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Summary




Fungi are known to produce a wide variety of enzymes, antibiotics and growth
regulators. They have the ability to degrade complex biopolymers such as polysaccharides,
hydrocarbons and proteins. Pectic substances are sructural polysaccharides occurring in
the middle landla and primary cdl wadl of the higher plants. This pectic materid and
hemicdlulose are respongble for the integrity and coherence of plant tissues. Pectin is a
complex polysaccharide, heterogeneous with respect to molecular weight and the method
of isolation.

Pectin degrading enzymes are produced by many plants, plant-pathogens as well as
sgprophytic microorganisms such as bacteria and fungi. Among the bacteria Erwinia sp.
and among the fungi Aspergillus sp. are known for pectinase production. There is a
growing demand for pectinases in the food industry and their mgor use is in daification of
fruit juices In order to invedtigate whether marine fungi produce unusua pectin-degrading
enzymes which may be useful in indudry, severd pectin-degrading flora were isolated
from deritus-rich coastd enwironments and intetidd mangrove  communities  of
Maharashtra, Goa and Karnataka

The present work refers to study of two different pectinases produced a two
different pH by Fusarium moniliforme isolated from one of the environmental samples. At
acidic pH 5 this isolate produced polygadacturonase (PG) (EC 3.2.1.15) and a dkdine pH
pectate lyase (PL) (4.2.2.2).

The am of the present work was 1) to optimize the production polyga acturonase
by the organism and if possible, to sudy gpplication of the enzyme in industry and 2) to
understand the biochemica ecology of theisolate.

The work presented in this thesis deals with-

1) Optimization of culture conditions for polygdacturonase production in liquid
culture as wel as solid date fermentation and quantification of the pH dependent
production of polygaacturonase and pectate lyase usng ELISA.

2) The role of polygdacturonase and pectate lyase in plant- pathogenesis by the isolate.

3) Purification and characterization of polygalacturonase produced by the isolate.



Chapter 1:General introduction

The biochemicd and ecologicd diversty of the fungi, pectinolytic enzymes from
fungi as well as other sources such bacteria and plants, and their role in plant pathogenesis
have been discussed in this chapter. Indudria applications of these enzymes are dso

reviewed. The chapter presents aframework for the sudies conducted in thisthes's.

Chapter 2: pH dependent induction of polygalacturonase and pectate lyase
produced by Fusarium moniliforme NCIM 1276.

Severd samples were collected from different edtuarine environments. These
samples were screened for pectinase production. One fungd isolate was found which
produced polygalacturonase a acidic pH and pectde lyase a akdine pH. This isolate was
identified as Fusarium moniliforme on the bass of morphologica characteristics and
deposited in the National Collection of Industrid Microorganism (NCIM) as Fusarium
moniliforme NCIM 1276. This organism is sat tolerant to 0.4 M NaCl and both enzymes
retain full activity & 0.4 M NaCl.

The isolate produced polygdacturonase maximadly (0.28 U/ml) a pH 5 in a liquid
medium containing 1 % pectin, 0.2 % glucose, 0.5 % NH4(SO)4, 0.2 % K2HPO,, 0.2%
KH2PO4, 0.1% CaCl,, The same organism produced pectate lyase maximaly (8.2 U/ml) at
pH 8 in the same liquid medium. Polygaacturonase production was induced in presence of
1% pectin but production of this enzyme was repressed when glucose (1%) was used as
sole carbon source in the liquid medium a pH 5. On the other hand pectate lyase
production was not affected in presence of (1%) glucose as sole carbon source in the liquid
medium a pH 8. The thesis that polygdacturonase is an inducible enzyme whereas pectate
lyase isproduced condtituvey by the organism is examined in the light of these data.

When the isolate was inoculated on a solid state medium containing wheat bran and
orange pulp as carbon source, the production of polygaacturonase was three times more as
compared with liquid culture medium. The optima production was 80 U/gram of mixed
ubstrate as compared to 28 U/ gram pectin in liquid culture. This organism produced
sngle form of polygaacturonase and pectate lyase in liquid culture however two forms of



polygaacturonase and single form of pectate lyase were produced in solid state wheet bran
medium.

Usng Sandwich ELISA polygdacturonase and pectate lyase protein biomass were
messured. These assays show that, this isolate produced extracdlular and intracdlular
polygdacturonase and pectate lyase from pH 2 toll but the maximum secretion of the
enzymes occurred at pH 5 and a pH 8 respectively. Immunocytolocaization studies shows
that both enzymes locadized near to the cel membrane and vacuole regions of the spore and
mycdium.

Chapter 3: Crop plant pathogenecity of Fusarium moniliforme NCIM 1276.

Hedthy tomato (Lycopersicon esculentum) and cauliflower (Brassica oleracea
botrytis) plants inoculated with Fusarium moniliforme NCIM 1276 showed yelowing and
crinkling of leaves after 8 to 10 days. Therefore this edtuarine isolate is a pathogen on
atleast these two crops.

Transverse sections of tomato and cauliflower hypocotyls examined under the light
microscope showed that the fungus penetrates in about 4 days through the epidermd layer
to the cortica tissue. Fluorescence labeled antibodies adso showed that fluorescence of
infected hypocotyls of cauliflower and tomato plants increase by 5 to 10 fold as compared
to control plants

At physologicd pH both enzymes are produced by this pathogen athough the
ratios between the enzymes varies between tomato and cauliflower sysems. Tomato has an
acidic cel sgp of 6.6 whereas cauliflower has a cel ssgp pH of 7.6. In the roots of both
plants the ratio between PG:PL production in tomato is 3.6 as compared to 1 in cauliflower
clearly indicating that pectate lyase production is enhanced in the latter species.

The hypocotyl regions of both plants showed lower activity of enzymes. However
in acdic environment such as in Lycopersicon esculentum (Tomato) there is grester
production of the hydrolytic polygdacturonase (EC 3.2.1.15) as compared to the b-
eliminative cleaver pectate lyase (EC 4.2.2.2) and conversdy, in the neutrd to akaine cdl
sap hogt environment of Brassica oleracea botrytis (Cauliflower) pectate lyase production
is enhanced.



Fusarium (Deuteromycoting, Monilides) is a widdy occurring plant-pathogen. The
species is dso known to exhibit a sgprophytic mode of nutrition. The data presented here
suggest that Fusarium moniliforme NCIM 1276 has adapted to estuarine conditions but has
retained its virulence againg crop plants through the production of pectin-degrading
enzymes, which would aso be useful in saprophytic modes of nutrition.

Chapter 4 : Purification and characterization of endo-polygalacturonase produced by
Fusarium moniliforme NCIM 1276.

A dngle foom of polygdacturonase, which is produced by the isolate in liquid
culture, was purified to homogeneity by ion exchange chromatography usng CM-
Sephadex at pH 5 and Sephadex G-100 gd filtration column chromatography, with a yield
of 28 %.

Biochemicd characterization of the enzyme shows that, polygacturonase had a M,
of 38 kDa and a carbohydrate content of 4 %. It has an akadine pl of 81. The Ky, is0.12
mg M, Vimax is 111.1 mM mint mg! and the ke is 4200 min™. It has a pH optimum of 4.8
and optimum temperaiure is 45°C. The enzyme activity was competitively inhibited by
gluconic acid D-lactone (GADL) with k; of 28 mM. The effect of metd ions on
polygaacturonase activity shows that enzyme was inhibited by Zn™, Hg™ and Fe™" at
concentration of 5mM.  Amino acid composition shows that, this protein contains 17% of
acidic amino acids, and low quantity of sulfur containing amino acids.  N- termind amino
acid sequence of the polygdacturonase is ES-T-Q-L-N-P-1-P-S-T-V-I-H-G-A-T-G-Y-H- .
This 20 amino acid sequence did not maich with the N-termina sequence of any reported
polygalacturonase in the SWISS-PROT data base. The pK, vaues of polygalacturonase are
pKl, of 5.7 and pK2, of 4.3. Time dependant hydrolysis of polygdacturonic acid by the
enzyme yidded di-and mono-gdacturonic acid. Therefore this enzyme is an endo-
polyga acturonase belonging to EC 3.2.1.15.

Active dte characterization of endo-polygaacturonase was carried out by using
amino acid groups specific chemicd modifie's The enzyme activity was inhibited by
WRK, EDC, DEP, NBS, HNBB, Phenyl glyoxd, 2,3 Butanedione and pNPG, suggesting
that, carboxylate, hididine, tryptophan and arginine resdues are important for the activity



of enzyme Kindic inhibition dudies and ftitration of enzyme with gpecific chemicd
modifier shows that a dngle resdue of carboxylate, hididine, tryptophan and arginine is
present a or near to the active ste. Kinetic and fluorescence data show that tryptophan is
presant in the active dte in an eectropodtive microenvironment and involved in binding.
An aginine resdue present & or near the active dte may be involved in catayss or
extended binding of the subgrate. A carboxylate and a higtidine resdue are involved in
cadyss.

