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ABSTRACT
Protease inhibitors are an important class of proteins that are ubiquitoudy present in
al life fooms They have evoked tremendous interest because of ther pivotd role in the
regulation of various physologicd and pathologicd processes involving the mobilization of
tissues proteins and in the processng of precursors of proteins. Proteases are responsible
gther, directly or indirectly for dl bodily functions incduding cel growth, nutrition,
differentiation, and protein turn over. Deermination of the kinetic parameters of the
inhibition of proteases will provide ingght into the mechanism of the interaction between the
enzyme and the inhibitor. Proteases are essentid in the life cycles of organisms that cause
mortal diseases such as maaria, cancer, and AIDS. The specific inhibition of proteases by
the protease inhibitors can be used as a drategy for drug design for the prevention of
propagation of the causative agents. Protease inhibitors regulate the action of proteases and
play a dgnificant role in the protection of plants from pest and pathogen invason. In view of
the importance of protease inhibitors from microbiad sources in developing thergpeutics and
as biocontrol agents, the present work was initisted by screening for microorganims
producing potent inhibitors In order to gan ingght into the mechanism of inhibition of
dkaine proteases by the inhibitors, the present work has been undertaken with following
main objectives.
1. Screening and Isolation of dkaline protease inhibitor producing microorganisms.
2. Purification and biochemicd characterization of an dkdine protease inhibitor,
AP from a Streptomyces sp.
3. APl as a novd attifungd protein: Protease inhibitory activity as the biochemica
bass of antifungd activity
4. Protein disulfide isomerase accderated oxidaive refolding of AP effect of
macromolecular crowding on refolding kinetics
5. Interaction of APl with fungd akdine proteases. kinetic parameters involved in
the inactivation of the proteases
6. Studies on the inhibitor induced thermd stability of Proteinase K.
Chapter 1. General Introduction.
This chapter is an overview of the classes of serine protease and serine protease

inhibitors, their occurrence, and mechanism of action. It covers the review of literature of



sine protease inhibitors, their families, with specid reference to the microbid serine
akaline protease inhibitors.
Chapter 2. Screening and Isolation of alkaline protease inhibitor producing
microor ganisms

The essentid nature of the dkdine proteeses in numerous physiologicd and
biotechnologicd applications has evoked tremendous interest towards isolating new inhibitors
from various resources. After extensve screening of the vast diversty of soil samples, we
have isolated four actinomycetes drains producing dkaine protease inhibitors (APIS)
designated as APl (265 U/ml), API-1 (242 U/ml), API-II (116 U/ml) and API-11I (186 U/ml).
The time course for the production of APIs was determined and optimization of fermentation
conditions was caried out by subgituting an assortment of different carbon and nitrogen
sources. The inhibitors possessed a unique specificity of inhibition confined only to akdine
proteases. They exhibited differences in ther molecular nature and in ther pH and
temperature dabilities. API, API-1 and API-Il were high molecular weight ( >10 kD)
proteinaceous inhibitors whereas API-1Il was a low molecular weight inhibitor (<10 kD).
API, API-I1 and API-1l exhibited stability over a pH range of 512 whereas API-111 displayed a
wide pH gability from 2 12. APl was the most stable inhibitor. It was stable in a temperature
range of 40-95°C and exhibited a hdf-life of 5 h a 85°C. API-1 was stable at 60°C with a
hdf-life of 1 h but API-1I showed a hdf-life of 20-25 min a 45°C. API-III exhibited the least
thermd tability with complete loss of ativity a 37°C after 1 h. The ability of AF-I, Il and
[ at 65, 55 and 45°C, respectively, was enhanced by the addition of various additives.
Glycine (1 M) offered complete protection to the three APIs. Polyethylene glycol 8000 (10
mM) prevented the thermoinactivation of API-I. In the presence of glycerol and sorbitol
(10%) the stability of API-1 and API-11 was increased by 40-60%.
Chapter 3. Purification and biochemical characterization of an alkaline protease
inhibitor, API from a Streptomyces sp. NCIM 5127

The adkaine protease inhibitor (API) producing actinomycete drain isolated from soil
was identified to be a Streptomyces sp. by its colony characteristics and spore chan
morphology. APl has been purified to homogeneity by ammonium sulfate precipitation,
preparaive polyacrylamide gel dectrophoress and DEAE cdlulose chromatography. Purified
APl moved as a sngle protein on native and SDS-PAGE. The homogeneity of the purified



protein was aso confirmed by a single pesk a a molecular mass of 28kD upon gd filtration
on HPLC and a single pesk upon isodectric focusng with an isodectric point of 3.8. APl is a
competitive type of inhibitor with a K; vaue of 25x 10° M for subtilisn. Purified APl is
sable over a pH range of 6 tol2 and a temperature range of 40 to 95°C. Amino acid
compogtion of the purified APl showed an abundance of Ala, Vd, Gly and Asp accounting
for about 50% of the totd amino acid content. DTNB titration yielded two free sulfhydryl
groups and five disulfide linkages per mole of inhibitor. The oxidation of Trp by NBS
resulted in a progressve decrease in absorption a 280 nm. The number of Trp residues
oxidized per mole of APl was cdculated to be 2. APl was found to specificdly inhibit the
dkdine proteases such as subtilisin, proteinase K from Triticharium album Limber and the
dkdine protease from Conidiobolus sp. The binding interaction of APl with the dkdine
protease from Conidiobolus sp reveded tha the APl and akaline protease combine in a molar
ratio of 1:2.
Chapter 4. APl as a novel antifungal protein: Protease inhibitory activity as the
biochemical basis of antifungal activity

Besdes its antiproteolytic activity, APl was found to exhibit antifungd activity (in
vitro) agang severd phytopathogenic fungi such as Fusarium, Conidiobolus, Alternaria,
Rhizoctonia and dso againgt Trichoderma, a sgprophytic fungus. Retardation in the rate of
hypha growth extenson was observed in the presence of API. Fusarium oxysporum f. sp.
ciceri was found to be the mogt sensitive to inhibition requiring 0.5 ng/disc as a minimum
inhibitory dose (MID). The fungd drains F. oxysporum f. sp. ciceri and Conidiobolus sp.
produce extracdlular dkdine protease(s) when grown in a liquid medium. The serine dkdine
protease(s) are known to be vita for the growth and development of the above fungd drans,
therefore, the antiproteolytic activity of APl could be conveniently corrdated to its antifunga
activity. Padld enrichment of both the antiproteolytic and antifunga functions obtained
during purification of APl indicated its bifunctiond behavior. The inactivation of APl a 95°C
for 30 min resulted in the concomitant loss of the two activities reveding their presence on a
gngle molecule. Chemica modification of APl with NBS resulted in the complete loss of
antiproteolytic and antifungal  activities, with no gross change in conformation implying the
involvement of a Trp resdue in the active Ste of the inhibitor and the presence of a single
active gte for the two activities Trestment of APl with DTT abolished both the activities
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dthough the native dructure of APl remaned virtudly unaffected, indicating the cataytic
role of the disulfide bonds. Inectivation of APl dther by active dte modification or by
conformationd changes leads to the concurrent loss of both the antiproteolytic and antifunga
activities Based on the corrdation between antiproteolytic and antifungd activities during co-
purification, heat inactivation, chemicd modification and its binding interaction with the
funga protease, we have demonsrated that the dua function of AP is a consequence of its
ability to inhibit the essentia akaline protease.
Chapter 5. Protein Disulfide Isomerase Accelerated Oxidative Refolding of API: Effect
of Macromolecular Crowding on Refolding Kinetics

The spontaneous refolding and reactivation of APl upon reduction and denaturation
occurs to a limited extent mainly due to its propensity to aggregate and its dependence on the
regenerdion of the native disulfide linkages. Protein disulfide isomerase (PDI), a catdyst of
oxiddtive protein folding accderaies the refolding rates and reectivation yieds due to its
isomerase activity and chaperone like properties. The oxidative refolding pathway of APl has
been investigated using PDI. At lower concentrations of API, catalytic amounts of PDI are
effective in accderating the reactivation rates and yidds indicaing its isomerase function.
With higher concentrations of AP, reactivation yield decreased and catdytic amounts of PDI
faled to promote efficient reactivation. However, a a 10 fold molar excess of PDI, the yied
is dmost doubled and reactivation rates are aso increased indicating that PDI functions as a
chaperone preventing aggregate formation and as an isomerase, which promotes the correct
formaion of disulfide bonds in APl. To smulae the intracelular environment, we have dso
dudied the influence of macromolecular crowding agents on the protein folding kinetics of
reduced and denatured API. Concentration dependent decrease in the refolding yields was
obtained in the presence of crowding molecules (50-250 g/L). The addition of PDI under
crowded conditions counteracted the decrease in reaectivation dgnificantly and improved
yiedds and rates of APl were obtained. Our results on the chemoeffinity labeling reinforced
the role of PDI as a foldase displaying both its chaperone and isomerase activities in the
oxidative refolding of API.
Chapter 6. Interaction of APl with Fungal Alkaline Proteases: Kinetic Parameters

Involved in the | nactivation of the Proteases
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APl exhibited a dow-tight binding inhibition mechaniam towards the fungd dkdine
proteases, Proteinase K from Tritirachium album limber and the akaline protease from
Fusarium oxysporum (FAP) with 1Cs, values of 5.5 + 0.5 x 10° M and 6.5 £ 0.5 x 10° M
respectively. The deady-date kinetics reveded time-dependent competitive inhibition of
Proteinase K and FAP by AP, consstent with a two-gep inhibition mechanism: E + | SEl S
El*. The fird gep involved the rgpid equilibrium towards the formation of a reversble
enzyme-inhibitor complex (El) with the K; values of 5.2 + 0.6 x 10° M for Proteinase K and
45 + 05 x 10° M for FAP. Subsequently the EI complex isomerizes to a stable second
enzyme-inhibitor complex (EI*). The kinetic parameters involved in the two-gep inhibition
mechanism of Proteinase K-API were evaduated in detall. The rate constant ks (9.2 £ 1 x 10
%s1) associated with the isomerization of El to EI*, revesled a faster induction of the localized
conformational changes in the El complex resulting in the clamping down of the enzyme onto
the inhibitor. However, the second enzyme inhibitor complex, EI* dissociated a a very dow
rate. The dissociation rate constant, ks depicted that APl dissociated from the EI* in a much
dower rate reveding its tight binding naiure. The overd! inhibition congant Ki* involved in
the dow-tight binding inhibition of Protenase K by APl was 25 + 0.3 X 107 M. The
conformationd changes induced in Protenase K by APl were monitored by fluorescence
gpectroscopy and the rate constants derived were in agreement with the kinetic data. Thus, the
conformationd changes are the consequences of the isomerization step of El to EI*. A time
dependent quenching of the fluorescence was obtained without any chift in the emisson
maximum, which represents no changes in the enzyme structure upon binding of API.

Chapter 7. Inhibitor Induced Thermal Stability of Proteinase K

Proteases find tremendous applications in various biotechnologicd indudries. Higher
thermodability is one of the essentid features for the commercid exploitation of enzymes
and often a prerequidte for the agpplication of enzymes in severd indudtriad processes. The
themd inactivation of indudridly important enzymes can be circumvented by ther
dabilization through the formation of reversble enzyme-inhibitor complexes. We have
sdected Proteinase K, the akaine protease from Tritirachium album Limber as the mode
enzyme to sudy the themd dability of enzyme-inhibitor complexes The thermd sability
profile of Proteinase K reveded that it is stable a 65°C for 10 min followed by a rapid loss



of activity as a function of time. Interestingly, the dability of Proteinase K is enhanced by the
binding of APl to the enzyme. The incubation of uncomplexed Protenase K a 70°C
abolished its activity, however the inhibitor bound Proteinase K-API complex retained 50-
55% activity. Therma inectivation is often corrdaed to the sructurd and conformationa
changes in a protein. The sructurd changes induced in Proteinase K a 70°C were probed by
circular dichroism and fluorescence spectroscopy. Our results implicated that the thermad
inactivation of akaine proteases can be prevented by AP, and thus can have enormous
goplicationsin indudtries utilizing akaline proteases a higher temperatures.
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Chapter 1

I ntroduction

Proteases are the single class of enzymes, which occupy a pivotd postion with respect
to ther applications in both physologicd and commercid fidds (Poldermans, 1990). They
are degradative enzymes that cadyze the cleavage of peptide bonds in other proteins.
Proteases have a long history of gpplication in various biotechnologica industries. They are
extensvely used mainly in the detergent and food indudtries. In view of the recent trend of
devdoping environment-friendly technologies, proteases are envisaged to have extensve
gpplicaions in leather trestment and in severa bioremediation processes. Their gpplication in
the leather industry for deharing and bating of hides to subgtitute currently used toxic
chemicds is a rdativdy new devdopment and has conferred added biotechnologica
importance (Rao, et al., 1998). Proteases are used extensvey in the pharmaceutica industry
for preparation of medicines such as ointments for debridement of wounds, etc. Their
involvement in the life cyde of disease-causing organiams has led them to become a potentid
target for developing therapeutic agents againg fatal diseases such as cancer and AIDS.
Proteases play a criticd role in many complex physologica and pathologica processes such
as protein catabolism, blood coagulation, cdl growth and migration, tissue arrangement,
morphogenesis in development, inflammation, tumor growth and metastads, activation of
zymogens, rdease of hormones and pharmacologicdly active peptides from precursor
proteins, and transport of secretory proteins across membranes. In genera, extracdlular
proteases catdyze the hydrolyss of lage proteins to smaler molecules for subsequent
absorption by the cel whereas intracdlular proteases play a criticad role in the regulaion of
metabolism. Since proteases are physologicdly necessary for living organisms, they are
ubiquitous, being found in a wide divergty of sources such as plants, animds and
microorganisms. Besides being necessary from the physiologicd point of view, proteases are
potentidly hazardous to their proteinaceous environment and their activity must be precisely
controlled by the respective cdl or organism. When uncontrolled, proteases can be
responsble for serious diseases. The control of proteases is generdly achieved by regulated
expresson/ secretion and / or activation of proproteases, by degradation of mature enzymes,
and by the inhibition of their proteolytic activity. Protease inhibitors exercise control of
unwanted proteolyss and play an essentid role in physiologicd and pathological regulation.
Biologicd roles of some inhibitors have been suggested (Ryan, 1973) and many others are of



Chapter 1

economic and socid importance as they daffect human or animd nutrition (Whiteker and
Feeney, 1973). Therefore, the research interest in protease inhibitors has evoked tremendous
atention in many disciplines.
Classification of proteases

Proteases are grosdy subdivided into two mgor groups, i.e, exopeptidases and
endopeptidases, depending on their dte of action. Exopeptidases cleave the peptide bond
proxima to the amino or carboxy termini of the substrate, whereas endopeptidases cleave
peptide bonds digant from the termini of the substrate. Based on the functiond group present
a the active Ste, proteases are further classfied into four prominent groups, i.e, serine
proteases, agpartic proteases, cysteine proteases, and metalloproteases (Hartley, 1960; Barrett,
et al., 1998). There are a few miscdlaneous proteases that do not precisdy fit into the
dandard classfication, eg., ATP-dependent proteases which require ATP for activity
(Menon, and Goldberg, 1987). Based on their amino acid sequences, proteases are classified
into different families (Argos, 1987) and further subdivided into “clans’ to accommodate sets
of peptidases that have diverged from a common ancestor (Rawlings and Barrett, 1993). Each
family of peptidases have been assgned a code letter dencting the type of catdysis, i.e., S, C,
A, M, or U for serine, cysteine, agpartic, metalo-, or unknown type, respectively.
Serine proteases

Serine proteases are characterized by the presence of a serine group in their active ste.
They are numerous and widespread among viruses, bacteria, and eukaryotes, suggesting that
they are vitd to the organiams. Based on ther dructurd smilarities, serine proteases have
been grouped into 20 families, which have been further subdivided into aout sx dans with
common ancestors (Barrett, 1994). The primary dructures of the members of four clans,
chymotrypsin (SA), subtilisn (SB), carboxypeptidase C (SC), and Escherichia D-Ala—D-Ala
pepti-dase A (SE) ae totdly unrelated, suggesting that there are at least four separate
evolutionary origins for serine proteases. Clans SA, SB, and SC have a common reaction
mechanism conssing of a common cadytic triad of the three amino acids serine
(nucleophile), aspatate (electrophile), and hididine (base). Although the geometric
orientations of these resdues are Smilar, the protein folds are quite different, forming a
typicd example of a convergent evolution. Another interesting feeture of the serine proteases

is the consarvation of glycine resdues in the vicinity of the cataytic serine resdue to form the
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matif Gly-Xaa-Ser-Yaa-Gly (Brenner, 1988). Serine proteases are recognized by their
irreversble inhibitton by  34-dichloroisocoumarin = (34-DCI), L-3-carboxytrans 2,3
epoxypropyl-leucylamido (4-guanidine) butane (E.64), di-isopropylfluorophosphate  (DFP),
phenylmethylsulfonyl  fluo-ride (PMSF) and tosyl-L-lysine chloromethyl ketone (TLCK).
Some of the serine proteases are inhibited by thiol reagents such as p-chloromercuribenzoate
(PCMB) due to the presence of a cysteine reddue near the active Ste. Serine dkdine
proteases that are active a highly adkaine pH represent the largest subgroup of serine
proteases.
Serine alkaline proteases

Severd bacteria, molds, yeasts, and fungi produce serine adkaline proteases. They are
inhibited by DFP or a potato protease inhibitor but not by tosyl-L-phenyldanine chioromethyl
ketone (TPCK) or TLCK. Ther substrate specificity is smilar to but less stringent than that of
chymotrypsin. They hydrolyze a peptide bond which has tyrosine, phenyldanine, or leucine a
the carboxyl sde of the splitting bond. The optima pH of akaline proteases is around pH 10,
and their isodectric point is around pH 9. Their molecular masses are in the range of 15 to 30
kDa. Although dkaline serine proteases are produced by severa bacteria such as
Arthrobacter, Streptomyces, and Flavobacterium sps. (Bogudawski, et al., 1983), subtilians
produced by Bacillus sp. are the best known. Alkaine proteases are also produced by S
cerevisae (Mizuno and Matsuo, 1984) and filamentous fungi such as Conidiobolus sp.
(Tanksdle, et al., 2000) and Aspergillus and Neurospora sp. (Lindberg, et al., 1981).
Subtilisins

Suntilisns of Bacillus origin represent the second largest family of serine proteases.
Two different types of dkaine proteases, subtilisn Carlsberg and subtilisn Novo or bacterid
protesse Nagase (BPN'), have been identified. Subtilisn Carlsberg produced by Bacillus
licheniformis was discovered in 1947 by Linderstrom, Lang, and Ottesen a the Carlsberg
laboratory. Subtilisn Novo or BPN' is produced by Bacillus amyloliquefaciens. Subtilisn
Carlsberg is widdly used in detergents. Its annud production amounts to about 500 tons of
pure enzyme protein. Subtilisn BPN' is less commercidly important. Both subtiligns have a
molecular mass of 27.5 kDa but differ from each other by 58 amino acids. They have smilar
properties such as an optima temperature of 60°C and an optima pH of 10. Both enzymes
exhibit broad subgrate specificity and have an active-dite triad made up d Ser221, Hisb4 and
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Ag32. The active-gte conformation of aubtilisns is smilar to that of trypsn and
chymotrypsin despite the dissmilarity in their over-al molecular arrangements.
Mechanism of action of serine proteases

The cataytic dte of proteases is flanked on one or both sdes by specificity subsites,
each able to accommodate the sde chain of a single amino acid resdue from the subgrate.
These dtes are numbered from the catalytic ste S1 through Sn toward the N terminus of the
dructure and S’ through S toward the C terminus. The residues which they accommodate
from the substrate are numbered P through Pn and Pl through Pr', respectivey. Serine
proteases usudly follow a two-gep reaction for hydrolyss in which a covdently linked
enzyme-peptide intermediate is formed with the loss of the amino acid or peptide fragment
(Festrez and Fersht, 1973). This acylation step is followed by a deacylation process which
occurs by a nuceophilic atack on the intermediate by water, resulting in hydrolyss of the
peptide (Fig. 1).

The fird step in the cadyss is the formaion of an acyl enzyme intermediate between
the substrate and the essential Ser. Formation of this covaent intermediate proceeds through a
negaively charged tetrahedrd trandtion date intermediate and then the peptide bond is
cleaved. During the second step or deacylation, the acyl-enzyme intermediate is hydrolyzed
by a water molecule to release the peptide and to restore the Ser-hydroxyl of the enzyme. The
deacylation which dso involves the formation of a tetrahedrd trangtion date intermediate,
proceeds through the reverse reaction pathway of acylaion. A water molecule is the attacking
nucleophile ingtead of the Ser resdue. The His resdue provides a general base and accepts
the OH group of the reactive Ser. Serine endopeptidases can be classified into three groups
based manly on ther primary subdrate preference (i) trypsin-like, which cdeave dfter
postivedly charged reddues, (i) chymotrypsn- like, which cleave dfter large hydrophobic
resdues, and (iii) elastase-like, which cleave after smdl hydrophobic resdues. The Pl resdue
exclusvely dictates the dte of peptide bond cleavage. The primary specificity is affected only
by the Pl resdues while the residues at dher postions affect the rate of cleavage. The subste
interactions are locdized to specific amino acids around the P resdue to a unique set of

Sequences on the enzyme.
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Figure 1. Catalytic mechanism of serine proteases
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Cysteine proteases

Cygeine proteases are widdy distributed and include plant proteases such as papain,
bromeain, various mammalian cathepsins, the cytosolic cadpans as wel as severd parastic
proteases (eg., Trypanosoma, Schistosoma). About 20 families of cysteine proteases have
been recognized. The cysteine proteases condst of a catalytic dyad of essentid cysteine and
higidine resdues. The order of Cys and His (Cys-His or His-Cys) resdues differs among the
families (Barrett, 1994). The nucleophile is a thiolate ion rather than a hydroxyl group. The
thiolate ion is dabilized through the formation of an ion par with neghboring imidazolium
group of His The atacking nucleophile is the thiolate-imidazolium ion pair in both seps and
hence a water molecule is not required. Generadly, cysteine proteases are active only in the
presence of reducing agents such as HCN or cysteine. Based on their Sde chain specificity,
they are broadly divided into four groups:. (i) papain-like, (i) trypsn-like with preference for
cleavage a the arginine resdue, (iii) specific to glutamic acid, and (iv) others. Papan is the
archetype and best-known member of thisfamily.

Aspartic proteases

Agpartic acid proteases, commonly known as acidic proteases, occur in a wide range
of organiams ranging from vertebrates to plants, fungi, paradtes, retroviruses and bacteria
(James, 1998). They are directly dependent on aspartic acid resdues for ther cataytic
activity. Acidic proteases have been grouped into three families, namdy, pepsn (Al),
retropepsin (A2), and enzymes from pararetroviruses (A3) (Barrett, 1995). The members of
families A1 and A2 are reated to each other, while those of family A3 show some reatedness
to Al and A2. Most aspartic proteases show maxima activity at low pH (pH 3 to 4) and have
isodectric points in the range of pH 3 to 4.5. Crysdlographic studies have shown that the
enzymes of the pepsan family have a biloba dructure with the active-site cleft located
between the lobes, and each Iobe contributes one aspartate resdue of the catayticaly active
dyad of aspartates (Sielecki, et al., 1991). The lobes are homologous to one another, having
aisen by gene duplication. The active-site aspartic acid residue is Stuated within the motif
Asp-Xaa-Gly, in which Xaa can be Ser or Thr. In contragt, to the serine and cyseine
proteases, catayss by aspartic proteases does not involve a covadent intermediate though a
tetrahedra  intermediate exids. The nucleophilic atack is achieved by two smultaneous

proton tranders. one from a water molecule to the dyad of the two-carboxyl groups and a
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second one from the dyad to the carbonyl oxygen of the substrate with the concurrent CO-NH
bond cleavage. This generd acid-base caidyss, which may be cdled a "pushpul”
mechaniam, leads to the formation of a non-covdent neutra tetrahedrd intermediate (Miller,
et al., 1989; Holm, et al., 1984).
M etallopr oteases

Metaloproteases are the most diverse of the cadytic types of proteases found in
bacteria, fungi as well as in higher organisms (Barrett, 1995). They are characterized by the
requirement for a divdent meta ion for therr activity. Mgority of enzymes contan a zinc
aom, which is cadyticdly active. They incude enzymes such as collagenases from higher
organisms, hemorrhagic toxins from snake venoms, and thermolysin from bacteria (Weaver,
et al., 1977; Okada, et al., 1986; Shannon, et al., 1989). Bacterid thermolysin has been well
characterized and its crystdlographic dructure indicates that two higtidines and one glutamic
acid bind to zinc that is embedded in a cleft formed between two folded lobes of the proten.
Many enzymes contain the sequence HEXXH, which provides two higtidine ligands for the
zinc whereas the third ligand is dther a glutamic acd (thermolysn, neprilysn, danyl
aminopeptidase) or a hididine (astacin). The catdytic mechaniam leads to the formation of a
non-covaent tetrahedrd intermediate after the attack of a zinc-bound water molecule on the
carbonyl group of the scissle bond. This intermediate is further decomposed by transfer of the
glutamic acid proton to the leaving group. Based on the specificity of ther action,
metalloproteases can be divided into four groups, (i) neutrd, (i) dkdine, (iii) Myxobacter 1,
and (iv) Myxobacter Il. The neutra proteases show specificity for hydrophobic amino acids,
while the adkaline proteases possess a very broad specificity. Myxobacter protease | is specific
for gandl amino acid resdues on ether dde of the cleavage bond, whereas protease Il is
goecific for lysne resdue on the amino sde of the peptide bond. Collagenase, another
important metaloprotease, was first discovered in the broth of the anaerobic bacterium
Clostridium hystol yticum as a component of toxic products.
Proteaseinhibitors

Proteolytic processes are involved in the mobilization of tissue proteins, in the
regulation of intracelular protein metabolism, in neuropeptide processng and other neurd
functions, and in the processing of precursors of proteins and polypeptides which are

biologically and pharmacologicdly active, such as proenzymes, hormones and kinins. These
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functions extend from the cdlular level to the organ and organiam level to produce cascade
sysdems such as homeostass and inflammation, and complex processes a dl leves of
physology and pathophysiology (Birk, 1987). They are essatid in the life cydes of
organisms that cause morta disesses such as maaria, cancer, and AIDS. The specific
inhibition of these proteases by the protease inhibitors can be used as a drategy for drug
desgn for the prevention of propagation of the causdive agents. Thus, the Sudies on
protease inhibitors the effective regulators of proteases are very important. An increased
undergtanding of the enzymes specificity for the subgrae and inhibitor binding endbles a
more rationd design of potent inhibitors, sdlective for a particular enzyme. Determination of
the kinetic parameters of the inhibition of proteases will provide indght into the mechaniam
of the interaction between the enzyme and the inhibitor. Protease inhibitors regulate the
action of proteases and play a dgnificant role in the protection of plants from pest and
pathogen invason (Ryan, 1990). Alternative gpplications for inhibitors are the detection of
short-lived enzyme-bound reaction intermediates, or the identification of amino acid resdues
a the ative dte that are necessxy for the catdytic activity of the enzyme Naturdly
occurring protease inhibitors can be grouped under two categories, i) Low molecular weight
inhibitors, and ii) Proteinaceous inhibitors.
L ow molecular weight inhibitors

The inhibitors belonging to this cdlass ae generdly of microbid origin and ae low
molecular weight peptides of unusud structures (Umezawa, 1982). Presence of protease
inhibitors in microorganisms came into exisence from the studies on antibictics as they act as
inhibitors of enzymes which ae involved in growth and multiplication. Extracdlular
proteolytic enzymes hydrolyze organic nitrogen compounds in the medium and are thought to
be hamful to cdls The production of inhibitors of the proteolytic enzymes by
microorganisms has probably evolved as a mechanism to provide cdl protection. Mgority of
the microbid protease inhibitors are produced extracdlularly by various Streptomyces sps.
The microbid serine protease inhibitors include leupeptin, inhibiting plasmin, trypsn, pgpan
and cahepsn B; antipan, inhibiting, trypsin, pgpan and cathepsn B; chymodain inhibiting
chymotrypsins and papan; dadind, that inhibits pancreatic edastase; and easiin, a drong
inhibitor of human granulocyte dagase. All of these inhibitors have an a-amino adehyde
group in the C-termind part of the peptide. Severd applications for medicind purpose have
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been found for these inhibitors. Specific inhibitors of microbid origin have been used as
useful toolsin biochemica andysis of biologica functions and diseases.
Proteinaceous inhibitors

Protein inhibitors of proteases are ubiquitous and are present in numerous plants,
animas and microorganisms (Birk, 1987). Since the protein inhibitors of proteolytic enzymes
are, indeed, proteins, they should be subgtrates for proteolysis. The ducidation of this paradox
remans a centrd focus for much of the work on the dructure and function of protein
inhibitors of proteases. Inhibitor proteins have therefore, been studied as modd systems for
eucidation of the mechanism of inhibition of protesses and dso for stuwdies of protein-protein
interactions. The recognized importance of proteolytic processes in the regulation of podt-
trandationd processng of precursor proteins and the involvement of proteases in
intracellular protein metabolism and in various pathological processes has recently stimulated
tremendous interest in naturdly-occurring, target oriented, protease inhibitors. They are
exploited as vauable tools in medica research by virtue of their unique pharmacologicd
properties that suggest clinica application. The proteinaceous inhibitors are divided into the
same four classes as proteases namey, sering, cydeine, aspatic and metaloprotease
inhibitors. With the exception of the plasma macroglobulins, which inhibit protesses of Al
classes (Barrett, 1980), individud protein inhibitors inhibit only proteases belonging to a
sngle mechanigic class. Of these inhibitors, the most extensvely studied are the inhibitors of
serine proteases.
Protein inhibitors of serine proteases

