923 nM. Similarly, the overall dissociation constant of the final complex, K;*, was
calculated as kski/kske =6.3 nM. The kinetic constants determined in this study are
summarized in Table 3.
Effect of API binding on the fluorescence of chitA

The kinetic analysis has revealed a two-step inhibition mechanism, where the EI
complex isomerizes to a tightly bound, slow dissociating EI* complex due to
conformational changes in tertiary structure of ChiA induced by the binding of API. The
tryptophanyl fluorescence of ChiA exhibited an emission maxima (Amax) at 342 nm, as a
result of the radioactive decay of the m-n* transition from the Trp residues (Figure 18).
The binding of inhibitor resulted in a red shift in Ay« and concentration-dependent
quenching of the fluorescence with saturation reaching at or above 1uM API
concentration. The red shift in Ay.x confirmed the conformational changes in the three-
dimension structure of the enzyme due to API binding. Binding of API resulted in an
exponential decay of the fluorescence intensity as indicated by a sharp decrease in the
quantum yield of fluorescence followed by a slower decline to a stable value.
Furthermore, titration of API against ChiA revealed that the magnitude of the initial rapid
fluorescence loss (Fo-F) increases in a saturation-type manner (Figure 19) which
corroborats the two-step slow-tight binding inhibition of ChiA by API. The value of K;
determined by fitting the data for the magnitude of the rapid fluorescence decrease (Fo-F)
was 512 nM. The conformational changes induced during the isomerization of EI to EI*
was monitored by analyzing the tryptophanyl fluorescence of the complexes as a function
of time (Figure 20). The ks and K; values were determined from the data derived from the
slow decrease in fluorescence were 3.81 + 0.25 x 107 s and 867 nM respectively
(Figure 21). These rate constants are in good agreement with that obtained from the
kinetic analysis (table 3). A progressive quenching in the fluorescence of the ChiA at 342
nm was observed concomitant to the binding of substrate [p-NP-(glcNAc)]. The binding
of the substrate lead to the quenching of the emission spectra of ChiA. The comparative

analysis of the intensity changes in the fluorescence spectra of the ChiA upon binding of
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the substrate was not found to be similar to that

Chapter 4

of API, suggesting that API does not bind

in the active site of the enzyme. Therefore, the initial rapid fluorescence decrease and red

shift in A can be correlated to the formation of the irreversible complex EI**, whereas

the slow, time-dependent decrease reflects the accumulation of the tight bound slow

dissociating complex EI*.
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Figure 18- Steady-state fluorescence emission

spectra of chiA as a function of inhibitor.

Different concentrations of API, 0.1-1.0 uM

(B-K) were added to a fixed concentration of

ChiA and titration was performed.
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Figure 20- Time dependent effect of API on
the fluorescence quenching of chiA. API in
deferent concentrations, 0 uM (A), 0.5 uM
(B) and 1.0 uM (C) was added to ChiA (0.5
nM) at the specified time (indicated by the
arrow), and the fluorescence emission was
monitored for 300 s, at a data acquisition
time of 0.1 s. See methods for more details.
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Figure 19- The fluorescence changes
(Fo-F) were plotted against the API
concentrations. The resulting
hyperbola curve was fitted to the
equation ((Fo - F) = A Foax / (1 + (Ki/
[1])) to give the calculated value of K;.
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Figure 21- The slow decay of ChiA
fluorescence at each concentration was
fitted to a first order rate equation to obtain
Kobs (see material and method). The Kgps
values were then computer fitted to the
equation  Kepbs=Ke [IJ/(Ki+[I]) to give
calculated values of K and k.
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Effect of API1 on the isoindole fluorescence of chiA-OPTA complex

The active site of ChiA has the residues like Asp 313, Glu 315, Trp 539 and Tyr
163, 390, which play a crucial role in catalysis [ Yannis et al., 2003]. Lys 142, 267, 37 and
His 263, 186, 137 are proximal residues to the catalytic site cleft of ChiA and have been
exploited to probe the interaction of API with ChiA by chemo affinity labeling
experiments using OPTA. To investigate the binding of API with ChiA and changes in
the native intermolecular interactions, we have monitored the changes in the interaction
of the lysine and histidine due to API binding, and their influence on the isoindole
fluorescence of ChiA. The unbound enzyme did not show fluorescence when excited at
338 nm; however, incubation of ChiA with OPTA resulted in an increase in the
fluorescence with a Amax at 417 nm due to the formation of the isoindole derivative;
however no loss was recorded in ChiA activity. ChiA pre-incubated with API was failed
to react with OPTA, as revealed by the total loss of isoindole fluorescence (Fig. 22) and
enzyme’s catalytic activity which not only confirmed the binding of API near the active
site of ChiA but also further revealed that the binding of API resulted in disruption of the
native hydrogen bonding network of the lysine and histidine residues, which are essential
for the formation of isoindole derivative as well as Asp 313, Glu 315, Trp 539 and Tyr
163, 390 residues which are essential for the catalytic activity of the enzyme.
Secondary structural analysis of enzyme substrate-inhibitor complexes

To evaluate the effects of API on the secondary structure of the enzyme, the CD
spectra of the ChiA-API complex was analyzed. The secondary structure contents of the
ChiA as determined from the crystallographic data are 31.1% a-helix, 26.6% B-sheet, and
42.3% of aperiodic conformation. The estimated secondary structure contents from the
CD analysis are 32% a-helix, 28% B-sheet, and 40% aperiodic structure, which are in
total agreement with the crystallographic data. The circular dichroism spectrum of the
ChiA -API complex shows a pronounced shift in the negative band at 228 nm of the
native enzyme to 234 nm at the 10 uM API concentration. This shift reveals gross
conformational changes in the secondary structure of ChiA upon API binding at 100 uM
concentration (Figure 23). To elucidate the changes in the secondary structure of the
enzyme inhibitor complex, it was compared with that of the ChiA-substrate complex

(data not shown). Interestingly, the ChiA-API and ChiA-substrate complexes did not
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exhibited a similar pattern of negative ellipticity in the far-UV region, suggesting that the

inhibitor does not cause similar structural changes and was distinctly different from that

of the unliganded enzyme.
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Figure 22- Effects of API binding on the
OPTA fluorescence of ChiA. The lines
represent the Isoindole fluorescence of
ChiA (e), ChiA+OPTA (m), and
ChiA+API (preincubated) and OPTA (A)
and are the average of six scans with
corrections from buffer and respective
controls.