Chapter 5: General Discussion
In this chapter the sdient festures of the thess have been discussed with reference

to the published literature and with reference to the dated objectives of the thess,
particularly industria application.



CHAPTER

GENERAL INTRODUCTION




The plant cdl wal consgts of cdlulose, hemicdlulose, lignin and pectic substances.
Pectic substances are dructurd  polysaccharides occurring in the middle lamdla and
primary cdl wal (Fig. 1.1). Pectin and hemicdlulose are responsble for the integrity and
coherence of plant tissues. The texture of vegetables and fruits are influenced by the
amount of pectin present (Voragen, 1986). Mog fruits have protopectin but during
maturing and ripening it is converted into pectin and this converson is economicaly
important (Versteeg, 1978 and Rombouts and Pilnik, 1980). Degradation of pectic materia
is an important biologicd process in plants which incdudes eongation of cels growth of
the plant, ripening of fruits and abscisson of leaves. Microbia pectin degradation is
important for the decompodtion of the plant materid, digestion of plant food and the
retting process (\V oragen, 1989).

Pant pectin, a branched polysaccharide, conssts of a backbone of a 1,4
olycosdicdly linked gdacturonic resdues with a 1,2 linked rhamnose a branch points.
The L- rhamnopyranose residues of the sugars are attached to the G1 and C-2 atomsin the
main gdacturonan chain. Depending upon the source of pectin gdacturonate resdues may
be acetylated a C-2 and C-3 with neutrd sugars such as gdactose, arabinose and xylose.
Enzymatic degradation shows that pectic substances condst of ‘smooth’ regions of
homogdacturonan and highly branched ‘hairy’ regions which are rich in rhamnose and sde
chains of arabinose, gdactose, and xylose (de Vries et al., 1986).

The American Chemica Society has classfied pectic substances into four man
types (Kertesz, 1951).

1) Protopectin: A water insoluble parent pectic substance which occurs in plants,
and from which pectic substances are produced.

2) Pectinic acid: Composed of polygalacturonic acid containing a smdl proportion
of methyl ester groups. Pectinic acid is cgpable of forming agd with acid and sugar.

3) Pectic acid: Congds of polygdacturonic acid and is essentidly free of methyl
ester groups.

4) Pectin: A water soluble substance with a varying methyl ester content and degree

of neutrdization, so it forms a gdl under acidic conditions.



Figurel.1

A) Schematic representation of the epider mis and underlying mesophyl|

B) Schematic representation of the cell wall structureat intracelular level

1: Secondary wdl. 20 Primary wdl. 3: Middle lamdla. 4: Primary wall. 5: Secondary wal
6: Hemicdlolose. 7. Cdlulose. 8 Pectic substance. 9: Lignin. 10: Structurd complexity.
(Reproduced from: Bateman and Bashman, 1976)
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Pectins are polymers where monomers of D-gadacturonic acid are linked by a 1,4
glycosdic bonds to form polygdacturonic acid, and where the carboxylate groups of
polygdacturonic acid are methoxylated. Methoxylation occurs in various degrees and is
termed as degree of ederification. When ederification is more than 50 % the pectin is
termed as high-methoxyl pectin whereas degree of edteification less than 50 % results in
low-methoxyl pectins. When dl the carboxyl groups in polygdacturonic acid are eterified
the methoxyl content is 16.32 % and the degree of edterification is 100 %.

The molecular weight of different pectins varies from 10 kDa to 1,000 kDa
depending upon the source and method of isolation. Pectic substances are highly viscous in
agueous solution and the viscodty of the materid is dependent on the molecular weight,
degree of ederification, ionic strength, pH, temperature, and concentration. Acid hydrolyss
of pectic polysaccharides depends upon the temperature: a low temperature hydrolyss of
ester bond takes place while higher temperatures are responsble for the depolymerization
of the polysaccharide (Doesburg, 1965).

Degradation of pectin is an important activity in plant growth, saprophytic turn-over
of carbon and pathogen attacks, and severd key enzymes areinvolved in this process.

Pectinases are divided into two types: 1) Esterases and 2) Depolymerases.  Pectin
ederases cadyse the demethoxylation of pectin to form polygaacturonic acid. The
depolymerases are further divided in two types 1) Hydrolases and 2) Lyases on the bass of
ther mode of action and type of subdrate preferred. The classfication of pectinases is
based on mode of action (Table 1.1).



Tablel.1

Classification of pectinases

A) Esterase

B) Depolymerase
1) Acting on pectin
a)
1)
)
b)
1)
)

Pectinesterase (EC 3.1.1.11), de-edterifies pectin to pectic
acid by removd of methoxyl resdues.

Polymethylgdacturonase (PMG)

Endo-PMG (EC 3.2.1.4), hydrolyses pectin in a random
fashion.
Exo-PMG: hydrolyses pectin in a sequentia fashion.

Polymethylgalacturonate lyase (PMGL)

Endo-PMGL (EC 4.2210), causes random cleavage in
pectin by atransdimination process.

Exo-PMGL causes sequentid cleavage in pectin by a
transelimination process.

2) Acting on polygalacturonic acid

a)

@
2
3

b)

@
2

Polygd acturonase (PG)

Endo- PG (EC 3.2.1.15), hydrolyses polygadacturonic acid in
arandom fashion

Exo-PG (EC 3.21.67), hydrolyss of successve bond,
releasing D-gaacturonate.

Exo-PG (EC 321.82), hydrolyss of polygdacturonic acid
from nonreducing end, releasing diga acturonate.

Polygalacturonate lyase (pectate lyase, PGL)

Endo-PGL (EC 4.2.2.2), causes random cleavagein
polygaacturonic acid by a transdimination process.

Exo-PGL (EC 4.229), causes sequentid cleavage in
polgdacturonic acid by a transelimination process.




In the chemicd sense, hydrolytic cleavage is an acid-catayzed reection a the
glycosdic bond of neutra polysaccharides and is estimated to be a dow reaction (Bochkov
and Zakov 1978). The mechanigic modd for hydrolyses, where the acid is the proton
donor, involves three steps 1) protonation of the glycosdic oxygen, to give the conjugeate
acid, 2) a unimolecular heterolyss of the conjugate acid, with the formation of a
carbonium-oxonium ion and 3) addition of weater to the carbonium-oxonium ion with the
formation of a reducing end group and a proton (Sinnott, 1990). The same mechanism has
been suggested for enzymatic hydrolyss of polysaccharides where ether carbonyl or
imidazole of the enzyme acts as a protor-donor. The mechaniam of action of exo-b-(1-3)-
D-glucanase (Jeffcoat et al., 1987), smilar in action to b-glucosdase (Umerzurike, 1981)
and a-L-aribinofuronidase (Selwood and Sinnott 1990) have been shown to be generd acid
caayss.

Active dSte characterization of glycosdases identified those resdues essentid for
polarization of the glysdic oxygen in the generd acid hydrolyss mechanism. Matsuura et
al.(1984) identified glutamic and an agpartic acid resdue in the Sructure of Taka-amylase
which are catadyticdly important.  Henrissat (1989) aso identified aspartic and glutamic
acid resdues as being involved in catadyss, during the amino acid sequence andlysis of 21
different b-glucanases. A glutamic acid resdue was identified in the sequence dignment
of 28 different cellulase sequences, to be essentid for the catdyss. Ast+Glu-Pro sequence
is highly conserved in the endo-glucanases and it was suggested by the same author that
this peptide may be involved in pyranose binding. Jeffcoat et al. (1987) implicated a
hidtidine resdue in an exo-b-(1-3)- D-glucanase.

In the pectin-degrading group of enzymes the hydrolases polygdacturonase (PG)
and polymethylgdacturonase (PGM) cleave polygdacturonic acid or its methoxylated form
in a mane gopaently gmilar to that of other glycosdases acting on neutrd
polysaccharides. Henrissat (1991, 1993) suggested a classfication of glycosyl hydrolases
on the bass of their amino acid sequences. He classified 301 hydrolases corresponding to
39 EC entries into 35 families Enzymes of one family ae likdy to have smilar folding
characterigics and active-dte morphology. Henrissat (1989), by comparison of amino acid
sequences of 21 b-glucanases, identified sx families on primary dructurd homology.



Family 28 is polyspecific. Endo and exo- polygdacturonases beong in this family with
3.2.1.15 and 3.2.1.84 Enzyme Commission numbers respectively.

Endo-polygdacturonases (EC 3.1.215) act on polygdacturonic acid yieding
saturated galacturonide as a end-product (Fig 1.2). Physochemical properties of
polygalacturonases show that, the pH optimum is between pH 3 to 5.5 (Kester and Visser,
1990; Waksman et al., 1991; Rao et al., 1996; Devi and AppuRao, 1996 and Gainvors et
al., 2000) with some exceptions like Corticum rolsii polygdacturonase which shows
maximum activity a pH 25 (Kgi & Okada, 1969). The pH optimum of polygaacturonase
aso depends on the size of the substrate. The optimum pH of Geotrichum candidum shifted
from 4.5 to 5.0 on polygaacturonic acid substrate to 3.5 on the trigalacturonate substrate
(Brash and Eyd, 1970).