Serine proteases and their protein inhibitors have been the most intensvely studied
group of protein-protein complexes. The number of known and partidly characterized
inhibitors of serine proteases is enormous. They are classfied into different families based on
their sequence homologies, assgnment of the reective Ste or inhibitory dte(s) of the
inhibitors and ther mechanism of action. Currently a large number of three-dimensond
dructures of serine protease inhibitors families from plants, animas and microorganisms are
avallable (Table 1) (Otlewski, et al., 1999).
Serine protease inhibitors from plants

Proteinaceous protease inhibitors are widdy didributed among severa botanica
families (Leiner and Kakade, 1980). Mostly they are located in the seeds and in some legumes



Chapter 1

they are dso found in the leaves. In tuberous plants they are present in the leaves and tubers.
Among the cereds such as corn, barley, wheat and rye they are primarily present in the
endosperm. The plant protease inhibitors differ in specificities and in ther ability to inhibit
one or more proteases a the same time. Mgority of them inhibit trypsn and many inhibit
chymotrypan. Inhibitors of eagase, kdlikrein, plasmin, subtilisn and thrombin have dso
been found. Severd plant protease inhibitors have been purified and characterized. Thelr
molecular weights range from 3000-25000. The firg plant protease inhibitor to be isolated
and well characterized was the trypsn inhibitor from soybean (Kunitz, 1947, 1947a). Its
purification, cryddlization, kinetics of interaction and complex formation with trypsn is
conddered a classic dudy of protease inhibitor chemistry. The inhibitors from soybean
represent two dominant inhibitor families: the Kunitz soybean trypsin inhibitor (STI) and the
BowmanBirk trypsn and chymotrypsin inhibitor (BBI). Occurrence of inhibitors in nearly dl
leguminous plants is now wel known (Vogd, et al., 1968). The presence of inhibitors has
possibly evolved as a defense mechanism againg predatory insects (Ryan, 1990).
Serine protease inhibitors from animals

The inhibitors of anima origin are found in tissues and in secretions of organs. Many
of them ae secretory proteins, such as the trypsn inhibitors of blood plasma, milk
colostrums, semind plasma, cervicd mucus, mucous membrane of the respiratory passages,
synovid fluids and sub mandibular glands. Preotease inhibitors are dso isolated from animds
such as Ascaris, sea anemones, leeches, snake venoms and snall dimes (Vogd, et al., 1968;
Tschesche, 1974). The plasma protease inhibitors conditute another mgor group of the
functional proteins of blood plasma They react with proteases from a wide variety of sources.
Generdly they inhibit serine proteases but their mechaniam of inhibition is different than the
standard mechanism. These inhibitors have probably involved for the control of numerous
proteolytic processes occurring in blood. The ai-proteinase inhibitor (aqi-antitrypsn) is the
wdl-characterized class of plasma protease inhibitors (Travis and Sdvesen, (1983). The
pancreas produces two distinct, well-defined inhibitor families the bovine pancregtic trypsin
inhibitor (Kunitz) family, dso known as Kunitz BPTI family and the pancredtic secretory
trypsn inhibitor (Kazd) family (Laskowski and Kato, 1980). Trypsn and chymotrypsn
inhibitors have adso been isolated from numerous avian species (Kassl, 1970). These
inhibitors are glycoproteins present in bird egg whites. They comprise two widdy <udied

10
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groups, the ovomucoids and the ovoinhibitors. These inhibitors show domains homologous to
the inhibitors of the Kazd family (Laskowski, et al., 1978).
M echanism of action of serine proteaseinhibitors

Magority of the protein inhibitors of serine proteases interact with the enzymes by a
common, generdly accepted mechanism, “The Standard Mechanism” (Laskowski and Kato,
1980). Inhibitors obeying the standard mechanism ae highly specific subgrates for limited
proteolyss by ther target enzymes. They bind to enzymes in the manner of a good subdrate
very tightly, and are cleaved very dowly. On the surface of each inhibitor molecule lies a
least one peptide bond called the reactive ste. The reactive Ste is defined as the part of the
inhibitor molecule that enters into direct molecular contact with the active center of the
protesse upon formation of the protease-inhibitor complex.  Inhibition occurs as a
consequence of binding of the active dte subdrate-binding region of a protease to the
corresponding  subsirate-like reactive Ste on the surface of the inhibitor. The resctive ste
contains R- P;’ peptide bond located in the most exposed region of the protease binding loop
(P, P, and Py, P, dedgnate inhibitor resdues amino- and carboxy-termind to the scissle
peptide bond; §, S and §', S’ denote the corresponding subsites on the protease (Schechter
and Berger, 1967) which can be cleaved by a serine protease. The inhibitor is converted from
a ‘virgin” (peptide bond intact) to a ‘modified (peptide bond hydrolyzed) inhibitor. Generdly
inhibitors obeying the sandard mechanism show the presence of a least one disulfide linkage
near the reective dte peptide that ensures that during converson of virgin to modified
inhibitor the two peptide chains are unable to dissociate. Therefore, conformation of the
cleaved inhibitor is very amilar to that of its intact form. The kg /Ky, vaue for the hydrolyss
of the reactive Ste peptide bond a neutra pH is very high typicd for normd subdrates,

however, the individud vdues of kg and K, for the inhibitors are severd orders of

magnitude lower than those for norma subgtrates, leading to an extremely dow hydrolysis of
the reactive Site peptide bond.

11
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Table 1. The three dimensional structures of different representative families of serine

protease inhibitors and their enzyme complexes:

Family Structure Abbreviation PDB Reference
code
Ecotin Ecotin Ecotin 1ECY  Shin et al., 1996
Ecotin: crab collagenase Ecatin: 1AZZ  Perona et al., 1997
cCOLL
Ascaris Ascaris trypsin inhibitor ATI IATA  Grasberger, et al.,
inhibitor Ascaris chymotrypsn/ CIE-1.PPE 1994
elagase inhibitor: porcine Huang, et al., 1994
pancrestic €l astase
Hirudatin ~ Antigtatin Antigatin 1SKZ  Lapatto, et al., 1997
Hirudetin Hirudtatin 1BX7  Uson, et al., 1999
Cered- Ragi bifunctiond a-amylase RBI 1BLU  Gourinath, et al., 1999
inhibitor ftrypsin inhibitor
Corn Hageman factor CHFI 1BEA  Behnke, et al., 1998
inhibitor
Barley a-amylasg/abiilisn  BAS: AMY2  1AVA  Vdlee etal., 1998
inhibitor: barley a -amylase
STI Soybean trypsin inhibitor STI 1AVU  Songand Suh, 1998
Erythrina  caffra trypsn ETI 1TIE Onedti, et al., 1991
inhibitor
Bifunctiond protenase K/ PKI3 Zemke, et al., 1991
a-amylaseinhibitor
Winged bean chymotrypsin WCI 2WBC Deattagupta, et al.,
inhibitor 1999
BPTI Bovine pancregtic  trypsn BPTI Berndt, et al., 1992
inhibitor: bovine trypsin BPTI:bTP Huber et al., 1974
Amyloid b-protein precursor ~ APPLIITP Hynes, et al., 1990
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Family
BPTI

contd..

Kazal

Potato
inhibitor 1

Potato
inhibitor 2

SSI

inhibitor domain: rTP

Sructure

Bikunin

Proteinase inhibitor from sea

anemone

Porcine pancreatic secretory
(PSTI):

trypsn  inhibitor
bovine trypsinogen
Turkey  ovomucoid
domain

Rhodniin: bovine thrombin

Leech-derived tryptase
inhibitor
Porcine PEC-60

Barley proteinase inhibitor 2

ClI-2: subtilisn BPN’

Eglinc

Cucurbita maxima trypsn

inhibitor-V

Polypeptide inhibitor: SGPB

Streptomyces griseus

proteinase

Nicotiana alata proteinase

inhibitor C1
Sreptomyces
inhibitor (SS)

subtilisn

Abbreviation

Bikunin

ShH

pPSTI: pTG

OMTKY3

Rhodiin:
BTHRO
LDTI-C

PEC-60
Cl-2

Cl-2: SBPN

egin
CMTI-V

PCI: SGPB
NaC1l

SSI

PDB
code

1BIK
1SHP

ITGS

1TBQ

1PCE
3CI2
25N

1EGL

4SGB

3SS|

Reference

Xu, et al., 1998
Antuch, et al., 1993

Bolognes, et al., 1982

Krezd, et al., 1994

Van de Locht, et al.,
1995
Muhlhahn, et al., 1994

Liepinsh, et al., 1994
Ludvigsen, et al., 1991
McPhalen and James,
1988

Hyberts, et al., 1992
Ca, etal., 1995

Greenblatt, et al., 1989
Nidlsen, et al., 1994

Mitsui, et al., 1977
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Family

Bowman-
Birk
inhibitor

Chdonia-

nn

Sgash
seed
inhibitor

Locusta
haemoaly-

SSI: SBPN
SS mutant: bovinetrypsin

Structure

Soybean chymotrypsin/
trypsin BBI

Peanut proteinase inhibitor
Soybean proteinase inhibitor

I

Winter peatrypsn/
chymotrypsin inhibitor

Azuki bean protease

inhibitor: bTP

Mung bean trypsin inhibitor:
pTP

Mucous proteinase inhibitor:
bovine chymotrypsin

Bldin
Elafin:
elastase

porcine  pancregtic
Cucurbita maxima trypsn
inhibitor |
Cucurbita pepo  trypsn
inhibitor I1: pTP

Ecbalium elaterium trypsn
inhibitor 11

Trypsin carboxypeptidase
peptide inhibitor

Locusta migratoria inhibitor
D2

SSI: SBPN
SSI (M70G,
M73K): bTP
Abbreviation
BBI-I

A-ll

Pl-11

PsTI

AB-I: bTP
MBTI: pTP
MH:
bCHYM
Bdin

Eldfin: PPE
CMTI

CPTI II;: bTP
EETI I

TCPI
PMP-D2

2S8I1C
2TLD

PDB

code

1BBI

2BBI

1PI12

1PBI

1TAB

1REL
1IFLE

1CTI
3CTI

2ETI

Takeuchi, et al., 1991
Takeuchi, et al., 1992

Reference

Werner and Wemmer,
1992

Suzuki, et al., 1993
Chen, et al., 1992

Li delaSera et al.,
1999

Tsunogee, et al., 1986
Lin, et al., 1993

Grutter, et al., 1988

Francart, et al., 1997
Tunemi, et al., 1996

Holak, et al.,
1991
Hdland, et al., 1999

1989;

Heitz, et al., 1989
Chiche, et al., 1989
Chiche, et al., 1993

Mer, et al., 1994
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mph
inhibitor

Locusta migratoria inhibitor  PMP-C
C

1IPMC Mer, et al., 1996
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Globa dructures of proteins representing different inhibitor families are completdy
different and comprise a-helical proteins, b-sheet proteins, a/b-proteins and different folds of
disulfide-rich proteins. Protease inhibitors adopt various structures ranging from mini-proteins
to large macromolecular dructures, much larger than the target enzyme. From the dructurd
point of view blocking of the enzyme active ste is dmost dways achieved by docking of
exposed dructurd  eements, like loops or protein termini, ether independently or in
combination of two or more such eements. Besdes recognition of different surfaces in the
active dte area, some inhibitors directly utilize the mechanism of protesse action to achieve
inhibition. The mgority of the known protease inhibitors were reported to be substrate-like-
binding molecules directed towards serine proteases blocking the enzyme at the distorted
Michaelis complex reaction stage (Bode and Huber, 1992). Based on the mechaniam of
inhibition the serine protease inhibitors can be diginguished into three different classes
canonical (sandard mechanism) inhibitors, non-canonica inhibitors and serpins.

Canonical inhibitors

Canonicd  inhibitors inhibit protesses by the sandard mechanism. The sandard
mechanism implies that inhibitors are peculiar protein subdrates. The binding loop is in
gmilar, 0 cdled canonica, conformation in inhibitor dructures representing  different
inhibitor families (Bode and Huber, 1992; Apostoluk and Otlewski, 1998). Generdly the
sandard mechanism inhibitors exhibit canonical conformation of the binding loop.

Non-canonical inhibitors

Inhibitors originating from blood sucking organisms ae of the non-canonica type.
They spedificaly block enzymes of the blood clotting cascade, particularly thrombin or factor
Xa The interaction is mediated mainly through inhibitor N-terminus, which is disordered in
solution and rearranges upon binding in the active Ste of an enzyme (Szyperski, et al., 1992).
There are dso extendve secondary interactions, which provide an additiona buried area and
contribute sgnificantly to the strength and specificity of interaction. In the studied cases there
is a two-gep kinetics of association, the initial dow binding step occurs at the secondary
binding Ste, then the N-terminus locks in the active Ste of protesse. The classc example is
recognition of thrombin by hirudin (Stubbs and Bode, 1995).
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Serpins

Serpins (serine protease inhibitors) are sngle domain proteins of about 400 amino
acid reddues in variably glycosylated forms (Travis and Savesen, 1983; Potempa, et al.,
1994). The complex sructure of serpins enables regulation of their action through association
with a variety of cofactors and receptors. Generadly the serpins are plasma proteins which are
targeted towards serine proteases and thus control critically important processes, such as
phagocytos's, coagulation and fibrinolysis. Serpins contain three b-sheets (A-C) and nine a-
helices (A-1). Like the canonicd inhibitors they interact with ther target enzyme in a
substrate-like manner through the exposed loop of poorly defined sructure. The protease
binding loop of serpins, located in the C-termina part of the molecule, comprises about 30
resdues, and due to inherent flexibility, can adopt anumber of different conformations.
Microbial serine protease inhibitors

Although a plethora of low molecular weght non-protein inhibitors of various
proteases from microorganisms have been reported there are few reports of proteinaceous
protease inhibitors. Ecotin, a serine protease inhibitor found in the periplasm of Escherichia
coli, is a compdtitive inhibitor that strongly inhibits trypsin, chymotrypsin and dagtase (Yang,
et al., 1998) Mgority of the extracdlular protein protease inhibitors produced by
microorganims ae from the genus Streptomyces. The filamentous bacteria of the genus
Sreptomyces are ubiquitous soil microorganisms characterized by a morphologicaly complex
life cyde Thee organians posess the ability to synthesze a vaiety of secondary
metabolites incdluding many useful antibiotics  Unlike the Gram-negative becteria, e.g.
Escherichia coli, Gram-pogtive bacteria lack a cell wal and are therefore able to secret
protens directly into the extend miliew. The widdy didributed and wdl-characterized
proteinaceous inhibitors from Streptomyces are the inhibitors of the bacterid serine dkaine
protease subtilisin (Sato and Murao, 1973; Uyeda, et al., 1976; Kourteva and Boteva, 1989;
Tauchiya, et al., 1989) . They form a separate inhibitor family: the Streptomyces subtilisn
inhibitor family (Taguchi, et al., 1993). Besdes the subtilian inhibitors there are reports of
other related inhibitors of trypsn and other serine proteases from Streptomyces. A potent
plasmin inhibitor, plaaminogreptin has been dudied from S antiplasminolyticus (Sugino, et
al., 1978). Two naturdly occurring abundantly produced trypsin inhibitors have been purified
from S lividans and S longisporus (Strickler, et al., 1992). Recently, a novel double-headed
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proteinaceous inhibitor for serine and metalloprotease has been reported from a Streptomyces
. (Hiraga, et al., 2000). Kexddtin, a proteinaceous Kex 2 proteinase and subtilisin inhibitor
was purified from the culture supernatent of Streptomyces platensis (Oda, et al., 1996).

Streptomyces subtilisn inhibitor family

The firg inhibitor reported from Streptomyces was the Streptomyces subtilisn
inhibitor (SSI) from Sreptomyces albogriseolus (Sato and Murao, 1973). It was found that
homologous proteins of SSI ae widdy didributed paticulally in Streptomyces, a high
frequency and have been named as ‘SSl-like (SIL) proteins (Taguchi, et al., 1993a). SIL1
from S cacaoi was the fird of these proteins to be isolated and given a serid number
(Kojima, et al., 1994). Since then several SIL proteins have been characterized from different
Streptomyces s and comparative studies on their primary structures and inhibitory properties
have been carried out (Taguchi, et al., 1996). SIL2 from S parvulus, SIL3 from S coelicolor
and SIL4 from S lavendulae, were found to display strong inhibition towards subtilisn and
dso inhibited trypsn though with a reduced potency (Taguchi, et al., 1994). SIL5 fom S
fradiae, SIL7 from S ambofaciens, SIL10 from S thermotolerans, SIL12 from S
hygroscopicus, SIL13 from S galbus, and SIL14 from S azureus inhibit subtilisn as well as
trypsan (Terabe, et al., 1994; 1996). A novel member of the SS family, SIL8 isolated from S,
virginiae was the fird# SIL member to show marked inhibitory activity towards dpha-
chymotrypsn in addition to srong inhibitory activity towards subtilisn (Terabe, et al.,
1994a). Such a high frequency occurrence of SIL inhibitors suggests that they might have an
important common role in some physiologica function, e. g., as regulatory and/ or defensve
molecules againgt protesses. It has been shown that there is a pronounced structural homology
between SSI family and the Kaza (PSTI) family of inhibitors (Hirono, et al., 1984). This
homology has been observed earlier in the amino acid sequences (lkenaka, et al., 1974). SS
has been extensvely studied and characterized.
Streptomyces subtilisin inhibitor (SS)
Biochemical properties of SSI

Sreptomyces subtilisin inhibitor (SS) was isolaed in cryddline form from the
culture filtrate of S albogriseolous (Sato and Murao, 1972, 1973). It is unique in tha it
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grongly inhibits microbia akdine proteases, such as subtilisn and pronase, but not serine
proteases from animd tissues, thiol proteases, metal proteases and acid proteases. SSI could
be recovered easily under low pH conditions. The inhibitor exids as a dimer of two identica
subunits of molecular weight 11,500 and is dable under extreme temperature and pH
conditions (Akasaka, et al., 1975). One molecule of SSI gtoichiometricaly binds and inhibits
two molecules of subtilign with the inhibitor congant K; < 1 nm (Inouye, et al., 1977). The
complete primary dructure of the subunit containing 113 amino acid resdues has been
sequenced by fragmentation of the protein with cyanogens bromide, proteolytic digestion of
the fragment, the Edmann degradation procedure, and digestion with carboxypeptidases A and
B (Ikenaka, et al., 1974). Each monomer unit contains one Trp (Trp86), three Tyr (Tyr7, 75
and 93) and two intrachain disulfide linkages (Cys35-Cys50, Cys71-Cysl01). SS exhibits an
unusud fluorescence spectrum when excited a 280 nm with an emisson maximum a 307 nm
and a shoulder & 340 nm, a feature which has been recognized only for a handful of proteins
containing both Trp and Tyr residues (Uehara, et d., 1976). When excited a 295 nm, at which
Tyr scarcely absorbs, the inhibitor showed an emission a 340 nm characterigtic of Trp resdue
with a low quantum yidd, these results indicated that the Trp fluorescence of SSI is strongly
quenched in the native dae Due to its unique specificity, unusud properties and high
dability SSI has been a protein of interest and is extensvely characterized from multiple
points of viewsin many laboratories (Hiromi, et al., 1985).
Reactive site and chemical modification

The locdization and characterization of the amino acids comprisng the reactive center
and their corrdation with the inhibitory function ae essentid for undergtanding the
mechanism of action of the inhibitor. The firg attempts to determine the amino acid residues
involved in the reactive ste of SSI were carried out by Aoshima (Aoshima, 1976). They
edtablished that the photooxidation of SSI resulted in the destruction of three Met and one His
resdues with concomitant loss of inhibitory activity. Also the modification of Met by
chemicd oxidation by H,O, or Cl, led to the loss of inhibition, there fore it was concluded
tha a leest one Met reddue is involved in the reactive dte. The hydrophobic amino acids
such as Tyr, Trp and Lys were not essentid for inhibition was confirmed by modification of
SS by diazonium-1-H-tetrazole. Based on the high susceptibility of a peptide bond to
proteases and the sequence homology of SSI with bovine secretory trypsin inhibitor (Kazdl) it
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was proposed that the reactive site of SSI was Met73-Va74 (Ikenaka, et al., 1974). This view
was supported by chemicd modification and by the chymotryptic cleveage of the reactive dte
peptide bond of SSI and its resynthess by subtilisn-SSI complex formation (Omichi, et al.,
1980). The carboxy-termind four amino acid resdues were shown to be important for
maintaining the tetiary dructure and the inhibitory activity of S (Saka, et al., 1980).
Specific fluorescent-labeling of Tyr and Lys resdues of SSI was caried out by dansyl
chloride and fluorescein isothoicyanate respectively (Tanizawa, et al., 1990). The modified
SSl retained complete activity and itsinteraction with subtilisn was studied.
Protein-protein interactions

The interactions between serine protease inhibitors and their target enzymes have
receved increased dtention snce ther complexes represent excelent mode systems for
investigating the fundamenta biochemicd and biophysicd principles of protein-protein
recognition. There are severa reports on the interaction of SSI with its target protease. The
binding and kinetics of the interaction between SSI and subtilisn has been sudied by single
photon counting technique and stopped-flow fluorescence spectroscopy (Uehara, et al., 1978,
1980). An increase in protein fluorescence was obtained upon complex formation of SSI and
aubtilign. The changes in the fluorescence has been suggested due to TrplO6 of subtilisn
BPN’ and was influenced by the ionization of Tyrl04 of the enzyme (Masuda-Momma, et al.,
1993). The mechanism of hinding involves two geps, in which a fas bimolecular association
is followed by a dow unimolecular isomerization step. The increase of Trp fluorescence due
to the complex formatiion occurs soldy in the rate-determining unimolecular process. A
gmilar increese in the fluorescence intensty was shown during the complexation of
fluorescent-labeled SSI and the Streptomyces griseus proteases SGPA and SGPB (Tanizawa,
et al., 1990q). Although SGPA and SGPB belong to a different family, a computer smulation
sudy suggested that the structure of the contact regions of SGPA and SGPB with SS are
highly complementary to the surface structure of SSI (Christensen, et al., 1985). Structure of
the complex of S with aubtilisn BPN' was dso dudied by examining the thermd
denaturation and reducibility of disulfide bonds (Komiyama, et al., 1986). The denaturation
temperature of the complex was reported to be dgnificantly higher than that of the enzyme.
Two disulfide bonds locdized in the inhibitor Sde were completely reduced in the complex,
whereas only one of them was reduced in the free SSI. The interaction d SSI and subtilisn
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BPN’ has dso been sudied by chemica modification, isothermd cdorimetry and SDS-PAGE
(Inouye, et al., 1979a; Takahashi and Fukada, 1985; Narhi, et al., 1991).
Denaturation studies

Ddinegting the mechanism of protein denaturation and renaturation has been an
interesting fild of research. Kinetic invedtigations on denaturation of proteins whose three-
dimensona dructures have been ducidated by X-ray crysdlography are especidly useful for
underdanding the dealed mechanisms of conformationd trandtions of  protens.
Denaturation in proteins can be triggered by various methods. Several sudies on the
denaturation of SSI have been carried out. A kinetic study with the stopped flow method on
the pH induced denaturation and renaturation of SSI with intact disulfide linkages was carried
out by monitoring the change in Trp fluorescence (Uehara, et al., 1983). These sudies
reveded that both the acid denaturation and renaturation proceeded in two phases. A two-step
sequentiad mechanism involving a common intermediate for both the processes was shown.
Acid denaturation of SSI was caried out to probe the microenvironment of the indiviua His
resdues and the denauration trangtions of SSI by proton magnetic resonance (Fujh, et al.,
1980). The thermd unfolding of SS and its complex with subtilisn has been sudied by
crcular dichroism (CD), differentid scanning caorimetry (DSC), SDS-PAGE and 1H NMR
spectroscopy (Takahashi and Sturtevant, 1981; Komiyama, et al., 1984; Arakawa and Horan,
1990; Tamura, et al., 1991, 199149). The therma denaturation of SSI was reversble and
cooperative, proceeding in a two-date trangtion and leads to the dissociation of the dimers.
SS can exig in two denatured dates, the cold denatured and heet denatured States in the
temperature range of —10 to 60 °C in the acidic pH range. The two denatured states were not
perfect random coiled and differed from each other, indicating the existence of three dates in
this temperature range, the cold denatured, native and heat denatured state. An increased
trangtion temperature of subtilisn was observed in the presence of SSI. The solution X-ray
scatering analyss of the cold-, heat-, and urea-denatured states of SSI has been reported
(Konno, et al., 1995). The conformationa variations of the diginctly different cold and heat
denatured states of SSI as a function of urea concentration have been investigated (Konno, et
al., 1997). The effect of sodium dodecyl sulfate on the structure and function of SSI has aso
been studied (Inouye, et al., 1979)
X-ray crystallography
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The crystal structure of free SSI has been refined and solved at 2.3, 2.6 and 4.0 A
resolution (Mitsui, et al., 1977; Satow, et al., 1978; Mitsui, et al., 1979). The SSI molecule is
described as an dlipsoid of about 30 x 40 x 65 A composed of two identical subunits each
having dimensions of about 35 x 25 x 40 A. Each subunit has a unique fold of polypeptide
chan with a five-fold extensve anti-pardld b-sheet dructure and two smal a-hdices. The
Pl resdue, Met73, of the reactive dte is a the protruding edge of the subunit. The region
around the reactive dte, Met73-Va74, is hdd tight by a combination of various sructurd
feaiures. At the subunit-subunit interface, a b-shest of one unit is stacked on top of the
corresponding b-sheet of the other subunit. The crystal structure of free SSI at 2.6 A is
illugrated in Fig. 2A. The cysd dructure of subtilisn BPN' complexed with SSI has been
resolved at 4.3, 2.6 and 1.8 A (Hirono, et al., 1979; Mitsui, et al., 1979; Hirono, et al., 1984;
Takeuchi, et al., 1991). These studies have

(A) (B)

Figure 2: Ribbon diagram of the three-dimensional structure of SSI and its complex with
Subtilisin
BPN’.
(A) The crystal structure of SSI at 2.3 A resolution as determined by X-diffraction (Mitsui, et
al.,, 1977 and http:// www. rcsb. org/ pdb/ cgi/ explore. cgi?pid=156991023091910&
pdbld=3SSl). (B) The crysta structure of SSI in complex with Subtilisn BPN' at 1.8 A
resolution (Takeuchi, et al, 1991 and hitp://www. rcsh. org /pdd/ cgi/
explore.cgi ?id=156991023091910 & pdbld=2SIC).

established that the SSI-subtilisn complex is a Michadis complex with a 27 A distance
between the OY of active Ser221 and the carbonyl carbon of the scissile peptide bond. The
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enzyme-inhibitor b-sheet interaction is composed of two separate parts. that between the P1-
P3 resdues of SSI and the 125-127 chain ssgment (the S1-S3 dte) of subtilisn and that
between the P4- P6 resdues of SSI and the 102-104 chan segment (the $4-S6 dte) of
aubtilisn. The latter interaction is unique to subtilisn and does not exist in serine proteases of
the trypsin family. The complex of SSI-subtilisn BPN' a 2.6 A is shown in Fig. 2B. The
globd induced-fit movement occus on SS upon complexing with subtilisn in which a
channd-like sructure in SSI where hydrophobic chains are sandwiched between two lobes
becomes about 2 A wider. The main role of the “secondary contact region” of SSl is to
support the reective ste loop (“primary contact region”). The crystd dructure of engineered
SS (P1 Met converted to Lys and P4 Met converted to Gly, dters the specificity of SSI to
drongly inhibit trypsin) complexed with bovine trypsin has been resolved a 2.6 A (Takeuchi,
et al., 1992). The dructure and function of aubtilisn BPN' was dudied through
crystalographic studies on a series of its complexes with geneticaly engineered SSI' (Nonaka,
et al., 1996).
Genetic engineering

Molecular cloning and recombinant DNA technology have been indrumenta in
improving our undergtanding of the dStructure-function reationship of genetic sysems. Since
SS is secreted in a large amount from S albogriseolus cdls, the gene encoding SSI is
expected to have efficient transcriptional and trandationd machinery, as wel as an effective
leader peptide sequence, which is involved in secretion of the protein. Therefore, andyss of
the gene encoding SS is essentid to eucidate its structure and function of transcriptiond and
trandationd signas for a dructure gene from Streptomyces. SSI gene localized on a 1.8 kbp
DNA fragment was cloned into E. coli (Obata, et al., 1989). The nucleotide sequence analysis
showed the presence of a putative sgna peptide comprising 31 amino acids preceding the
mature SSI region. The main transcriptional tart point was identified to be 60 nucleotides
upsiream from the putative initistion codon for trandation by the primer extenson method. A
secretory expresson system for the 1.8 kbp fragment of the SSI gene was established by
introducing it in Streptomyces lividans 66 by usng a Streptomyces multicopy vector, plJ 702
(Obata, et al., 19894). The expressed SSI in S lividans was secreted in the culture medium in
a large amount, as observed with the origind drain of S. albogriseolus. Amino acid sequence

andyss of secreted SSI showed the presence of three additiond amino acids in the N-
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termind region however they were shown to have no effect on the inhibitory activity towards
aubtilign. A high-levd production of SSI in E. coli was aso achieved by replacing the SSI
dgnd sequence with the OmpA sgnd sequence using inducible pIN-I1I-ompA  vector
(Taguchi, et al., 1993b). Comparison of secretory expression in E. coli and Streptomyces of
the SSI gene has been studied (Taguchi, et al., 1990).
Protein engineering

Proten engineering through dte directed mutageness dlows the introduction of
presdeigned changes into the gene for the synthess of a protein with an dtered function.
Generaly the properties of an amino acid resdue at the reactive Ste (especidly its center, the
P1 dte) of a protease inhibitor correspond to the specificity of the cognate protease. SSI is
known to specificaly inhibit bacterid subtilisns, it has been demondrated that a functiond
change in SSI was possible by replacing the amino acids at the reactive ste (Met73) of SS
(Kogjima, et al., 1990). Replacement by Lys or Arg resulted in trypsin inhibition, replacement
only by Lys gave inhibition of lysyl endopeptidase, and replacement by Tyr or Trp resulted in
inhibition of apha-chymotrypsn. The four mutant SSIS retained ther native activity aganst
aubtilisn. Additional effects of replacing the Met70 a the P4 ste of mutated SSI (Lys73) by
Gly or Ala resulted in increased inhibitory activity towards trypsn and lysyl endopeptidase,
while replacement with Phe weskened the inhibitory activity towards trypsin (Kojima, et al.,
19904). The influence of replacements of severd others amino acids at the reactive dte of SSI
has aso been reported (Kojima, et al., 1991). The tertiary structure of SSl is maintained by
vaious interactions and by disulfide linkeges. The role of amino acid resdues involved in
these interactions can be conveniently studied by protein engineering. The sdlt bridge between
Arg29 and the carboxyl group of carboxy-termind Phell3 is essentid for mantaning the
tertiary structure and biological activity was shown by replacing Arg29 with Ala, Met or Lys
(Kojima, et al., 19944). The inhibitory activity of each mutated SSI was found to decrease
with increasing incubation time, indicating that it was converted to a temporary inhibitor upon
mutation. The requirement for a disulfide bridge near the reactive dte of SIS was
demongrated by replacing the disulfide bridge between Cysrl and CyslOl near the reective
dgte with two Ser resdues (Kojima, et al., 1993). The mutated SSI was converted to a
temporary inhibitor indicating the conformationd rigidity around the reactive dte to be
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crudd for inhibition. Smilaly, the introduction of an intersubunit disulfide linkage into the
dimeric SS was shown to enhance its stabilization (Tamura, et al., 1994).
Applications of serine protease inhibitors
Defense tools for plant protection

Protease inhibitors regulate the action of proteases and play a Sgnificant role in the
protection of plants from pest and pathogen invason. Insects that feed on plant materid
possess dkdine guts and depend predominantly on serine proteases for digestion of food
materid and therefore protease inhibitors by virtue of ther antinutritiond interaction can be
employed effectivdly as defense tools (Ryan, 1990). Some inhibitors are conditutively
expressed in seeds and storage organs while others are induced on wounding in leaves (Green
and Ryan, 1972; Jongsma, et al., 1994). Overexpresson of heterologous inhibitors in
transgenic plants has been shown to reduce the growth rates of severa insect larvae (Hilder, et
al., 1987; Johnson et al., 1989; Gatehouse, et al., 1997; Jouanin, et al., 1998; Schuler, et al.,
1998). Proteases are dso shown to be indispensable for the growth of fungi and a few plant
protease inhibitors have been shown to possess fungicidd activity (Lorito, et al., 1994,
Vdueva, et al., 1998; Joshi, et al., 1998; Chen, et al., 1999).