Table 3- Summary of Kinetic Constants®.

Figure 23- Effect on the secondary stucture
of the ChiA upon binding of API. Far-UV
circular  dichroism spectra of the
unliganded ChiA and its complexes were
recorded in the absence (m) or in the
presence of API, 10uM (e), 20uM (A),
50uM (¥) and 100uM (#) from 200 to 260
nm. Each spectrum represents the average
of six scans.

Method Ki(nM) Ki* (nM) KsuM'sh  Ks(sec™) K (sec™) K, (sec™)

AP 830 7.5

B° 790450 6.6 8.7440.1x107 7.340.6x107
(o 923 © 6.3° 8.840.95 8.123+5  6.3140.5x107 5.4740.6x107
Df 5124130

E® 867490 3.81+0.25x107

F" 510+20

*Uncertainties of parameters expressed with the “+” sign are standard errors from
nonlinear regression. ® From fitting initial velocities Vj and pseudo-steady-state velocities
Vs to egs. 6a and 6b, respectively. © From fitting apparent first-order rate constants to eq.
6¢. ¢ From fitting progress curves to differential egs. 4a-g. “Computed from rate constants.
" From fitting progress curves to equation (Fo - F) = A Fyx /{1 + (Ki/[1])}..From fitting
progress curves to equation Kops = K [1] / (K + [I]). " From initial kinetics with inhibitor

(fig 13).
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DISCUSSION

This chapter reports a bifunctional low molecular weight peptidic inhibitor API,
from thermo tolerant Bacillus licheniformis exhibiting slow-tight binding inhibition
against ChiA. The two step inhibition mechanism was corroborated by the equilibrium
binding studies and also by the correlation of the kinetic data with the conformational
changes induced in ChiA upon binding of the noncompetitive inhibitor API. The failure
of substrate protection against ChiA inhibition by API and the non dissociative nature of
the ChiA-API complex with multiple dilutions led us to apply tight binding inhibition
kinetics. The noncompetitive nature of API may be addressed due to the binding affinity
of the inhibitor other than the active site of ChiA. This, however, does not exclude the
possibility of the differential binding pockets for the inhibitor in the active site of the
enzyme. From the available crystallographic data, it is deduced that binding of substrate
or transition state analogue inhibitors in the substrate-binding site of ChiA do not induces
conformational changes in the enzyme (Yannis et al., 2003). Enzymatic hydrolysis of the
glycosidic bond takes place by binding the substrate into the eight stranded (af})s barrel
of the catalytic domain via general acid-base catalysis which is initiated by protonation of
the glycosidic oxygen by an acidic Glu residue (Yannis et al., 2003).

It is proposed here that API behaves as a slow tight binding inhibitor in
accordance with Scheme Ib (chapter 2, part 3) until the formation of the EI*, however, as
a function of time it acts like an irreversible suicidal type inhibitor (Scheme II),
essentially because of the conformational modes attended by the enzyme-inhibitor
complex. These conformational changes are mainly induced because of extended
secondary interactions between API and ChiA. Scheme II describes the kinetics and
conformational modes of the proposed mechanism of inhibition of ChiA by API, where
the rate constant K., is associated with the irreversible conformational change in the ET*.

k, k,

kcon
E + 1 E1 ElI* —>» EI**
k5 k7

Scheme 11

The two-step inhibition mechanism of ChiA by API was reflected in the

fluorescence analysis of the enzyme-inhibitor complexes. The rate constants derived from
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the fluorescence analysis of the complexes corroborated the values derived from the
kinetic analysis. Therefore, it is proposed that the initial rapid fluorescence loss reflected
the formation of the reversible complex EI, whereas the subsequent slower decrease was
correlated to the accumulation of the tightly bound complex EI*. Presence of red shift in
the tryptophanyl fluorescence of the complexes reflect the major alteration in the three-
dimensional structure of ChiA because of the binding of API at the EI* stage. The
agreement of the rate constants concomitant with the fluorescence changes observed
during the time-dependent inhibition lead us to correlate the localized conformational
changes in the enzyme-inhibitor complex to the isomeriation of the EI to EI*. The shift in
the emission maxima as a function of time in the EI* indicated induction of gross
conformational changes in the complex because of the secondary interactions within
protein and peptide molecules (Fig. 18). These interactions are strong enough to form an
irreversible complex of the enzyme-inhibitor from which the inhibitor failed to dissociate.
This is the first report with ChiA that a peptidic slow tight binding inhibitor behaving as
an irreversible suicidal type inhibitor as a function of time.

The crystal structure of ChiA-allosamidin complex has revealed that allosamidin
binds to ChiA via several covalent bonds. The most significant of these are mediated via
the three critical residues namely Asp313, Glu315 and Tyr390 (Yannis et al., 2003). We
have used the ChiA-allosamidin complex as model system to interpret the interactions of
ChiA with API at the molecular level. OPTA has been utilized as a fluorescent probe to
investigate the microenvironment of active site tunnel of ChiA where the substrate enters
inside. OPTA reacts with NH, group of Lys residue and SH group of cysteine residue to
form a fluorescent isoindole derivative (Palczewski et al., 1983). Moreover, Yoshimura et
al. have elucidated the mechanism for isoindole formation between Lys, His and OPTA.
OPTA contains two aldehyde groups; one of these aldehyde groups reacts with the
primary amine in Lys and other residual aldehyde group reacts with the secondary amine
in the imidazole ring of His (Yoshimura et al., 1990; George and Rao, 2001). The
crystallographic data of ChiA (PDB code 1EDQ) reveals that Lys-142, 267, 37 and His-
263, 186, 137 residues, respectively are in the position to form an isoindole derivative
with OPTA. The experimental data shows that ChiA labeled with OPTA resulted in an

increase in the fluorescence at 417 nm which confirms the formation of isoindole
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derivative in ChiA-OPTA complex. Based on our results, we propose that one aldehyde
group of OPTA reacts with the primary amine Lys-142, 267, 37 residues of ChiA
resulting in the release of a water molecule. The another residual aldehyde group of
OPTA reacts with the secondary amine in the imidazole ring of His-263, 186, 137
residues of ChiA resulting in the release of another water molecule and forms a
fluorescent isoindole derivative (Fig. 24A). ChiA pre-incubated with API failed to form
an isoindole derivative as there was no fluorescence observed at 417 nm. The possible
explanation for the quenching of fluorescence is that Asp 1 residue of API has one free -
COOH group and one free -NH; group. Based on our results, we propose that the free -
COOH group of Asp-1 residue of API forms covalent bond with the free amine groups of
the Lys-142,267,37 residues and the free NH, group of Aps-1 of API forms covalent
bond with secondary amine of the imidazole ring of His-263,186,137 residues (Fig. 24B).
The quenching of the ChiA-OPTA complex fluorescence may be the consequence of the
stacking effect of the m-m electrons of the Aspl residue of API which proves API binds
near the active site tunnel of ChiA in the EI complex. The other residues near the reactive
site and m-m stacking interaction of the Trp residue of API may interfere with the
hydrogen bonding network and electronic environment of the catalytic site of the enzyme
due to which the active site may get disturbed.