Kumari and Sird (1971), Urbanek and Zelewska-Sobczak (1975), Sakai and
Takaoka (1985) and Devi and AppuRao (1996) have reported that the polygalacturonases
sudied by them showed temperature optima between 40 to 50°C, dthough unusudly
temperature stable enzymes have been reported (Mill & Tuttobelo, 1961) and (Kumar and
Pdanivelu, 1999).

Polygdacturonases have molecular mass between 25 kDa to 80 kDa (Badwin et
al., 1989; Polizdi et al., 1991 and Kester and Visser, 1990). The polygalacturonase of
Neurospora sitophila had a molecular mass of only 13 kDa (Fogarty and Dixon, as quoted
by Fogaty and Kely, 1983). Mog organisms produce multiple forms of the enzyme
(Kester and Visser; 1990; Devi and AppuRao, 1996 and Schwan et al., 1997) suggesting
ether that several genes are involved, or that pod-trandationd modification results in
different physica properties of the enzymes (Caprari et al., 1993).

Most polygdacturonases reported so far have acidic or neutrd pl (Polizeli et al.,
1991; Clasen and Green, 1996; Takasawa et al., 1997). Polygdacturonase of A. niger
produces five forms of polygaacturonases and dl of these show acidic pl between 3.2 to
4.9 (Kester and Visser, 1990). Some polygdacturonases are basic molecules, for example
polygaacturonase of A. ustus had a pl of 8.1 (Rao et al., 1996) and polygalacturonase of
Sclerotinia borealis had a pl of 7.5 (Takasawa et al., 1997). Multiple forms produced by
the same organism may aso exhibit either acidic or basic pl (Cervoneet al., 1977).



Polygaacturonase from different sources show different  affinity towards the
subgirate (polygdacturonic acid). Most funga polygaacturonases have Km vaues between
15 mg/ml to 019 mg/ml (Wang and Keen, 1970, Manachini et al., 1987, Devi and
AppuRao, 1996 and Rao et al., 1996). Km vaue of polygaacturonase produced by
Fusarium oxysporum has 054 mg/ml (Strand et al., 1976). On the other hand plant
polygadacturonases show low &ffinities towards polygdacturonic acid for example tomato
polygalacturonase has a Km vaue of 2.7 mg/ml (Takehana et al., 1977). Properties of some
funga polygdacturonases are summarized in Table 1.2.

Wang et al. (1994) have reported two mechanisms of action for glycosdases; in one
st of enzymes, direct displacement leads to net inverson of anomeric configuration. In the
other set, anomeric configuration is retained via double displacement mechanism involving
a glycosyl-enzyme intermediate.  The mechanisms ae quite diginct dthough same
gmilarities are maintained such as both involve oxocarbonium ion-like trangtion states and
both involve a pair of carboxylic acids. The carboxylic acids have different roles in the two
cases. In the inverting enzyme one carboxyl acts as an acid catayst and the other as a base
cadyd, whereas in the retaining enzyme one functions as an acidlbase cadys and the
other as a nucleophile.

Active dte characterization of severd of these hydrolytic enzymes has shown that
higidine (Ohio et al., 1989; Helene et al., 1991 and Gite et al., 1992) and carboxylate
(Chipman and Sharon, 1969; Morosoli et al., 1986; Bray, 1990 and Deepal and
Bdasubramanian, 1986) are important resdues for activity of these enzymes. Initidly
Cooke et al. (1976) reported the involvement of hididine resdue in the active ste of a
polygalacturonase produced by A. niger and an early sudy by Rexova-Benkova and
Mrackova (1978) on pH-dependant variation in Km and Vmax of polygdacturonase of A.
niger, showed that there were two inflection points a pH 5.72 and 3.06 suggesting that
higtidine and carboxylate residues were important for the activity of the enzyme.



Figure 1.2

Products of pectinases

1. Unsaturated methoxylated gdacturonide. 2: Saturated methoxylated gdacturonide. 3:
Unsaturated galacturonic acid.  4: Saturated gaacturonic acid. (Reproduced from: Alkorta
et al., 1998)
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Table1.2

Properties of some fungal polygalacturonases

Organism Forms | pH Mol. mass| pl Reference
optimum (kDa)

Aspergillus I 45 35.5 -- Ishii & Yokotsuka
japonicus (2972
Aspergillus I 4.7 25 -- Badwin (1989)
japonicus

I 4.0 36.5 --
Aspergillus I -- 40 4.2 Dean and
nidulans Timberlake(1989)
Aspergillus I 4.1 35 -- Cooke e al.
niger (1976)

[l 3.8 85 --
Aspergillus I 4.9 85 32-35 |Kester & Visser
niger (1990)

[l 4.8 38 4.6-4.9

A 4.3 57 3.3

1B 4.5 57 3.3

v 4.8 59 3.7
Cryococcus I 5-6 45 6.8 Tanabe and
albidus Kamishima(1988)
Fusarium I 5.0 37 7.0 Strand e al.
OXysporum (1976)

[l 5.0 37 7.0
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Table: 1.2 Continued

Organism fooms | pH Mol. mass| pl Reference
optimum (kDa)

Neurospora crassa | | 4.6 37 - Polizdi et al. (1991)
Rhizoctonia I 5.0 36 6.8 Cervoneet al. (1977)
fragariae

I 5.0 36 7.1
Rhizoctonia I 5.0 57 -- Manachini et al.
stolonifer (2987)
Kluyveromyces I 5.0 45 5.9 Schwan et al. (1997)
marxianus

[l 5.0 42 5.6

Il 5.0 39 5.3

A\ 5.0 36 --
Corticiumrolfsii I 25
Slerotinia I 4.5 40 7.5 Takasawa et al.
borealis (1997)
Saccharomyces I 3-45 42 -- Gainvorset al. (2000)
cerevisae
Postia placenta I 3.2-39 34 3.2 Classen &  Green

34 (1996)

Aspergillus ustus I 5.0 36 8.2 Rao et al. (1996)
Thermomyces I 55 59 -- Kumar and
lanuginosus Pdanivelu (1999)
Aspergillus I 4.0 61 -- Devi & AppuRao
carbonarius (1996)

[l 4.1 42 --

Il 4.3 47 -
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Usng chemicd modification with diethylpyrocarbonate, Rexova-Benkova (1970)
and Rao et al. (1996) have reported that the activity of polygaacturonases of A. niger and
A. ustus were nhibited & pH 6 suggedting that a higidine resdue was involved in activity.
More recently Caprari et al. (1996) showed by site directed mutagenesis that a His*>* was
at the active site of an endo-polyga acturonase produced by F. moniliforme.

Rexova-Benkova (1990) showed that polygdacturonase of A. niger was completely
inhibited by carboxylate modifing reegent EDC a pH 4.5. Recently, van Santen et al.
(1999) showed that in A. niger endo-polygaacturonase I two carboxylate residues (Agp*e°
and Asp?®?) at an appropriate distance of 5.7 A in the active site are hydrogen bonded to a
water molecule which donates a proton in the cataytic process (Wang et al., 1994).
Armand et al. (2000) determined the active Ste topology of endo-polygaacturonase Il
produced by a different strain of A. niger, and suggested that the aspartic residues, Asp™®°,

Asp201 and ASp202

are conserved.

The indole ring of a tryptophan residue has affinity towards carbohydrates, and may
be involved in subdrae binding. The intrinsic tryprophan fluorescence of
polygdacturonase was quenched with increasng  concentration of — subdrate
(polygalactutronic acid), and the reection kinetics of polygdacturonase of Colletotrichum
lindemuthianum (Waksman et al., 1992) suggested that involvement of the tryptophan was
in subgrate binding. Polygaacturonase of A. ustus was inhibited by tryptophan specific
reagent HNBB suggesting that a tryptophan residue was present a or near to the active dte
(Rao et al., 1996). Tryptophan has been reported to be present in the active ste of various
other saccharidases like endo-1,4-b-glucanase (Ozaki and Ito, 1991), isomdto-dextranase
(Okada et al., 1988) and xylanase (Kesker et al., 1989).

Urbanek and Zeewska-Sobczak (1975) have implicated cysteine and tyrosine
resdues in the ective dte of the enzyme produced by Botrytis cinerea. Stratilova et al.
(1996) have reported a tyrosine residue in the active site of polygaacturonase produced by
A. niger. Thus severd amino acid resdues have been implicated in enzyme active Ste of
polygdacturonase produced by different microbes, dthough work on the enzymes
produced by Aspergillus and Fusarium have suggested that higtidine, carboxylate and

tryptophan residues are involved in the cataytic process.