Therapeutic agents

Proteases are responsible either, directly or indirectly for dl bodily functions including
cdl growth, nutrition, differentiction, and protein turn over. They ae essentid in the life
cycles of organisms that cause nortal diseases such as mdaria, cancer and AIDS. The specific
inhibition of these proteases can be used as a drategy for drug design for the prevention of
propagation of the causative agents thus their effective regulaors, i.e, protease inhibitors, are
very essentid, because of their pivota role in the regulation of various physiologicad and
pathologicd processes involving the mobilization of tissues proteins and in the processng of
precursors of proteins. Fungd infections are one of the important causes of morbidity and
mortaity of immunocompromised patients. Aspergillus fumigatus is the most common human
pathogen causng invasive apergilloss. The fungd drain secretes a protease belonging to the
aubtilisn family that is involved in pathogeness, therefore its specific inhibitors are potentia
prophylactic thergpeutic agents againg this disease. SSI is known to inhibit microbia akaine
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proteases and therefore its potency was tested againgt the funga protease. It was shown that
SS drongly inhibits this protease and can therefore be used in the control of invasive
apergilloss (Markaryan, et al., 1996).

Miscellaneous applications

Besdes their applications in therapeutics and as potentia bicontrol agents, protease
inhibitors play an important role in basic research. Protease inhibitors and their enzymes have
been excdlent modd sysems to dudy protein-protein interactions. The properties of
interfaces between polypeptide chains during interaction have been caried out usng SSl as a
modd protein (Vadar and Thornton, 2001).

Recently, large-scde production of useful proteins has become possible by use of
recombinant DNA techniques. In the application of these techniques, the target protein is
often accumulated in the hogt cdls as inactive precipitates, aso refered to as incluson
bodies. The refolding or renaturation of the protein molecule from such precipitates into its
intrindc bioactive gructure is a dgnificant sep in the downstream processes of protein
engineering. The centrd theme in the refolding procedure is the sdection of environmentd
conditions for optimum refolding after solubilization of the precipitates. In the case of
proteases, vigorous autoproteolyss is known to occur during refolding resulting in low
recovery of activity. The presence of Sreptomyces subtilisn inhibitor (SS) during the
refolding of subtilisn was shown to induce quantitative renaturation by prevention of the
autoproteolysis (Matsubara, et al., 1994; Hayashi, et al., 1994)). Furthermore, application of a
digestible mutant SSI engineered specidly as a temporary inhibitor dlowed the complete
recovery of fully active subtilisn BPN'. The applicaion of a temporary inhibitor may be
gredtly effective in not only improvement of yidd but dso sdection of media for the refolding
of protease. Refolding of reduced and denatured Streptomyces griseus trypsin (SGT) was aso
achieved by SSI (Nohara, et al., 1999). Other than protecting the denatured subtilisn during
refolding SSl is known to enhance the thermd gability of subtilisn (Arakawa, et al., 1991).

The efficient secretory production system for SS is well esablished (Obata, et al.,
1989). The s gene region has been demondrated to possess unique structures; there are two
tandemly aranged promoters and two trandation initiation sgnas closdy relaed to protein
processing (Taguchi, et al., 1989a; 1991). The expresson and secretion signa of SSI has been
potentidly exploited for high-level expresson of severa heterologous proteins (Taguchi, et
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al., 1989). The heterologous production and extracdlular secretion of an antibacterid peptide
gpideecin found in the lymph fluid of honeybee Apis mellifera has been reported (Taguchi, et
al.,, 1992; Maeno, et al., 1993). The fuson protein produced showed bifunctiond activity:
inhibitory activity of SS and antibacterid activity of the peptide. In another study a secretory
production sysem for the Fv doman of a monoclona antibody agangt hen egg-white
lysozyme was edablished udng the SSI secretory system (Ueda, et al.,, 1993). The
extracelular production of biologicdly active human tranforming growth factor a (TGFa) as
fuson protein with SSI has been demondrated (Taguchi, et al ., 1995). The hybrid protein
was shown to possess bifunctiond activity, the TGFa activity for cdl growth promotion and
the antiproteolytic activity of SSl. The secretory sysem of another subtilign inhibitor-like
protein from Streptomyces venezuelae (VSl) has been used effectively for the expresson of
mouse tumor necrosis factor apha (Lammertyn, et ., 1997).
Future prospects

Proteases inhibitors are a unique class of proteins, snce they ae of immense
physologicd as wdl as biotechnologicd importances Since protease inhibitors are
physologicdly necessary, they occur ubiquitoudy in animas, plants and microbes. The
maority of the protease inhibitors reported as defense tools for protection are from plants
(Ryan 1990). However, many insects have shown to be adapted to plant protease inhibitors by
the induction of proteases insengtive to inhibition (Jongsma, et al., 1995; 1996). This
problem can be combated by the administration of a cocktal of protease inhibitors.
Exploration of novel protease inhibitors and the genes encoding them from plants as wdl as
other sources such as microorganisms can lead to the combinatorid expresson of severd
defense proteins, which could be a promisng dSrategy to engineer plants with enhanced and
broad-spectrum resstance. Since, microbes are a gold-mine of protease inhibitors they
represent a preferred source of proteins in view of ther rgpid growth, limited space required
for cultivation, and ready accesshility to genetic manipulaion. Advances in  genetic
manipulation of microorganiams by dte-directed mutagenesis of the cloned gene open new
posshilities for the introduction of predesigned changes, resulting in the production of tallor-
made protease inhibitors with novel and desirable properties. A detailed understanding of the
vaious interactions that exists in protease-inhibitor complexes will dlow the engineering of

improved inhibitors within the basc molecular frameworks of the inhibitor usng computer
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modeling. These approaches will benefit the use of protease inhibitors not only in biocontrol
but aso for saverd other agpplications.
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Present investigation

The present work detalls various aspects of the mechanism of inhibition of dkdine
proteases and ther interactions with an adkaine protease inhibitor. The findings of the
investigations have been presented in the following Sx chapters:

1
2.

Screening and Isolation of akaine protease inhibitor producing microorganisms.
Purification and biochemicd characterizetion of an dkaine protease inhibitor,
AP from a Streptomyces sp. NCIM 5127.

APl as a novel anttifungd protein: Protease inhibitory ectivity as the biochemica
bass of antifungd activity

PDI-accelerated refolding of API: effect of macromolecular crowding on in vitro
refolding.

Interaction of APl with funga dkaine proteases kinetic parameters involved in
the inactivation of the proteases.

Inhibitor induced thermal stability of Proteinase K.
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Chapter 2

Summary

The essentid nature of the dkdine proteeses in numerous physiologicd and
biotechnologica applications has evoked tremendous interest towards isolating new inhibitors
from various resources. After extensve screening of the vast diversty of soil samples, we
have isolated four actinomycetes drains producing dkaline protease inhibitors (APIS)
designated as APl (265 U/ml), API-I (242 U/ml), API-1l (116 U/ml) and API-111 (186 U/ml).
The time course for the production of APIs was determined and optimization of fermentation
conditions was caried out by subdituting an assortment of different carbon and nitrogen
sources. The inhibitors possessed a unique pecificity of inhibition confined only to dkaine
proteases. They exhibited differences in ther molecular nature and in ther pH and
temperature dabilities. AP, API-1 and API-II were high molecular weight ( >10 kD)
proteinaceous inhibitors  whereas API-1II was a low molecular weight inhibitor (<10 kD).
API, API-I and API-1l exhibited stability over a pH range of 512 whereas API-11I displayed a
wide pH gability from 2 12. APl was the most stable inhibitor. It was stable in a temperature
range of 40-95°C and exhibited a hdf-life of 5 h a 85°C. API-l was dtable at 60°C with a
hdf-life of 1 h but API-Il showed a hdf-life of 20 min a 45°C. API-1ll exhibited the least
therma gtability with complete loss of activity at 37°C dter 1 h. The gability of API-1, 11 and
[l at 65, 55 and 45°C, respectivdy, was enhanced by the addition of various additives.
Glycine (1 M) offered complete protection to the three APIs. Polyethylene glycol 8000 (10
mM) prevented the thermoinactivation of API-I. In the presence of glycerol and sorbitol
(10%) the stability of API-1 and API-11 wasincreased by 40-60%.
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Chapter 2

I ntroduction

Protease inhibitors are an important class of proteins that are ubiquitoudy present in
dl life forms (Kasd, 1970; Umezawa, 1982)). They have evoked tremendous interest
because of their pivotd role in the regulation of various physologicd and pethologicd
processes involving the mobilization of tissues proteins and in the processng of precursors of
proteins. Due to the essentid nature of proteases, protease inhibitors play a crucid role in
developing thergpeutics and as biocontrol agents. Proteases are essentid in the life cycles of
organisms tha cause lethd diseases such as maaria, cancer and AIDS (Billings et al. 1987,
Sedmer et al. 1988). Therefore, specific inhibition of these proteases can be used as a
drategy for drug design for the prevention of propagation of these causative agents. Protease
inhibitors regulate the action of proteases and play a sgnificant role in the protection of plants
from pest and pathogen invason by virtue of their antinutritiona interaction. Serine protease
inhibitors from plants have been shown to have potentia usefulness as defense tools to protect
the plants from invading pests (Green and Ryan, 1972; Ryan, 1990). Alkaine protesse
inhibitors will be more efficient as biopedticides, snce the midguts of mgor insect peds are
highly dkdine. A few plant protease inhibitors have been shown to possess fungicidd activity
(Lorito et al., 1994; Joshi et al., 1999). Although there is profound literature on numerous
protesse inhibitors from plants, there is a paucity of reports on inhibitors from microbid
sources. Microorganisms represent an efficient and inexpensve source of protease inhibitors
due to ther rgpid growth, limited space required for cultivation and ready accessbility for
genetic manipulation to facilitate their expression in tranggenic plants for obtaining improved
resstance againg pests and pathogens. Therefore, there is an urgent need to screen and isolate
microbia drains producing potent akdine protease inhibitors by exploring the biodiversty
prevaent in soil, water, insects and tropica plants.

Alkdine proteases conditute one of the most important classes of proteolytic enzymes
that have been maximaly exploited in various indudries such as detergent and leather
indudtries (Tanksde et al., 2001). Higher thermd ability is one of the crucia properties for
ther biotechnologica goplication in many industrial processes (Gupta, 1991). Various
methods are employed to enhance the thermogtability of proteases. A novel cost-effective
drategy of dabilization of proteases through the formaion of reversble enzyme-inhibitor
complexes for enhancing the thermodability can be explored. Ther interaction with ther
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target proteases sarves as a mode for studying protein-protein interactions and opens up
severd avenuesfor their gpplications.

The present chapter deds with the screening and isolation of microorganisms
producing akaline protease inhibitors. We have isolated four actinomycetes drains, which
produce akaine protease inhibitors and have studied their production and properties. The pH
and temperaiure dability of the akdine protease inhibitors and the influence of various
additives on their thermostability are investigated.
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Materials and M ethods
Materials

Starch, casein, yeast extract, mat extract, beef extract, peptone and other media
components were purchased from Himedia, India Sucrose, glucose, potassum nitrate, sodium
chloride, magnesum sulfate and dipotassum hydrogen phosphate were from  Qualigens,
Glaxo India. UM-10 membrane was from Amicon Inc. USA. Casein hammerstein for enzyme
assay was from E-Merck, Germany. All other chemicas were of andyticd grade.
Screening and isolation of actinomycetes producing API

Humus rich soil was collected from different locations in Pune, India. Appropriate soil
dilutions were plated out on modified enrichment medium for actinomycetes (Kuser ad
Williams, 1964) containing casain (0.1%) and starch (1%) and incubated at 28°C for 57 days.
Isolated colonies typicd of actinomycetes were picked and purified by single colony plating
technique. The isolates were then grown in liquid starch-casein medium for 96h a 28°C on a
rotary sheker a 200 rpm. The cdls were separated by centrifugation and the cedl free
supernatant was checked for the presence of APIs againgt subtilisin, the akaline protease
from Bacillus subtilus. The organisms that showed a high production of APl were selected for
further <sudies. The actinomycete isolates showing anti-protease activity were routingy
maintained on darch-casein agar dants and preserved a 4°C.  For long-term storage, 25%
glycerol spore suspensions were kept frozen at -70°C.
Optimization of fermentation conditionsfor production of APIs
Time profile for the production of APIs

The production of the inhibitors in starch-casein medium a various time intervas was
monitored by removing samples a different time intervds and assaying for ther anti-
proteolytic activity.
Medium optimization

Optimization of medium conditions for maximum production of the akdine protease
inhibitor was caried out by replacement of the casein and starch medium with different
carbon and nitrogen sources. The various carbon sources (1%) used were glucose, sucrose,
mannose, lactose fructose and sorbitol. The nitrogen sources (0.1%) tested were skimmed
milk, soyabean med, yeast extract, malt extract, beef extract, peptone, casamino acids and
urea. The akaline protease inhibitor production was estimated by the caseinolytic assay.



Chapter 2

Assay for protease inhibitory activity

The plate assay for the detection of APl was performed in a petriplate containing
skimmed milk agar with wells made in the center and on the periphery a a distance of 1 cm
from the centrd wdl. 20 m of subtilisn (1 mg/ml) was added in the centrd wdl. An
appropriate dilution of the culture filtrate was added in one of the peripherd wells and serile
digtilled weter in the other to serve as a negative control. The plate was incubated at 37°C.
The inhibition of hydrolyss of casan by subtilisn was indicated by the absence of clearance
zone around the wd| containing the inhibitor.

The Kunitz casanolytic assay was used with dight modifications for determining
protease inhibitory activity (Kunitz, 1947). The reaction mixture (2 ml) contained subtilisn
(7.5 ng) in 0.1 M carbonate- bicarbonate buffer, pH 10, casain (1%) and a suitable dilution of
inhibitor. After incubation at 37°C for 20 min the reaction was terminated by addition of TCA
(5%). The tubes were kept for 30 min a room temperature and filtered through Whatmann
no.l filter paper. Absorbance of the filtrate was measured a 280 nm. One unit of protease
activity was defined as the amount of enzyme that causes an increase in opticd dengty of
0.001 a 280 nm per ml of reaction mixture per min a 37°C. One protease inhibitor unit was
defined as the amount of inhibitor that inhibits one unit of protease activity. The inhibition of
akaline protease from Conidiobolus macrosporus and proteinase K from Tritirachium album
Limber was ds0 assayed in a dmilar manner. Trypan, chymotrypsin, pagpan and pepsn were
tested under their standard assay conditions.

Propertiesof API
pH stability studies

The pH gability was determined by incubating the culture filtrates (0.1 ml) of APIs in
various buffer solutions (pH range 2-12) a room temperature for 1 h followed by the
measurement of resdud inhibitory activity.

Temperature stability studies

Culture filtrate (0.1 ml) of APl was incubated a different temperatures for 1 h and the
resdud inhibitory activity was determined. The effect of various additives on the thermd
dability was determined by incubating the inhibitor in presence of an additive a the desred
temperature for a ipulated period of time. At the end of incubation, the inhibitor was further
incubated on ice for 15 min and the resdud activity was determined.
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Charcoal treatment

Culture filtrates of APIs (1 ml) were treated with activated charcoa (0.5 g) and
incubated a 4°C overnight. The mixture was centrifuged at 10,000 rpm for 10 min and the
resdua inhibitory activity of the supernatant was estimated.
Ammonium sulfate precipitation

Sting out of the proteins in the culture supernatants of APIs was carried out by
ammonium sulfate precipitation (0.9 saturaion). The precipitate was centrifuged a 10,000
rpm, resuspended in potassum phosphate buffer (0.05 M), didyzed extensvely agangt same
buffer (5 mM) and the protease inhibitory activity was evauated.
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Results

On the basis of colony characterigtics, 30 actinomycetes strains were isolated by single
colony plating technique, out of which 12 isolates showed secretion of dkaine protesse
inhibitors inhibiting subtilisn by plate assay. Four isolates producing more than 100 U/ml of
extracdlular inhibitors were characterized further. The four dkaine protease inhibitors were
designated as API, API-I, API-II and API-1ll. The plate assay for the anti-protease activity
usng skimmed milk (1%) agar by the zone of inhibition of hydrolyss of casan is shown in
Fig. 1.

Figure 1: Inhibition of subtilisin, the alkaline protease from Bacillus subtilus by API:
The zone of inhibition of the hydrolysis of casein by APl was observed. Central well:

subtilisn 20 m (1 mg/ml); Peripherd wells. (a) culture filtrate of APl and (b) sterile distilled
water as control.

Production of APIs

The time course of production of APIs during fermentation and the influence of
vaious nitrogen and carbon sources on ther overdl production were investigated. The
maximum production of APl (265 U/ml), API-1 (242 U/ml) and AFPI-Il (116 U/ml) was
obtained after 96 h of growth while that of AP-I11 (186 U/ml) was obtained after 48 h of
growth. Theresfter, a rapid decrease of production was obtained for al the APIs (Fig. 2). To
increase the production of the dkaine protease inhibitors, the starch-casen medium was
optimized by subdituting an assortment of various carbon and nitrogen sources. Starch-casain
medium was found to be the mogst suitable medium for maximum production of APl (265
U/ml) and API-I (242 U/ml). The production of API-II increased to 183 and 190 U/ml,
respectively, by replacing starch with glucose or mannose. An increase of API-111 to 219 U/ml
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was observed in the presence of fructose. Addition of yeast extract and casamino acids
resulted in an increase in the production of API-1I from 116 U/ ml to 189 U/ml and 166 U/ml,
repectively, while mat extract and yeast extract enhanced production of API-1II to 224 U/ml
and 206 U/ml respectively. In contrast, there was no effect of changing the carbon or nitrogen
sources on the production of APl and API-1.
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Figure 2: Time profilefor the production of the APIs.
APl (m); API-I (®); API-1I (A) and API-111 (¥) were grown in the starch-casein medium and
course for production of inhibitor as a function of time was monitored.

Propertiesof APIs



Chapter 2

Potency against different proteolytic enzymes

APlIs faled to inhibit neutrd serine proteases such as trypsn and chymotrypsin and
proteases from other mechanistic classes such as papain and pepsin. However, the ability of
the APIs to inhibit subtilign, protenase K and akaine protease from Conidiobolus, reveaed
their absolute specificity towards akaline proteases.
Molecular nature of APIs

Charcod is known to adsorb high molecular weight molecules and therefore, provides
a bass to ascertain the molecular nature of the compounds. The charcod-treated API, API-I
and API-Il showed absence of inhibitory activity in the supernatant liquid indicating their
high molecular weight nature. The high molecular proteinaceous nature was confirmed by
«ting out with ammonium sulfate (09 saurdtion) that resulted in the retention of the
inhibitory activity in the precipitate. These results were dso corroborated by retention of their
inhibitory activity in the retentate after membrane filtration usng amicon UM10 membrane
that dlows only the passage of molecules lower than molecular weights of 10 kD. However,
API-11I was found to be low molecular weight as deduced by the retention of the inhibitory
activity in the supernatant liquid after charcod trestment. This was dso confirmed by its
passage through the amicon UM10 membrane and its inability to be precipitated by
ammonium sulfate.
Stability of APIs
pH stability

As shown in figure 3, API-IIl exhibited pH gahility in an expansve pH range from 2
to 12. However, the other three inhibitors were stable a pH 2 and in te pH range of 512,
with alossin activity a around pH 3to 4.
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25

Relative Inhibition [%6]

Figure 3. pH stability of APIs.
APl was incubated with various buffers of different pH and its anti-proteolytic activity was
determined by the caseinolytic assay. APl (m); API-I (®); API-1I (A) and API-I1I ('v)
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Temperature stability

The inhibitors exhibited varying degrees of themd dabilities Among the four
inhibitors, APl was the mogt gable inhibitor with a hdf-life of 5 h & 85°C and stable in a
temperature range of 40-95°C. At 95 °C, APl lodt its antiproteolytic activity after 30 min.
API-I showed a hdf-life of 1 h a 60°C while API-1l was stable only upto 45°C with a hdf-
life of 20 min. API-1Il1 was very labile as compared to other inhibitors and logt its activity at
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Figure 4. Temperature stability of APIs:
(A), APl was incubated at 37 °C (m), 50 °C (), 85 °C (4A),and 95 °C (v) (B), API-l was
incubated at 37 °C (m), 45 °C (®), 55 °C (A),and 60 °C (v), (C) API-lI wasincubated at
37 °C (m), and 45 °C (e), (D) API-1ll a 37 °C (m) for the stipulated time period and the
inhibitory activity was determined.
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Effect of additives on the thermostability

Effect of additives on API-I, II, and |1l againg thermoinactivation was determined at
65, 55 and 45°C, respectively, a which they were found to lose activity. Glycine (1 M)
offered complete protection with a 10% increase in the activity of API-1. However, cysteine
hydrochloride (10 mM) showed no effect on thermogtability. Polyethylene glycol 8000 (10
mM) conferred complete stability to API-1 and a 10% increase in activity a 65°C. Glycerol
and sorbitol a a concentration of 10% enhanced the sability of API-1 by 45 and 60%,
respectively. The two polyols, glycerol and sorbitol offered 55 to 60% protection to API-1I at
55°C but failed to protect API-I1I at 45°C. Casain (1%), the substrate for the protease, dso
dabilized the inhibitors subgtantidly by 50 - 65%. The dahility of the inhibitors was aso
investigated in the presence of detergents. SDS provided 60% protection only to API-I and
Tween-80 conferred 45 and 30 % protection to API-I and API-I1, respectively; whereas both
the detergents failed to protect API-IIl agang thermd inactivation. Addition of divaent
cations such as Caf* (10 mM) stabilized API-I upto 40% while the addition of urea (10 mM)
enhanced the activities of API-1, Il and 111 by 40%, 50%, and 30%, respectively.

% Inhibition

Figure 4: Effect of various additives on thermostabilty of APIs:
API-I a 65°C, API-1l a 55°C and API-111 at 45°C wereincubated in the presence of glycerol
(10%), sorbitol (10%), polyethylene glycol 8000 (10 mM), cysteine HCI (10 mM), glycine (10
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mM), SDS (1%), tween-80 (1%), casein (1%), CaCl, (10 mM) and urea (10 mM) and the
residual inhibitory activity was monitored.
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Discussion

Actinomycetes are known to produce a wide range of antibiotics, enzymes, enzyme
inhibitors and other secondary metabolites extracdlularly. In view of the promisng role of
protesse inhibitors in various physiologicd and biotechnologca aress, the isolation of
actinomycetes drains secreting protease inhibitory activity from soil was underteken. Four
actinomycetes drains exhibiting specificity for adkaine protease inhibitors were isolated from
s0il. They showed different properties in ther molecular nature. The inhibitors could be
explored for their potentia applications in biocontrol and therapeutics. Based on the ability to
inhibit proteases of insect digedtive tracts, protease inhibitors have been shown to have
potentid usefulness as antifeedent agents. Insects that feed on plant materia possess dkaine
guts and depend predominantly on serine proteases for digestion of food materid. The
mgority of the protease inhibitors exhibiting anti-feedent properties reported so far are active
againg the neutral serine proteases such as trypsin and chymotrypsin (Ryan 1990). However,
they ae little effective as biocontrol agents snce the midguts of mgor pests such as
lepidopteran insects are highly akdine (Harsulkar et.al. 1999). Therefore, the use of protease
inhibitors reported here having specificity for akaine proteases would be more efficacious
againg serious pests and fungal pathogens.

Enhancement of thermd dability is beneficid for most of the biotechnologica
applications of proteins. Naturaly occurring osmolytes such as amino acids, polyols and sdts
ae known to protect proteins agangt thermd inectivation by d<abilizing the thermaly
unfolded proteins (Yancey et al., 1982). Thermd dability increases the efficiency of proteins
and is one of the essentid features for their commerciad exploitation. APl was very dable
while the themd inactivation of API-1, 1l and Ill could be overcome by the additions of
different additives.

In summary, dthough the four dkdine protease inhibitors shared a smilar property of
having specificity of inhibition againg dkdine proteases, they showed differentid pH and
temperature dabilities. The proteinaceous inhibitors, exhibited stability over a wide pH range
dong with higher temperature dability and would be ided candidates for developing
environment-friendly biocontrol agents and in tranggenic research for conferring resistance
agand pests and pathogens. The didinctly different non-proteinaceous inhibitor, AM-III,
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with its smal molecular weight and Sability in the physologicd range could be explored for
its pplication in developing thergpeutic agents.
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Summary

The dkdine protease inhibitor (API) producing actinomycete drain isolated from soil
was identified to be a Streptomyces sp. by its colony characteristics and spore chan
morphology. APl has been purified to homogenety by ammonium sulfate precipitation,
preparative polyacrylamide gel dectrophoress and DEAE cdlulose chromatography. Purified
APl moved as a sngle protein on native and SDS-PAGE. The homogeneity of the purified
protein was dso confirmed by a dngle pesk a a molecular mass of 28kD upon gd filtration
on HPLC and a single peak upon isodectric focusng with an isodectric point of 3.8. APl isa
competitive type of inhibitor with a K; value of 2.5x 10° M for subtilisn. Purified APl is

sable over a pH range of 6 tol2 and a temperature range of 40 to 95°C. Amino acid
composition of the purified APl showed an abundance of Ala, Vd, Gly and A accounting
for about 50% of the totd amino acid content. DTNB titration yielded two free sulfhydryl
groups and five disulfide linkages per mole of inhibitor. The oxidation of Trp by NBS
resulted in a progressve decrease in absorption a 280 nm. The number of Trp resdues
oxidized per mole of APl was cdculated to be 2. APl was found to specificdly inhibit the
dkdine proteases such as subtilisn, proteinase K from Triticharium album Limber and the
dkdine proteese from Conidiobolus sp. The binding interaction of APl with the dkdine
protease from Conidiobolus s as probed usng activity measurements and fluorescence

titration reveded that the APl and alkaline protease combine in amolar ratio of 1:2.
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I ntroduction

Eluddaing the dstructure and mechanism of inhibition of protease inhibitors is
esentid  in view of ther promisng physologicd and biotechnologica  gpplications.
Proteinaceous protease inhibitors are widdly digtributed in the plant kingdom (Laskowaski
and Kato, 1980). Some of them are drictly specific, inactivating only one class of proteolytic
enzyme, while others have broad specificity, inhibiting different mechanidic classes.
Leguminous seed inhibitors of trypsn and chymotrypsn classfied in the ‘BowmanBirk and
Kunitz plant inhibitor families ae among the best characterized proteinaceous inhibitors
from plants. There have been severd reports of isolation and purification of inhibitors of the
dkdine protease aubtilisn from plants and microorganisms. The isolaion of gpecific
aubtilign inhibitor and trypgan inhibitor from Vigna catjang has been reported (Vartak et al.,
1980). There have been adso reports on the purification and characterization of subtilisn
inhibitors from barley (Yoshikawa, et al., 1976), Hack bean (Seidl, et al., 1978, 1982), broad
bean (Svendsen, et al., 1984), Adzuki beans (Yoshikawa, et al., 1985) and foxtal millet
(Tashiro, et al., 1991). The inhibitors have been purified by conventiond protein purification
techniques employing a combination of chromatographic procedures. The homogeneity of the
purified protein is checked by polyacrylamide gel dectrophoress or by ge filtration or by
|EF and the pure protein is used for further characterization.