The formation of a tight complex between the enzyme and inhibitor can be
attributed to the secondary interactions between API and ChiA as analysed by the CD-
spectra analysis (Fig. 23). CD-spectra analysis has revealed the presence of f-sheet
structures in API (Kumar and rao, 2006). B-sheet structures are known to play a critical
role during secondary contacts between the other reported inhibitors and the target
enzymes. These secondary P-sheet interactions along with the network of hydrogen
bonding, non-ionic and other weak interactions between the proximal active site and
reactive site residues probably are sufficient to induce substantial conformational changes
in the EI* complex leading toward the formation of the irreversible EI** complex. These
extensive interactions between the active site proximal residues of ChiA and the reactive
site residues of API are probably responsible to convert a slow tight binding inhibitor into

an irreversible suicidal inhibitor of ChiA.
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Figure 24- Hypothetical schematic representation of the model depicting the probable
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mechanism of API binding to ChiA. The active site and proximal residues of the ChiA
have been modeled based on the x-ray crystallographic structure of ChiA from Serratia
marcescens (Yannis et al., 2003) (PDB code 1EDQ) using the software Hyperchem 7.5
(evaluation version). The active site of ChiA includes the essential Asp313, Glu315,
Tyr163-390 and Trp539 residues. (A) The chemoaffinity label OPTA (shown in red
color) contains two aldehyde groups, one of which binds to the primary amine of the Lys
142, 267, 37 residues and the other group reacts with the secondary amine of the
imidazole ring of His 263, 186, 137 residues of ChiA resulting in the release of water
molecules (not shown). These chemical reactions result in the formation a fluorescent
isoindole derivative. (B) Pre-incubation of ChiA with API resulted in the binding of free -
COOH group of Asp-1 residue of API form covalent bond with the amine group of the
Lys-142, 267, 37 residues. The free NH, group of Aps-1 of API form covalent bond with
secondary amine of the imidazole ring of His 263, 186, 137 residues of ChiA (dashed
lines). These interactions in conjunction with the tight binding nature of API probably
prevent the binding of OPTA to the Lys and His residues, thus an isoindole derivative

failed to be formed with the ChiA pre-incubated with API.
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SUMMARY

The inhibition of moulting fluid enzymes from Helicoverpa armigera by an
aspartic protease inhibitor ATBI (Alkalo-Thermoplic Bacillus Inhibitor) is reported in the
present chapter. In vivo and in vitro experiments were carried out to evaluate the effects
of ATBI against the development of H. armigera. ATBI showed 75% proteolytic and
95% of chitinase enzyme inhibition with the ICsy values of 48 uM and 35 pM
respectively. The inhibition studies of proteases with the help of specific protease
inhibitors and ATBI suggest that one or more aspartic proteases have important roles in
insect development. Also, laboratory experiments in vitro showed significant inhibition
towards the growth and development of H. armigera. The effect of ATBI on insect
metamorphosis can be correlated through the inhibition of proteases and chitinase from
moulting fluid. The results provide the basis for the selection of non-host inhibitors and
present an optimized combination for developing H. armigera resistant transgenic plants.
It will be a new area of making transgenic plants targeting the insect moulting fluid

enzymes.
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INTRODUCTION

Pod borer, Helicoverpa armigera (Lepidoptera: Noctuidae) is a polyphagous pest,
which infests important crops like cotton, tomato, sunflower, pigeon pea, chickpea, okra
and corn throughout the world. It was recorded feeding on 182 plant species belonging to
47 botanical families in Indian subcontinent. Of late, an annual crop loss due to
Helicoverpa in India has been estimated at around Rs.2, 000 Crores despite the use if
insecticides worth Rs.500 Crores. Hazardous implications of these insecticides and their
residue at various trophic levels have also caused incalculable damage to every aspect of
environment, globally (Manjunath et al., 1989). For the control of this pest, a variety of
methods such as physical methods, chemical pesticides and biological methods based on
microorganisms are employed (Forrester, 1993). The most important of the latter is
Bacillus thuringiensis (Bt), a bacterium which produces endotoxins that are toxic to
larvae of different species of Lepidoptera and other insects. The pyrethroids and
organophosphates (OPs) have commonly been mixed since mid 1980s to manage pest
complex of cotton and other crops but pests have developed resistance to endosulfan,
pyrethroids, organophosphates and carbamates (Ahmad, 1998, 1999). Therefore, search
for Safer & effective alternative to chemical control are desirable as a part of an
integrated interdisciplinary approach to pest management.

I. An insite in to insect moulting fluid proteases

Insect cuticle is composed mainly of crystalline microfibres of chitin embedded in
a protein matrix (Peters, 1992). As the insect grows, the degradation of the old cuticle is
accomplished by enzymes present in the moulting fluid, a liquid secreted between the old
and new cuticles during moulting (Kramer et al., 1985). Proteolytic enzymes are thought
to attack the cuticle before chitinolytic enzymes as protein masks the chitin micro fibers
(Kramer and Koga, 1986). The proteolytic enzymes from insect moulting fluid have
received more attention due to showing the main role in the development of the insect.
Studies of proteolytic activity in the moulting fluid of silk moths showed the presence of
enzymes with trypsin-like specificity, which were presumed to be cuticle degrading. A
cuticle degrading protease from the molting fluid of Menduca sexta has been purified and

classified as trypsin-like from its substrate specificity and inhibition by SBTI. (Samuels
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and Reynolds, 1993a; Samuels et al., 1993a). Allosamidin and other chitinase inhibitors
were isolated and synthesized from different sources (Sakuda et al., 1987a, 1987b).