12



The crysd dructures of glycosyl hydrolases suggest a common moetif. The crystd
dructure of porcine pancregtic a-amylase (Buisson et al., 1987) showed three domains. the
larger, N-termind domain consss of padld a-b bard dructure, the C- termind domain
forms a globular unit, where the chain folds into an eight-stranded anti-pardld b-barrel and
the third domain is composed of anti-pardld b-sheets. The occurrence of enzymes from
different sources such as a-amylase, b- gdactosdase, xylanase, pyruvate kinese, adolase,
xylose isomerase, with different functions, but with sSmilar super secondary dructure
indicate that enzymes can converge to a common peptide fold essentid for catdytic
function.

The firgt sructure of polygdacturonase was solved by FPickersgill et al. (1998). The
molecule comprises of 10 turn right handed pardle b-hdix doman with two loop regions
which forms a tunnd like subgtrate binding cleft (Fig 1.3A). Amino acid sequences which
ae consarved in the active dte of polyagdacturonase are between these two loops.
Alignment of 36 polygdacturonase sequences reveds four conserved regions AstThr-Asp,
Gly-Asp-As, Gly-His-Gly, and Arg-lle-Lys. These conserved residues are located on b-
drands 5,6,7 and 8 of polygalacturonase. AsnThr-Asp forms strand 5 and Arg-lle-Lys
forms srands 8. Gly-Asp-Asp forms the turn before b-strand 6, and Gly-His-Gly forms the
turn before b-srand 7. The subdrate binding ceft is formed by two long loops that
precede strand 2 and 3 and three loops that follow strands 7,8 and 9.  Pickersgill et al.
(1998) suggests that Ser®®’ present on the seventh b-strand of polygaacturonase may be
important in maintaining the geometry of the subdtrate binding cleft. The cysa dructure
suggests that Asp®® and Asp®® are directly involved in catdytic activity. Two water
molecules, one of them bound to these carboxylaes may be the nucleophiles in the
resction.

van-Santen et al. (1999) solved the crystd structure of polygalacturonase Il from A.
niger. The crystd dructure represents enzyme folded into a right handed pardld b-hdix
with 10 complete turns. The b-hdix is composed of four pardld b-sheets and has one very
andl a-hdix near the N-terminus which occupies the enzymes hydrophobic core. Loop
regions form a cleft on the exterior to the b-hdix. A%, Asp?®, Asp %2, His®?, Arg?™®
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and Lys*® are located in this cleft.  Site-directed mutagenesis shows that these residues are
involved ather in subgrate binding or in the cataytic mechanism.

More recently, Federici et al. (2001) solved the sructure of polygaacturonases
produced by the phytopathogenic fungus Fusarium moniliforme The crystal structure
showed that the right-handed paralle b -helix, conssting of 10 cails, each made up three to
four b-strands (Fig 1.3 B). The active site of this protein showed that Lys?®® and Arg?®’ are
located inside the active site cleft, and His™®® at the edge of the active site.

Thus the dructures of polygadacturonases of Erwinia, Aspergillus and Fusarium
show that al the proteins exhibit a "cleft" where cadytic resdues are located. The
molecular mass of Erwinia, Aspergillus and Fusarium polygdacturonases are 40 kDa, 35
kDa and 38 kDa respectively. The active site of Erwinia enzyme show ha arginine, lysne
and aspartate residues present. Polygalacturonase Il of Aspergillus niger show Asp'®,
Ag?%t, Asp 292 His?®3, Arg?® and Lys*® residues are located in the active site of enzyme.
The adtive ste deft of Fusarium polygdacturonase hes of Lys*®®, Arg?®’ and His'®®
resdues. Thus dthough dl these enzymes having different molecular masses between 35 to
40 kDa, aspartate, arginine, lysne and higtidine resdues are conserved in the active dte.
All these enzymes showed 4.5%, 1.9%, ad 2.4% of a helix component and 39.9%, 41%,
and 43% of b sheet component suggesting that they have smilar sructurd components,
dthough they are produced by different organiams, in fact in the A. niger polygdacturonase
Il and the E. carotovora enzymes, 265 Ca atoms out of 335 are superimposible with an
r.m.s.d. of 1.8 A” (Pickersgill et al., 1998, van Santen et al., 1999 and Federici et al., 2001).

The Fusarium polygdacturonase reported by Federici et al. (2001) shows 43.5%
sequence identity to the A. niger 1l polygdacturonase. The amino acid sequence of E.
corotovora polygdacturonase shows only 19 % sequence homology to the A. niger Il
polygdacturonase.  Stratilova et al. (1993) compared amino acid sequence homology
between polygdacturonase from Aspergillus niger 1, Il, A. tubigensis, Lycopersicon
esculentum (tomato) and Prunus persica (peach) and showed that homology is sedom
greater than 40 %. Hemwrissat, (1991) has shown that amino acid sequences of
polygaacturonases do not share sgnificat homology with other glycosde hydrolases
ether. Thus dthough homology islow, structure is conserved.
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The mode of action of polygdacturonases (EC 3.2.1.15) may be ether a sngle-
chain multiple attack mechanism in which end products appear rapidly or by a multi- chan
attack where the monomers, dimers, and trimers accumulate only after further hydrolyses
of higher oligogdacturonates. For example Colletotrichum lindemuthianum enzyme
(English et al., 1972) produced only di or trigdacturonic acids whereas the Kluyveromyces
fragilis enzyme (Phaff, 1966) hydrolyses pectate through a series of higher
oligogdacturonides subsequently further hydrolysed to mono and digdacturonic acids.
Activity on oligogdacturonates dso decreases with decreasing chan length while some
typicadl endo-polygaacturonases fall to hydrolyse digaacturonic acid and trigaacturonic
acid (Rexova-Benkova & Markovic, 1976). Nasuno and Starr (1966) have reported that
polygalacturonase of E. carotovora does not act on digdacturonic acid but hydrolyse
trigdacturonic acid completdly to form monogdacturonic acid.  The initid rate of
hydrolysis of substrate by polygaacturonase of E. carotovora depends upon the size of the
subgtrate. It hydrolyses polygdacturonic acid, hexa-, penta-, tetra-, tri-gdacturonic acid at
therelative rates of 100, 15.8, 12.8, 2.2 and 1.7 respectively.

Endopolygdacturonases dso show condderable differences in action patterns on
oligogadacturonates. These differences depend on the nature of active dte of the enzyme
but more specificdly by the sze of the subsrate binding and postion of cataytic group
(Rexova-Benkova 1973). Benen et al. (1999) have studied the kinetic characterization of
endo-polygalacturonases 1, Il, C produced by a recombinant stran of A. niger. All these
enzymes act on polygdacturonic acid by a random cleavage pattern. The authors used
oligogdacturonides for the determination of sub-ste of the enzymes. The sub-site maps
show that the minimum number of gdacturonic acids required for hydrolyss is seven for
al three enzymes.

Polysaccharide lyases depolymerize acidic carbohydrates through  b-diminitive
cleavage by abdraction of a proton (Fig 1.2). The abdraction of a proton from the a-
carbon aom is asssted by the dectron-withdrawing carboxyl group of the polysaccharide.
Abdraction of the proton ether enzymaticaly or by chemica base such as NaOH results in
a direct dimindive cleavage fooming an a-b unsaturated uronic acid resdue on the non
reducing and a hemiacetd on the reducing-end of the glycoside linkage (Albershem et al.,
1960). Lyases such as pectae lyase (PL) and polymethylgdacturonate lyase (PMGL)
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cadyze a typicad b-dimingion (Albersheém et al., 1960), common to acting on acidic
polysaccharides (Linnhardt et al., 1986) and beong in the Enzyme Commisson number
4.22.2.

An important feature of the pectate lyase is the requirement of cacium, strontium or
barium ion for ther activity (Nagd & Wilson, 1970). It has been suggested that meta ion
form sdt bridge in tetraoligogadacturonides which are the true substrate of pectate lyase (
Atdlah and Nagd, 1977). Some of the characterigtics of pectate lyases have been listed in
Table 1.3. These enzymes acts on the polygdacturonic acid at akdine pH and have pH
optima in the range between 8 to 10 pH. The molecular mass of pectate lyase ranges from
12 kDa to 74 kDa. Although lyases show optimum activity at the akaine pH range, the pl
of the molecule varies from pH 4.6 to 10.3 (Miyazaki, 1991 and Sato and Kgji, 1980).

16



Figure 1.3

A)Three-dimensional structure of polygalacturonase from Erwinia carotovora.

Active sSte resdues are shown in different colors Blue Lys®®?, Purple Asp?®?, Asp®®,
Asp?®® & and Agp®?* and Red: His?®*. (Reproduced from: Pickersgill et al., 1998)

A
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Figure 1.3

B) Three-dimensional sructure of polygalacturonase from Fusarium moniliforme.
Active ste residues are shown in different colors Blue Lys*®®, Ydlow: Argf®’ and Red:
His'®® (Reproduced from: Fiderici et al.,2001.)