A number of extracdlular proteinaceous inhibitors of microbid dakaine proteases
have been isolated from different sreptomycetes (Taguchi, et al., 1993). The firg inhibitor
reported from Streptomyces was the Streptomyces subtilisn inhibitor (SS) from Streptomyces
albogriseolus (Sato and Murao, 1973). Based on the dructural homologies and protease
inhibition specificities, the inhibitors produced by Streptomyces have been named as SSl-like
(SIL) proteins and classfied as members of the SS family (Taguchi, et al., 1993a). SSI from
the culture filirate of S albogriseolus has been purified to homogeneity by sdting out with
ammonium sulfate, column chromatographies on DEAE-cdlulose and Sephadex G-100. SSI
was a0 isolaed and purified by pH adjusment of the effluent from DEAE-cdlulose column
(Sato and Murao, 1973).

Amongst the four dkaine protease inhibitors isolated (Chapter 2), APl was sdlected
for further characterization based on its high stability and proteinaceous nature, which could
be exploited for various biotechnologicd applications. For a comprehensve understanding of
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the mechanian of inhibition of APl and ddinedting its sStructure-functiond reationship, the
purification of APl is a prerequiste. The present chapter deds with the purification and
biochemical characterization of the inhibitor.
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Materials and M ethods
Materials

Casain, acrylamide, bisacrylamide, was purchased from Sisco Research Laboratories
(SRL), India. Tris, trichloroacetic acid, glacid acetic acid, and glycerol were from Qudigens,
Glaxo India N,N,N',N' tetramethyl ethylenediamine (TEMED), ammonium persulfate
(APS), N-bromosuccinimide (NBS), dithiobisnitrobenzene (DTNB), diethylaminoethyl
(DEAE) cdlulose,  N-succnyl-Ala-Ala-Pro-Phe-p-nitroanilide  (SAAPF-pNA),  sodium
dodecyl sulfate (SDS), b-merceptoethanol, coomasse blue G-250 and R-250, molecular
weight markers were from Sigma Chem. Co. USA. Ampholines were from Pharmacia,
Sweden. All other chemicds used were of andytica grade. The adkaine protease from the
Conidiobolus sp. was purified as described (Tanksale et al., 2000).
Scanning Electron Microscopy

The actinomycete isolate was grown in a cover dip culture on casen-starch agar by a
modified method (Williams and Davies, 1967). The cover dip was fixed overnight in 2%
gutarddehyde a 4°C and then gently washed with severd changes of didilled water to
remove the excess of glutarddehyde. Further, it was dehydrated by successive passages
through increasing concentrations of ethanol (10 - 95% viv) and air-dried. The specimen was
coated with gold usng a sputter coater unit (Bio-Rad, UK) and examined under a scanning
electron microscope S-120 Cambridge Instruments, UK.
Assay for Protease Inhibitory Activity

The antiproteolytic activity of APl was determined by the casainolytic assay (Kuntiz,
1947) as described in Chapter 2. The proteolytic assay of subtilisn was estimated using the
gynthetic substrate SAAPF-pNA (DelMar, 1979). The reaction was carried out in 0.1 M Tris-
Cl buffer, pH 7.8 a 28 °C contaning subtilisn (7.5 ng), appropriady diluted inhibitor
solution and SAAPF-pNA (60 ng). One unit of enzyme activity is defined as the amount of
the enzyme required to cause an increase of one absorbance unit a 410 nm per ml of reaction
mixture per minute. The reaction mixture was incubated for 5 min and the absorbance was
measured at 410 nm. The protein content was determined by Bradford method usng BSA as a
standard (Bradford, 1976).
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Production and Purification of API

APl was produced in 500 ml Erlenmeyer flask containing 100 ml of casan-starch
medium. The flasks were incubated at 200 rpm at 28°C for 96 h. Bacterid cells were removed
by centrifugation and the culture supernatant was used as a source of API. All purification
steps were caried out a 4°C unless othewise mentioned. The culture filtrate (Step 1) was
precipitated with ammonium sulfate (0.9 saturation). The precipitate was dissolved and
didysed aganst 5 mM potassum phosphate buffer pH 7.5 (Step I1). APl was further
subjected to eectrophoresis on preparative polyacrylamide g (PAGE) in a column (15 x 4.8
cm) using a 7.5 % gel and bromophenol blue as the tracking dye. Electrophoresis was carried
out a 200 V and 20 mA for 28 h, following which the band corresponding to the APl was
detected by ged-X-ray film contact print technique (Pichare and Kachole, 1994). Briefly, a
vetica drip of the gd was cut and incubated in the assay buffer (0.1 M carbonate-
bicarbonate, pH 10.0) contaning, 0.5 mg/ ml subtilian for 10 min. The gd rip equilibrated
with the enzyme solution was overlad on an equa szed X-ray film and the hydrolyss of
gdain was followed for 20 min a 37°C. The X-ray film was removed and washed with warm
water and the zone where the hydrolysis was inhibited was detected. The band corresponding
to the antiproteolytic activity was excissed and duted by homogenization and vacuum
filtration in 50 MM potassum phosphate buffer pH 7.5. The euted protein was concentrated
by lyophilisation (Step I11) and further purified by anion exchange chromatography on a
DEAE cdlulose column equilibrated with 50 mM potassum phosphate buffer pH 7.5. The
adsorbed protein was euted with 0.3 M NaCl, didyzed and concentrated by lyophilization
(Step 1V).
Biochemical Properties of API

The purity and subunit M, were checked by analyticd SDS-PAGE (Laemmli, 1970)
on 10% polyacrylamide gd usng standard molecular weight marker proteins containing
Bovine serum dbumin (BSA), 66,000; Pepsin, 34,700; Carbonic anhydrase, 29,000;
Trypsinogen, 24,000; b-lactoglobulin 18,000 and Lysozyme, 14,400

The M, of the inhibitor was dso determined by gd filtration on HPLC using a Protein

Pak 300SW column (7.8 mm x 300 mm) and Water's liquid chromatograph. The column was
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pre-equilibrated with potassum phosphate buffer (0.05 M), pH 7.5 and cdibrated usng the
above marker proteins.

Isoelectric focusing was carried out as described by Vesterberg (1972) over the pH
range of 3to 10.

The inhibition congant K; was determined by the Dixon's method (Dixon, 1953),
where the proteolytic activity of subtilisn was measured a two different concentrations of
subgtrate as a function of inhibitor concentration.

Amino acid andyss of the APl was caried out on Pharmacia LKB dpha plus amino
acid andyzer, by dandard acid hydrolyss conditions usng 6 N HCl a 110°C for 22 h.
Number of Trp resdues were determined by the spectrophotometric method (Spande and
Witkop, 1967). Free sulfhydryl groups and disulfide linkages were determined by the DTNB
method (Habeeb, 1972).
pH and thermal stability of API

The pH and temperature dability of APl was determined by pre-incubating APl (15
ng) in vaious buffer solutions (pH range 2 - 12) a room temperaiure for 1h and at
temperatures ranging from 40 to 95°C a pH 7.5 for different time periods respectively
followed by the measurement of resdua enzyme inhibitory activity.
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Fluorescence analysis

The fluorescence measurements were peformed with a PekinrElmer LS-50
spectrofluorimeter a 25 °C udng a dit width of 7.5 mm in a 1 cm path length quartz cuvette,
with an excitation wavelength of 295 nm. Measurements were performed in triplicate. In the
enzyme-inhibitor interaction sudies, the fluorescence spectrum of only APl was subtracted
from the corresponding spectrum of enzyme plus inhibitor.
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Results
Characterization of the Actinomycete Strain Producing API

The actinomycete isolate producing extracelular APl is shown in Fig.1A. Pure culture
was obtained by single colony plating technique using the starch-casaein agar medium. Typicd
colonies with firm, leathery subsrate mycdium were formed in the early dages of the
development followed by the formation of loose, cottony aerid mycdium bearing spores of
gray color. The colonies possess strong odor of damp earth on the laboratory media The
scaning dectron micrographs of the organism (Fig. 1B) reveded that it has a branching
mycdium with conidia produced in chains on top of the aerid hyphae. Spores bear a spiny
surface, mature spore chains with approximately 10 to 50 spores per chain, were found
aranged in spirds. These obsarvaions ae characterisic of the organism belonging to the
order Actinomycetales, genus Streptomyces. The strain has been deposited a our in house

culture collection unit Nationd Collection for Indusrid Microorganisms (NCIM), with the
serial number NCIM 5127.

A B
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Figure 1. Characterization of the actinomycete strain producing API
A) The actinomycete isolate was grown on a starch-casein agar plate for 5-7 daysat 28 °C and
the colony characteristics were observed. B) Scanning electron micrograph showing the
arrangement and morphology of spore chains.

Purification of API

The crude extracdlular culture filtrate of the Streptomyces sp. NCIM 5127 showed the
presence of only one protease inhibitor band as detected by the ge-X-ray film contact print
technique which has been purified to homogeneity. The flow diagram for purification of AP
is illugrated in Fg. 2. The purified APl showed a single band on SDS-PAGE (Fig. 3)
indicating its purity. It duted as a sngle pesk upon gd filtration on HPLC (Fig. 4) confirming
the homogeneity of the preparation. The specific activity of APl incressed from 4 U/mg to
164 U/mg with a 37 fold purification over the culture filtrate. Table 1 summarizes the results
of the purification of API.

Culture filtrate
Ammonium sulfate precipitation

Prepar ative polyacrylamide gel electrophoresis

Detection by gel X-ray film contact print technique
Elution, concentration by lyophilisation

DEAE-cdllulose chromatogr aphy
Purity SDS PAGE,
Gel filtration on HPLC

Homogeneous API

Figure 2. Flow diagram of the protocol used in the purification of API

Table 1. Purification of alkaline proteaseinhibitor (API)
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Step Fraction Total Total Total Specific Fold
Volume  Protein  Activity Activity  Purificatio
(ml) (mg) ) (U/mg) n
.  Culture
filtrate 1200 148 650 4 -
1. Ammonium
ulfate 10 24 534 22 5
precipitation
[1l. Polyacrylamide
Gel 4 2.5 406 162 37
Electrophoresis
V. DEAE-Cdlulose
Chromatography 2 1 164 164 37
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Biochemical Properties of API

The molecular mass of the native APl as determined by gd filtration on HPLC column
was 28 kD whereas that by SDS-PAGE was 13.1 kD indicating the presence of two subunits
having identicd molecular weights. The isodectric point (pl) of the purified inhibitor was 3.8.
The inhibition profile of APl indicated competitive type of inhibition (Fig. 5). A K; vaue of
25 x 10° M was obtained agang aubtilisn suggedive of grong inhibition by API. The
physicochemicd properties of APl are summarized in Table 2. The amino acid compostion
of the purified A is given in Table 3. As reveded from the table the amino acid compostion
showed an abundance of Ala, Vd, Gly, and Asp accounting for about 50% of the total amino
acid content The oxidation of Trp by NBS resulted in a progressve decrease in absorption a
280 nm (Fig. 6). The number of Trp resdues oxidized per mole of APl was caculated to be 2.
Two free sulfhydryl groups and five disulfide linkages were detected per mole of inhibitor.
The crude and purified APl exhibited smilar pH and temperature stability profiles, as shown
in Chapter 2, APl is stable a pH 2 and in the pH range of 612 while there is aloss in activity
around pH 3-4. APl is gtable in the temperature range of 40-95°C, at 95°C it is stable for 30
min after which thereisargpid loss of itsinhibitory activity.

Table 2. Physicochemical properties of purified API

Property of API Value obtained
Molecular weight by

SDS PAGE 13,100 ddtons

Gel filtration on HPLC 28,000 daltons

Amino acid composition 27,082 daltons
pl 3.8
Mode of inhibition of Subtilisin Competitive
Ki 2.5x10° M
pH sability 2,6-12
Temperature stability 40-95°C




Chapter 3

1 2 1.00
e
= a 2075 d
s
- b
e ] C
= 050 b
e c % _
Jo)
@ 0251 a
d ]
Purified o "™ ¢ 000
X T T T T T T T
API 4.0 42 4.4 46 48

Log [molecular weight]

Figure 3. SDS PAGE of API.
The samples were mixed with the tracking dye containing bromophenol blue, b-ME and SDS.
Lane 1, purified APl (25 ng). Lane 2, molecular weight markers. @), BSA (66,000), (),
Pepsin (34,700), (c), Carbonic anhydrase (29,000), (d), b-lactoglobulin (18,400) and (e)
Lysozyme (14,400); The bands were visudized by staining with coomassie blue R-250.
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Figure 4. Gl filtration of APl using HPLC
Elution profile of API by 50 mM potassium phosphate buffer at a flow rate of 0.5 ml/min.
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-0.01

Ki

1
0.01

L 1 1
0.02 0.03 0.04 0.05

APL [pM]

Figure 5. Determination of K; by the Dixon method
Enzymatic activity of subtilisn was estimated using casein a (o) 5 mg/ml, () 10 mg/ml,
respectively, at different concentrations of API. The reciprocal of substrate hydrolysis by
subtilisn was plotted as a function of inhibitor concentration. The straight lines indicated the
best fits for the data obtained. The Inhibition constant K;. was determined from the point of

intersection of the plots.

Table 3: Amino acid composition of API

Amingecd— No. of resdues/ mal of protein

API SSI
Asx 19 18
Glx 14 12
Thr 14 16
Ser 14 18
Pro 12 16
Gly 27 22
Ala 42 36
vad 27 26
Met 2 6
Iso 1 0
Leu 12 18
Tyr 5 6
Phe 5 6
His 4 4
Lys 4 4
Arg 14 8
Cys? 12 8
Trp® 2 2

a Estimated by DTNB titration
b Determined by spectrophotometric method of Spande and Witkop
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Figure 6. Oxidation of API by NBS.
Aliquots (5 m) of NBS (1 x 10° M) were successively added to the purified APl (2.25 x 10°
M). After each addition, the decrease in absorption at 280 nm was measured. The number of
tryptophan residues were calculated by the method of Spande and Witkop.

Stoichiometry of binding of API with alkaline protease from Conidiobolus sp.

APl specificdly shows inhibition towards dkadine proteases such as  subtilign,
proteinase K from Triticharium album limber and the akaine protease from Conidiobolus sp.
The binding interaction of APl with the dkdine protease from Conidiobolus sp. was probed
using activity measurements and fluorescence titration of the protease with API. Inhibition of
the akaine protease as a function of APl concentration followed a sgmoidd rdationship. As
reveded from the figure (Fig. 7A), the molar combining ratio of APl to dkdine protease a
the point of complete inhibition was 1:2. The active Ste of the adkdine protease contains a
Trp resdue and the intrindc fluorescence exhibits a | nax a 340 nm (Tanksae, et al., 2000).
The quantum yidd of the protein fluorescence due to binding of APl to the akdine protease
decreased gradudly in a saturation manner and indicated a molar combining ratio of 1.2 (Fg.
7B).
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Figure 7. Stoichiometry of binding of API with alkaline protease from Conidiobolus sp.

A) The proteolytic activity of the purified alkaline protease was determined in the presence of
increasing concentrations of API. The % inhibition of the protease activity was calculated
from the residua enzymatic activity. The sigmoidal curve indicates the best fit for the %
inhibition data obtained. The molar combining ratio a the point of complete inhibition was
obtained from the graph. B) The fluorescence quenching of akaline protease with APl is
shown. Alkaline protease was excited at 295 nm, and the emission was monitored from 300 to
400 nm. Titration of the enzyme (3.5x10™° M) in phosphate buffer (0.05 M) pH 7.5 was
performed by the addition of increasing concentration of the inhibitor to the enzyme solution.
Each scan represents a different molar ratio of API to akaline protease: (a) 0:1, (b) 0.1:1; (c)
0.2:1; @) 0.3:1;(e) 0.4:1; () 0.5:1; (@) 0.6:1. The inset shows decrease in the fluorescence
guantum yield as a function of the concentration of API.
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Discussion

Gram-pogtive filamentous bacteria of the genus Streptomyces are ubiquitous Soil
organisms characterized by a morphologicdly complex life cycle. In contrast to the Gram
negdtive bacteria like E. coli, Gram-postive bacteria lack a cell wal and are therefore able to
secrete proteins directly into the externa milieu. Most of the extracdlular inhibitory proteins
discovered so far have been isolated from Streptomyces sp. and classified as members of the
SS family and ae dedgnated as SSI- like (SIL proteins) (Taguchi, et al., 1993). The
microbia drain producing extracdlular APl was identified to be a Streptomyces sp. and
therefore APl belongs to the SSI family of proteins. Purification of the SS-like proteins is
generdly caried out by conventional chromatographic techniques that are tedious and time
consuming. However, the use of preparative polyacrylamide gd dectrophoress followed by
ge-X-ray film contact print technique for detection of inhibitor band offers a ample, rapid
and sengtive method for purification of the dkaine protease inhibitor. The use of gdatin
coating on the X-ray film as a subdrate for the protease activity facilitates the detection of
inhibition. APl was purified 37 fold over the culturefiltrate in asingle step of purification.

Purified APl moved as a sngle band indicaiing its homogeneity. The molecular
weight of APl by SDS-PAGE was 13.1 kD while that by HPLC was 28 kD indicating APl to
be a homodimeric protein of two identicd subunits The molecular weght cdculated
according to the amino acid composition of APl is consstent with that determined by HPLC.
Mgority of the SSI-family proteins reported are homodimeric and usudly possess molecular
weights in the range of 20-25 kD (Kourteva and Boteva, 1989; Miura, et al., 1994).
Streptomyces subtilisn inhibitor (SS) is a homodimeric protein of 23 kD. The amino acid
compostion of APl showed an abundance of Ala Vd, Gly, and Asp smilar to that reported
for SSI (Ikenaka, et al., 1974). APl was stable in a pH range of 6 to 12 and at pH 2, however,
logt its activity around pH 34. Thus, the reduced activity of APl in the pH range of 34 may
be dtributed to its decreased solubility in the pH range around the pl (3.8). In addition to the
inhibition of dkdine proteases such as subtilisn some of the SIL-family members show
vaying specificity of inhibition and are reported to inhibit chymotrypsin, trypsn and some
other serine proteases (Taguchi et al., 19933) however APl exhibited an inhibition specificaly
towards dkaine proteases. The binding interaction of APl with the akaine protease reveded
amolar combining ratio of 1.2 of APl and the akaline protease.
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The unique specificity of inhibition towards akaine proteases of the proteinaceous
APl together with its broad pH and temperature stability make it an ided candidate for its
exploration in various biotechnologicad applications especidly as a biocontrol defense protein
for the protection of plants agang pest and pathogen infestations. Being of microbia origin it
can be conveniently subjected to various recombinant techniques with minimum genetic

manipulations

66



Chapter 3

References

Bradford, M. N. (1976) Anal. Biochem. 72, 248-254.

DeMar, E. G., Largman, C., Brodick, J. W., and Geokas, M. C. (1979) Anal. Biochem. 99,
316-320.

Dixon, M. (1953) Biochem. J. 55, 170-171.

Habeeb, A. F. S. A. (1972) Methods Enzymol. 25, 457-464.

Ikenaka, T., Odani, S., Sakai, M., Nabeshima, Y., Sato, S., and Murao, S. (1974) J. Biochem.
76, 1191-1209.

Kunitz, M. (1947) J. Gen. Physiol. 30, 291-310.

Laemmli, U. K. (1970) Nature 227, 680-685.

Laskowski, M., and Kato, I. (1980) Ann. Rev. Biochem.49, 593-626.

Kojima, S, Terabe, M., Taguchi, S., Momose, H., and Miura, K. (1994) Biochem. Biophys.
Acta 1207, 120-125.

Kourteva, Y., and Boteva, R. (1989) FEBS Lett. 247, 468-470.

Pichare, M. M., and Kachole, M. S. (1994) J. Biochem. Biophys. Methods 28, 215-224.

Sato, S., and Murao, S. (1973) Agric. Biol. Chem. 37, 1067-1074.

Sedl, D. S, Abreu, H., Jaffe, W. G. (1978) FEBS Lett. 92, 245-250.

Sadl, D. S, Abreu, H., Jaffe, W. G. (1982) Int. J. Pept. Protein Res. 19, 153-157.

Spande, T. F., and Witkop, B. (1967) Methods Enzymol. 11, 498-506.

Svendsen, J. B., Hggaard, J., and Chavan, J. K. (1984) Carlsberg Res. Commun. 49, 493-502.
Taguchi, S., Kikuchi, H., Suzuki, M., Kojima, S., Terabe, M., Miura, K., Nakase, T., and
Momose, H. (1993) Appl. Environ. Microbiol. 59, 4338-4341.

Taguchi, S, Kikuchi, H., Kojima, S., Kumagal, I., Nakase, T., Miura, K and Momose, H.
(19934) Biosci. Biotech. Biochem. 57, 522-524.

Tanksde, A. M., Vernekar, J. V., Ghatge, M. S., and Deshpande, V. V. (2000) Biochem.
Biophys. Res. Commun. 270, 910- 917.

Tashiro, M., Asao, T., Nakano, H., Takahashi, K., and Kanamori, M. (1991) Agric. Biol.
Chem. 55, 265-267.

Vartak, H. G., Paranjpe, S. V., Bodhe, A. M., and Jagannathan, V. (1980) Arch. Biochem.
Biophys. 204, 129-133.

Vesterberg, O. (1972) Biochem. Biophys. Acta 257, 11-19.

67



Chapter 3

Williams, S. T., and Davies, F. L. (1967) J. Gen. Microbiol. 48,171-177.
Y ashikawa, M., Iwasaki, T., Fujii, M., and Oogaki, M. (1976) J. Biochem. 79, 765-773.
Y oshikawa, M., Yokota, K., and Hiraki, K. (1985) Agric. Biol. Chem. 49, 367-371.



Chapter 4

APl asa Novel Antifungal Protein: Protease
Inhibitory Activity asthe Biochemical Basis
of Antifungal Activity
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Summary

Beddes its antiproteolytic activity, APl was found to exhibit antifungd activity (in
vitro) agang severa phytopathogenic fungi such as Fusarium, Conidiobolus, Alternaria,
Rhizoctonia and dso agangt Trichoderma, a sgprophytic fungus. Retardation in the rate of
hypha growth extenson was observed in the presence of APl. Fusarium oxysporum f. sp.
ciceri was found to be the most sengtive to inhibition requiring 0.5 ny/disc as a minimum
inhibitory dose (MID). The fungd drains F. oxysporum f. sp. ciceri and Conidiobolus sp.
produce extracdlular dkaine protease(s) when grown in a liquid medium. The serine dkdine
protease(s) are known to be vita for the growth and development of the above fungd drans,
therefore, the antiproteolytic activity of APl could be conveniently corrdated to its antifunga
activity. Padld enrichment of both the antiproteolytic and antifunga functions obtained
during purification of APl indicated its bifunctiond behavior. The inactivation of APl a 95°C
for 30 min resulted in the concomitant loss of the two activities reveding their presence on a
sngle molecule. Chemicd modification of APl with NBS resulted in the complete loss of
antiproteolytic and antifungal  activities, with no gross change in conformation implying the
involvement of a Trp resdue in the active Ste of the inhibitor and the presence of a dngle
active dte for the two activities. Treatment of APl with DTT abolished both the activities
dthough the native dructure of APl remaned virtudly unaffected, indicating the cataytic
role of the disulfide bonds. Inectivation of AP dther by active dte modification or by
conformational changes leads to the concurrent loss of both the antiproteolytic and antifungd
activities. Based on the corrdation between antiproteolytic and antifungd activities during co-
purification, heat inactivation, chemica modification and its binding interaction with the
funga protease, we have demondrated that the dua function of APl is a consequence of its
ability to inhibit the essential dkaine protease.
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I ntroduction

Increesing populaion and diminishing avalability of cultivable land have posed
serious problems to agriculture. The Stuation is worsened as the plant is invariably subjected
to a variety of biotic and abiotic stresses. Among the biotic stresses, the mgor condraints are
the pest and pathogen attacks. Fungal diseases are one of the principa causes that contribute
subgtantidly to the overdl loss in crop yidd. Fungd pathogens employ diverse draegies to
infect ther hogt plants To colonize plants, fungi have evolved mechanisms to invade plant
tissues, to optimize growth in the plant, and to propagate. Bacteria and viruses, as wel as
some opportunigtic fungd paradtes, often depend on naturd openings or wounds for invasion.
In contrast, many phytopathogenic fungi have evolved mechanisms to ectively traverse the
plant's outer dructural bariers, the cuticle, and the epidermd cdl wadl. To gan entrance,
fungi generdly secrete a cocktall of hydrolytic enzymes including cutinases, celulases,
pectinases, xylanases, and proteases (Goodenough et al., 1991; Knogge, 1996).
Host pathogen interaction

Pants have evolved an aray of defense mechanisms to combat pathogen attack, which
are dther conditutive or inducible The most ragpid and efficient pathogen-induced defense
response is the hypersenditive response that is characterized by locdized cdl and tissue degth
a the dte of infection and induction of intense metabolic dterations in the cdl surrounding
necrotic lesons (Baker et al., 1997). These local responses trigger non-specific resstance
throughout the plant, known as systemic acquired resstance, that provides protection aganst
infection by a broad range of pathogens (Sticher, et al., 1997). The various pathoger+induced
defense responses that contribute to efficient confinement of the pathogen incdlude 1) cdl wal
reinforcement by deposition and crosdinking of polysaccharides, proteins, glycoproteins and
insoluble phendlics. (2) Stimulation of secondary metabolic  pathways, which yidd smal
compounds with antibiotic activity (the phytodexins) and aso defense regulators such as
sicylic acid, ethylene and lipid-derived metabolites, (3) Accumulation of a broad range of
defense-related proteins and peptides. (Fritig, et al., 1998)
Antimicrobial proteinsand peptides

Accumulaion of a group of proteins caled the pathogeness-related (PR) proteins
represents the mgor quantitetive change in protein compostion that is strongly induced after
infection. Table 1 presents the PR protein families that have been characterized from different
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plant species and dassfied manly according to sequence dmilarities (Van Loon, et al.,
1993). In addition to PR proteins, smdl peptides with antimicrobid properties aso
accumulate in infected plants (Broekaert, et al., 1997).

Most PR proteins have a damaging action on the dructures of the parasite. PR-1 and
PR-5 family members interact with the plasma membrane (Niderman, et al., 1995; Abad, et
al., 1996). There is, in fact, little information on the mechanism of interaction of the proteins
of families 1 and 5 with the plasma membrane even though the crystad structures of a tomato
PR-1 protein (Fernandez, et al., 1997) and of a maize PR-5 protein (Batdia, et al., 1996) have
been recently eucidated. These dructurd dudies reveded that PR-5 proteins have an
dectrodeicdly polaized suface tha may be responsble for antifungd activity by
interacting with a membrane ion channel, a water channel or an osmoatic receptor (Batdia, et
al., 1996). The class 5 PR proteins are homologous to the sweet protein thaumatin from
Thaumatococus danielli. PR-5 proteins have been reported to create transmembrane pores and
therefore named as permatins (Vigers, et al., 1991). The well characterized antifungal proteins
osmotin and zeamatin from maize belong to the PR-5 class.

Tablel Antimicrobial pathogenesis-related proteinsin plants.

PR protein Enzymétic ectivity Target in pathogen
family
PR-1 ? Membrane?
PR-2 1, 3-b-glucanase Cdl wal glucan
PR-3 Endochitinase Cdl wdl chitin
PR-4 Endochitinase Cdl wdl chitin
PR-5 ? Membrane
PR-6 Proteinase inhibitor Proteinase
PR-7 Proteinase ?
PR-8 Endochitinase Cdl wadl chitin
PR-9 Peroxidase
PR-10 RNAase? ?
PR-11 Endochitinase Cdl wdl chitin
Undlassfied a-Amylase Cdl wdl a-glucan
Polygd acturonase
inhibitor protein Polygalacturonase
(PGIP)

Another wdl characterized target of plant antimicrobid proteins is the cdl wadls of
fungi and bacteria. The b-1,3 glucanases (PR-2 family) and chitinases (PR-3, PR-4, PR-8 and
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PR-11 families) can attack the fungd cdl wal snce the subgrates of these two enzymes, b-
13 gdlucans and chitin are the condituents of the cdl wal of mos higher fungi. Some
enzymes from the pathogen are involved in pathogeness and are dso targets for plant defense
proteins. Peroxidase (PR-9 family) has indirect antimicrobid activity by cadyzing oxidetive
crosdinking of proteins and phenalics in the plant cel wal, and thus protects the hogt from
degradation by the pathogen's hydrolytic enzymes. The role of other enzymes such as
proteinases and RNases in plant defense is not yet clear. Plants dso synthesize inhibitors of
funga polygdacturonases which are conddered as pathogenicity factors (Desderio, et al.,
1997). The PR-6 family represents the proteinase inhibitors which are induced during the
hypertensive response (Geoffroy, et al., 1990)

In addition to the PR proteins liged in Table 1, smal antimicrobid peptides active
agang fungi and bacteria have been isolated from plants (Broekaert, et al., 1997). The
peptide families, thionins, plant defensns and lipid transfer proteins ae induced upon
infection and thus share smilarity with the PR proteins. These peptides exert ther detrimenta
effect a the leve of the plasma membrane of the target microoganism but are Ikely to act via
different mechanisms.