It has been now proved that degradation of the old cuticle is accomplished by
enzymes present in the moulting fluid, a liquid secreted between the old and new cuticles
during moulting (Jungries, 1979). Bade and Shoukimas, 1974 described a serine protease
and a neutral metal chelator sensitive protease from the moulting fluid of the tobacco
hornworm Manduca sexm. The moulting fluid of silkmoths showed the presence of
enzymes with trypsin-like specificity, which were presumed to be cuticle degrading
(Katzenellenbogen and Kafatos, 1970, 1971a). Samuels et al. (1993a) purified and
characterized a trypsin-like moulting fluid protease 1 (MFP-I) from the moulting fluid of
Manduca. MFP-1 showed a primary specificity for elongated substrates with arginine at
the P~ position and the substitution of lysine at this position resulted in a 86% reduction
in activity. This type of specificity was also found in a serine proteinase isolated from
Drosophila melanogaster embryos (Medina and Vallejo, 1989) and trypsin-like enzymes
from silkmoth moulting fluid (Katzenellenbogen and Kafatos, 1971a). Active site
classification of MFP-I was not straightforward. Although MFP-I was inhibited by the
classical active site serine inhibitors DFP and PMSF, it was also inhibited by the
diagnostic inhibitor of cysteine proteinases, E-64 (Samuels et al., 1993a). Classical
trypsin-like enzymes have been isolated from insects, for example, the midgut of M.
sexta larvae (Miller et al., 1974) and Vespa spp. (Jany et al., 1978). These enzymes have
normal trypsin-like specificities and are inhibited by diagnostic inhibitors of serine
proteinases and the normal range of substrate inhibitors (e.g. SBTIL, leupeptin, TLCK).
Crude moulting fluid from pharate adult Manduca had no activity against chymotrypsin
substrates (Samuels et al., 1993a). However, chymotrypsin-like activity was detected by
Brookhart and Kramer, 1990 in semi-purified fractions of Manduca pharate pupal
moulting fluid. They found that the activity of chymotrypsin-like enzymes was ten-fold
lower than that of trypsin-like enzymes. A similar ratio of chymotrypsin to trypsin
activity was also found in the midgut of the grass grub, Costelytra zealandica (Christeller
et al., 1989). MFP-I was the major cuticle degrading enzyme found in the moulting fluid
of pharate adult M. sexta. MFP-I was shown to degrade Manduca cuticle proteins in

vitro, producing fragments in the size range 200-2000Da (Samuels et al., 1993b). In the
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silkmoth, when the pharate adult epidermis retracts from the overlying pupal cuticle, a
colourless gel fills the exuvial space. Once the new adult cuticle has formed, the moulting
gel becomes a less viscous "moulting fluid" and cuticle degradation begins
(Katzenellenbogen and Kafatos, 1970). Katzenellenbogen and Kafatos, 1971b have
shown that silkmoth moulting gel contains inactive proteolytic enzymes which become
active in vitro by dilution. The timing of appearance of cuticle degrading activity in the
moulting fluid of Manduca (Samuels and Reynolds, 1993a) may support the theory of
enzyme activation or removal of an inhibitor. In the case of regulation of chitinolytic
enzymes, Kimura, 1973 showed that, in Bombyx, activation of chitinase by ecdysterone
was not a result of de novo synthesis of the enzyme and it has more recently been
demonstrated that high levels of 20-hydroxyecdysone induced -chitinase through
activation of a zymogen (Koga et al., 1991). However, Kramer et al., 1993 found no
evidence of chitinase zymogens in Manduca sexta. Proteinase inhibitors have been found
in the moulting fluid of pharate adult Manduca, although their role remains uncertain.
Trypsin and chymotrypsin inhibitors were separated from MFP-I by passage of moulting
fluid through a Heparin affinity column. Preliminary results showed that trypsin inhibitor
titre fell during the later stages of ecdysis, indicating a possible regulatory role. An
additional role for proteinase inhibitors in the moulting fluid may be as a defence
mechanism against entomopathogenic fungi. An inhibitor has also been isolated from the
haemolymph of Bombyx mori, which had a high affinity for fungal proteinases (Eguchi
et al., 1993). A proteinase inhibitor was present in crayfish cuticle, which may provide
some protection against penetration by invading microorganisms (Hall and Soderhall,
1983).
I1. An insite in to Insect chitinases

Insect chitinases belong to family 18 of the glycohydrolase superfamily and share
a high degree of amino acid similarity. A characteristic of the family 18 chitinases is their
multidomain structure, which is consistently found in all primary structures deduced from
insect genes encoding these enzymes. Substantial biochemical and kinetic data are
available, and primary structures of different enzymes have been determined by
nucleotide sequencing. Insect chitinases have theoretical molecular masses ranging

between 40kDa and 85kDa and also vary with respect to their pH optima (pH 4-8) and
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isoelectric points (pH 5-7) (Table 1). The basic structure consists of three domains that
include (1) the catalytic region, (2) a PEST-like region, enriched in the amino acids
proline, glutamate, serine and threonine, and (3) a cysteine-rich region (Kramer and
Muthukrishnan, 1997). The last two domains, however, do not seem to be necessary for
chitinase activity because naturally occurring chitinases that lack these regions are still
enzymatically active (Girard and Jouanin, 1999; Feix et al., 2000; Yan et al., 2002). In
agreement with these observations, C-terminus-truncated versions of the recombinant
Manduca chitinase still exhibit catalytic activity (Wang et al., 1996; Zhu et al., 2001). In
all insect chitinases sequenced so far, a hydrophobic signal peptide is predicted to
precede the N-terminal region of the mature protein (Kramer et al., 1993; Koga et al.,
1997; Choi et al., 1997; Nielsen et al., 1997; Shen and Jacobs-Lorena, 1997; Kim et al.,
1998; Mikitani et al., 2000; Royer et al., 2002). The signal peptide presumably mediates
secretion of the enzyme into the endoplasmic reticulum and it is cleaved off by signal
peptidases after the protein has been transported across the membrane (von Heijne, 1990;
Miiller, 1992).