B}
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Though pectate lyases have been purified and ther prdiminary characterization
reported, there are a very limited sudies on the active dte characterization of these
enzymes. The active Ste characterization of pectate lyase of Fusarium moniliforme NCIM
1276 showed that lysine and tryptophan residues are present a or near to the active site and
Ca'™ ions are essentid of enzyme activity (Reo et al., 1996A). The authors showed that
tryptophan fluorescence was quenched by the addition of subdrate suggesting that
tryptophan involved in the subdtrate binding.

Yodder et al. (1993) solved the crysta structure of the pectate lyase produced by
Erwinia chrysanthemi and showed tha the enzyme folds into a unique tertiary teix motif
of padld b- drands. Because of ther functiond smilarities, these authors have suggested
that dl extracdlular pectate lyases will have smilar dructure, differing only in the sze and
shape of the protruding loops. The authors have identified a common gSte on the protein,
where acidic residues, A, Glut®® and Asp'’® are conserved which are probably
reponsble for cdcium binding. Pickersgill et al. (1994) solved the structure of pectate
lyase produced by Bacillus subtillus in presence of cacium. These authors have shown
that, the metal was attached to the acidic residues of glutamate and aspartate.
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Table1.3

Properties of pectate lyase from some microbial source

Source Forms | Mol. mass | pH pl Reference
kDa optima
Bacillus circulans I 70 10.0 -- Joyce & Fogarty
(1975)
I 18 9.5 --
Bacillus subtilus 33 85 9.85 | Chesson & Codner
(1978)
Bacillus 24 9.0 -- Kabass & Vaughn
stearothermophilus (1980)
Bacillus macerans 35 9.0 10.3 | Miyazaki (1991)
Erwinia caratovara I 41 -- 9.1 Le et al. (1985)
I 44 -- 9.4
Erwinia aroideae 37 9.1 -- Kamimiya (1977)
Pseudomonas 42.3 9.4 10.4 | Rombouts et al.
fuorescence (1978)
Streptomyces 41 10.0 4.6 Sato & Kaji (1980)
nitrosporium
Fusarium oxysporum | | 25 -- -- Artes & Tena (1990)
[l 37 -- --
Fusarium solani 26 94 8.3 Crawford &
Kolattukudy (1987)
Fusarium moniliforme 12 95 9.1 Rao et al. (1996A)
Klebsiella oxytoca I 71 9.0 5.9 Pitkkanen e al.
(1992)
[l 71 8.5 5.3
Yersinia enterocolitica 55 8.8 5.8 Bagley (1979)
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Polygaacturonases are produced by numerous fungi and bacteria and aso by higher
plants (Kester and Visser, 1990; Riou et al., 1992; Zheng et al., 1992; Kumar and
Pdanivalu, 1999; Wubben et al., 1999 and Le et al., 1985). The plant enzymes are
produced prior to budding or branch formation to bresk down existing cell wall.

Fungd and baecterid enzymes ae produced during the course of sgprophytic
growth. Cooper et al. (1978) have reported that, pectic enzymes ae the first
polysaccharidases to be induced when fungi are cultured on isolated cell-wall.

When a pathogen attacks host plants, pectic enzymes act on plant cel wal pectins
resulting in cdl lyss and plant tissue mecerdtion (Martinez et al., 1991). Kar and
Albersheim (1970) showed that polysaccharide-degrading enzymes are ungble to directly
attack plant cdl wal without prior action by wal modifying pectic enzymes Severd fungi
exhibit both sgprophytic and pathogenic modes of nutrition. C. lindemuthianum (English et
al., 1972), S sclerotiorum (Riou et al., 1991), F. oxysporum f.sp.melonis (Martinez et al.,
1991), F. solani f.sp pis (Crawford and Kolattukudy, 1987), C. rolfsi (Kagi and Okada,
1969), A. niger (Cervone et al., 1987), A. nidulans (Dean and Timberlake, 1989), Monilinia
ssp (Fidding, 1981) and P. frequentans (Kawano et al., 1999) produce cell wal degrading
enzymes and these species and F. moniliforme (De Lorenzo et al., 1987) are well known
plant pathogens, which can aso exhibit saprophytic modes of nutrition.

Polygdacturonases are inducible enzymes (Nyiri, 1968; Aguilar and Huitron, 1987
and Kawano et al., 1999). Inducers are gdacturonic acid, its polymer (pectin and
polypectate) and dructurd rdatives (mucic acid, tartonic acid and dulcitol) (Keen and
Horton, 1966 and Madonado and Strasser de Saad, 1998). Polygaacturonase  production
may be repressed by the addition of glucose ( Madonado et al., 1989). Glucose is dso
known to repress the production of pectate lyase by a clinica dran of Yersnia
entercolitica and aphyto-pathogenic strain of Erwinia (Chatterjee et al., 1979).

Polygdacturonases are used in fruit juice darification. Whitaker (1984) reported
that the juice yidd and darity increased in the presence of polygdacturonese, and rapid
drop in viscodty facilitated filtration. Polygdacturonases are dso used in extraction of
juice by degradetion of pectin resulting in higher yidds. This enzyme is ds0 used for the
liquefaction of tissue Thus polygdacturonases are important indugtrid  enzymes besides
their uses in nutrition and growth by different organisms. Indudrid production of these
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enzymes is caried out usng mogly Aspergillus niger. Some species of Aspergillus are
pathogenic to crop plants.

The production of polygadacturonase in submerged culture depends on carbon and
nirogen sources in the growth medium, temperaiure, pH and inoculum Sze
Polygalacturonase production has been optimized using submerged culture by Aguilar and
Huitron (1987), Leuchtenberger ad Meyer (1992) and Friedrich et al.,(1989). However,
indugriad  production of polygdacturonase is generdly caried out by semi-solid
fermentation because this fermentation gives higher activity of the enzyme than submerged
fermentation (Perera et al., 1993). Agricultura by-products such as wheat bran (Rao,
1996), rice bran, sugar-cane bagasse (Periera et al., 1993) with beet ped and citrus ped
(Siessere and Said, 1989) and orange ped as additiona pectin sources have been used in
this process. Acuna-Arguelles (1995) and Maldonado and de Sead (1998) have reported
that polygaacturonase production by A. niger was dx times higher in solid dae
fermentation than in submerged fermentation.

The occurrence of mangrove fungi in association with mangrove plants was first
reported by Cribb & Cribb (1960). Hyde (1988) isolated 91 species of marine fungi
recorded from mangroves dl over the world. Chinarg (1994) collected 94 species of
higher marine fungi from mangrove foreds of India He identified 72 gpecies of
ascomycoting, 2 species of basdiomycotina and 20 species of deuteromycotina. From the
deuteromycotina Cirrenalia genus was dominant in the coastd Indian mangrove followed
by Cladosporium, Cystopora, Phoma, Sporidesmium (Chinargj, 1994). D'souza and Araujo,
(1979) isolated numerous fungi of deuteromycotina from the Mumba region and have
reported the occurrence of Fusarium from the coastd region.

During the screening for pectinase producer, Rao (1996) isolated a strain of fungus
from decaying mangrove plants from Mumba region. On the bass of morphologica
features the strain was identified as F. moniliforme and deposited in the Nationa Collection
of Indugtriad Microorganism & NCL as F. moniliforme NCIM 1276. Although in generd
Fusarium is a plant pathogen, some species cause symptomless infection in Zea mays
(Bacon and Hinton, 1996 and Yetes et al., 1997). The present organism was isolated from

decaying mangrove wood and it was desirable to determine its mode of nutrition.
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The organism bedongs to the order Monilides and family Moniliaceae. It produces
white colonies with septate mycdia  The spore bearing hyphae, are conidiophores.
Conidiospores are thick waled and with tapering ends. This fungus produces two types of
conidia, microconidia and macroconidia with separate conidiophore.  Macroconidia are
bigger in size as compared to the microiconidia, and are attached to each other at their ends
and to form achain.

This isolate secretes polygdacturonase (EC 3.2.1.15) a pH 5 and pectate lyase (EC
4.2.2.2) a pH 8 when supplied with pectin as a carbon source in submerged culture.

The objective of this thess was to determine the mode of nutrition of this
Fusarium. Since it produces two pectinases each having an acidic or dkaine pH optimum,
the production of these two enzymes was optimized and further, the pathogenecity of the
organism was tested on different host plants. The polygadacturonase was purified and its
active Ste characterized.

Chepter 2 presents the data referring to the optimum culture conditions for
polygaacturonase production in submerged and solid state fermentation and pH dependant
quantification of polygalacturonase and pectate lyase using ELISA.

Chapter 3 presents data on polygdacturonase and pectate lyase production in
different host plants.

Chepter 4 presents the characterization of active dte of the purified
polygalacturonase.

Chapter 5 presents a genera discussion.
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CHAPTER |1

pH dependent induction of polygalacturonase and pectate lyase from
highly pH tolerant Fusarium moniliformeNCIM 1276.
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Summary

Seved samples were collected from different eduarine environments. These
samples were screened for pectinase production. One fungd isolate was found which
produced polygalacturonase a acidic pH and pectae lyase a dkaine pH. This isolate was
identified as Fusarium moniliforme on the bads of morphologica characteristics and
deposted in the Nationa Collection of Industrid Microorganism (NCIM) as Fusarium
moniliforme NCIM 1276. This organism is sdt tolerant to 0.4 M NaCl and both enzymes
retain full activity a 0.4 M NaCl.