Strategies developed for the control of fungal diseases

Agronomica indudries employ a wide vaiety of chemicd antifungd agents to
overcome the problem of fungd infections, which plays a vitd role in contralling the
agricultural  economy. However, chemica pedticides are associated with several drawbacks
such as lack of specificity, increased incidence of development of resstance upon prolonged
application and deleterious effect on human hedth together with the environmentad hazards
inherent with resdud toxicity. Therefore, there is an immediate need to develop dterndive
mechanisms to combat these biotic dresses for enhancing the productivity of plants. One of
the mechanisms involves plant breeding, which ams towards the manipulation of hogt plant
resstance agangt the mgor plant pathogens. Host resistance may be modified by the use of
interspecific and intergeneric  hybridization to incorporate ressance traits from resgtant
germplasm. This approach, however is often time-consuming and involves the identification
of resgant germplasm from plant introductions and seed banks followed by wide
hybridization which may be achieved through conventionad crosses and screening. Moreover,
intergeneric and even interspecific crosses can be very difficult to achieve, and they may
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require more complicated manipulations such as embryo rescue and in vitro culture, or
somatic hybridizetion, in which the fuson of somdic protoplasts is used to circumvent
extreme sexua incompatibilities (Gleddie and Kdller, 1989).
Molecular genetic gpproaches amed at identifying resstance traits or a directly modifying
the hogt plant's resstance datus offer an interesting dternative. The search for molecular
markers linked or associated with disease and pathogen resstance traits, for instance, is a key
god of many plant pathologists snce such markers gregtly ad in the indirect sdection of
ressant germplasm and tracking of resstant progeny. In padld, the advent of plant genetic
transformation now offers the posshbility of manipulating host plant resstance to pathogens
by the use of appropriate resistance genes (Shah, et al., 1995). In this case plants with "built-in
resstance may be desgned by the addition of defense related proteins that interact with
specific receptors or interfere with some metabolic functions in the target organiam. Two
kinds of resistance may be obtained by this approach:

1. Complete resstance, where the trait introduced kills the target pest, and

2. Rdlative resstance or tolerance, where the novd trait only partly protects the plant.
Complete resgance is seen where the genes encoding toxic (pedticidd) molecules are
integrated into the plant genome. This approach forms a resstance mechanism based upon
antibiogs, viz, the pathogen recognizes the hogt plant, atacks or invades, and is prevented
from further invason by some toxic metabolite. Relaive resstance or tolerance dso suggests
that the pathogen recognizes the hog, invades and attacks, but is prevented from causng a
serious or full-scde hogt infection due to factors, which interfere with specific metabolic
Processes.

Although until now most emphads has been put on the design of ‘killer plants,’ partid
resstance shows increasng potentid. Like any other pedticide, transgenic plants expressng
toxic proteins will exert a strong sdection pressure on the target pest population, which may
result in the rapid development of resgtant populations in the fiedld and thus decrease the
effectiveness of the modified plants when they are used as a sole control method (Brattsen,
1991). The effect of plants expressng antimetabolic proteins, in contrast, would be more
diffuse, leading to reduced fitness of the target pest without exerting a high sdection pressure
on the target population. As a result, these plants would not provide complete control of the

target pests, but instead dter their overdl fitness in the environment. Such plants could prove
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to be useful, especidly when used in combination with other control approaches. Pathogens
with reduced fitness could be more susceptible, for instance, to biological control agents used
in the fidd, thereby contributing to the improvement of their efficacy (Gleddie and Michaud,
2000).
Protease inhibitor s as defense tools against plant pathogens

By virtue of ther ability to inhibit a wide variety of proteolytic enzymes Pls were
proposed as a tool to control pest and pathogenic organisms as diverse as herbivorous insects,
parastic nematodes and human microbid pathogens (Schuler, et al., 1998; Atkinson, et al.,
1995; Henskens, et al., 1996). Until now little is known about the potentid of PIs in the
control of plant pathogens, but one can speculate that blocking the activity of plant fungd or
bacterid pathogen proteases could eventualy decresse thar fitness by the dteration of some
yet uncharacterized, but useful physiologicd functions. Extracelular protesses may be
important in many pathogens for basc processes like dietary protein hydrolyss, penetration
of hogt tissues or zymogen activaion. While their role during the infection of plant tissues
dill remains to be ducidated, the secreted proteases of plant pathogens represent potentid
target molecules for the design of pathogenressant transgenic plants. Protease inhibitors
have recelved increased atention because of their smdl dze, abundance and ability (Ryan,
1990). In this perspective, the use of protease inhibitor (Pl)-encoding genes may appear of
paticular interes in the devdopment of plants which are patly resstant to pathogens.
Severd dudies examined the nature and the role of protease inhibitors in plant pathogenic
fungi. The pathogen Phytophthora infestans, was shown to induce the synthess of three
chymotrypsin inhibitors in infected potato tubers (Vdueva, et al., 1998). These serine Pis
were purified from infected tissues, and subsequently shown to inhibit funga Zzoospore
germinaion and hyphae development in vitro, suggeding an antifunga role for these PIs in
potato tubers. Inhibitors of trypsan and chymotrypsin purified from cabbage leaves, were
shown to inhibit spore germination and germ tube eongation of Botrytis and Fusarium
species when added to fungd cultures in vitro (Lorito, et al., 1994) In another study
trypsn/chymotrypsn inhibitors purified from buckwheat (Fagopyrum esculentum) seeds were
able to inhibit spore germination and mycelium growth of Alternaria alternata (DunaevsKii,
et al., 1994), while a cysteine Pl purified from the pearl millet (Pennisetum glaucum) was
shown to affect funga spore and myceium growth of severd pathogenic species including
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Trichoderma reesei (Joshi, et al., 1998). There are many reports of transgenic plants
expressng protease inhibitors that act primarily as insect growth retardants (Hilder, et al.,
1987; Johnson et al., 1989; Gatehouse, et al., 1997).

The recent introduction of transgenic plants containing pest and pathogen resistance
genes has launched a new era in agriculture. The developing technology alows the transfer of
a gendic trat into plants from vadly different species Exploration of nove antifungd
proteins and the genes encoding them from not only plants but dso other sources such as
microorganisms can lead to the combinatoria expresson of severd defense proteins, which
could be a promisng drategy to engineer plants with enhanced and broad- spectrum
ressance. In the present chapter we present the characterization of the nove antifungd
property of APl againgt agronomicaly important fungal pathogens and the biochemical bass
for its bifunctiond nature.

Materials and M ethods
Materials

Potato dextrose, bactoagar and other microbiologicd media components were from
Himedia, India N-bromosuccinimide (NBS), dithiothretol (DTT), N-acetyl imidazole (NAI),
phenyl glyoxd (PG), diethyl pyrocarboxylae (DEPC), phenyl methyl sulfonly
fluoride(PMSF), Woodward's reagent K (WRK) and trinitrobenzenesulfonic acid (TNBS)
were from Sigma Chem. Co. USA.. All other chemicals used were of anaytica grade.

Fungal isolates

The fungd drans Fusarium monoliforme (NCIM 1099, 1100), Alternaria solani
(NCIM 887, 888), Conidiobolus sp. (NCIM 1298), Asperigillus flavus (NCIM 535),
Trichoderma reesel (NCIM 992, 1052, 1186) and Fusarium oxysporum (NCIM 1008, 1043,
1072) were from our in house culture collection unit, Nationd Collection of Indudtrid
Microorganisms (NCIM) Pune, India Fusarium oxysporum f. sp. ciceri was obtained from
ICRISAT, Hyderabad, India. Rhizoctonia solani and Pythium sp. were obtained from Niku
Bioresearch Laboratories, Pune, India The adkdine protease from the Conidiobolus sp. was
purified as described (Tanksale et al., 2000).

Assay for proteaseinhibitory activity
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The antiproteolytic activity of APl was determined by the casainolytic assay (Kuntiz,
1947) as described in chapter 2. The protein content was determined by Bradford method
using BSA as a standard (Bradford, 1976).
Bioassaysfor determination of antifungal activity

Inhibition of growth of fungi by APl was dudied usng a hyphd extention inhibition
assay as described by (Roberts and Sditrennikoff, 1986). Fungd mycdium from freshly
grown culture was spot inoculated at the centre of a petriplate and incubated at 28°C for 48h.
Steile filter paper discs impregnated with suitable samples of APl were placed on the
periphery of the advancing fungd mycdium. The plates were further incubated a 28°C and
observed for crescents of retarded mycdia growth. Fusarium oxysporum f. sp. ciceri and
Conidiobolus sp. was grown in 250 ml Erlenmeyer flask containing 50 ml of Sabouraud's
dextrose broth supplemented with 2% soyabean med for 4 to 5 days a 28°C. The fungd cdls
were separated by filtration and the filtrate was checked for the presence of akaline protease
by caseinolytic assay as described earlier. The fungd drains were dso grown on solid
Sabouraud's dextrose medium supplemented with 2% soyabean med in the presence and
absence of phenyl methyl sulphonyl flouride (PMSF) (5 mM).
Chemical modification of API

APl (100 ng) was incubated with various chemicad modifiers (10 mM) in potassum
phosphate buffer (0.05 M) pH 7.5 in a reaction volume of 500 m a room temperature for 20
min. The chemicdly modified protein was subjected to ge filtration on Sephadex G 10
column (1 x 20 cm) equilibrated with potassum phosphate buffer (0.05 M) pH 7.5, to remove
the excess of modifying agent and the antiproteolytic and antifunga activity of the modified
APl was determined as described above.
Fluorescence and circular dichroism analysis

The fluorescence measurements were peformed with a PekinrElmer LS-50
spectrofluorimeter at 25°C usng a dit width of 7.5 mm in a 1 cm path length quartz cuvette,
with an excitation wavdength of 295 nm. Measurements were performed in triplicate. In the
enzyme-inhibitor interaction sudies, the fluorescence spectrum of only APl was subtracted
from the corresponding spectrum of enzyme plus inhibitor.

The far UV-CD gpectra of the native and modified inhibitor (10 ng) in potassum
phosphate buffer (0.05 M) pH 7.5 were recorded between 200-250 nm on a Jasco J715
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spectropolarimeter at 25°C usng 10 mm pathway cuvette in 0.1 nm increment. Spectra are
represented as an average of 5 scans with the basdine subtracted. CD spectra were analyzed
usng the k2D program for protein secondary dsructure prediction (Andrade, et al., 1993,
Merelo, et al., 1994).
HPLC analysis

The quaternary dructure of native and modified APl was monitored by Sze excluson
HPLC on Protein-Pak 300SW HPLC column (7.8 mm x 300 mm) usng a Waters liquid
chromatograph. The column was pre-equilibrated with potassum phosphate buffer (0.05 M)
pH 7.5, and the samples were andyzed a a flow rate of 0.5 ml/min and monitored a a
waveength of 280 nm.
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Results
Antifungal activity of API

Crude inhibitor preparation was checked for its ability to inhibit fungd mycdid
extenson. The fungi namdy Fusarium oxysporum, Fusarium monoliforme, Conidiobolus sp.,
Alternaria solani, Trichoderma reesei, Rhizoctonia solani exhibited moderate to good
inhibition whereas Aspergillus flavus and Pythium sp. did not show crescents of retarded
growth even with very high dose of APl. Fusarium oxysporum f. sp. ciceri exhibited highest
sengtivity to inhibition requiring 30 ng/disc (Img/ml) as minimum inhibitory dose (MID)
while Conidiobolus sp. was inhibited with a MID of 50 ng/disc (2 mg/ml). Trichoderma reesel
(NCIM 1186) required a MID of 100 ng/disc (4 mg/ml) while other drains required much
higher doses of about 10 mg/ml. Purified APl showed a 100 fold incresse in antifungd
activity over the crude inhibitor preparation againg F.oxysporum requiring a MID of 0.5
ny/disc (Fig. 1).

d

(A) (B)

Figurel: Antifungal activity of APl against Fusariumaoxysporum f. sp. ciceri and
Trichoderma reesei
A. Growth inhibition of Fusarium oxysporum f . sp. ciceri using different concentrations of
purified inhibitor (& 2 ng, (b) 1 ny, ( ¢) 0.5 ng and (d) O ng per disc. B. Growth inhibition
of Trichoderma reesel (a) 10 ng, (b) 5 ny, (¢) 2.5 ng and (d) O ng per disc.

The fungd drain F.oxysporum f. sp. ciceri and Conidiobolus sp. produce extracdlular
dkaine protease(s) when grown in a liqud medium. Inhibition of the akaine protease

75



Chapter 4

activity was observed in the presence of APl by the casainolytic assay. In the presence of
PMSF (5 mM), retardation in the growth rate and hypha extenson was observed indicating
that the protease is essentid for the growth and development of the organism. The dkdine
protease from Conidiobolus sp. has been purified to lomogeneity (Tanksale et al., 2000) and
its interaction with APl was dudied to decipher the corrdation of the anifunga and
antiproteolytic activites.
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Co-purification of antiproteolytic and antifungal activities

APl (10 ng) obtained after successive steps of purification (Chapter 3) viz. culture
filtrate (specific activity 4 U/mg), ammonium sulfate precipitation (22 U/mg) and preparative
PAGE (162 U/mg) when tested by plate assay against Conidiobolus dkaine protease
digolayed an increase in the zone of inhibition of casain hydrolyss as the specific activity
increesed indicating the extent of purification (Fig. 2A). Smilaly, the antifungd activity of
APl determined & the corresponding steps of purification resulted in increased inhibition of
hyphd extenson (Fig. 2B). Thus, during purification, increase in the antiproteolytic activity

padlded the enrichment of antifungd activity suggesting ther coexisence on a sngle

molecule.

d
(A) (B)

a C

Figure 2: Copurification of ahtiproteolytic and antifungal activity

A. Antiproteolytic activity of API: The effect of purification of API on the inhibition of
akaline protease from Conidiobolus p. is demonstrated by the plate assay using skimmed
milk agar. Increase in zone of inhibition of casein hydrolysis is observed with the successive
steps of purification of APl (10 ng) in phosphate buffer (0.05 M) pH 7.5. (a) Sterile distilled
water control, (b) culture filtrate (specific activity 4U/mg), (c) ammonium sulfate precipitation
(22 U/mg), d) preparative PAGE (162 U/mg). B. Antifungal activity of API: The paralle
enrichment of antifungal activity of APl against Conidiobolus sp. with purification is shown.
Conidiobolus sp. was spot inoculated on potato dextrose agar and retardation of fungal growth
extension was observed with the successive steps of purification of API (50 ng) in phosphate
buffer (0.05 M) pH 7.5 as above.
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Simultaneous loss of antiproteolytic and antifungal activities upon heat inactivation of
API

APl is stable over a wide temperature range of 50 to 85°C for 10 h. At 95°C, API lost
its antiproteolytic and antifungal activity after 30 min. The dructura changes induced due to
heet inactivation were followed by fluorescence and circular dichroism messurements. AP
exhibits a | o Of 339 nm when excited & 295 nm characterisic of the presence of its
tryptophanyl resdues in a non-polar environment (Fig. 3A). The hegt inactivated APl showed
a prominent red shift of 15 nm and a 25% decrease in fluorescence quantum yield in
comparison to the native protein reveding the exposure of the Trp resdues as a result of
change in the tertiary structure. The active Ste of the akaine protease contains a Trp resdue
and the intrindc fluorescence exhibits a | 4 @ 340 nm (Tanksdle et al., 2000). The binding
of APl to the akaine protesse results in the fluorescence quenching of the enzyme
Interaction of thermadly inactivated APl with the dkdine protease did not result in the
quenching of fluorescence of the protesse, indicating the ingbility of APl to bind to the
enzyme. APl displays a strong and characteristic CD spectrum in the far-UV region with two
negative minima a 209 nm and 220 nm (Fig. 3B). The inhibitor is an a/b type of protein
conggting of intermixed segments of a-hdix and b-sheet, with 27, 14 and 59% of a-hdix, b-
sheet and random coil dructure respectively (Table 2). Concomitant with the loss in the
tertiary dructure of APl by heat inactivation, there was a subgtantid change in the secondary
structure as reveded by the CD spectrum (Fig. 3B, Table 2). A condderable decrease was
obsarved in the a-hdicd content, which gppears to be the mog labile structurd dement of
API. These reaults concluded that disruption in the native structure by heat inactivation leads
to the loss of its biologicd property.

TABLE 2: CD analyss of native and modified API

Sample % a % b % Random coil
Native 27 14 59
NBS-modified 30 12 58
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Figure 3: Effect of modification on the structure of API.

A. Fluorescence spectra of native and modified API: APl (15 ng) in phosphate buffer (0.05
M) pH 7.5 was excited at 295 nm and the emission was monitored from 300 to 400 nm. (a)
Native API., (b) API treated with DTT (10 mM) for 15 min at room temperature., and (c) API
heated at 95°C for 30 min. B. Far UV-CD spectraof native and modified API: Thefar UV-CD
spectra of APl (10 ng) in phosphate buffer (0.05 M) pH 7.5 are shown. (a) native API., (b)
API treated with NBS (0.1mM) for 30 min at room temperature., (¢) API treated withDTT (10
mM) for 15 min a room temperature., and (d) API heated at 95°C for 30 min.

Tryptophan is essential for antiproteolytic and antifungal activities

Chemica modification of APl with various group specific modifiers such as PMSF,
NAI, WRK, DEPC, TNBS, or PG a a concentration of 10mM had no effect on its
antiproteolytic and antifungal activity. However, modification of APl by NBS (0.1 mM)
resulted in the loss of its antiproteolytic and antifungal activities. Trestment with NBS may
leed to the modification of Cys, Tyr or Trp. However, decrease in absorption of NBS-
modified APl & 280 nm eiminates the possibility of thiol group modification by NBS (Chap.
3, Fig. 6). Complete loss of activity of APl by NBS but not by NAI negates the modification
of Tyr resdues. Thus, the Trp resdues of APl play a crucid role for its bifunctiona property.
The dructurd changes in the NBS-modified APl were monitored by fluorescence and CD
dudies. The tryptophanyl fluorescence of NBS-modified APl resulted in a progressive
quenching of about 80%, as a function of NBS concentration without any shift in the emisson
maximum (Fig. 4). The CD spectra of the naive and NBS-modified APl were identica
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indicating negligible effect of modification of Trps on the secondary dtructure (Fig. 3B).
NBS-modified APl fals to quench the tryptophanyl fluorescence of dkaine protesse
implying its inability to bind to the active Ste of the enzyme This suggedts that the loss of
antiproteolytic and antifungal activity of NBS-modified APl is due to its incgpability to form
a functiond complex with the target enzyme, concluding the essentid role of Trp residues in
the enzyme-inhibitor binding.

500

400

300

200

Fluorescence intensity [a.u]

300 320 340 360 380 400
Wavelength [nm]

Figure. 4: Fluorescencetitration of APl with NBS.
APl (2.25 x 10° mM) was excited at 295 nm and the effect of NBS on the fluorescence
emission of API from 300 to 400 nm was monitored by the addition of increasing amounts of
NBS (10 x 10 ~®M). The spectra represent the APl to NBS molar ratios of (a) 1:0.(b) 1:4.6.,
(c) 1: 6.9, (d) 1:115,, and (e) 1. 16.2.

Functional role of disulfide linkages for the antiproteolytic and antifungal activity of
API

APl is a homodimeric protein containing five disulfide linkages To invedigae the
functiond role of disulfide linkages, APl was treated with DTT. The inhibitor logt its
antiproteolytic and antifungd activity when treated with DTT (10 mM) a room temperature
for 15 min. The secondary structure of DTT-modified APl showed a dight increase (13%) in
the a-helicd content (Fig. 3B) (Table 2). The tetiay and quaternary structure remained
unperturbed as reveded by fluorescence (Fig. 3A) and sSze excluson HPLC dudies
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respectively (Fig. 5). The DTT-modified APl quenched the tryptophanyl fluorescence of the
adkdine protease indicating that the binding coordinates of APl ae undisturbed by DTT
modification. Thus, the modification of APl by DTT brings a@bout changes in the functiond

features rather than in gross conformation.
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Figure5: Size exclusion HPL C profile of native and DTT modified API
The figure shows the eution profile of APl on a Protein-Pak 300SW HPLC column pre-
equilibrated with phosphate buffer (0.05M) pH 7.5. %4), native APl and (---), API treated
with DTT (10mM) for 15min at room temperature
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Discussion
Protease inhibitors are widdy didributed within the plant kingdom. Some
inhibitors are conditutively expressed in seeds and storage organs while others are induced
upon wounding in leaves (Green and Ryan, 1972). The protease inhibitors play an important
role in the protection of plant tissues from pest and pathogen atack by virtue of an
antinutritional interaction. Many insects that feed on plant materia possess neutra or dkaline
guts and depend predominantly on serine proteases for digestion of food materid. Thus,
serine protease inhibitors have potentia usefulness as defense tools in protecting crop plants
agang invading pests (Ryan, 1990). Plants producing proteins with the ability to inhibit the
growth of fungi in vitro have been reported by many workers (Terras, et d., 1992; Linh and
Huynh, 1994; Kumari and Chandrasekhar, 1994). Lorito et al., in 1994 have reported, for the
firg time, trypsn and chymotrypsn inhibitors from cabbage foliage exhibiting antifunga
activity againg Botrytis cinerea and Fusarium solani f. sp. pis (Lorito et al., 1994). The
inhibitors supressed spore  germination, germ tube dongation and caused leskage of
cytoplasmic contents in an in vitro biocassay. Cysteine protease inhibitor from pearl millet
with antifungd activity specificdly towards Trichoderma reesel has been reported (Joshi et
al., 1998). APl displayed potent antifungd activity (n vitro) agangt F.oxysporum f. sp. ciceri.
F. oxysporum is a wilt-caudng facultative root pathogen of legumes It colonizes the
conducting drands and blocks them completdly resulting in wilting which leads to heavy
loses in crop yidd. APl was dso found to inhibit the growth of other fungi such as
Conidiobolus, Alternaria and Rhizoctonia. Thus the bifunctional property of APl can be
exploited as a biocontrol strategy to enhance resistance againg various funga pathogens.
Underganding the biochemica bass of the antiproteolytic and antifunga activities of
APl and ducidation of the dructure-function rdationship of its interaction with the adkdine
protease are essentid for its use as a candidate bifunctional protein in transgenic research. The
co-purification of the antiproteolytic and antifungal activity of APl suggested their presence
on a gnge molecule To ddineate the mechanism of protease inhibition and in turn its
correlation with the antifungd property, it is important to assign the factors that determine the
interaction of APl with the target enzyme viz. the dkdine protease. The presence of a Trp
resdue in the active dte of the dkaine protease from Conidiobolus has been exploited to

monitor the interaction between the enzyme-inhibitor complex. Heating of AP, led to a
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subgtantid  dteration in its secondary and tertiary sructure, with a consequent loss in its
cgpacity to bind to the dkdine proteese, culminating in the inactivation of both
antiproteolytic and antifungal activities. Chemicd modification of APl by a Trp specific
modifier NBS, resulted in the loss of its functions as a consequence of its ingbility to form a
functiond enzyme-inhibitor complex. Thus the Trps of APl play an essentid role in
maintaining the hydrophobicity of the binding pocket and in its efficent binding to the target
enzyme.

It has been reported that the G/s™* - Cys'®! disulfide bond of Streptomyces subtilisin
inhibitor (SSI) present in the vicinity of the reactive site scissile bond Met”® - va, is more
accessble to reduction by DTT than the other disulfide bonds (Uchida et al., 1991). The haf-
reduced SS retained 65% of inhibitory activity of naive SSI and maintained a conformation
amilar to tha of fully oxidized SS. In order to delineate the functiond role of disulfide
linkages in APl we have reduced APl with DTT. DTT-modified APl retained its ability to
bind with the protease as reveded by reduction in the fluorescence of enzyme-inhibitor
complex. The dructurd hierarchy of DTT-modified APl in terms of secondary, tertiary and
quaternary dructure was virtudly unaffected as suggested by CD, fluorescence, and size
excluson chromatography respectively. Kojima et. al. have demondrated the requirement of
a disulfide linkage for inhibitory activity of SS, by diminaing the disulfide bridge near the
reactive dte and by replacing both Cys resdues with Ser resdues (Kgjima et al., 1993). The
conformational rigidity owing to the presence of a disulfide bridge near the reactive Ste has
been suggested to be crucid for inhibitory action of the protein. Although, there was no
ggnificant dructurd change in APl upon manipulation of the disulfide linkages there was a
smultaneous loss of both the antiproteolytic and antifungd activity vadideating the sgnificance
of disulfide linkages for the activity of APl. Thus dather a disurbance in the enzyme-binding
or cadytic dte of APl as in NBS- or DTT-modified APl respectivdy or the thermd
unfolding of the natiive 3D dructure, which perturbs both the enzyme-binding and catdytic
gtes, results in the loss of the protease inhibitory activity and in turn its antifunga activity.
Our results, therefore, consolidate the functional dudity of APl to be effectuated through the
inhibition of avital protease.

Studying plant defense responses and devisng newer and ecofriendly srategies for
plant protection agangt pests and pathogens is today one of the most dynamic areas of
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rescarch in plant science. Identification of novel proteins, which can confer sustained
resdance, is an essentid prerequiste to the application of gene trandfer techniques for
development of pest and pathogen resistance in crop plants. There is a consderable interest in
usng the proteinase inhibitors as potentid defense proteins. The proteinase inhibitors used so
far in devdoping insect-resgant transgenic plants were active against the neutrd proteinases
such as trypsn (Ryan, 1990) whereas mid gut proteinases of mgor lepidopteran insects such
as Helicoverpa armigera have been shown to be highly active a pH 10 (Harsulkar et al.,
1999). The API described in the present studies is active a pH 10 and is stable in a broad pH
range of 6 to 12. Its antiproteolytic activity in addition to its antifungad property aganst
important phytopathogenic fungi such as Fusarium oxysporum have made AP, a nove
bifunctional defense protein for its potentid use in the transgenic research. The resgtance of
plants to pest and pathogen attack can be enhanced by expressing foreign protease inhibitors
in transggenic plants. Fiddity of such an gpproach has been demondrated. Hilder et al, have
reported a gene encoding a cowpea trypsin inhibitor which when transferred to tobacco,
enhanced resstance to herbivorous insect pests (Hilder et al, 1987). Broglie et al, have shown
that transgenic tobacco plants exhibited increased resstance againgt the fungus Rhizoctonia
solani by the conditutive expresson of genes encoding proteins shown to possess in vitro
antifungal activity (Broglie et al, 1991). The genes encoding Bt insecticidd proteins have
been expressed in transgenic tobacco, tomato and cotton plants (Vaeck, et al., 1987,
Fischhoff, et al., 1987; Perlak, et al., 1990). A critical factor required for transgenic plants is
the proper expresssion of the resstance gene. The Bacillus genes are A/T rich while plants
tend to have a higher G/C content. Owing to the high A/T content, the Bt genes show reduced
expresson in plants. Improvement in the expresson of insecticidd proteins has been
accomplished by increasing the G/C content of their encoding genes and/or by using plant
preferred codons (Perlak, et al., 1991). The genus Streptomyces is known to have a high G/C
content. The APl having antifungal activity is produced by Streptomyces sp NCIM 5127.
Therefore, the expresson of the gene encoding APl in transgenic plants could be achieved
effectivdy to render the plaits redstant to phytopathogenic fungi with minimum genetic
meanipulaions

The APl from Streptomyces sp. NCIM 5127 is stable over a wide pH and temperature range.

Therefore, one can envison the direct application of APl as a biocontrol agent for the
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protection of plants agangt phytopathogenic fungi by encegpsulatiion for surface application or
can be sprayed directly. The seeds of plants can be protected from funga pathogen attack
during germination in soil by coding them with a formulated preparation of API.
Furthermore, the APl being of microbiad origin offers an dtractive and economica process
for its rgpid and convenient production. Moreover, it would be easer to manipulate the

microbia protease inhibitor genes as compared to those from plants.
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Summary

The spontaneous refolding and reactivation of APl upon reduction and denaturation
occurs to a limited extent mainly due to its propensity to aggregate and its dependence on the
regeneration of the native disulfide linkages. With higher concentrations of AP, reaectivaion
decresses concomitant with the increase in aggregation as reveded by light scattering and
HPLC andyss of the refolding products. Protein disulfide isomerase (PDI), a cadyst of
oxidative protein folding accelerates the refolding rates and reactivation yidds due to its
isomerase activity and chaperone like properties. The oxidative refolding pathway of APl has
been investigated usng PDI. At lower concentrations of API, cadytic anounts of PDI are
effective in accderdting the reactivation raies and yidds indicaing its isomerase function.
With higher concentrations of AP, reactivation yield decreased and catdytic amounts of PDI
faled to promote efficient reactivation. However, a a 10 fold molar excess of PDI, the yied
is dmost doubled and reactivation rates are dso increased indicating that PDI functions as a
chaperone preventing aggregate formation and as an isomerase, which promotes the correct
formaion of disulfide bonds in APl. To smulae the intracelular environment, we have dso
Sudied the influence of macromolecular crowding agents on the protein refolding kinetics of
reduced and denatured API. Concentration dependent decrease in the refolding yidds was
obtained in the presence of crowding molecules (50-250 g/L). The addition of PDI under
crowded conditions counteracted the decrease in reactivation dgnificantly and improved
yidds and raies of APl were obtained. Our results on the chemosffinity labeling reinforced
the role of PDI as a foldase displaying both its chaperone and isomerase activities in the
oxidative refolding of API.
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I ntroduction

Undergtanding the neture of events by which an unfolded protein attains its functiona
three dimendgond dructure is the most chalenging problems in sructura biology today.
Folding experiments in vitro, usng chemicdly denatured proteins, have demondrated that the
information for the three-dimensond dructure of a protein is ultimady determined by its
amino acid sequence (Anfinsen, 1973). Indeed, because protein folding trandates the linear
genetic code into three dimensons, it has been cdled the second, and more intractable, hdf of
the genetic code. Despite consderable effort expended on understanding the reationship
between amino acid sequence and native structure, a comprehensive solution to this problem
has remained eusve. The native date is the thermodynamicaly most stable conformation of
a polypeptide. To reach the native dtate, the unfolded polypeptide does not sample randomly
al possble conformations, but rather proceeds via one or more pathway(s) in which rapid
formation (on the order of milliseconds) of compact folding intermediates redtricts the
conformational space available to the polypeptide (Dill and Chan, 1997; Dobson, et al., 1998;
Dinner, et al., 2000). It appears that removal of hydrophobic side chains away from the
agueous solution to form the hydrophobic core of the folded protein is a mgor driving force
for formation of folding intermediates. One of the mgor complications encountered in both in
vivo and in vitro protein folding is tha of protein misfolding and aggregation (Goldberg et al.,
1991, Dobson and Ellis, 1998). The efficiency of folding depends on the kinetic competition
between the pathways leading to correct folding and aggregation (Goldberg et al., 1991). It is
now generaly wel accepted that, in most cases, the folding and assembly of nascent
polypeptides to functiona proteins in the cdl are asssted by a whole aray of molecular
chaperones (Hartl, 1996, Gething and Sambrook, 1992; Frydman, 2001) and folding catdyss
(Gilbert, 1997). In vivo, the proper interplay between unfolded proteins, folding catadysts and
molecular chaperones normdly ensures a proper balance between productive and non
productive pathways. Chaperones increase the folding efficiency by suppressng the tendency
of unfolded proteins to aggregate and generdly do not increese the overdl rate of folding.
Folding catdysts, on the other hand act on covaent bonds and accelerate the dow chemica
deps such as proline isomerization, disulfide bond formation and rearrangement. The correct
formation of disulfide bonds is essentid for the proper folding of a large number of proteins.
Therefore, the oxidative refolding studies are of consderable importance from a physiologica
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point of view because of their rdevance to the folding of disulfide containing poteins in vivo.
The folding of smdl, sngle doman proteins devoid of disulfide bonds or with intact native
disulfide bonds has been dudied extensvely (Kim and Badwin, 1990). However there is a
relative lack of oxidative refolding data and only a few disulfide containing proteins have
been invedtigated in detall, most remarkably bovine pancredtic trypsin inhibitor (BPTI) (van
Mierlo et al., 1992; Weissman and Kim, 1991), lysozyme (Radford et al., 1992; van den Berg
et al., 1999), a-lactdbumin (Lindner et al., 1997), and ribonuclease A (Rothwarf and
Scheraga, 1998).