So far, no crystal structure of an insect chitinase is available, but homology
modeling using crystal structures of bacterial and plant chitinases has revealed three-
dimensional models of the catalytic domain from the Manduca chitinase showing striking
similarities with the o/p barrel structure described above (Kramer and Muthukrishnan,
1997; Huang et al., 1999). Although the models lack a well defined (a/B)s folding, they
predict eight B-sheets and four complete and several incomplete o-helices. In some
insects, the catalytic region is followed by a less conserved domain containing a putative
PEST-like region that is also found near the C-terminus of the yeast chitinase (Kim et al.,
1998; Kuranda and Robbins, 1991; Kramer et al., 1993; Royer et al., 2002). As already
mentioned, insect chitinases without a PEST-like region have also been described in the
literature (Girard and Jouanin, 1999; Feix et al., 2000; Yan et al., 2002). PEST-like
regions presumably increase the susceptibility of the enzyme to proteolysis by a calcium-
dependent protease or to degradation via the 26S proteasome (Rogers et al., 1986;
Rechsteiner and Rogers, 1996). Therefore, these regions could play a role in enzyme

turnover or activation of zymogenic chitinases.
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Like some fungal chitinases, the chitinases found in insect molting fluids are
extensively glycosylated. Thus, insect chitinases can be easily detected by carbohydrate
staining after sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
and blotting. Several putative N-linked glycosylation sites that may be necessary for the
secretion of the protein and maintenance of its stability are found within the deduced
amino acid sequences of insect chitinases (Gopalakrishnan et al., 1995; Kramer and
Muthukrishnan, 1997; Kim et al., 1998). Moreover, the serine/threonine-rich PEST-like
region of the Manduca chitinase is extensively modified by O-glycosylation (Kramer et
al., 1993; Arakane et al., 2003). Previous determination of the carbohydrate composition
of the Manduca chitinases revealed N-acetylglucosamine and several neutral hexoses as
part of the sugar portion (Koga et al., 1983, 1997).

The attachment of oligosaccharides probably increases solubility and protects the
peptide backbone against proteases. Insect chitinases are anchored to their substrate
through the C-terminal chitin-binding domain, which is characterized by a six-cysteine
motif that is also found in nematode chitinases (Venegas et al., 1996). It functions in
targeting of the enzyme to its substrate and thereby facilitates catalysis. The six cysteine
motif is also found in several peritrophic matrix proteins, as well as in receptors and other
proteins that are involved in cellular adhesion (Tellam et al., 1992; Tellam, 1996; Kramer
and Muthukrishnan, 1997; Shen and Jacobs- Lorena, 1999). Individual chitinases possess
different combinations of these three basic domains. While the chitinases from Manduca,
Bombyx and fall webworm moth Hyphantria cunea exhibit the typical tripartite domain
structure (Kramer et al., 1993; Kim et al., 1998), some other chitinases lack PEST-like or
the typical chitin-binding regions (Girard and Jouanin, 1999; Feix et al., 2000; Yan et al.,
2002). Other insects, in turn, may express multi-modular enzymes. In Aedes, for
example, chitinases are encoded by two different genes. Nucleotide sequencing has
revealed that one of the genes contains tandemly arranged open reading frames that
encode three separate chitinases, each containing a catalytic and also a chitin-binding
domain. The gene arrangement suggests co-regulated transcription resembling bacterial
operons (Niehrs and Pollet, 1999). Posttranscriptional splicing, however, may also lead to
a single, multi-modular protein with three catalytic- and chitin-binding domains each (de

la Vega et al., 1998; Henrissat, 1999). TmChit5, the gene that encodes chitinase 5 of the
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beetle Tenebrio molitor, also exhibits an unusual structure, since it contains five chitinase
units of approximately 480 amino acids that are separated by putative PEST-like, chitin-
binding and mucin-like domains (Royer et al., 2002). It is speculated that multi-modular
chitinases may be expressed as zymogens that are subsequently cleaved by proteolysis to
reveal multiple active enzymes. The highly conserved sequence YDFDGLDLDWEYP
found in insect chitinases is consistent with the family 18 chitinase signature (Terwisscha

van Scheltinga et al., 1994; Choi et al., 1997; de la Vega et al., 1998).

(Hans and Lars, 2003)

Table 1. Characteristics of some insect chitinases.

MsCHT-1 BmCHT-1  AaCHT-1
Organism M. sexta B. mori A. aegypti
Accession no. A56596 AAB47538 AABg1849
Molecular mass (kDa)
Deduced from cDNA 62.20 63.39 64.27
Zymogenic forms” 119 215
Active forms 50, 62,75,97 54,65, 88 33,40
pl (isoelectric point) 5.32 5.15 4.83
PEST sites 404—437 417—440 394—408
474—508 471—499 413—436
451—471
Total number of N-glycosylation sites 3 3 2
Total number of O-glycosylation sites 24 23 25

Prediction of putative PEST sites and N- and O-glycosylation sites was performed with
the programs PESTfind, PROSCAN and NetOGlyc 2.0, respectively (Rogers et al., 1986;
Bairoch et al., 1997; Hansen et al., 1997).

“Putative zymogenic forms were suggested based on their immunoreactivity with anti-
chitinase antibodies after SDS-PAGE and western blots (Koga et al., 1989, 1992)
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Consequently, site-directed mutagenesis of the essential glutamate of the insect
chitinase active site results in a loss of enzymatic activity (Huang et al., 2000; Lu et al.,
2002; Royer et al., 2002). The functional importance of active site residues has also been
demonstrated for an insect chitinase (Lu et al., 2002). Site-directed mutagenesis of the
Manduca chitinase revealed that E146 may function as an acid/base catalyst while D142
may influence the pKa values of the catalytic residue E146 but also that of D144; the
latter residue may be an electrostatic stabilizer of the positively charged transition state.
Moreover, W145, which is also present in all family 18 chitinases, might extend the
alkaline pH range in which the enzyme is active and may increase affinity to the substrate
(Huang et al., 2000).