The isolate produced polygaacturonase maximaly (028 U/ml) & pH 5 in a
submerged culture containing 1 % pectin, 0.2 % glucose, 0.5 % NH4(S0),, 0.2 % KyHPO,,
0.2% KHyPO4, 0.1% CaCl,, The same organism produced pectate lyase maximaly (8.1
U/ml) a pH 8 in the same submerged culture. Polygdacturonase production was induced in
presence of 1% pectin but production of this enzyme was repressed when glucose (1%) was
used as sole carbon source in the submerged culture a pH 5. On the other hand pectate
lyase production was not affected in presence of (1%) glucose as sole carbon source in the
submerged culture & pH 8. The thess tha polygaacturonase is an inducible enzyme
whereas pectate lyase is produced condtituvely by the organism is examined in the light of
these data

When the isolate was inoculated on a solid state medium containing wheat bran and
orange pulp as carbon source, the production of polygalacturonase was three times more as
compared with submerged culture medium. The optima production was 80 U/gram of
mixed subgrate as compared to 28 U/ gram pectin in submerged culture. This organism
produced single form of polygdacturonase and pectate lyase in submerged culture however
two forms of polygaacturonase and single form of pectate lyase were produced in solid
state whegt bran medium.

Usng sandwich ELISA polygdacturonase and pectate lyase protein biomass were
measured. These assays show that, this isolate produced extracdlular and intracdlular
polygdacturonase and pectate lyase from pH 2 toll but the maximum secretion of the
enzymes occurred a pH 5 and at pH 8 respectively. Immunocytolocdization studies shows
that both enzymes locadized near to the cdl membrane and vacuole regions of the spore and
mycdium.
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Introduction

Benchrtop production of polygalacturonase and pectate lyase in  submerged
fermentation depends on critica control of media components and pH, temperature,
agration and agitation (Madonado and Strasser de Saad, 1998) but may give lower
productivity then solid-state fermentation dthough find conditions vary from organism to
organism.  In gened solid date fermentation uses chegper medium condituents (Acuna-
Argudles et al., 1995 and Madonado and Strasser de Saad, 1998) and does not involve the
critical control required for submerged fermentation (Pereira et al., 1993). The production
of polygdacturonase by solid dae fermentation has been done by growing fungi on
agricultural  by-products such as wheat bran (Rao, 1996), rice bran, sugar-cane bagasse
(Periera et al., 1993) with beet ped and citrus ped (Siessere and Said, 1989) and orange
pedl as additional pectin sources.

The following chepter deds with the optimization of the growth conditions of
Fusarium for maximum production of extracdlular polygdacturonase in both submerged
and solid dae fermentation a the bench-top leve. Antibodies rased agangt purified
polygaacturonase and pectate lyase were used to determine the quantity of protein released
in the cultures. The quantification of polygaacturonase and pectate lyase was done using
sandwich ELISA. The antibodies were used to determine quditative and quantitative
differences in  enzymes produced in submerged cuture a different  pHs
Immunolocdization of both enzymes was caried out usng Trangmisson Electron

Microscopy.
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Materials

Pectin (Citrus fruit), polygdacturonic acid, Freund's complete and incomplete
adjuvant, horseradish peroxidase, anti-rabbits 1gG peroxidase conjugate and para
formadehyde were purchased from Sigma Chemicd Company USA. Sepharose 4B was
purchased from Pharmacia, Uppsda, Sweden. Tetramethyl benziding hydrogen peroxide
(TMB/H20,), 5-bromo-4-chloro-3indolyl phosphate/nitro blue tetrazolium (BCIP) and anti-
rabbits 1gG gold conjugate were purchased from Banglore Genei Pvt Ltd India Divinyl
sulfone (DVS) was purchased from Aldrich Chemicd Company USA. ELISA plates were
purchased from Greiner Labortechnik Pvt Ltd Chandighad, ndia Aradite A & B, DMP-
40, gulterddehyde, sodium cacodylate, uranyl acetate were purchased from Pelaco
chemicas UK. Wheat bran and orange pulp was obtained from the loca market. All
chemicals and reagents except wheat bran and orange pulp used were of anayticd grade.

Microorganism

Samples were collected from decaying wood of mangrove plants. Aliquots were put
into enrichment media containing 1% pectin as a carbon source. The isolates were grown
on agar medium containing 1% pectin and 0.2% K;HPO, in sea-water, resulting colonies
were isolaed usng standard microbiologicd techniques. The highest pectinolytic enzyme
producer was chosen for the further studies. It was sub cultured on Czapek-Dox agar
modified with1% pectin. The organism was identified on the bass morphologica
characters and depodted in the National Collection of Industrid Microorganisms at NCL,

as Fusarium moniliforme NCIM 1276.

Methods

Enzyme assays

Polygalacturonase

Polygdacturonase was assayed by measuring the reducing sugars released from 0.3%
polygdacturonic acid, by the method of Nelson (1944) and Somogyi (1945). The reaction
mixture was made up in 0.1IM sodium acetate buffer pH 5.0 with 0.7% NaCl and 0.25%
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NaEDTA. One unit of enzyme activity is difined as the amount of enzyme which reeased
1 nmol of gdacturonic acid per minute at 40 °C a pH 5.0 (Collmer et al., 1988).

Pectate lyase

Pectate lyase activity was measured as the increase in absorbance a 232 nm of
0.24% polygaacturonic acid in 60 mM Tris/HCI buffer, pH 8.5 with 0.6 mM CaCb at it's
optima temperature of 40°C. One unit of lyase activity was defined as the amount of
enzyme which produced 1 mmol of unsaturated galacturonide (e = 4600 M™cml) per
minute (Collmer et al., 1988).

Xylanases

The totd reaction mixture of 1 ml contained 0.5 ml of suitable diluted enzyme in 50
mM sodium phosphate buffer, pH 6.0 and 0.5 ml of 1 % xylan (w/v) solution. The reaction
mixture was incubated at 50°C for 30 min and then the reaction was terminated by the
addition of 1 ml 35-dinitrosdicylic acid (DNSA). The reducing sugars liberated were
determined by measuring the absorbance a 540 nm as described by Miller (1959). One unit
(U) of xylanase activity is defined as the amount of enzyme required to liberate 1 nmole of
xylose per min under standard assay conditions.

Amylase

Amylase activity was determined according to Benfdd (1955). The reaction
mixture contained 0.5 ml of 1% (w/v) soluble starch in 0.05 M acetate buffer pH 5.0 and
05 ml of auitably diluted enzyme.  The reaction mixture was incubated a 50°C for 15 min
and reducing sugars liberated were determined as glucose equivaents by the 35
dinitrodicylic acid (DNSA) method (Miller, 1959). One unit (U) of the enzyme activity is
defined as the amount of enzyme required to liberate 1 nmole of reducing sugarsmin under
standard assay conditions.

Cdlulase
The reducing sugars liberated from the hydrolysis of 1% CMC (carboxymethyl-
cdlulose) as subgtrate were quantified using 3,5-dinitrosdicylic acids (DNSA). One unit of
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cdluloytic activity was defined as the amount of enzyme that reeased 1mmole of reducing
sugar (glucose equivaent) per minute form 0.1 % CMC at 50 mM sodium acetate buffer
pH 6 (Millar, 1959).

Protein assay

Protein concentration was determined in accordance with Lowry et al. (1951) with
BSA standard.

Biomass estimation
Fungd biomass was harvested by centrifugation, washed with distilled water and
dried a 40°C, till congtant dry weight.

Optimization
Culture conditions

The inoculum was prepared in 100 ml conicd flask usng a medium containing 1%
pectin, 0.2% glucose, 0.2 % NH4(SO)s and pH 6. The flask was incubated for 48 h at
30°C and about 200 rpm. Exponentidly growing cedls were pelleted ou, washed with
derile didilled water and resuspended in 100 ml of derile didilled water. 1 ml of this
sugpension was inoculated in 50 ml of the culture medium in the dl experiments.

The organiam was grown in 250 ml conicd flasks with 50 ml medium. The flasks
were incubated for 5 days a 30°C and 200 rpm on rotary shaker. After centrifugation,
biomass in tems of dry weght and the polygdacturonase activity in the cdl free
supernatant was determined under standard assay conditions.

All expeiments were done in duplicate. In dl the following experiments culture
flasks were incubated a 30°C for 5 days except where otherwise stated.

Effect of salinity

Various concentrations of NaCl were used in the optimized growth medium (1%
pectin, 0.2 % glucose, 0.5% (NH4)2S04, 0.2 % K2HPO4, 0.2 % KH;PO4, 0.1% CaCl; at pH
5). After five days of growth, biomass was determined in terms of dry weight and mycdid-
free broth was assayed for polyga acturonase activity.