Both eukaryotes and prokaryotes have evolved systems that catadyze the formation and
isomerization of disulfide bonds. The folding cadys namey proten disulfide isomerase
(PDI), a multifunctiond 55 kDa protein present in near millimolar concentrations in the
lumen of the endoplasmic reticullum, has been dudied extensvey for its essentid role in
native disulfide bond formation and rearrangement of secreted proteins (LaMantia and
Lennarz, 1993; Freedman et al., 1994). PDI has two domains with homology to the smal,
redox-active protein, thioredoxin. The thiol/disulfide centers of the two thioredoxin-like
domains function as two independent active sites (Freedman et al., 1994). The PDI catalysed
oxidetive refolding has been investigated for many monomeric proteins (Tang et al., 1994,
van den Berg et al., 1999; Vinci et al., 2000) however, there have been no reports of the role
of PDI on the regeneration of disulfide bonds in oligomeric poteins. PDI, in cooperation with
its isomerase activity, is dso known to display molecular chaperone-like activity by
suppressing aggregation and increasing reectivation and therefore referred to as a ‘foldase
that promotes protein folding and catalyzes formation of native disulfide bonds (Wang, 1998).
The role of PDI as a foldase has been demondrated during the oxidative refolding of disulfide
containing proteins such as lysozyme (Puig and Gilbert, 1994) and acidic phospholipase A;
(APLA)) (Yao et al., 1997) and as a chaperone for proteins without disulfide bonds such as
D-glyceradehyde-3-phoshate dehydrogenase (GAPDH) (Ca et al., 1994) and rhodanese
(Song and Wang, 1995). The prokaryotic counter part of PDI is the battery of enzymes of the
Db family that are present in the periplasm of Gram-negative bacteria (Bader et al., 1998).
DsbA is a protein-folding catdys tha acts as the direct donor of disulfides to newly
syntheszed periplasmic proteins. DbC catadyses the rearrangement of disulfide bonds in
concert with DsbA for the formation of native disulfides (Chen et al., 1999). Recently, a new
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member of the Dsb family, DsbG, has been identified and has been shown to possess disulfide
isomerase activity (Shao et al., 2000). In addition to the isomerase activity the Db proteins
smilar to PDI are dso known to display molecular chaperone like properties to promote the
proper folding of unscrambled proteins.

The in vitro refolding experiments represent a good modd for deciphering the
mechaniams by which a nascent polypeptide chain achieves its native conformation and is
generdly peformed using dilute protein solutions to prevent aggregation and increase the
folding rates (Yon, 2001). Most in vitro sudies of proten folding have used smdl, sngle-
domain proteins that undergo cooperative and reversble folding reactions. However, the
cdlular interior is highly crowded and dynamic environment due to the presence of a large
number of soluble and insoluble macromolecules (Ellis 2001; Minton, 2000). Thus, a
dgnificant portion of the cdl volume is phydcdly occupied and unavalable to other
molecules resulting in geric repulson and excluded volume effect (Minton, 2001). In order to
dmulate proten folding in vivo, the refolding of proteins in vitro in the presence of
biologicdly suitable concentrations of crowding agents will be of physologica rdevance and
will shed further ingght into the intricate details of protein folding in celular enviroment. The
effects of macromolecular crowding on protein folding have been reported for a few proteins
(van den Berg et al., 2000; Martin and Hartl, 1997; Li et al., 2001).

In an attempt to decipher the role of PDI on the refolding of oligomeric proteins, we
have invedigated the oxidative refolding of the dkaine protease inhibitor. APl is a dimeric
protein containing five disulfide linkages that are shown to be vitd for its cataytic activity
(Chapter 4). The spontaneous refolding of reduced and denatured APl occured to a limited
extent due to its dependence on the correct formation of the essentid disulfide linkages and its
propendgity to aggregate. In the present chapter we have demonsirated that PDI functions as a
foldase displaying both its isomerase and chaperone activities in the oxidative refolding of
APl by accderdting the refolding rates and increesing the reactivation yieds by decreasng
aggregation. These results were reinforced by the fluorescence chemoaffinity labeing of PDI
and its interaction with AF. In addition, we have studied the influence of macromolecular
crowding agents viz. bovine serum adbumin (BSA) and polyethylene glycol 10,000 on the
refolding kinetics of API in presence of PDI.
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Materials and M ethods
Materials

Dithicthreitol (DTT), guanidine hydrochloride (GdnHCI), glutathione reduced (GSH)
and oxidized (GSSG), bovine serum adbumin (BSA), polyethylene glycol (PEG) 10,000 and
protein disulfide isomerase (PDI) from bovine liver were obtained from Sgma Chemicd Co,,
U.SA. All other reagents used were of analytica grade.
Unfolding and refolding of API

APl was completely reduced and denatured by incubating & 37 °C for 4 h in
phosphate buffer (0.05 M), pH 7.5, containing DTT (0.02 M) and GdnHCI (6 M). It was
thoroughly didyzed againg KCHHCI buffer (0.1 M), pH 2.0, for 3 h followed by didyss
agang 0.01 M of the same buffer for 16 h a 4 °C. The reduced and denatured APl was
digributed in aiquots and stored a -20°C. The number of thiols in the APl was determined
usng DTNB (Habeeb, 1972). Reactivation was initiated by rapid dilution of API to 100 fold
in refolding buffer congging of 100 mM Tris-HCI, 100 mM NaCl, 1 mM EDTA, pH 85, in
the presence of 1 mM GSH/ 0.5 mM GSSG at 28°C unless otherwise specified [The ratio of
GSH to GSSG has been determined to be 2 in the endoplasmic reticulum (Hwang et al., 1992)
and therefore, the buffer is referred to as a redox buffer]. The stock solutions of GSH/GSSG
(50 mM) in water were made freshly prior to use and added to the refolding solution before
the addition of API. The effect of PDI on the reactivation of reduced and denatured APl was
gsudied by addition of APl to refolding solutions containing varying concentrations of PDI.
Aliquots of the refolding mixture were removed a different time intervals and assayed for
anti-proteolytic activity. The reactivation yieds are the averages of a least three different
experiments. Reactivation of APl in the presence of crowding agents (50-250 g/l) such as
bovine serum dbumin (BSA) and polyethylene glycol (PEG) in refolding buffer was carried
out to mimic the physologica conditions. The kinetics of reactivation of APl in the absence
and presence of crowding agents and/or PDI were determined at 28°C for 4 h.
Fluor escence measur ements

Steady date fluorescence was recorded on a Pekin-Hmer luminescence
spectrofluorimeter LS50B at 28°C usdng a dit width of 5 mm in a 1 cm path length quartz

cuvette. The intrinsc fluorescence spectra were recorded at an excitation wavelength of 280
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nm and the emisson was recorded in the range of 300-500 nm. Measurements were
performed in triplicate and suitable basdline corrections were carried out.
Fluorescent chemoaffinity-labeling of protein disulfide isomerase:

PDI (50nM) was modified by trestment with 100 fold molar excess of 5-
iodoacetamidofluorescein (5-1AF) in 50mM potassum phosphate buffer, pH 7.5 for 24 h in
dark. At pH 7.5 iodoacetamide specifically reacts with free —SH groups. The labeled protein
was separated from the free reagent by passage through a column of Sephadex G-10.
Fractions showing absorbance at 280 and 490 nm were pooled and concentrated by
lyophilisetion. The fluorescence spectrum of 5-1AF labded PDI was monitored a an
excitation wavelength of 490 nm and emisson wavelength of 527 nm.

PDI (50nM) was treated overnight with 50-fold molar excess of isatoic anhydride (IAN) in 50
mM potassum phosphate buffer, pH 7.5 a room temperaiure. The excess reagent was
removed by pasing the mixture through the column of Sephadex G-10. The degree of
labeling was determined spectrophotometricaly using an extinction coefficient of 4,600 M™
cmt a 330 nm for the anthraniloyl chromaphore (Churchich, 1993).

M easurement of protein aggregation

The aggregetion during protein refolding was followed by Rayleigh light scaitering

expaiments with the spectrofluorimeter at 28°C. Both excitation and emisson wavelengths
were set at 385 nm and the time-dependent change in the scattering intensity was determined.
The refolding products of reduced and denatured APl were andyzed by sze excluson HPLC
on Protein-Pak 300SW HPLC column (7.8 mm x 300 mm) usng a Waters liquid
chromatograph. The column was pre-equilibrated with potassum phosphate buffer (0.05 M)
pH 7.5 and the samples were analyzed at a wavelength of 280 nm and at a flow rate of 0.5
mi/min.
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Results
Reactivation yield asa function of API concentration

The complete reduction and denaturation of API in the presence of 20 mM DTT and 6
M GdnHCl a 37°C was attained after 4 h and resulted in the dissociation of the dimer with
the total diguption of the native disulfide bonds as reveded by the DTNB titration, which
yielded 12 sulfhydryl groups. The spontaneous reactivation of reduced and denatured AP (rd-
APl) (05 nM) initiated by a 100-fold dilution in refolding buffer in the absence of
reduced/oxidized glutathione (GSH/GSSG) resulted in a 5-10 % yidd of APl. A maximum
reactivation yied of 40-45% of APl was obtained in 3 h in the presence of 1 mM GSH and

05 mM GSSG (Fig. 1A). However, higher concentrations of GSH/GSSG falled to enhance
the reactivetion.
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Figure 1: Reactivation and refolding of rd-API.
A. The reactivation of rd-API (0.5 mM) was initiated in redox buffer and the recovery of anti-
proteolytic activity (4) was determined by the caseinolytic assay. The curve represents the
best fit of the reactivation data that are expressed as mean + S. D. (n = 3-5). The regain of

native tertiary structure of rd-API (1 nM) was monitored by the ratio of the fluorescence
emission spectrum at 339 and 355 nm (Fs39/355) (M) at an excitation wavelength of 280 nm. B.

APl (1 mM) was excited at 280 nm and the fluorescence emission spectra were monitored
from 300-400 nm, native APl (m) and rd-API (®).

The intrindc fluorescence of APl was exploited to invedtigate the conformationa

changes induced during the unfolding and refolding pathway. Huorescence emisson
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spectrum of native APl displays a | g of 339 nm when excited a 280 nm (Fig. 1B). The rd-
APl exhibited a prominent red shift of 15 nm and a 25% decrease in fluorescence quantum
yield. The ratio of the relaive fluorescence intendty a 339 and 355 nm (Fszg3s5) Of native
APl is 1.06. A decrease in this ratio is indicaive of a red shift due to the unfolding of the
tertiary structure and can be used as a probe to monitor changes in the native tertiary structure
(Pawar and Deshpande, 2000). Upon spontaneous refolding of rd-API the Fssgis5 required
only 50-60 min to attain a constant value of 1.06 corresponding to the native API, however,
the inhibitor acquired its maximum activity after 3 h (Fg. 1A). At lower concentrations of rd-
APl (0.01-0.25mM), a maximum reectivetion yied of 50-55% was obtained. However, the
reactivation yiddd markedly decreased from 55% to 4% as the concentration of APl increased
from 0.25to 3 MM (Fig. 2).
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Figure 2: Concentration dependent reactivation of reduced and denatured API.
The concentration dependent reactivation of rd-API was carried out in redox buffer for 3 h.
The recovery of inhibitory activity () and aggregation by light scattering at 385 nm (@)
were determined.
Propengty of rd-API for aggregation
We have utilized the Raylegh light scatering andyds to monitor the aggregetion
during the refolding of rd-API. The susceptibility of APl to aggregate as probed by the light

scatering  experiments  increased  with increasing protein  concentration (0.25-3 M) and
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resulted in the decrease in the reactivation yidd (Fig. 2). In spite of very weak aggregation of
rd-API observed in the concentration range of 0.1-0.5 nM, the reactivation yields were only
45-55% (Fig. 2). Therefore, the refolding products of rd-API (0.25) nM were andyzed by gd
filtration usng HPLC. Native APl appeared as a dimer of 28 kDa (Fig. 3, pesk a with a
retention time of 20.5 min, while rd-API appeared as a monomer of 13.5 kDa (Fig. 3, peak b),
with a retention time of 24.8 min. The dution profile of rdAPl andyzed after 3 h of refolding
showed pesks corresponding to the podtion of native dimer, unfolded monomer and an
additional pesk (Fig. 3, pesk ) in the void volume with the retention time of 11.6 min. This
additiond pesk may be generated due to the formation of heterogeneous oligomeric folding
products that are not large enough to be detected by smple light scattering. The ratio of the
oligomeric refolding products to the refolded and unfolded APl was 10:55:35, which serves to
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implicate that the decreased reactivation yidd in the concentration range of 0.1-0.5 nmM of

APl can be patidly attributed to the formation of inactive soluble oligomeric folding
products.

Figure 3: Analysis of the refolding products of API.
The dution profile of the refolding products of APl (0.25 nivl) was analyzed on a Protein-Pak
300SW HPLC column at 28°C after 3 h of initiation of refolding in redox buffer, the peak
corresponding to native AP, (a); unfolded monomer (rd-AP1), (b); and oligomeric aggregates

(©).
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PDI-accelerated refolding of rd-API

The uncatalyzed spontaneous refolding of rd-API led to only a partia recovery of the
inhibitory activity. The proten folding catays PDI dramdicaly influenced the resctivation
and refolding of rd-APl. The refolding of lower concentrations of rd-APl (0.01-0.1 nM)
showed only 50-55% recovery dthough they were not prone to aggregate (Fig 2). The
presence of only a catalytic amount of PDI (0.025 nmM) significantly increased the recovery of
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rd-API (0.05 nM) to 90%. Surprisingly, a higher concentrations of rd-API (0.5-3 M) even a

soichiometric amount of PDI was unable to promote reectivation substantially. However, PDI
a alarge stoichiometric excess increased the recovery of rd-API (0.5 niM) from 45% to 85%
(Fig 4).

Figure 4: Effect of PDI on thereactivation of rd-API.

Reactivation of rdAPI (0.5 nM) in the presence of increasing amounts of PDI was carried out
in redox buffer for 3 h and the recovery of inhibitory activity (m) was determined.

A 10-fold molar excess of PDI accelerated the rate of reectivation of rd-API and
doubled the reactivation yied as compared to the un-asssted reactivation (Fig. 5A). The

regan in the Fzzgass required dmost the same time during catdyzed and uncatayzed

refolding of APl dthough the reectivaion was only partidly achieved in the uncadyzed
refolding. These observations reveded that the presence of PDI facilitatled a faster
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isomerisation of the disulfide linkages to regenerate the native disulfides and resulted in
increased reection rates leading to enhanced resctivation yields.

As reveded by the light scattering, the spontaneous uncatalyzed oxidative refolding of
rd-APl (2 nM) resulted in the formation of aggregates leading to a low recovery of 23%. In
concert with its isomerase function, PDI is known to exhibit chaperone-like property by
uppressing aggregation. The efficiency of PDI to suppress aggregation of rd-API increased
with increesng PDI/rd-API raios and was in agreement with the increase in reactivation (Fig.
5B). At higher concentrations of rd-API, only a large molar excess of PDI was able to prevent
irreversble aggregation and misfolding, which resulted in increased reactivation indicating
that it functions as a chaperone. These observations indicated that together with the increase
in the reactivation yields, acceration of the reaction rates by PDI is essentidly dependent on
its isomerase activity, which assgts in the dow chemica deps of disulfide bond formation
and rearrangement in AP in conjunction with its chaperone activity.
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Figure 5. Influence of PDI on therefolding and aggregation of reduced and denatured API.
A, The time course of reactivation and refolding of rd-API (0.5 nM) in presence of PDI (10
nv) was performed in redox buffer at 28°C. The recovery of inhibitory activity (A) and the
Fs301355 (W) were monitored. B, The aggregation of rd-API (2 nM) in the presence of varying
API/PDI ratios was monitored by light scattering at 385 nm. The molar ratios of rd-API to
PDI werea, 1: O0; b, 1:1; ¢, 1: 5and d, 1: 10.

Interaction of fluorescent labeled PDI with rd-API
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PDI contains two active dte cydene reddues, which are known to function in
thiol/disulfide exchange for the regeneration of native disulfide linkages (Freedmen et al.,
1994). In an attempt to decipher the mechanism of isomerase and chaperone functions of PDI,
we have differentidly ladbded PDI usng the chemoeffinity fluorescent labds 5-
iodoacetamidofluorescein - (5-1AF) and isatoic  anhydride (IAN). 5-IAF is known to
specificdly react with the free SH groups of proteins (Tanksde et al., 2000). The reactivation
of rd-API in the presence of 5-1AF labeled PDI (IAF-PDI) was only 45 %. Thus, IAF-PDI
fdled to exhibit its isomerase activity due to the modification of the essentid cydene
reSdues as reveded by the inability of IAF-PDI to enhance the reactivation of rd-APl as
compared to the native PDI. To investigate the conformational interactions between the PDI
and subdrate protein, we have andyzed the fluorescence emisson spectrum of 1AF-PDI-rd-
APl complex. The IAF-PDI displays a | g @ 527 nm, which does not interfere with that of
rd-APl since rd-APl does not emit a this wavelength. Therefore, the changes in the emisson
gpectra of |IAF-PDI will exclusvely reflect the conformational changes due to the binding of
the subgtrate protein. As reveded from the emisson spectrum of the complex (Fig. 6A), there
is rapid quenching in the fluorescence yield a the | 5 indicating the binding of labded PDI
with the rd-API. The binding of rd-API to the PDI indicated its intact chaperone function,
however, the absence of further reactivation of AP, suggested the loss of its isomerase
activity.
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Figure6: Interaction of chemoaffinity-labeled PDI with rd-API.

A, PDI labeled with 51AF (IAFPDI) (#) was excited at a wavelength of 490 nm and the
time dependent change in fluorescence emisson a 527 nm was monitored during its
interaction with rd-API. Fluorescence spectrum of |AFR-PDI-rd-API complex after, 5 min (v);
10 min (A); 15 min (@) and 20 min (m). B, PDI was labeled with isatoic anhydride (IAN-
PDI) (O) and excited a a wavelength of 330 nm and the time dependent change in
fluorescence emission at 420 nm was monitored in the presence of rd-API. IAN-PDI-rd-API
complex after, 5 min (¢); 10 min (v); 15 min (4); 20 min (@) and 30 min (m).

These reaults were further corroborated by labeing of PDI with another chemosatffinity
fluorescence labd isatoic anhydride (IAN). IAN reacts with the nucleophilic groups of the
proteins to yied o-aminobenzoyl proten conjugates (Churchich, 1993). The derivetized
proteins exhibit an absorption band centered a 330 nm together with an emisson band
covering the spectrd range of 360-500 nm. The emisson maximum of the IAN-labeled PDI
(IAN-PDI) exhibited a | 5 & 420 nm (Fig. 6B). The intact chaperone activity of 1AN-PDI
was demondrated by its cgpacity to bind with the rd-APl, and subsequent fluorescence
guenching of the IAN-PDI-rd-API complex. Accelerated reactivation of rd-APl (70 %) in the
presence of IAN-PDI indicated its functional isomerase activity.

Kinetics of reactivation of rd-API under crowded conditionsin the presence of PDI

In vitro reactivation of rd-APl was carried out in the presence of crowding agents to
mimic the intracdlular environment. Under crowded conditions, the reactivation yields of API
decreased substantially. Addition of BSA in the concentration range of 50-150 g/L to the
refolding mixture of rd-API, did not affect the reectivation yidds (Fig. 7), however, higher
concentrations of BSA reaulted in the decrease in the formation of correctly folded APl as
reveded by the decrease in the reactivation yields. In contragt, in the presence of PEG, a
concertration-dependent decrease in the reactivation yields was obtained from 45% to 15%.
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Figure 7. Effect of macromolecular crowding agents on the reactivation of API.
The reactivation of rdAPI was carried out in redox buffer at 28°C in the presence of
increasing concentrations of BSA (m) and PEG (@) as crowding agents.

This indicated that BSA and PEG differentidly influence the reectivation yidds of rd-
APIl. In order to undergand the influence of these crowding agents on the refolding rates, the
kinetic andyss of the refolding of rd-API (0.5 nM) was carried out in the presence of BSA
and PEG. The time course of rd-API resctivation in redox buffer followed firg-order reaction
kinetics with a rate congtant of 0.60 s with a maximum yidd of 44 % (Table I). It was
evident that the presence of crowding agents did not dter the order of the reaction but
decreased the reactivation rates and yields. In presence of 150 g/l BSA the reactivation yield
remained unchanged, but the rate constant decreased to 0.38 s* (Fig. 8A). Addition of higher
concentrations of BSA (250 g/L), reveded a lag phase with no reactivation for the initid 60
min, however, ater 180 min only, a maximum recovery of 20% was obtained with a rate
constant of 0.34 s®. On the contrary, in the presence of PEG, the reaction rates increased
ggnificantly though a subgtantiad decreese in the reactivation yidds was obtaned with
increasing concentrations of PEG (Fig. 8B). The reactivation yields decreased to 33 % in the
presence of 150 g/L PEG and only a 15 % recovery was obtained with 250 g/L PEG.

Tablel
Influence of PDI on thereactivation kinetics of API in the presence of crowding agents

Crowding Concentration Reactivation Yield [%0] Rate congtant [S™]
Agent [g/L] - PDI + PDI - PDI + PDI
0 445+15 855+25 060+0.05 1.20+0.05
BSA 150 425+1 66 + 2 0.40+0.03 0.90=0.05
BSA 250 20.0+1.0 445+15 0.35+0.02 0.80*.04
PEG 150 3301 47+25 0.65+0.05 1.4+0.07
PEG 250 15+ 0.5 265+15 080x0.05 1.6+0.07
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Experiments were carried out as described in the legend to Fig. 8. Data are expressed asmean + S. D.

(n=3-5)

The role of PDI in assding the refolding rates of rd-API under crowding conditions
was andyzed. Addition of PDI (10 nM) markedly acceerated the reactivation rates and
consderably increased the yields in the presence of crowding agents. Moreover, the addition
of PDI didinctively enhanced the reectivation in the initid dow phase and reduced the
reectivation time from 240 min to 70-80 min. In the presence of BSA, both the reactivation
yidds and rates of APl dmost doubled by the addition of PDI (Table I) (Fig. 8C). Although
PDI had a dramatic effect on the rate congtant, it resulted only in a partid recovery of activity
(Fig. 8D) in the presence of PEG.
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Figure8: Kineticsof reactivation of API under crowded conditionsin presence and absence of
PDI.
The time course of reactivation of rd-API (0.5 M) in redox buffer at 28°C was carried out
under crowded conditions in the presence and absence of PDI. A, in presence of BSA a 0
(m), 150 (@) and 250 (A) g/L. B, in presence of PEG at O (m)., 150( ® ) and 250 (4) g/L. C,
in presence of PDI (10 M) and BSA a O (m)., 150 (@) and 250 (A) g/L and D., in presence

of PDI (10 nM) and PEG at O (m)., 150 (@) and 250 (A) g/L. The reactivation data are
expressed asmean = S. D. (n = 3-5).
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Discussion

Disulfide bonds confer conformationd and thermodynamic dability to proteins and
ae esentid for ther biologicd activity (Woycechowsky and Ranes, 2000).
Formation/isomerisation of disulfide bonds is the rate-limiting step and is therefore critica for
the proper folding of proteins. The two processes of disulfide formation and peptide folding
are intimaely interdependent and work in cooperation for the generation of the native
conformation of disulfide-containing proteins (Wang, 1998). Ddinegting the mechanigtic
detalls underlying the efficient oxidative refolding of proteins appears to be an important
congderation for defining how proteins fold in vivo. Although the oxidaive refolding of a
handful of smal sngle domain proteins has been reported, there is a paucity of reports
decribing the refolding of oligomeric proteins containing disulfides linkages APl being a
bifunctiond inhibitor exhibiting antiproteolytic and antifungd  activities it is essentid to
elucidate the folding pathways that leed to the formaion of APl in order to gain better
ingghts into its functional mechanisms, therefore, we have sudied the oxidative refolding of
the dimeric APl. Being a dimeric protein the complete reactivation of the reduced and
denatured APl (rd-APl) depends on the association of the monomers in concert with the
correct formation of the native disulfide linkages. The spontaneous refolding of APl upon
dilution into refolding buffer resulted only in patid reactivation. At high APl concentrations,
refolding yields dropped rapidly concomitant to its propensity to aggregate. Reduced and
denatured disulfide containing proteins have a tendency to aggregate during refolding due to
non-productive hydrophobic interactions or incorrect non-native disulfide bond formation
(Yao, 1997). As the concentration of APl decreased weak aggregation s observed due to the
formaion of soluble aggregaies of oligomeric incorrectly folded inective molecules that
canot be detected by light scattering. The incomplete reectivation of APl thus can be
attributed mainly to a competition between correct folding and aggregation. Surprisngly, very
low concentrations of APl that are not prone to aggregaion 4ill result in incomplete
reectivation dthough the native tertiary dructure is regained within 50 to 60 minutes of
refolding. The correct formation of disulfide linkages is crucid for reectivatiion due to ther
esentid role in catalyss. Therefore, the partid recovery may be due to improperly formed
scrambled non-native disulfide linkeges and thus may require the asssance of folding
catalysts and chaperones.
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To verify this notion, atempts were made to refold rd-API in the presence of protein
disulfide isomerase (PDI), the oxidative protein folding catdyst (Gilbert, 1997). Refolding of
APl in the presence of PDI radicdly improved both yidds and rates of refolding as compared
to the uncadyzed refolding indicating an accderation of thiol/disulfide interchange
enhancing the formation of native conformation. The reectivation of dilute APl that is not
susceptible to aggregation was fully achieved with catdytic amounts of PDI indicating tha its
isomerase activity was respongble for its efficient refolding. However, with increesng AP
concentration, stoichiometric amounts of PDI were unadle to enhance the refolding efficiency
subgantidly reveding that only isomerase activity of PDI was inadequate. Interestingly, the
refolding yields increased exponentidly as a function of PDI concentration concomitant with
the suppresson of aggregation suggesting that PDI dso functions as a chaperone.
Smultaneoudy there was an increase in the reactivation rates implying that both chaperone
and isomerase activities of PDI operate synergisicaly to effect efficient refolding of API.
The molecular chaperones are the functiona class of proteins known to stabilize unfolded and
patidly folded proteins by interaction through nonspecific peptide binding Stes to suppress
aggregation of denatured proteins with exposed hydrophobic resdues (Gething and
Sambrook, 1992). PDI aong with its two thioredoxin-like cataytic ative Stes aso has a non
specific peptide/protein-binding ste (Klgppa et al., 1998) and a high concentrations, is shown
to function like a molecular chaperone (Puig et al., 1994). It is therefore referred to as a
foldase consging of both isomerase and chaperone activities (Wang, 1998). The isomerase-
independent chaperone activity of PDI has been shown by increasing reactivation yied and
decreasng aggregation during refolding of denaiured  D-glyceradehyde- 3- phosphate
dehydrogenase (GAPDH) (Cai et al., 1994) and rhodanese (Song and Wang, 1995), both of
which are devoid of disulfide linkages. The chaperone activity of PDI greetly incresses its
efficdency as a foldase in promoting protein folding and in catayzing the formation of naive
disulfide bonds. It has been reported that PDI asssts the oxidative refolding and reactivation
of denatured and reduced acidic phospholipase A, a monomeric sneke venom protein
containing seven disulfide bonds (Yao et al., 1997). They showed that 90% of the native PDI
present in the refolding buffer could be subdtituted by modified PDI with only chaperone
activity and devoid of isomerase activity, indicating that the in vitro action of PDI as a foldase

consgts of both isomerase and chaperone activities. Our results indicated that the presence of
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PDI a super doichiometric concentrations significantly suppressed aggregation exhibiting a
chaperone-like activity that divets APl towards productive folding. The efficiency in the
suppresson of aggregation increases with increesing amounts of PDI and is in agreement with
the increase of reactivation of API. Our results showed that for the refolding of API, cataytic
amounts of PDI are sufficient to act as an isomerase but required in a large molar excess to act
as a chaperone for preventing aggregation and to direct correct folding. These results serves to
implicate that as a foldase, PDI displays both isomerase and chaperone activities towards the
dimeric API.