The present chapter describes the partial purification of Helicoverpa armigera
moulting fluid enzymes and their interaction with an alkalo-thermophilic aspartic
protease inhibitor, ATBI reported from our laboratory (Dash and Rao, 2001). ATBI
purified from Bacillus sp. is well known to have inhibitory effects on different aspartic
proteases (Dash and Rao, 2001; Dash et al., 2001a, 2001b; Dash et al., 2002). Therefore,
to achieve a novel effective pest control strategy it is very important to study the
proteases and chitinases from insect moulting fluid and their inhibitors from different
sources. This study was undertaken to determine the in vivo and in vitro effects of an
aspartic protease inhibitor, ATBI on cuticle moulting fluid enzymes of Pod borer, H.
armigera. These efforts will be helpful to establish an idea of inhibiting cuticle moulting
fluid enzymes to exploit protein and chitin metabolism of insect cuticle for insect

management programs.
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MATERIALS AND METHODS

Materials
All the materials used are described in chapter 3 materials section.
Purification of ATBI

The extremophilic Bacillus sp. was grown in a liquid medium containing soya
meal (2%) and other nutrients at 50°C for 48 hours as described by Dash and Rao, 2001.
Briefly, about 1,000 ml of the extracellular culture filtrate was treated with 65 g of
activated charcoal and the supernatant was subjected to membrane filtration using
Amicon UM10 (Mr cutoff, 10,000) and UM2 (Mr cutoff, 2,000) membranes. The
resulting clear filtrate was concentrated by lyophilization and loaded onto a prepacked
Ultropac Lichrosorb RP-18 (LKB) column. The fractions detected at 210 nm were eluted
on a linear gradient of 0 to 50% acetonitrile and water containing 0.01% trifluoroacetate.
The fractions showing inhibitory activity were pooled and found to be homogenous by
reverse phase high-performance liquid chromatography.
Rearing and bioassays with H. armigera

H. armigera larvae were reared on an artificial diet. The composition for 1 L of
the artificial diet was as follows: 140 g chickpea flour, 14 g yeast extract, 0.4 g Bavistin
(BASF, Mumbai, India), 0.2 ml formalin, 4.3 g ascorbic acid, 1.3 g sorbic acid, 2.6 g
methyl benzoate, 0.5 g tetracycline, one tablet of vitamin B-complex, two drops of
vitamin E and 17 g of agar. Cubes of this composition (2 g each) were used for feeding.
Newly hatched larvae were reared on this artificial diet for all instars. The bioassays were
carried out with fifth instar larvae of H. armigera by treating each larva with 100 ul water
suspensions containing 10 pg ATBI and 0.1% Tween20 as a surfactant in potter tower.
Larvae treated with distilled water containing 0.1% Tween20 were used as control. The
experiments were carried out in Completely Randomized Block Design with four
replication containing 30 larvae in each replication. All the experiments were carried out
at 25°C temperature and 70% relative humidity with photoperiod 16:8 (L: D).
Effect of ATBI on various growth parameters

To study the effect of ATBI on growth parameters such as percent pupation, pupal

weight and emergence of adults, the surviving larvae were transferred to vials containing
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semi artificial diet. 5 male and 5 female from each replicate and treatment were weighed
separately after 3 days of beginning of pupation. Thereafter, pupae were kept in glass
vials containing thin layer of sand at bottom to collect the data on the pupation and
emergence of adults.
Effect of ATBI on various reproductive parameters

To measure the reproductive parameters such as fecundity and fertility of eggs, 6
pairs of newly emerged adults (male and female) from each replicate were transferred to
plastic jars (7.5-cm diameter, 9.5 cm high) lined with a layer of paper for egg laying. The
adults were fed with 10 % (w/v) aqueous solution of honey. The eggs laid on the filter
paper were harvested daily. To study the percent of egg hatching, the eggs were kept in
petri plates with moist filter paper and incubated in BOD incubator at 25+1°C
temperature and 70110 % relative humidity.
Extraction of cuticle moulting fluid and partial purification of enzymes from moulting
fluid of H. armigera

H. armigera cuticle moulting fluid was obtained by puncturing the pupal cuticle
at the base of the proboscis and collecting liquid in to a glass capillary (25 pL from each
insect) containing S0mM phosphate buffer, pH 7.0. The moulting fluid was centrifuged at
15000g for 20 minutes at 4°C and the supernatant was kept under refrigeration and used
for enzyme assays. 500 pl of moulting fluid was saturated with 40-60% ammonium
sulphate at 4°C and centrifuged at 15000g for 10 minutes. The precipitates were dissolved
in 50mM phosphate buffer, pH 7.0 and dialyzed against double distilled water for further
use. The dialyzed fraction was then loaded on a sephadex G-75 gelfiltration column (100
cm X lcm) pre-equilibrated with 50mM phosphate buffer, pH 7.0. The fractions showing
protease activity and chitinase activity were collected, pulled together and lyophilized.
Protein concentration was determined according to the method of Bradford, using Bovine
Serum Albumin as standard (Bradford, 1976).
Protease activity assay

The total protease activity from moulting fluid was measured by
hemoglobinolytic assays. The principle of the method was that used originally by Anson,
1938 and Kunitz, 1947. The reaction mixture (2ml) contained a 200ul (from 100pg/ml

stock solution) of enzyme solution, 1 ml of substrate and 800 pl of buffers of different

Ph.D. Thesis 2007 122 University of Pune



Ajit Kumar Chapter 5

pH. Enzyme reaction was carried out at 37°C for 30 min and terminated by the addition
of 2 ml of acidified trichloroacetic acid (TCA). The absorbance of the TCA soluble
fraction was measured at 280 nm. The following inhibitors, EDTA (ethylene diamine
tetraacetic acid), E-64 (L-trans-epoxysuccinyl-leucyl-amido (4-guanidino)-butane),
pepstatin, pHMB (p-hydroxymercutybenzoic acid), BBTI (Bowman-Birk trypsin
inhibitor), =~ TPCK (tosyl-phenylalanyl-chloromethyl-keton, @TLCK  (tosyl-lysyl-
chloromethyl-keton) were utilized for inhibition studies (Hanada, 1978; Barret, 1977,
Fersht, 1977; North, 1982). The concentrations used for each inhibitor is given in table 1.
For inhibition assays with ATBI, The enzyme of suitable concentration (2pg/ml) was
incubated with 0-100 uM of ATBI and the remaining enzyme activity was determined at
different pH as described above.
Chitinase assay using colloidal chitin and Ramazol Brilliant Violet dyed chitin
extracted from H. armigera cuticle

Chitinase activity from moulting fluid was estimated using acid-swollen chitin as
the substrate (Nahar et al., 2004). To prepare acid-swollen chitin, the chitin (10 g,
purified powder from crab shells, Sigma) was suspended in chilled O-phosphoric acid
(88%, w/v) and stirred at 0°C for 1 h. The acid-swollen chitin was repeatedly washed
with chilled distilled water, followed with a 1% (w/v) NaHCO; wash, and then dialyzed
against cold distilled water. After homogenization in a Waring blender (1 min), 50mM
acetate buffer, pH 5.0, was added to the suspension so that Iml of suspension contained
7mg of chitin. The reaction mixture for chitinase assay contained 1 ml of 0.7% swollen
chitin, Iml of 50mM acetate buffer, pH 6.0, and 1ml enzyme solution that was incubated
at 50°C for 1 hour. The N-acetylglucosamine residues (GlcNAc) produced was estimated
colorimetrically with p-dimethyl amino benzaldehyde (DMAB). One international unit of
chitinase was defined as the catalytic activity that produced 1 umol of GIcNAc per
minute under assays conditions. For inhibition assays, the enzyme of suitable
concentration (2ug/ml) were incubated with 0-100 uM of ATBI and the remaining
enzymes activity was determined as described above.