Effect of carbon source

The medium containing 0.5% (NH4),S04, 0.2 % K;HPO4, 0.2 % KH,PO4, 0.1%
CaCl, a pH 5. Pectin, starch, glucose, celulose, xylan and wheat bran were used at a
concentration of 1% wi/v. Polygdacturonase activity was determined using standard assay
conditions.

In the following series of experiments the basd medium was as above except where
otherwise indicated.

Effect of pectin
Concentrations of pectin were varied in the basd medium. 0.2 % glucose was added
at al pectin concentration.

Effect of glucose

10%/ml of spore suspension of Fusarium moniliforme was inoculated in to the basdl
medium containing 1% pectin with different concentration of glucoses  Samples were
harvested after 96 hrs incubation. The cell biomass was determined by measuring dry
weight. Enzyme activity was determined under standard assay conditions and protein
biomass was determined by sandwich ELISA.

Effect of different nitrogen salts
Nitrogen sdts used were: (NH;)2SO4, KNO3, NaNO3, NH4NO3 and 0.5% peptone at
0.175 M nitrogen. The concentrations of the best nitrogen sources were then varied to

determine maximum production of enzyme.

Effect of pH

Induction of different polysaccharidases of Fusarium moniliformeat pH 5 and 8.0

F. moniliforme spore suspention (10%ml) was inoculated in to 50 ml kesd medium
containing 37.9 mM (NH4),SO4, 11.5 mM KyHPO4, 14.7 mM KH;PO4 and 6.8 mM CaCly:
2 H,O with 1% sugars such as pectin, polygaacturonic acid, gadacturonic acid, darch,
glucose, cdlulose, xylan and wheat bran. The flasks were incubated at 30°C and 200 rpm



on a shaker for 96 hrs. The resdud activities of the corresponding enzymes were measured

under standard assay conditions.

Effect of initial pH on polygalacturonase production
Initid pH of the optimized medium was adjusted from 2 to 11 with NaOH and HCI.
After 5 days incubation a 30 °C, dry weight of mycdium and activity of polygaacturonase

were determined.

Quantification of extracellular and intracellular PG and PL at different pHs

F. moniliforme spore suspension (10°/ml) was inoculated into 50 ml basd medium
containing 1% pectin and 0.2 % glucose as a carbon source. The initid pH of medium was
adjusted from pH 2 to pH 11 usng IN HCI and 1IN NaOH. The flasks were incubated at
30°C for 96 hrs. Extracdlular PG and PL proteins biomass were determined using
sandwich ELISA.

To determine intracellular protein concentrations whole cell biomass was sonicated
for 5 minutes. The cdl debris were removed by centrifugation. The supernatant cdll extract
was diluted up to 30 ml with didilled water. Intracelular  concentration  of
polyga acturonase and pectate lyase were determined using sandwich ELISA.

CD spectra

2.56 mM purified pectate lyase and 1.82 M polyga acturonase were incubated with
100 mM of various buffers from pH 2 to 11 for 24 hrs & 30 °C. CD spectra were recorded
on a Jasco-710 spectropolarimeter from 190 nm to 250 nm using a 1 cm path length a 25
°C. CD andysis was carried out according to the method of Sreerama and Woody (1993).
The data has been analyzed using the program SILCON.

Time course of polygalacturonase and pectate lyase production

Cultures were grown in respective optimized media upto 5 days. Polygdacturonase
and pectate lyase enzyme activities were determined under respective standard assay
conditions.  Protein biomass of polygaacturonase and pectate lyase was quantified by
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ELISA. Dry weight of funga biomass was determined as above. The time course was run
a 24 hintervas on duplicate flasks.

The effect of temperature

The culture was grown in the optimized pectin medium for 5 days a different
temperatures raining from 10°C to 50°C. The fungd biomass in terms of dry weght and
polyga acturonase activity were determined under standard assay conditions.

Effect of agitation

The organism was grown in the optimized medium for 5 days at 30°C at different
agitation rates of 0, 50, 100, 150, and 200 rpm. The biomass of the fungus was determined
as above and polygdacturonase activity in the cdl free supernatant was determined under
standard assay conditions.

Solid- state fermentation

A spore suspension was prepared from a 5 days-old Czapek-Dox agar dant. One mi
of a spore suspension (10°spore/ml) was used to inoculate the wheat bran medium in a 1
liter conicdl flask.

The basa medium used consisted of Q5 gram (NH4)SO4 and 0.4 gram K;HPO4 in
80 ml of didtilled water. The pH 5.0 and pH 8.0 of the medium was adjusted with 0.1 N
NaOH and 0.1 N HCI, then 40 gram of whest bran was added in the basad medium. Orange
pulp was varied from 0 to 2.5 gram in the basd medium.

The contents of each flask were mixed thoroughly with gerile needle for uniform
digributions of fungd spores in the medium. The culture flasks were incubated at 30°C for
8 days. Polygdacturonase and pectate lyase were extracted from the medium by the
addition of 200 ml of 0.1 M sodium acetate buffer pH 5 and 0.1 M TrigHCI buffer pH 8.0
respectively on a shaker for 2 hrs and medium was filtered through mudin cloth to remove
cdls and unused medium.  After centrifugation, activity of the crude enzyme was
determined usng dandard assay conditions. The activity was expressed as unit of
polyga acturonase per gram of wheat bran.
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Effect of moisture content

The moisture content of the wheat bran medium was varied from a ratio of 1:1, 1:2,
1:3 and 1.4 of the wheet bran. 40 gram whesat bran, with 2 gram of orange pulp, 0.5 gram
(NH4)SO4 and 0.4 gram K,;HPO,4 were mixed with 40, 80, 120 and 160 ml distilled water.

Activity staining

Broth containing 0.1 mg of tota protein as determined by Lowry et al. (1951) was
used from both submerged and solid dtate fermentation was eectrophoresed using 12%
acidic native PAGE. The resultant gd was blotted onto polygaacturonic acid gel a pH 4.5
solidified by adding 1.5% agar. The activity band (s) were visudized by trestment with 3%
cetrimide after 45 min incubation at 40°C.

Determination of k;
0.13 mM polygaacturonase and 0.23 nM of pectate lyase was incubated with 1.35
mg and 27 mg polygdacturonic acid with different concentrations of respective antibodies

and k; wasdetermined.

Titration of polygalacturonase and pectate lyase obtained from submerged and solid state
medium with their antibodies.

Broth containing 0.1 mg of tota protein as determined by Lowry et al. (1951) was
used fom both submerged and solid state fermentation and incubated with 1 to 8 M of the
respective antibodies. The antigen antibody mixture was incubated a 4 °C for 8 hrs. The
resdud activities of the both enzymes were determined under standard assay conditions.

Purification of polygalacturonase and pectate lyase
Endo-polygdacturonase purification is described in chepter IV. Pectate lyase
purification was carried out as described by Rao (1996).



Antibody preparation

Polyclond antibodies agang purified polygadacturonase and pectate lyase were
rased in New Zedand white rabbits by injecting the purified enzymes (0.2 mg) with
Freund’'s complete adjuvant subcutaneoudy at multiple site (Dunbar and Schwoebel, 1990).
The firs booster dose was given after 21 days and the second, 30 days after the first
injection. The rabhits were bled after 20 days and the titer of the antibody was checked by
Ouchterlony double diffuson test (Ouchterlony, 1953). When the titer of antibody reached
1:32 of pectate lyase and 1:16 of polygaacturonase the blood was collected by cardiac
puncture, dlowed to clot and the serum was separated from plasma by centrifugation.
Then the serum was incubated at 50°C for 1 hour for inactivation the complement and
stored at -20°C until required.

Partial purification of the antibodies

Patid purification of the antibodies were carried out according to Dunbar and
Schwoebd (1990). Ammonium sulfate solution (77.7% wilv) was dowly added to the
serum and the precipitate was collected by centrifugation, the precipitate was dissolved in
10 ml digill water and didyzed extensvely agang 20 mM phosphate buffer pH 7.2. The
didysae was then loaded on DEAE cdlulose column (1.5 ~ 30 cm) previoudy equilibrated
a pH 7.2 with 20 mM phosphate buffer. The column was washed extensvely with
phosphate buffer till the fraction showed no detectable absorbance a 280 nm.
Subsequently the column was washed with the same buffer with 50 mM NaCl.  Fractions
of 10 ml were collected a the flow rate of 20 ml/hour. Eluted fractions having A280
greater than 0.1 were pooled didyzed extensvely and concentrated using Amicon
ultrafiltration unit fitted with a 10 K membrane. The concentrated solution of antibodies
was stored at -20°C until required.