Conformationd integrity of the active Ste of an enzyme is essentid for its catayss
and invedtigations on the molecular orientation of the functional groups of active ste as wdll
as their microenvironment are the aress of growing scientific interest. Chemo-dfinity labding
is a powerful technique to assgn the binding stes of enzyme-substrate complexes (Sen et al.,
2001), which we have utilized to underdand the functiond mechanism involved in the
interaction of PDI with rd-APl. The cysene specific labe 5-IAF modifies the essentid
redox-active Cys groups a the active dtes of PDI and specificaly abolished its isomerase
activity. The chaperone function of 1AF-PDI was unaffected by labding as reveded by the
quenching of fluorescence indicating its binding to rd-APl. However, IAF-PDI faled to
enhance the reactivation of rd-APl dgnifying that the isomerase activity of PDI is
indispensable for reectivation of API. The labding of PDI with isatoic anhydride (IAN)
further subgtantiated its role as a foldase, wherein the functiond integrity of PDI in terms of
its chaperone and isomerase functions remained unperturbed due to labeling as demondrated
by the fluorescence quenching of IAN-PDI due to binding of rd-APl together with the
enhanced reactivation rates and yields of rd-API.

Based on our foregoing results, we propose a representative modd of the refolding
pathways of rd-APl. The schemes illudrate the spontaneous oxidetive refolding of rd-APl in
presence of oxidant initiated by the association of two unfolded or partidly folded monomers
(U) to form a dimeric trandent folding intermediate (D). D, folds to the native state N, via
conformational changes involving folding sep(s) and disulfide bond formation though with
only partia reectivation. Scheme | depicts, the refolding of rd-APl a lower concentrations,

wherein the intermediate D, partitions between two dternative faes, viz. (i) refolding to N

and (i) the formation of nonnaive disulfides Dyps Yieding incomplete reectivetion.
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Addition of a cataytic amount of PDI results in the formation of PDI-APlI complex and PDI
promotes the complete reectivation of API through itsisomerase activity.

Schemel. Refolding of rd-API a lower concentrations:

Dnbps

2U—pD, —» —> N

PDl ppj.ap PDI

Schemell. Refolding of rd-AP! a higher concentrations.
Dac

Dnps

2U »D}%\: >N,

PDI-API  PDI

Scheme I shows the refolding of rd-APl a higher concentrations, where the
intermediate D, encounters three competitive pathways, viz. refolding to the native N, and the
two nonproductive pathways leading to the formation of intermediates contaning (i) non
native disulfides Dyps and (i) misfolded aggregates Dag. The addition of PDI to D, in
gdoichiometric excess results in the formation of a PDI-AP complex and directs the
subsequent  refolding of complex PDI-API to native APl (Nj). Thus, PDI functions as a

foldase displaying both chaperone and isomerase activities efficiently.

In contrast to the in vitro refolding conditions wherein the sudies are performed using
dilue proten solutions, the intracdlular  environmet  is  highly crowded with
macromolecules. It has been shown both theoreticaly and experimentaly that a high
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concentration of background macromolecules in the physiologicd milieu results in volume
excluson and profoundly influences the kinetics and equilibrium of isomerization and
associdion reactions involved in protein folding and assembly (Ellis, 2000). There are two
opposite effects of excluded volume on reaction rates (Minton, 2001). If the overdl rate of the
reection is limited by the raie a which two reactant molecules encounter each other through
diffusond mation, then crowding results in the retardation of diffusond motion and
therefore lower resction rates are obtained. However, if the overdl rate of the reaction is
limited by the rate a which a trandgtion state complex decays to products, then crowding
would fecilitate the formation of the trangtion Sate by increesng the association. The sdif-
asociation of monomeric subunits a equilibrium will result in productive reectivation while
the non-specific hetero-association will result in aggregation and misfolding. In the present
sudy, we have described the effect of two different crowding agents namely PEG and BSA at
concentrations (50-250 g/L) that mimic the intracdlular environment, on the reactivation
kinetics of API. Increasng concentrations of PEG dramatically enhanced the reactivation
rates of rd-APl but resulted in low reectivation yields. The crowding theory proposes that
macromolecular crowding increases the magnitude of aggregation of proteins specidly those
that are prone to aggregate during folding. Recently, it has been reported that the refolding of
denatured and reduced lysozyme in the presence of crowding agents incressed the rates of
refolding and was therefore in accord with the excluded volume theory primarily due to
increased association rate condants (van den Berg et al.,, 1999). However, the correct
refolding of reduced lysozyme was prevented and therefore low refolding yields were
obtained. The loss of renaturability was attributed to the enhancement of quas-irreversble
aggregation of unfolded or partidly unfolded lysozyme in crowded media Our results under
crowding environment subgtantiate the excluded volume effects of PEG during the refolding
of APl that lead to increased associaion congants resulting in aggregation and decreased
reectivation. The influence of a proten crowding agent (BSA) on the refolding of AP,
however exhibited a different picture, indicating that the effect of crowding on the refolding
of proteins ae large and diverse, and differ from proten to protein. The firs order
resctivation kinetics and yieddld of APl remained unaffected, however decreased reaction rates
were observed in the presence of BSA. Similar results were obtained during the refolding of
glucose-6-phosphate dehydrogenase (G6PDH) and PDI, wherein dower refolding rates were
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obtained with high concentrations of crowding agents dthough the reectivation yidds reman
unchanged (Li et al., 2001). During the GroEL-assisted refolding of rhodanese in the presence
and absence of Xenopus oocyte extract, comparable refolding yields were obtained but the
refolding rate was dower (Burston et al., 1996). The effect of crowding on reaction rate is
thus complex and depends crucidly on the nature of the reaction and on the concentration of
crowding agent. As the reactivation kinetics of AP, in presence of BSA follows the first order
reaction, it indicates the reaction to be trangtion dtate limited with the converson of B to N
as the rate-limiting step. Increasing concentrations of BSA decreased both the yidds and rates
of reactivation. It has been proposed that even for any bimolecular trangtion date limited
reaction, the maximd reection rate that can be achieved findly depends on the encounter rate
of the components and therefore will eventudly fdl when the concentration of crowding
agent becomes too large (Ellis, 2001). The increasing concentrations of BSA dso result in the
high volume occupancy together with the more specific protein-protein interaction leading to
aggregation that might have decreased the productive refolding of API. The addition of PDI,
congderably improved the reectivation yields of APl in the presence of both the crowding
agents. The effectiveness of PDI in improving the recovery of lysozyme a high
concentrations of crowding molecules was atributed primarily to its chagperone function (van
den Berg et al., 1999). In addition, PDI srikingly increased the reection rates of APl and the
intid lag phese was essntidly abolished during the resectivetion in the presence of high
concentrations of crowding agents. GroEL/MgATP was shown to accelerate the refolding of
G6PDH under crowded conditions and diminated the initid dow phase (Li et al., 2001).
Although the two crowding agents influence the reectivation kinetics of APl variably, PDI is
able to counteract the effects of crowding and enhance both the yield and rates of refolding.
PDI is a resdent protein of the secretory pathway present in near millimolar concentrations in
the lumen of the endoplasmic reticulum and is known to interact with nascent and newly
trandocated secretory proteins. The lumen of the ER condgs of a large number of
macromolecules, therefore the refolding of nascent polypeptides chains to functiona proteins
in the crowding milieu of the ER can be effectivdly accomplished by PDI employing both its
chaperone and isomerase functions. Our results reinforce the role of PDI as a protein folding
cadys for not only smdl sngle doman proteins but aso its effective role to acceerate the

reectivation of dimeric/oligomeric proteins as in the case of the dimeric API.
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Summary

APl exhibited a dow-tight binding inhibition mechaniam towards the fungd dkdine
proteases, Proteinase K from Tritirachium album limber and the akaine protease from
Fusarium oxysporum (FAP) with 1Cs, values of 55 = 0.5 x 10° M and 6.5 £ 0.5 x 10° M
respectively. The deady-date kinetics reveded time-dependent competitive inhibition of
Proteinase K and FAP by API, consgtent with a two-gep inhibition mechanism: E + | SEl S
El*. The fird gep involved the rapid equilibrium towards the formatiion of a reversble
enzyme-inhibitor complex (El) with the K; values of 5.2 + 0.6 x 10° M for Proteinase K and
45 + 05 x 10° M for FAP. Subsequently the EI complex isomerizes to a second stable
enzyme-inhibitor complex (EI*). The kinetic parameters involved in the two-gep inhibition
mechanism of Proteinase K-API were evauated in detail. The rate congtant ks (9.2 £ 1 x 10
%s™) associated with the isomerization of El to EI*, reveeled a faster induction of the localized
conformational changes in the El complex resulting in the clamping down of the enzyme onto
the inhibitor. However, the second enzyme inhibitor complex, EI* dissociated at a very dow
rate. The dissociation rate constant, ke (4.5 = 0.5 x 10° s'l) depicted that API dissociated from
the EI* in a much dower rate reveding its tight binding nature. The overdl inhibition
congant Ki* involved in the dow-tight binding inhibition of Proteinase K by APl was 25 *
0.3 x 107 M. The conformationd changes induced in Proteinase K by APl were monitored by
fluorescence spectroscopy and the rate congtants derived were in agreement with the kinetic
data Thus, the conformational changes are the consequences of the isomerization step of El
to ElI*. A time dependent quenching of the fluorescence was obtained without any shift in the
emisson maximum, which represents no changes in the enzyme dructure upon binding of
APl. Based on our results a scheme depicting the dow-tight binding inhibition of Proteinase
K by API has been proposed.
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I ntroduction

In recent years, consgderable efforts have been expended in the design and synthesis of
protease inhibitors, not only to understand about the active Ste Structures and mechanisms of
these interesting enzymes but dso in generating new thergpeutic agents. Specific inhibitors of
proteases have proved vauable in a number of gpplications ranging from mechanistic studies
to possble thergpeutic uses. The dudy of the kinetic propertties of this class of enzymes
frequently has been motivated by ther involvement in physiologicad and biologica processes.
Determination of the kingtic parameters of the inhibition of proteases will provide ingght into
the mechanian of the interaction between the enzyme-inhibitor complex. The kinetics of
inhibition of severd smdl molecular weight and synthetic inhibitors towards their cognate
proteases have been studied extensvey (Paris and Abdes, 1992; Wilmouth, et al., 1999), but
few dudies have been undertaken in sufficient detaill to test the parameters involved in the
kinetics of proteinaceous protease inhibitors. Of particular importance in this connection are
the canonicd protease inhibitors employing the standard mechanism of inhibition (Laskowski
and Kato, 1980; Otlewski, et al., 1999). These inhibitors bind to the active dte of the
enzymes in the manner of a good subgrate very tightly, and are cleaved very dowly. The Kea
/K vaue for the hydrolyss of the reactive Ste peptide bond is very high typicd for norma
subdrates, however, the individud vaues of kg and Ky, for the inhibitors are severa orders
of magnitude lower than those for norma substrates. They display very high affinity towards
the substrate with low K; vaues. The future development of this class of inhibitors for their
potentia gpplication in thergpeutics and biocontrol will undoubtedly depend on application of
kinetic techniques that yidd quantitative information about the behavior of the inhibitors.
Ddinegting the inhibition mechanism and the reactive gSte resdues of the inhibitors and
understanding the binding efficiency will provide further indght for its potentid gpplication.
When the dructure of inhibitor can be correlated with the true dissociation congtants for ther
enzyme-inhibitor complexes, a systematic approach can be made towards the design of more
effective inhibitors for a target enzyme using protein enginesring.

Conddering the physologica importance of the saerine dkdine proteases and ther
role in various physological and biotechnologica processes, there is a lacuna in the sudies
on the kinetics of the mechaniam of inhibition by ther naurdly occurring protein inhibitors.
In this chapter we have dsudied the parameters involved in the kinetics of inhibition of two
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dkaine proteases, Proteinase K and Fusarium akdine protease (FAP) as modd enzymes.
Protenase K is a highly active extracdlular dkaine serine endopeptidase from Tritirachium
album limber. It has been named Proteinase K because of its ability to digest native keratin
(Ebding, e d., 1974). It remains active in the presence of low concentrations of SDS and
urea. By virtue of this unusud ability, Protenase K finds immense applications in basic
research and biotechnology. Fusarium oxysporum is a wilt caudng phytopathogenic fungus
leading to heavy losses in crop yidd. It secretes an extracdlular akadine protease (FAP),
which was shown to be indispensable for its growth and development and therefore could be a
potential target for the control of this phytopathogen. Determination of the mechanism of
inhibition and evaueting the kinetics of inhibition of these two proteases will provide better
indghts in undersanding the mechanism of inhibition and their interactions for their potentid
applications.

The present chapter dedls with the evaluation of the kinetic parameters of APl and its
inhibition mechanism towards the dkadine proteases Proteinase K and FAP. The steady dtate
kinetics and the conformationd modes observed during the binding of the inhibitor to the
enzyme as monitored by fluorescence spectroscopy reveded a two-step inhibition mechaniam.
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Materials and Methods
Materials

Proteinase K from Tritirachium album Limber was purchased from Sigma Chemica
Co. U.SA. All other chemicaswere of anadytica grade.

Production and purification of Fusarium alkaline protease (FAP)

The phtyopathogenic fungad dsrain Fusarium oxysporum f. sp. ciceri producing the
extracdlular akdine protease was obtained from ICRISAT, India The production of FAP
was caried out in Sabouraud's dextrose medium containing soyabean med (2%) as an
inducer for 5-7 days a 28 °C. FAP was purified by polyacrylanide gel dectrophoresis
method as described (Tanksale et al., 2000).

Assay for proteolytic activity and Inhibition Kinetics of Proteinase K and FAP

Proteolytic activity of the fungd proteases was measured by assaying the enzyme
activity usng casein as a substrate. PK (3 mM) was dissolved in Tris-HCI buffer, 0.05 M
containing ImM CaClk, pH 85 and FAP (25 nM) was disolved in carbonate-bicarbonate
buffer, 0.05 M, pH 10.0. The reaction was initiated by the addition of 1 ml of casain (10
mg/ml) to Iml of eryme a 37°C for 30 min. The reaction was quenched by the addition of 2
ml of acdified TCA (5%) and the tubes were kept for 30 min a room temperature before
filtering the precipitate through Whatmann no.l filter paper. Absorbance of the TCA soluble
products was measured at 280 nm.

For initid kingic andyss, the kingtic parameters for the subdrate hydrolysis were
determined by measuring the initid rate of enzymaic activity. The inhibition congant (Kj)
and the K, vaues were determined as described by Dixon (Dixon, 1953) and by the
Lineweaver-Burk's eguation by fitting the data into Microcal Origin by nortlinear regression
andyss. For the Lineweaver-Burk's andyss Proteinase K and FAP were incubated in the
presence and absence of APl and assayed d increasing concentration of the subdrate at 37°C
for 30 min. The reciprocads of subgtrate hydrolyss (1/v) for each inhibitor concentration were
plotted againgt the reciprocds of the substrate concentrations and the K; was determined by
fitting the resulting data. In Dixon's method, proteolytic activity of Proteinase K and FAP
were messured a two different concentrations of substrate as a function of APl concentration.

The reciprocds of subgrate hydrolyss (1/v) were plotted againgt the inhibitor concentration
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and the K; was determined by fitting the data usng Microcd Origin. Further detals of the
experiments are given in the respective figure legends.

The progress curve analyss, assays were caried out in a reaction mixture of 1ml
containing Proteinase K and FAP in ther respective assay buffer and varying concentrations
of APl and casein (10 mg/ml). Five to sSx assays were performed in each dow-binding
inhibition experiment: one without inhibitor and others with different inhibitor concentretiors.
At different time intervads, diquots were removed and the resdud proteolytic activity was
esimated by the increase in absorbance a 280 nm. For the kinetic analyss and rate constant
determinations, the assays were carried out in triplicates and the average vaue was consdered
throughout. Further details of the experiments are given in the respective figure legends.

Evaluation of Kinetic Parameters
Initid rate studies for reversble, competitive inhibition of PK and FAP were andyzed

according to Equation 1,

v Vimax S 1)
Km (1+ I/Kj) +
where K, is the Michadlis conSant, Vimax 1S the maximd cataytic rate a saturating substrate

concentration [§], Kj = (kq/k3) is the dissociaion congtant for the firsd reversble enzyme-
inhibitor complex, and | is the inhibitor concentration (Cldand, 1979). The progress curves
for the enzymeatic activity resulted due to the interactions between APl and Proteinase K were
andyzed using Equation 2 (Beith, 1995; Morrison, and Stone, 1985).

[Pl = vst+% 1-e™ @)
where [P] stands for the product concentration at the time t; vp and vg are the initid and find
steady-state rates, respectively; and k is the apparent firs-order rate congant for the
edablisment of the find deady-date equilibrium. The reduction in the inhibitor
concentration that occurs on formation of the enzyme inhibitor (El) complex was corrected,
which is a prerequiste for tight-binding inhibitors This is to emphasze that in case of tight
binding inhibition, the concentration of El is not negligible in comparison to the inhibitor
concentration, and therefore the free inhibitor concentration is not equal to the added
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concentration of the inhibitor. These corrections of the variation of the Steady-dtate veocity

were made according to Equation 3 and 4 as described by Morrison and Walsh (1988).
__kiSQ 3
2(Kmt+9)

Q=[(Ki +1; —E) + 4K'E]"* - (K +1,—Ey) )

S

where Ky’ = Ki* (1 + SKy), k7 rate congtant for the product formation, t and E stands for
tota inhibitor and enzyme concentration, respectively. The reationship between the rate

conglant of enzymatic reaction k, and the kinetic congtants for the association and dissociation

of the enzyme and inhibitor was determined according to Equation 5,

| /K,
1+(S/Ky)+ (1K)

)

k = kg +k

The progress curves were andyzed by egs 2 and 5 usng nontlinear least-square
parameter minimization to determine the bedt-fit vaues with the corrections for the tight
binding inhibition. The overdl inhibition condant is determined as per Equation 6,

o B [ ®
[El] + [El*] k5 + k6

For the time-dependent inhibition, in the time range in the progress curves wherein
formation of EI* is amdl, it is possble to directly measure the effect of the inhibitor on vy,
i.e, to measure K; directly by applying competitive kinetic andyss. Vdues for K; were
obtained from Dixon anadlysis at a constant substrate concentration as described in Equation 7,

1 1 Km

= +
\Y, Vmax VmaxS

(1+1/Kj) (7)

The rate congtant kg, associated with the dissociaion of the second enzyme-inhibitor
complex was measured directly from the time-dependent inhibition. Concentrated Proteinase
K and APl were incubated in a reaction mixture to reach equilibrium, followed by large
dilutions in assay mixtures containing near-saturating Substrate concentrations. Proteinase K
(2 mM) was pre-incubated with equimolar concentretions of APl for 120 min in Tris-HC
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buffer, 0.05 M, pH 85. The pre-incubated sample (5 m) was removed and diluted 5000-fold
in the same buffer and assayed at 37°C using casain at (150 mg/ml) at different time intervas.
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 emisson was recorded from 300-500 nm a 25°C. The dit widths on both the
excitation and emission were set & 5 nm and the spectra were obtained a 100 nm/min.

For the enzyme inhibitor binding dudies, titration of Protenase K with APl was
performed by the addition of different concentrations of the inhibitor to a fixed concentration
of enzyme solution. On the titration curve for each inhibitor concentration, a new enzyme
solution was used and dl the data on the titration curve were corrected for dilutions and the
graphs were smoothened. The magnitude of the rapid fluorescence decrease (Fo — F) occurring
a each APl concentration was cpmputer fitted to the Equation 8, to determine the caculated
vaueof K; and DF 5 (Houtzager ¥t al., 1996).

(Fo—F) = DFmax{ 1+ (K/[I]} ®)

The first order rate condtants for the dow loss of fluorescence kos, @ each inhibitor
concentration [I] were computer fitted to the Equation 9 (Houtzager, et al., 1996), for the
determination of ks under the assumption that for a tight binding inhibitor, ke can be
consdered negligible at the onset of the dow loss of fluorescence.

Kobs = Ks[I1{Ki + [1]} )

The time course of the protein fluorescence following the addition of inhibitor were
measured for 10 min with excitaion and emisson waveengths fixed a 295 and 340 nm,
respectively, with data acquistion a 0.1 s intervas. Corrections for the inner filter effect were
performed as described by Equation 10 (Lakowicz, 1983).

Fc = F atilog [(Aex + Aam)/2] (10)

Where F. and F dand for the corrected and measured fluorescence intengties, respectively,

and A and Aqy, ae the absorbances of the solution a the excitaion and emission

wavelengths, respectively. Background buffer spectra were subtracted to remove the
contribution from Raman scattering.
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Results
Kinetic Analysis of the Inhibition of Proteinase K and FAP

The kingtic paamees involved in the mechanism of inhibiton by APl were
evaduated usng Protenase K and the dkaine protease from Fusarium oxysporum (FAP) as
modd enzymes. Initid kinetic assessments reveded that APl is a compstitive inhibitor of
Proteinase K and FAP with 1Cso (concentration of the inhibitor required for 50% inhibition of
the enzyme) values of 55 + 0.5 x 10° M and 6.5 + 0.5 x 10> M respectively (Fig. 1A, B).
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Figure 1. Inhibition of Proteinase K and FAP by API
The proteolytic activity of (A) Proteinase K and (B) FAP were determined in the presence of
increasing concentrations of API. The percent inhibition of the protease activity was
calculated from the residua enzymatic activity. The curves indicate the best fit for the

percent inhibition data (average of triplicates) obtained.

o

The steady-date rate of proteolytic activity of Proteinase K and FAP reached rapidly in the
absence of API, whereas, in its presence a time-dependent decrease in the rate as a function of
the inhibitor concentration was observed. The progress curves derived in the presence of AP
reveded a time range where the initid rate of reaction was smilar with that of the absence of
the inhibitor, and does not deviate from linearity (Fig. 2A, B), therefore converson of El to
El* was minimd. This time range for a low concentration of APl was 8 min for Proteinase K
and 5 min for FAP, wherein dl the dassicd competitive inhibition experiments performed
were used to determine ka/ks which is the K; vaue of the (eq 5). The inhibition congant K;,

asociated with the formation of the reversble enzyme inhibitor complex (El) determined
from the fits of data to the reciprocal equation were 5.2 + 0.6 x 10° M for Proteinase K and
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45 + 05 x 10° M for FAP (Fig.3A, B), which was corroborated by the Dixon method (Fig. 4
A, B).
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Figure 2. Time cour se of inhibition of Proteinase K and FAP by API

Reaction solution contained Proteinase K (A) and FAP (B) in respective buffers at increasing
concentrations of APl and casein (10 mg/ml). Reactions were initiated by the addition of the
enzymes at 37°C. The points represent the hydrolysis of substrate as a function of time at
37°C. The lines indicate the best fits of data obtained from eq 2 and 3. Concentrations of AP
were0 nM (m), 5 "M (@), 10 "M (¥),25 M (), and 50 "M (A) inA,and 0 nM (m), 7 "M

(@), 14 M (4), 28 MM (¥), and 56 "M (), in B.
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Figure 3. Initial rate of enzymatic reaction of Proteinase K in the presence of API

Initial rate of proteolysis by Proteinase K (A) and FAP (B) are shown. The enzymes were
incubated (M) without or with the inhibitor at 17.5nM (@), 25 NM (A) in A, and at 14 nM
(@),35nM (A) in B, and assayed at increasing concentrations of substrate. The straight lines
obtained indicated the best fit for the data obtained as analyzed by the Lineweaver-Burk’s
reciprocal equation and the K; values were determined from the graphs.
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Figure 4.Dixon Plotsfor the determination of K; values.
Enzymatic activity of (A) Proteinase K and (B) FAP were estimated using casein at (m) 10
mg/ml, and @) 5 mg/ml, respectively, at different concentrations of API. The reciprocal of
substrate hydrolysis by Proteinase K and FAP (1/v) were plotted as a function of inhibitor
concentration. The straight lines indicated the best fits for the data obtained.

The kingtic parameters involved in the dow-tight binding inhibition of AP were evduated
with Proteinase K. The apparent rate constant k, derived from the progress curves of
Proteinase K when plotted versus the inhibitor concentration followed a biphasic hyperbolic
function (Fig. 5), reveding a fast equilibrium precedes the formation of the find dow
dissociating enzyme-inhibitor complex  (EI*), indicaing two-step, dow-tight inhibition
mechanism (Scheme |). Indeed, the data could be fitted to equation 5 by non-linear regresson
andyss which yidded the best etimate of the overdl inhibition congant Ki* of 2.5 £ 0.3 X
107 M.

0.041

0 20 40 60 80 100
Inhibitor [nM]

Figure 5. Dependence of Proteinase K inhibition on API concentration
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The rate constants k, were caculated from the progress curves recorded following the
addition of  Proteinase K to the reaction mixture containing casein and API. The solid line
indicates the best fit of the data obtained.

In case of dow-tight binding inhibitors, sSnce the EI* complex is stable and dissociates
dowly, the rate constant kg, for the converson of EI* to El, was determined, in an dternative
method, by pre-incubaing high concentrations of enzyme and inhibitor for sufficient time to
dlow the sysem to reach equilibrium. Further, large dilution of the enzyme-inhibitor complex
into a reaivedy large volume of assay mixture containing saturating substrate concentration
caues dissociation of the enzyme-inhibitor complex and dissociation condant can be
determined by the regeneration of enzymatic activity. Under these conditions, vp and the
effective inhibitor concentration are consdered agpproximately equa to zero and the rate of
activity regeneration will provide the kg vadue The equimolar pre-incubated/equilibrated
mixture of Proteinase K and API, was diluted 5,000-fold into the assay mixture containing the
substrate a 50 Ky. By lesst-sgquares minimization of eq 2 to the data for recovery of
enzymadic activity, the determined ks value was 45 + 05 x 10° S (Fig. 6), which dearly
indicated a very dow disociation of EI*. The fina deady-state rate vs, was determined from
the control that was pre-incubated without the inhibitor.

100 1
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Figure 6. Dissociation rate constant (ke) for Proteinase K-API complex
Proteinase K (2 mM) was pre-incubated without (m) or with (@) equimolar concentrations of
API for 120 min at 37°C. At the specified times indicated by the points, 5 m of the pre-
incubated sample was removed, diluted 5000-fold in the same buffer, and was assayed for the
proteolytic activity using casein at 50xK,, The rate constant associated with the regeneration
of activity (ke) was determined by measuring the absorbance at 280 as described in the text.
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Table-I
Inhibition constants of API against Proteinase K
Vaues of rate congtants for Proteinase K inhibition by APl were caculated from Sheme | a
37°C in TrissHCl buffer, 0.05 M, pH 85 using casein as the subgrate. 1Csp is from the
inhibition profile, K; was determined from the steady-dtate time range for the competitive
inhibition. ks is caculated from the regeneration assay, K;* and ks were determined from the

equations as described in the text.

Inhibition constants Values
ICxo 55+0.5x 10° M
K 52+0.6x10° M
K* 25+0.3x10" M
Ks 92+1x10°s"
Ke 45+05x10°s?t
ks/kg 20+0.2x 10°
tyo 4.27+05h

This dearly indicated a change in the EI* which prohibits the inhibitor to dissociate
from the enzyme. The vaue of the rate condant ks, associated with the isomerization of El to
El*, was 9.2 + 1 x 10° s™ as obtained from fits of eg 3 to the onset of inhibition data using the

experimentdly determined vaues of K; and kg (Tadle-1). The overdl inhibition congant Ki* is
a function of ke/(ks + kg) and is equa to the product of K; and this function. The ke vaue
indicated a dower rate of dissociation of ElI* complex and the hdf-life t,, for the reactivation
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of EI* as determined from kg values was 4.27 + 0.5 h, suggesing higher binding afinity of
API towards Proteinase K.

Fluorescence changes of Proteinase K due to binding of APl and the dependence of
emission fluorescence on time dependent binding of inhibitor.