The chitinase activity was also determined by using H. armigera cuticle chitin
dyed with Ramazol Brilliant Violet (RBV). Chitin was obtained from the insect larvae

and pupae by extraction of soft tissue from homogenized insects with potassium
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tetraborate (Leger et al., 1998). The chitin was dyed with RBV according to M. Gomez
Ramirez et al., 2004. 2.5 grams of chitin was homogeneously mixed with 10 ml of
aqueous solution of RBV at 0.84%. The resulting suspension was heated in a boiling
water bath for one hour with gentle stirring. The colloidal material was removed by
filtration and, to fix the RBV- colour, the obtained material as such was suspended in 25
ml of aqueous solution of 1.5% sodium dichromate and 1.5% sodium potassium tartrate,
without any pH adjustment, followed by heating with gentle stirring in a boiling water
bath for 10 minutes. The dye material was then separated by filtration and washed with
hot water until the filtrate was colorless. The gelatinous blue material obtained was
sterilized by autoclaving and stored at 5°C. The plate assays to detect Chitinase activity in
moulting fluid was performed according to Draborg et.al., 1997. The chitinolytic activity
was measured in agar gels containing cuticle chitin dyed with RBV (RBV-chitin). Plate
assays contained 0.2% (w/v) RBV-chitin in 1.5% agar, 0.1M citrate buffer pH 6 for the
detection of chitinases activity in moulting fluid. Clearing zones were formed around the
chitinase loaded in plates. The inhibition assays in plates were performed by loading

chitinse preincubated with different concentrations of ATBI.
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RESULTS

Purification and biochemical characterization of ATBI

ATBI produced by extracellularly by an extremophilic Bacillus sp. was a low
molecular peptidic inhibitor and has characterized with the amino acid sequence of Ala-
Gly-Lys-Lys-Asp-Asp-Asp-Asp-Pro-Pro-Glu. The predominance of the charged amino
acid residues in the inhibitor sequence indicated its hydrophilic nature. The molecular
mass of ATBI as determined from electrospray mass spectrometry was 1147 Da.
Previously it has been evaluated the antifungal potential of ATBI, against
phytopathogenic fungi in vitro. The kinetic studies had revealed the bifunctional
characteristics of ATBI, as it was found to inhibit aspartic proteases and xylanase (Dash
and Rao, 2001; Dash et al., 2001a, 2001b; Dash et al., 2002).
In vivo effect of ATBI on Helicoverpa armegera development

The fifth instar larvae of H. armigera treated with ATBI showed significant
abnormal changes during larval to pupae (Figure 1A) and pupae to adult (Figure 1D)
transformation. Figure 1B and 1C shows the normal Pupae and normal adult respectively.
About 40% abnormal pupae and 30% abnormal adults emergence was observed from
inhibitor treated larval populations.
In vivo effect of ATBI on various physiological parameters of Helicoverpa armegera

A significant effect of inhibitor was recorded on growth parameters such as
pupation and adult emergence. Inhibitor treated larvae showed 82% pupation, which is
98% in control. The adult emergence was observed 75% as compared to 100% in control
(Figure 2A). The significant reduction in the mean pupae weight of inhibitor treated
larvae was also observed as compared to the control (Figure 2B).
In vivo effect of ATBI on various reproductive parameters of H. armigera

ATBI showed significant effect on various reproductive parameters of H.
armigera like fecundity, fertility and percentage of egg hatching. The average number of
eggs laid by the female hatched from the pupae converted from larvae treated with ATBI
were observed as 1220.22 as compared to control 1601.66. The effect of ATBI on the
fertility of eggs laid by the adult female was considerably reduced as 736.33 as compared
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with control 1277.00 (Figure3A). The egg hatching was 75% in treatment with ATBI as
against 100% in control (Figure3B).

Figure 1. The effect of ATBI on growth and development of H. armigera

(A) Abnormal pupa treated with of ATBI (B) Normal pupa in control treatment (C)
Adults emerged from the control treatment and (D) Adults emerged from the abnormal
pupa treated with ATBI
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Figure 2. The effect of ATBI on (A) percent pupation and adult emergence and (B)
mean pupal weight. The inhibitor treated larvae changed to pupae and the adult
emergence from the pupae were counted.
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Figure 3. The effect of ATBI on fecundity, fertility and percent egg hatching. (A)
The normal and abnormal Helicoverpa adults were reared. The eggs laid by females and
larvae hatched from the eggs counted. There was a significant decrease in the egg laid
and eggs hatched. (B) Effect of ATBI on percent egg hatching by H. armigera adult.

Extraction and partial purification of enzymes of H. armigera Larvae cuticle

Ammonium sulphate precipitation and Sephadex G-75 gel filtration
chromatography resulted in partial purification of the H. armigera cuticle moulting fluid
enzymes. Fractions 20-100 from gel filtration chromatography showed acidic proteolytic
activity while fractions 30-49 showed chitinase activity (Figure 4). The fractions
collected, lyophilized and used for further studies.
Inhibition of moulting fluid proteases activity by specific inhibitors

The inhibition of moulting fluid proteases by specific inhibitors indicates the
presence of different proteases in H. armigera cuticle. EDTA, a metal ion chelator, had
very low effect on the proteolytic activity of H. armigera cuticle proteases. E-64, a
specific inhibitor of thiol proteases, was a potent inhibitor, causing 42.5% at 1mM
concentration. Pepstatin A, an inhibitor of aspartic proteases, showed a modest inhibitory
effect (27.5%). The effects of additional inhibitors were studied at pH 7.8, which is the
pH range for optimum activity of serine like proteases. Results presented in tablel
indicated that ImM pHMB abolishes nearly 35% proteolytic activity. In contrast, BBTI
from soyabean abolishes about 37% activity. TPCK and TLCK were both equally
effective in blocking the moulting fluid protease activity. Both TPCK and TLCK are

known to inhibit thiol proteases.
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Figure 4. Partial purification of H. armigera moulting fluid enzymes by gel
filtration.40-60% ammonium sulphate precipitated cuticle moulting fluid was dialyzed
and loaded on a Sephadex G-75 gel-filtration column. See experimental procedures for
details.

Plate assay for the detection of chitinase activity from moulting fluid

Chitinase assay based on the hydrolysis of RBV dyed H. armigera cuticle chitin is
used to detect the chitinase enzyme present in the H. armigera cuticle moulting fluid.
When the moulting fluid was loaded in the increasing concentrations ( 0 uM, 50 uM and
100 uM) on the sterilized paper discs in the agar plates containing RBV-Chitin, the
substrate was hydrolyzed and clearing zones appear after 24 hour of incubation (Figure 6,
discs 2A, 2B and 2C). The increasing enzyme concentration showed the increased
clearance zone on plates around the paper discs. Chitinase enzyme pre-incubated with
different ATBI concentrations showed less clearance zone around paper discs in agar
plates containing RBV-Chitin as a substrate (Figure 6, discs 1A, 1B and 1C).
Inhibition of moulting fluid Proteases and chitinase by ATBI

ATBI shows 67% inhibition of moulting fluid proteolytic activity at pH 3.0
(Acidic proteases), 4% at pH 6.0 (acidic and serine proteases), 7% at pH 7.8 (serine
proteases) and 2% at pH 9.5 (cystein proteases) while using hemoglobin as a substrate.
ATBI shows 80 % inhibition of protease from crude moulting fluid with an ICsy value of
48 uM. The inhibition assay at pH 6.0 using Colloidal Chitin (for chitinase) as a substrate
has shown 90% inhibition with a ICsy value of 35 uM of ATBI. The inhibition of the
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crude enzyme was observed increasing as the inhibitor concentration was increased. The
increased (0-100 pg) inhibitor concentration shows the increased relative inhibitory

activity to 100 units/ml for proteases and 1 unit/ml in case of chitinase (Figure 7).

Figure 6. The chitinase plate assay containing 0.2% Ramazol dyed chitin. Discs 1A,
1B and 1C indicate the clearing zones by 100 uM chitinase enzyme preincubated with
increasing concentration of ATBI (0, 50 and 100 uM respectively). Discs 2A, 2B and 2C
indicate the clearing zones by chitinase in increasing concentrations (0, 50 and 100 uM

respectively).
110 -
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Figure 7. Effect of ATBI on Proteases and Chitinase Activity in vitro. The fractions
from gel filtration showing proteolytic and chitinase activity were incubated with ATBI
for 30 minutes and the remaining enzyme activity was calculated. There is 80% loss in
proteolytic activity with an ICsy value of 47uM and 100% loss in chitinase activity with
an ICsg value of 37uM of ATBI.
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DISCUSSION

The studies in this chapter indicate that the inhibition of proteases and chitinases
by ATBI is the basis of reduced growth and development H. armigera. The inhibition of
moulting fluid proteases and chitinase activity in invitro system could corroborate the
involvement of these enzymes. The abnormality in pupal stage is very evident in related
study. The requirement of lower concentration of ATBI for maximum effect on H.
armigera growth retardation indicates its high specificity towards Helicoverpa moulting
fluid proteases and chitinases.

The essence of insect moulting is the laying down of new cuticle followed by
shedding of the old cuticle and the degradation is brought about by the enzymes present
in the moulting fluid, a liquid which lies between the new and old cuticles, and which is
apparently secreted by epidermis. However, comparatively little is known about cuticle
degradation or regulation by its inhibitors and hormones. This is a significant omission as
inhibition of cuticle degrading enzymes is known to prevent moulting, resulting in
mortality. The interference with the inhibitors and hormonal regulation of moulting is a
proven method in pest control (Menn et al., 1989).

Knowledge on the role of proteases and their inhibitors in insect metamorphosis is
limited than that of digestion process. The active chitinase and [-N-
acetylglucoseaminidase are present in moulting fluid before cuticle thinning commences
and is further evidence that chitinolytic enzymes are unlikely to be responsible for
initiating the process of cuticle thinning during ecdysis (Samuels and Reynolds, 1993b).
MFP-1 a trypsin like protease is likely to be the prime cause of cuticle thinning in M.
sexta because of the timing of its increase in the titre during pre-ecdysial development
(Samuals et al., 1993b). Mechanistic studies on the enzymatic degradation of chitin using
semi-purified chitin and pure chitinolytic enzymes from M. sexta reveal that the ratio of
chitinases to B-N-acetylglucosaaminidase in situ was very similar to the ratio which
provided the largest possible synergism in vitro. It was likely not fortuitous because that
ratio allowed the insect to depolymerize chitin in the most efficient manner (Fukamizo
and Kramer, 1985).

Based on the inhibition studies with the help of specific inhibitors, it is concluded

that ATBI inhibits aspartic proteases present in the moulting fluid. It is also suggested
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that some aspartic proteases have very significant role in H. armigera development. This
is to our knowledge, one of the first reports on the characterization of homogeneous
chitinase from insect integument. The three chitinases were purified and characterized
from moulting fluid of pharate pupae haemolymph in tobacco hornworm that exhibit
normal kinetic behavior and had similar kinetic properties (Koga et al., 1983). The
chitinase are also present in the silkworm, Bombix mori L. during larval and pupal
development. These chitinases were detected in integument, moulting fluid and several
other tissues. (Kimura, 1974, 1976). Two peaks of activity were separated from Bombix
mori moulting fluid by gel filteration while only one peak was detected in case of H.
armigera in this study. Chitinolytic enzymes have also been partially charaterized from
integument of Drosophila hydei (Spindler, 1976) and Locusta migatoria (Zielkowski and
Spindler, 1978). The expression of a chitinase cDNA gene from the integument of H.
armigera was 2870 bp in length and contains an open reading frame of 1767 bp that
encodes a polypeptide of 588 residues with a predicted molecular weight of 66 kDa
(Ahmad et al., 2003). Inhibition of chitinase would be detrimental to moulting, digestion
and certainly other metabolic processes. A determination of how this enzyme is regulated
in vivo and in vitro and also of how they can be inhibited or activated may lead to new
developments in insect control. Based on this information in the present study, ATBI can

be considered as a suitable candidate for developing insect resistant transgenic plants.
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