Slow-tight binding inhibitors bind a the active dte of the target enzyme and induce
locdized conformationd changes in the enzyme tha result in the damping down of the
enzyme into the inhibitor forming a dable enzyme-inhibitor complex. The kingtic andyss of
Proteinase K inhibition by APl reveded a two-step inhibition mechaniam, where the El
complex isomerizes to a tightly bound, dow disociaing EI* complex. To invesigate and
correlate this isomerization to the conformational modes in the Proteianse K due to binding of
API, we have andyzed the fluorescence emisson spectra of the protease in the presence and
absence of the inhibitor. Proteinase K exhibited an emisson maxima (I max) & 337 nm, as a
result of the radiative decay of the p - p~ transition from the Trp residues (Fig. 7). The binding
of APl resulted in a concentration dependent quenching of the fluorescence with saturation
reaching at/above ? of API. The absence of blue or red shift in | nax negated any drastic gross
conformational changes in the three-dimenson dructure of the enzyme due to inhibitor

3007
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Figure 7. Steady state fluor escence emission spectra of Proteinase K as a function of API
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Protein fluorescence was excited at 295 nm and emission was monitored from 300-400 nm at
25°C. Titration was performed by the addition of different concentrations of the inhibitor to a
fixed concentration of enzyme. Proteinase K was dissolved in buffer, and the concentrations of
API used were 0 nM (), 15 nM (O), 30 nM (@), 45 MM (0), 60 "M (A), 75 M (A), 87.5
mM ("), 100 MM (¥), 150 M (N), 200 nM

The subtle conformational changes induced during the isomerization of El to EI* was

monitored by analyzing the tryptophanyl fluorescence of the complexes as a function of time
Binding of API resulted in an exponentia decay of the fluorescence intendty as indicated by a
sharp decrease in the quantum yield of fluorescence followed by a dower decline to a stable
vadue (Fig. 8). Further, titration of APl againg Proteinase K reveded that the magnitude of
the initid rgpid fluorescence loss (Fo — F) increased hyperbolicdly (Fig. 9), which
corroborated the two-step dow tight binding inhibition of Proteinase K by API. From the data
in figure 8, the magnitude of the rapid fluorescence decrease at a specific APl concentration
was found to be close to the totd fluorescence quenching observed figure 7, indicaing thet

the El and EI* complexes have the same intrinsc fluorescence.
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Figure 8. Time dependent Effect of API on the fluor escence quenching of Proteinase K
APl was added to Proteinase K a the specified time (indicated by the arrow) and the

fluorescence emission was monitored for 600 s, a a data acquisition time of 0.1 s. The
excitation and emisson wavelength were fixed at 295 and 337 nm, respectively. The data
were the average of five scans with the correction for buffer and dilutions. The concentrations
of APl used were 0 nM (PK), 60 nM (PK-API-1), and 120 nM (PK-API-2).
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The K; vaue determined by fitting the data for the magnitude of the rapid fluorescence
decrease (Fo — F) was 5.8 £ 0.6 x 10° M and the ks vaue determined from the data derived
from the sow decrease in fluorescence was 9.5 + 1 x 10° s™. These rate constants are in good
agreement with that obtained from the kinetic andyss, therefore, the initid ragpid fluorescence
decrease can be corrdated to the formation of the reversble complex El, while the dow, time
dependent decresse reflected the accumulation of the tight bound dow dissociating complex
El*.
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Figure 8. Effect of API concentration on the tryptophan fluorescence of Proteinase K
Proteinase K was treated with increasing concentrations of API. The fluorescence was
measured at 25°C (excitation 295 nm and emission 337 nm). Each measurement was repeated
five times and the average values of the fluorescence intensity at 337 nm were recorded.
Control experiments with the buffer and inhibitor were performed under identical conditions.
The fluorescence changes (F - F,) were plotted against the inhibitor concentrations. The
resulting hyperbola indicates the best fit of the data obtained.
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Discussion

We present the firg report of a bifunctiond proteinaceous inhibitor API, exhibiting
dow-tight binding inhibition againgt the dkaine proteases, Protenase K and FAP. The
inhibitor showed exceptiondly high potency agang Proteinase K and its interaction with the
enzyme indicated its “tight-binding” nature. The two-dep inhibition mechanism was
corroborated by the equilibrium binding studies of the enzyme and the inhibitor and by the
correlation of the kinetic data with the conformationd changes induced in the enzyme-
inhibitor complexes.

A number of enzymatic reactions do not respond to the presence of competitive
inhibitors ingantly, but rather display a dow-onset of the inhibition. In some cases the
inhibitor interacts dowly with the enzyme, in others the formation of the enzyme-inhibitor
complex takes place in a very short time. Such inhibition is called dow-binding inhibition and
the inhibitor is refereed to as dow-binding inhibitor (Wolfenden, 1976; Williams and
Morrison, 1979; Szedlacsek and Duggleby, 1995; Sculley et d., 1996). From the kinetic point
of view, the possble mechanisms for the dow-binding inhibition phenomena are described in
Scheme |. Scheme (1a) assumes that the formation of an EI complex is a sngle dow step and
the magnitude of ksl is quite smell relaive to the rate congtants for the converson of subgrate
to product. However, scheme (Ib) demonsrates the two-step dow-binding inhibition, where
the first step involves the rgpid formation of a reversble EI complex, which undergoes dow
isomerization to a dable, tightly bound enzyme-inhibitor complex, ElI*, in the second sep.
Inhibitors, which inhibit the enzyme-catalyzed reactions a concentrations comparable to that
of the enzyme and under conditions where the equilibria are set up rapidly, are referred to as
tight binding inhibitors The egtablisment of the equilibria between enzyme, inhibitor, and
enzyme-inhibitor complexes, in dow binding inhibition occurs dowly on the Seady-dete time
scae, which has been thoroughly reviewed (Morrison, 1982; Pegg and ltzstein, 1994; Kati, et
al.,, 1998; Yidlouros, et al., 1998; Ploux, et al., 1999). Underganding the basis of the
isomerization of El complex to EI* complex could lead to desgning of inhibitors that alow
titration of the lifetime of the EI* complex. The future development of dow-tight binding
inhibitors will undoubtedly depend on gpplication of kinetic techniques that yidd quantitetive
informeation about the properties of the inhibitors.
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Enzyme-catdlyzed reactions, where the concentrations of the enzyme and inhibitor are
comparable, and the equilibria are st up regpidly are referred to as tight binding inhibition.
Kineticdly the dow-binding inhibition can be illudrated by three mechanisms (Scheme I).
When an inhibitor has a low K; vaue and the concentration of | varies in the region of K, both
ksl and ks values would be low (Dash, et al., 2001). Thus, a smple second-order interaction
between enzyme and inhibitor, and low rates of association and dissociation would lead to
dow-binding inhibition. Alterndively, a two-step mode depicts the ragpid formation of an
initid collisgond complex El, which dowly isomerizes to form a tightly bound dow
dissociaing complex EI*. Sow binding inhibition can dso aise due to an initid dow inter
conversion of the enzyme E, into another form E*, which binds to the inhibitor by a fast sep.
Underganding the bass of the isomerization of El to EI* could lead to design of inhibitors
that dlow titration of the lifetime of the EI*. In case of dow-tight binding inhibition, the
inhibitor will inhibit the enzyme competitivdly & the onsst of the reaction, however a
increesing concentration of inhibitor, the rae of subdrate hydrolyss will decrease
hyperbolicdly as a function of time In tight binding inhibition corrections have to be made
for the reduction in the inhibitor concentration that occurs on formation of the EI complex,
snce the concentration of El is not negligible in comparison to the inhibitor concentration and
the free inhibitor concentration is not equa to the added concentration of the inhibitor. The
kinetic andyds of Protenase K inhibition provides a unique opportunity for the quantitative
determination of these rates and &ffinities, which can be extended to other dow-tight binding
inhibition reactions. The formation of EI complex between Proteinase K and APl was too
rapid to be messured at Steady-date kinetics and was likdy to be near diffuson control.
However, the isomerization of El to the second tightly bound enzyme inhibitor complex EI*,
was too dow and rdatively independent of the stability of the El. The kg vaues reveded very
dow disociaion of the inhibitor from the EI* indicaiing a highly stable, non-dissociaive
nature of the second complex. Therefore for dow-tight binding inhibition the mgor varigble
is ke, the firg-order rate constant associated with the conversion of EI* to El, and the apparent
inhibitor condant K;* depends on the ability of the inhibitor to stabilize the EI*. The hdf-life
as derived from the ks vaue indicated a longer hdf-life of the EI*, which is an essentid
parameter for an inhibitor to have biotechnologica applications.
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The characteridic festure of dow binding inhibition is the induction of conformetiond
changes in the enzyme-inhibitor complex, resulting in the damping down of the enzyme to
the inhibitor, thus leading to the formation of a dable enzyme-inhibitor complex. The two-
dep inhibition mechaniam of Proteinase K by APl was reflected in the quenching pattern of
the fluorescence of the enzyme-inhibitor complexes. The rate condants derived from the
fluorescence analyss of the complexes corroborated the vaues derived from the kinetic
andyss. Therefore, we propose that the initial rgpid fluorescence loss reflected the formation
of the reversble complex El, whereas the subsequent dower decrease was correlated to the
accumulation of the tightly bound complex EI*. Any mgor dteraion in the three-dimensond
sructure of Proteinase K due to the binding of APl can be ruled out, since there was no shift
in the tryptophanyl fluorescence of the complexes. The proteolytic activity decreased linearly
with increasing concentrations of APl yidding a soichiometry close to 1:2 (dso reveded by
fluorescence) expected for the dimeric API, that binds two molecules of enzyme. The
agreement of the rate congants concomitant with the fluorescence changes observed during
the time-dependent inhibition, lead us to corrdae the locdized conformational changes in the
enzyme-inhibitor complex to the isomerization of the El to EI*.

The kinetic andyses demondirated that the inhibition of Proteinase K by API, followed
dow-tight binding inhibitton mechanism and the induced conformationd changes ae
conveniently monitored by fluorescence spectroscopy. Based on our observations, we
conclude that concomitant with the kinetic andyss, fluorescence spectroscopy plays a very
important role for the determination of kinetic condants of enzyme inhibition and for the
Characterization of the mechenism of inhibition of Proteinase K by the dow-tight binding
inhibitor API.
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Where, E dands for free enzyme, | is free inhibitor, El is a rapidly forming pre-equilibrium
complex, and El* is the find enzyme inhibitor complex. Alternately, E may undergo inter
converson into another form E* which binds to the inhibitor by a fast step, where ke and K¢t
gand for the rate congants for forward and backward reaction, respectively, for the
converson of the enzyme.

Scheme | describes two dternative models for the time-dependent inhibition. The
mechanism in scheme la, where the binding of the inhibitor to the enzyme is dow and tight,
but occurs in a single sep, is diminated based on the data of Table-1, because the inhibitor
has measurable effect on the initid rates before the onset of dow-tight binding inhibition.
Scheme Ic represents the inhibition mode where the inhibitor binds only to the free enzyme
that has dowly adopted the trangtion-date configuration can aso be diminated by the
observed rates of onset of inhibition. Our foregoing results for the inactivation of Proteinase K
are, therefore, consstent with the dow-tight binding mechanism as described in Scheme [b.
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Summary

Proteases find tremendous applications in various biotechnologicd indudtries. Higher
thermostability is one of the essentid features for the commercia exploitation of enzymes and
often a prerequiste for the application of enzymes in severd indudtria processes. The thermd
inactivation of indudridly important enzymes can be crcumvented by their dsabilization
through the formation of reversble enzyme-inhibitor complexes. APl is dtable over a wide
temperature range (40-95°C) and loses its activity at 95°C after 30 min. We have sdected
Proteinase K, the akdine protease from Tritirachium album Limber as the modd enzyme to
Sudy the therma gability of enzyme-inhibitor complexes. The thermda dgability profile of
Proteinase K reveded that it is stable a 65°C for 10 min followed by a rapid loss of activity
as a function of time. Interegtingly, the dability of Proteinase K is enhanced by the binding of
APl to the enzyme. The incubation of uncomplexed Proteinase K a 70°C abolished its
activity, however the inhibitor bound Proteinase K-API complex retained 50-55% activity.
Thermd inactivation is often corrdated to the dructurd and conformationd changes in a
protein. The structural changes induced in Proteinase K a 70°C were probed by circular
dichroism and fluorescence spectroscopy. The binding of APl to Proteinase K prevents any
changes in the secondary and tertiary structure of the enzyme, thus preventing the thermd
denaturation. Our results implicated that the thermd inactivation of akadine proteases can be
prevented by API, and thus can have enormous applications in indudries utilizing akaine
proteases at higher temperatures.
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Introduction

Biotechnology represents a powerful and versttile technology for deivering
environment friendly industrid products and processes (Bull, et al., 1998). The concept and
devdopment of enzymatic catdyss in biotechnology marks a paradigm <hift for the
production and processing of various chemica substances. Enzymes such as proteases,
amylases, lipases, cdlulases, and xylanases have receved dgnificant atention because of
their importance in cleaning products, starch processing, and pulp and paper manufacturing
(Rao, et al., 1998; Kulkarni, et al., 1999). In addition to the manufacturing sectors, enzymes
ae ud extendvely in processng operations where they have a large impact in reducing
environmental  pollution. Since naturd enzymes are adapted to ther particular function in a
living cdl, in mogt ingances, they are poorly suited for indudrid gpplications that often
encounter extremes of pH, temperature and/or sdinity. Therefore, incressed thermogtability is
an important factor for the suitability of an enzyme in commercid gpplications. Enhanced
therma gability offers severd advantages such as higher converson rates, increased substrate
solubility, decreased viscodty of the medium, and a reduced susceptibility to microbia
contamination leading to increased storage and operationa stability.

Enzymes, however, are susceptible to the harsh denaturing conditions of high
temperatures that characterize chemica processng and thus, impair ther cataytic rates The
thermoinactivation of proteins involves a number of processes such as aggregation, peptide
bond hydrolyss, deamidation of aspargine residues, formation of scrambled structures with or
without disulfide exchange reactions and dissociation of prosthetic group.

Strategies for improving protein thermostabilization

The conditions in which indudrialy important proteins are used often differ from ther
naturd environment. Stability is, therefore, a necessary condderation for most proteins and
this drives the ongoing search for improved biocatdysts. Broadening the indudrid
gpplicability of enzymes is currently a very active area of research (Lehmann and Wyss,
2001). Various gpproaches have been explored for the stabilization of enzymes (Gupta, 1991,
Janecek, 1993)

Use of additives

Severd externd compounds ae used to enhance the thermodtability of proteins

(Gupta, 1991; Gonzdez, et al., 1992, Bandivadekar and Deshpande, 1994). Naturaly
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occurring osmolytes such as polyols, aminoacids, and methylamines are known to provide
thermd stability to enzymes without substantive dteration in their catdytic action (Yancey, et
al., 1982; Santoro, et al., 1992; Tanga and Ahmad, 1994). Water has been found to have a
great influence on enzyme thermodtability (Klibanov, 1989). The addition of sugars
polyhydric dcohols and other polymers such as polyethylene glycol and dextran are shown to
effect thermodtabilizetion by drengthening the hydrophobic interactions by modifying the
sructure of water (Back, et al., 1979; Ward and Moo-Youg, 1988). Sdts and metd ions
represent another important class of additives (Pace and Grimdey, 1988; Coolbear, et al.,
1992; De Bolle, et al., 1997). The binding of subgirates, substrate analogues and coenzymes
ae ds shown to enhance the themd dtability by increesng the rigidity of conformation
(Segawaand Sugihara, 1984; Gonzalez, et al., 1992)
Chemical modification

The dabilization of enzymes by covdent modificaiions can be achieved by various
methods (Mozhaev, e a 1990; Janecek, 1993). The hydrophobic interactions within the
protein can be drengthened by modification with nonpolar reagents. Another method involves
the introduction of new polar or charged groups that promote the formation of additiona
hydrogen or ionic bonds and helps in maintaining the structura integrity. The other gpproach
to achieve dabilization by modification is by hydrophilization of the protein surface that
prevents the unfavorable hydrophobic contact with water. A 1000-fold increased
thermogtability of a-chymotrypsn (in comparison with the native enzyme) prepared by its
hydrophilization with glyooxylic acd and cydlic anhydrides of aomdic acids has been
reported (Mdik-Nubarov, et al, 1987; Mozhaev, et al., 1988)
Chemical crosslinking

The dability of proteins and enzymes can be subgtantialy improved by employing the
chemicd cross linking technique (Wong and Wong, 1992). In this procedure, the molecule is
braced with chemica crosdinks either intramolecularly or intermolecularly to another species
to reinforce its active conformation. Various chemicas have been used for this purpose,
however the use of bifunctiond compounds is most promisng (J, 1983, Gaffney, 1985).
These compounds are essentidly group specific chemicad modifiers and may be cdlassfied into
zero-length, homobifunctiond and  heterobifunctiond  crosdinkers.  They react  with

nucleophilic d9de chains of amino acids. It has been shown that the use of a series of
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bifunctiond resgents of different chain lengths have been used to crosdink amyloglucosidase
(Tatsumoto, et al., 1989). Increased thermogtability of a-chymotrypsin was obtained by the
coss linking of carbodiimide-activated enzyme with 1,4-tetramethylenediamine (Torchilin, et
al., 1978).
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Enzyme immobilization

Immobilizetion of an enzyme is defined as the converson of an enzyme from a water-
soluble, mobile sate to a water-insoluble, immobile state (Klibanov, 1983). There are severd
methods of enzyme immohilization such as, covaent atachment to solid supports, adsorption
on solid supports, entrgpment in polymeric gels and encgpsulation (Klibanov, 1979; Monsan
and Combes, 1988). Stahilization of enzymes due to immobilization has been ascribed to
many factors (Klibanov, 1979). The mutua spatid fixation of enzyme prevents aggregetion
and auolysis especidly of proteases The immobilization of enzymes increases ther
conformational rigidity and protects againg unfolding. Also, protection from inactivators (pH,
oxygen, hydrogen peroxide,' poisons)) is conferred as a result of immobilization.

Proten engineering

Protein engineering through dte-directed mutageness has become a promisng
dternative drategy for protein stabilization (Nosoh and Sekiguchi, 1988, 1990). Site-directed
mutageness has enabled engineered proteins to be produced that differ from ther wild
counterparts only in one or more predefined amino acids. This gpproach has made it possble
to dabilize mesophilic enzymes by manipulaing ther amino acid sequences. The enhanced
dabilization of enzyme structures by protein engineering can be obtained by: 1) Introduction
of internd or surface disulfides. Disulfide bonds redrict the degree of freedom for the
unfolded state and thereby Stabilize the conformation of the folded dtate. 2) Strengthening the
internadl  hydrophobicity dabilizes the protein thermodynamicaly and kineticaly, snce protein
folding is driven by the hydrophobic properties of nonpolar amino acids. 3) Increase in
interna hydrogen bonding and 4) Increase of surface sdt bridges (Janecek, 1993).

At present there are numerous drategies leading to the dabilization of enzymes for
ther potentid exploitation in various biotechnologica applications. All  these individud
methods have ther own advantages and demerits. In this chapter we have explored yet
another aspect of APl in a novd method for the thermodabilizetion of enzymes by the
formation of reversble enzyme-inhibitor complexes. We have used the fungd dkdine
protease, Proteinase K from Tritirachium album Limber as a modd enzyme. The sructure-
function relationship of the enzyme a higher temperatures upon binding of APl has been
correlated.
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Materials and M ethods
Materials

Proteinase K from Tritirachium album Limber was purchased from Sgma Chemica
Co. U.SA. All other chemicas were of andytica grade.
Assay for proteolytic activity of Proteinase K

Proteolytic activity of Proteinase K (PK) was measured by assaying the enzyme

activity usng casein as a subgrate. PK (3.57 nM) was dissolved in 1 ml of Tris-HCl buffer,
0.05 M containing ImM CaCl, pH 8.5 and the reaction was initiated by the addition of 1 ml
of casein (10 mg/ml) a 37°C for 30 min. The reaction was quenched by the addition of 2 ml
of acidified-TCA (5%) and the tubes were kept for 30 min a room temperature before
filtering the precipitate through Whatmann no.1 filter paper. Absorbance of the TCA soluble
products was measured at 280 nm.

The Proteinase K (357 nM) was incubated with APl (185 M) at 4°C for 1 h to dlow
formation of an enzyme-inhibitor complex followed by incubation 70°C for different time
periods. The complex was diluted 100 fold at 4 C for 30 min and the time dependent regain of
resdual enzyme activity was determined. Proteinase K trested smilaly in the absence of
inhibitor served as a control.

Temperature stability of Proteinase K

PK (35 nM) was incubated at different temperatures for 1 h. At the end of incubation,
the enzyme was incubated on ice for 15 min and the residud activity was determined.
Effect of thermal denaturation on the structure of Proteinase K
Fluorescence analysis

The fluorescence measurements were peformed with a PekinrElmer LS-50
spectrofluorimeter fitted with a Julabo F 20 water bath. The samples were andyzed usng a
dit width of 7.5 mm in a 1 cm path length quartz cuvette, with an excitation wavedength of
295 nm and the emisson was recorded from 300-500 nm at a scan speed of 200nm/min.
Measurements were performed in triplicate. The time dependent change in the tertiary
structure of PK upon thermd denaturation was monitored. PK (3.57 mM) was incubated with
APl (2 mM) a 4°C for 30 min to dlow complex formaion and ther fluorescence was

monitored for 1 h a 37 and 70°C. In the enzyme-inhibitor interaction studies, the fluorescence
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spectrum of only APl was subtracted from the corresponding spectrum of enzyme plus
inhibitor.
Circular dichroism analysis

The effect of therma denaturation on the secondary structure of PK in the presence
and absence of APl was determined by far UV-CD spectroscopy. CD spectra were recorded
in a Jasco J715 spectropolarimeter a ambient temperature using a cdl of mm path length.
Replicate scans were obtained a 0.1 nm resolution, 0.1 nm bandwidth and a scan speed of 50
nm/min. Spectra were average of 6 scans with the basdine subtracted spanning from 250 nm-
200 nm in 0.1 nm increment. The CD spectrum of PK (35 nM) was recorded in 50 mM
sodium phosphate buffer (pH 7.5) in the absence/presence of APl (16 nM) after incubation at
70 °C for 1 h and dmilaly dso a room temperature as control. In the enzyme-inhibitor
interaction studies, the spectrum of only APl was subtracted from the corresponding spectrum
of enzyme plusinhibitor.
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Results

Proteinase K, the akdine protease from Triticharium album Limber, is inhibited
competitively by APl with ICso and K; values d () and (), respectively (Chapter 6, Section 1).
We have used this enzyme as a modd sysem to sudy the enzyme inhibitor interaction at
higher temperatures and to explore the potentiad use of APl towards the thermogtabilisation of
indudtrialy important enzymes.

Temperature stability of Proteinase K

Proteinase K is gtable in a temperature range of 40-50°C (Fig 1). However it is less
stable at 60 and 65°C. At 65°C there is a rgpid loss of activity after 10 min. All denaturation
studies were, therefore, carried out at temperatures above 65° C.
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Figure 1: Temperature stability of Proteinase K
Proteinase K was incubated at 40 (V¥), 50 (A), 60 (@) and 65°C (m), for the time specified
and the proteolytic activity was determined at 37°C.

Time—dependent regain in activity of Proteinase K in presence of API

In Chapter 6 (Section 1), we have shown the formation of a Proteinase K-API (El)
complex which isomerizes to a tight binding (El*) complex. APl was shown to bind to the
active dte of Proteinase K and dissociated a a very dow rate from the EI* complex thus

reveding its tight binding nature. Heeting of Proteinase K a 70°C completely abolished its
proteolytic activity. However, the binding of API to Proteinase K a 70°C for various time
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periods protects the enzyme from inactivation snce the binding between enzyme and inhibitor
is tight. Further dissociation of the EI* complex resulted in the recovery of about 50%
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enzymdic activity a higher tempeature snce the inhibitor has dabilizing effect on the

enzyme (Fig. 2).

Figure 2: Time—dependent Regain of Activity
Proteinase K was incubated with APl at 4C for 30 min to alow formation of complex
followed by incubation a 70°C for 60 min (@) and 90 min (A). The complex was diluted 100
fold and the time dependent regain of activity was estimated. Proteinase K treated similarly in
the absence of API (m) served asa control.

Fluorometric analysis of Proteinase K at higher temperature

To decipher the conformational changes induced upon binding d API to Proteinase K,
the fluorescence spectra of the enzyme-inhibitor complex was monitored as a function of
time. The amino acid sequence of Proteinase K indicated the presence of two Trp resdues in
its primary dructure (Jany et a., 1986). Therefore, the conformational changes induced in the
enzyme upon binding of AP were followed by exploiting the intrindc fluorescence of the Trp
resdues. The tryptophanyl fluorescence spectra of native Proteinase K exhibited an emisson
maxima (I ma) a ~338 nm (Fig. 3). The heating of Proteinase K a 70°C reaulted in a
progressve decrease in the tryptophanyl fluorescence with a red shift of 20 nm indicating the
unfolding of the enzyme and exposure of the Trp residues from a non polar to polar
environment (Fig. 3, 4A). Upon addition of APl a 37°C, a rapid decrease in the quantum
yield of fluorescence was observed with no shift in the intrindc fluorescence of Proteinase K
indicating the absence of conformationd changes in the tetiary structure due to binding.
There was a dow decline in the fluorescence intengty, which attained a congtant vaue with
time (Fig4A). The complex of Protenase K with APl @& 70 °C exhibited dmog a smilar
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fluorescence pattern as that a 37 °C demondrating that the binding of APl to the enzyme
prevents the thermd unfolding of the native Structure. The ratio of the relative fluorescence
intengty at 338 and 358 nm (F33g/358) Of native Proteinase K is 1.2. A decrease in this ratio is
indicative of a red shift due to the unfolding of the tertiary structure and can be used as a
probe to monitor changes in the native tertiary dructure (Pawar and Deshpande, 2000). As

80

707

Fluorescence intensity [a.u.]

o

320 340 360 380 400
Wavelength [nm]
shown in Fig. 4B, there is a rapid decrease in the Fssgssg ratio of naive Proteinase K on

heeting a 70 °C, however the decrease in the Fasg35 ratio is dgnificantly prevented by the

formation of the Proteinase K-API complex.

Figure 3: Effect of the binding of API on the tertiary structure of Proteinase K.
The fluorescence emission spectra of Proteinase K, native (A); the complex of Proteinase K-
APl a 37°C (m) and 70°C ('V¥); heat treated Proteinase K at 70°C for 1 h (@) are shown.
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Figure 4: Effect of the binding of API on thetertiary structure of Proteinase K.
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A) Proteinase K was excited at 25 nm and the time dependent change in the fluorescence
intensity at 338 nm was monitored. Proteinase K treated a 70°C (m); the complex of
Proteinase K-API at 37°C (A) and 70°C (@) are shown. B) The unfolding of native tertiary
structure of Proteinase K at 70 °C in absence (m) and presence of APl (@) was monitored by
the ratio of the fluorescence emission spectrum at 338 and 358 nm (Fssg/358) & an excitation
wavelength of 295 nm.
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Secondary structural analysis of Proteinase K at higher temperature

In order to evaluate the effect of the inhibitor binding on the secondary dructure of
Proteinase K a 70°C, we have anadyzed the CD spectra of Proteinase K-API complex. The
circular dichroism spectra of Proteinase K display a characteristic CD spectrum in the far UV
region (Fig. 5). The heating of Proteinase K a 70°C reaults in the theemd unfolding of the
secondary  sructure with a concomitant loss in activity. Interestingly, the native enzyme and
the enzyme-inhibitor complexes exhibited dmost a smilar profile of negaive dlipticity in the
fa-UV region indicating that the binding of APl to Proteinase K hdps in mantaning the
sructurd and functiona integrity of Proteinase K at high temperatures.

CD [mdeg]

-6
200 210 220 230 240 250 260
YWavelength [nm]

Figure 5: Effect of the binding of API on the secondary structure of Proteinase K.
Far-UV circular dichroism spectra of Proteinase K, native (—); heat treated Proteinase K at
70°C for 1 hin absence (.....) and presence (- - -) of APl are shown. Each spectrum represents
the average of six scans with the baseline subtracted.
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Discussion

Alkdine proteases have immense potentia application in leather and detergent
indudries due to the increesng awareness of developing environment-friendly technologies
(Rao, et al., 1998). Higher thermd dability is an important factor for the suitability of akdine
proteases for ther commercid exploitaion. Detaled ducidetion of the mechanisms
reppondble for dabilization and dedabilization of enzymes egpecidly a edevated
temperatures is of specid importance from both a scientific and a commercid points of view.
The naive conformation of an enzyme is dtabilized by intramolecular interactions such as the
hydrophobic interactions. Stability in a folded protein is a bdance between the dabilizing
interactions and the tendency towards dedtabilization caused by the loss of conformationa
entropy as the protein adopts the unfolded form. As the temperature rises, the increase in the
dedabilizing interactions results in  protein unfolding and denauration. Proteinase K
undergoes irreversble therma denaturation at higher temperatures resulting in the loss of its
biologicd function. The dability of Proteinase K can be dtered by the binding of APl and
therefore has opened up a nove drategy for the dabilization of enzymes a higher
temperaiures. APl is a thermogable inhibitor, the presence of five disulfide linkages in AP
confers the conformationd rigidity on the protein and increases the dabilizing interactions. It
is an active dte directed reversble tight-binding inhibitor of Proteinase K (Chapter 6, Section
[), and a higher temperaiures the inhibitor dabilizes the enzyme from inactivaion. The
functiond coordinates in Proteinase K ae therefore protected from inactivation due to
complexation with AP!.

The binding of APl to Proteinase K protects it from thermd unfolding and its
subsequent inactivation. This was further corroborated by the dsructurd sudies. Thermd
inactivation of Proteinase K was accompanied by the loss of secondary and tertiary structure.
Unfolding of the enzyme was indicated by the diminished negative dlipicity and the red shift
in the emisson maximum. Thus improved dability of the enzyme can be achieved primarily
by overcoming the unfolding of the proten a devated temperatures. Mgority of the
drategies employed for the dabilization of enzymes are directed towards diminating (or
minimizing) the process of unfolding by strengthening the hydrophobic interactions (Gupta,
1991). As revedled from our results, the binding of APl © Proteinase K at higher temperatures
dabilizes the enzyme by minimizing the loss of its seconday and tetiary dructure. The
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binding of AP probably drengthens the dgahilizing interactions, which confer  sructurd
rigidity making the enzyme resdant to unfolding. The dabilization of the akaine protesse,
aubtilisn by the Streptomyces subtilisn inhibitor (SSI) has been reported (Arakawa, et al.,
1991). It was demondrated that subtilisn and SSI mutudly enhance each others dahility;
aubtilisn dabilizes S agang SDS-induced unfolding while SIS dabilizes subtilisn againg
thermd denaturation. The complex of ProteinaseK-APl a eevated temperatures displayed
dight changes in the secondary and tertiary structure that could promote the dissociation of
the inhibitor from the enzyme upon dilution.

In concluson, our results demondrate that the thermd dabilization of dkdine
proteases can be enhanced by API, and can have enormous gpplications in industries utilizing
dkdine proteeses a higher temperaiures The extenson of these dudies for the
thermodtabilization of other commercidly important akaine proteases could lead to the
devdlopment of a nove cod-effective method utilizing reversble enzyme inhibitors as

dabilizing agents.
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