Preparation of immunoaffinity matrix

Immunoaffinity matrix was prepared according to the method of Sairam and Porath
(1974), 5 ml Sepharose 4B was taken in a beaker and washed with 0.3 M carbonate buffer
pH 10. Then the matrix was activated by addition of 0.5 ml of divinyl sulfone (DVS) and



the mixture was kept on a shaker at 50 rpm for 2 hours. The excess DV'S was removed by
centrifugation and the matrix was equilibrated with 0.3 M carbonate buffer pH 10. Purified
polygaacturonase and pectate lyase (5 ng) were added to the matrix and the mixture was
kept on the shaker for overnight. Unbound protein was removed by centrifugation, then the
mixture was treated with 1 M glycine for 2 hours and the matrix was washed extensively
with phosphate buffer pH 7.2 to remove excess glycine.

Purification of protein specific antibodies

Protein specific antibodies were purified according to the method described by of
Saram and Porath (1974). The immunoaffinity matrix from the above step was filled into
an 0.5 cm”~ 2 cm column and the matrix was equilibrated with 10 mm TrigHCl buffer pH
75. The column was re-equilibrated with freshly prepared 10 ml of 0.1 M triethyl amine
pH 11.5 and washed 10 mM TrigHCI buffer pH 7.5 followed by treatment 10 ml of 0.1 M
dycine pH 2.5. The column was then washed with TrisHCI buffer pH 7.5

Patidly purified antissum (5 mg) was passed through the column and after
washing with Tris buffer a pH 7.5, acid sengtive antibodies were duted by passng 10 ml
of 0.1 M glycine solution pH 2.5 through the column. Base sendtive antibodies were euted
by passng 0.1 M trietyl amine solution a pH 115. Both fractions of antibodies were
combined and diadysed againgt phosphate buffer pH 7.2. Protein specific antibodies were
stored at - 20°C until required.

Soecificity of the antibodies

The specificity of the polygalacturonase and pectate lyase antibodies were checked
by both Ouchterlony double diffuson test (Ouchterlony, 1953) and Western dot blot.
Ouchterlony double diffuson tes was done usng 1% (w/v) agarose gd in phosphate buffer
sdine (PBS) pH 7.2 a 4°C for 24 to 48 hrs (Fig 2.1 A and B).

The Western dot blot was developed according Towbin and Gordon (1984). 2 nyg of
purified polygdcturonase and pectate lyase were spotted on nitrocdlulose paper. The
nitrocellulose paper was air dry and was blocked with 1% BSA solution for 1 h a 37 °C.
The Western dot blot was then washed two to three times with PBS/T a pH 7.2. The blot
was incubated with 1:300 diluted first antibody solution for overnight a 4°C washed with



PBST two to three times and incubated with 1:5000 diluted anti-rabbit 1gG secondary
antibody labeled with adkaine phosphatase conjugate for 3 h a 37 °C. The Western dot
blot was visudized by the addition of BCIP solution (Fig 2.1 C).

Figure2.1

Ouchterlony double diffuson to check antigenic crossreactivity of anti-

polygalacturonase and anti-pectate lyase with each other and Aspergillus niger

polygalacturonase

A) 1) Center wdl anti-polygdacturonase antibody (1 mg) 2) Wdls 1 and 4 purified
polygaacturonase 3) Wells 2 and 5 Aspegillus niger polygaacturonase 4) Wels 3 and
6 purified pectate lyase of F. moniliforme NCIM 1276.

B) 1) Center wel anti-pectate lyase antibody (1 mg) 2) Wdls 1 and 4 purified pectate
lyase 3) Wels 2 and 5 polygaacturonase of Aspegillus niger 4) Wdl 3 and 6
polygaacturonase of F. moniliforme NCIM 1276.

A)

B)




Figure2.1

(C) Western dot blot

A) Polygaacturonase antibody used: Spot 1: polygalacturonase, Spot 2: pectate lyase.
B) Pectate lyase antibody used: Spot 1. polygaacturonase, Spot 2: pectate lyase.

A)
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Labeling of antibodies with horse rabbit peroxidase (HRP)

15 mg/ml of protein specific antibodies of polygdacturonase and pectate lyase
were taken in besker and 5 mg of HRP was added. The mixture was didyzed aganst
phosphate buffer pH 7.0 overnight. After didyss 0.2% of glultarddehyde solution was
added and the mixture was kept on the shaker for 2 hrs and again didyzed overnight at 4°C.
The didysate was then trandferred to 50 mM TrisHCl buffer containing 1 mM MgCh. The
antibody conjugate was diadyzed against phosphate buffer pH 7.2, and stored a 4°C until
required.

Sandwich ELISA

Sandwich ELISA was carried out according to the method of Perlmann & Perlmann
(1994). 1:300 diluted primary antibody was coated to the ELISA plate the plate was
incubated to 4°C for overnight. After blocking the wdls with 0.05% gédtin, the plate was
extensvey washed with PBST and various concentrations of antigen were added in
different wells. The plate was incubated a 37°C for 3 hrs and washed with PBS/T. Then
1:100 diluted primary antibody HRP conjugate was added again and the plae was
incubated for 1 h. a 37 °C. Subsequently the plate was washed with PBS/T and 1:20
diluted TMB was added. The reaction was stopped with addition of 1IN HSO,4 Resultant
color was measured a 450 nm using automatic MR 700 Microplate ELISA reader and
sandard graph was plotted of absorbance against concentration of antigen (Fig 2.2 A and
B).

In dl further experiments antigens were quantified using this standard graph.

Immunocytolocalization of polyga acturonase and pectate lyase
Fixation and embedding

Mycdia and spores during logarithmic growth were taken, grown in presence of 1%
pectin as a sole carbon source or 1% glucose as sole carbon source a pH 5 and at pH 8. The
spores and mycdia were centrifuged and washed with 0.1 M sodium cacodylate buffer pH
7.0. The samples were fixed in 2% glutarddehyde for 8 hrs and 1 % paraformaldehyde for 2
hrs a 25°C made in 0.1 M sodium cacodylate buffer (pH 7.0). Excess glutarddehyde and
paraformadenyde were removed by washing twice with 0.1 M Nacacodylate buffer.



Dehydration was performed in series of dcohol grade (20-95%) at room temperature.
Infiltration was done with acohol and Arddite A (1:1) for 1 h a 60 °C, followed by only
Arddite A a 60 °C for 1 hr and then a room temperture. Cells were embedded in freshly
prepared Arddite B (Arddite A 23 ml and 0.4 ml DMP-40). Blocks were polymerized at 60
°Cfor48to 72 hrs.

The blocks formed after polymerization were carefully trimmed to expose the
underlying cdls in the form of pyramid like shgpe to get serid sections. 600-700 A° thick
sections were cut with glass knife on a LKB Bromma 2088 ultratome V. Sections were then
picked up on Nickd grids.

Immunostaining

Ultra thin sections were blocked with 1% BSA solution for 3 hrs at 25 °C. Sections
were washed with 0.1 M sodium cacodylate buffer pH 7.0 and incubated with 1:300 diluted
primary antibodies of polygaacturonase and pectate lyase a 4 °C overnight. Subsequently
sections were washed with 0.1 M sodium cacodylate buffer pH 7.0 and incubated with
1:100 diluted anti-rabbit 1gG gold-conjugate for 3 hrs at 5 °C. The sections were washed
three times with 0.1 M sodium cacodylate buffer pH 7.0. The ultra thin sections were
daned for 10 min in uranyl acetate in the dark and then washed thoroughly with deionised
water followed by lead citrate 10 min and viewed with Ziess EM 109 Transmisson
Electron Microscope.



Figure2.2

Standard graphs of polygalacturonase (PG) and pectate lyase (PL) of sandwich
ELISA

A) Pectate lyase. B) Polygaacturonase.

A)
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o)
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Results and discussion

Samples were collected from different  etuarine  environments  including
mangroves of Maharashtra, Goa and Karnateka. Each was enriched in medium containing
pectin. A fungd dran gave the largest clearing zone on pectin agar plate and this isolate
was chosen for further studiess On Czapek-Dox agar the isolate produced fluffy white
mycdlia with both macroconidia and microconidia  The macroconidia were fusform and
tapering towards either end. The microconidia atached end to end and formed un-branched
chans.  On the bads of morphologca characterisics the isolate was identified as
Fusarium moniliforme. It has been depogted in the Nationd Collection of Industria
Microorganisms (NCIM) as Fusarium moniliforme NCIM 1276 (Rao, 1996).

This Fusarium produces a pectate lyase a dkdine pH (Rao, 1996) and a
polygalacturonase at acidic pH. Pectate lyase production is 8.1 U/ml when 1% pectin and
0.2 % glucose are supplied in the liquid medium a pH 8 and 200 rpm for 96 hrs. The
present chapter reports studies on polygal acturonase production by the isolate.

Since this organism was isolated from an estuarine mangrove ecosystem, the firgt
sudies rlated to the effect of sat on enzyme production and whether the enzyme was st
tolerant.  As shown in Table 2.1 increasing sat concentration did not affect the production
of enzyme uptil a molarity of 0.4 M NaCl, theresfter both biomass and enzyme production
were adversdy affected. It is noted tha dthough mangrove environments are influenced by
tidd cycles they very rardy have water as sdine as 04 M NaCl which is the sdinity of the
open ocean. In fact the sdinity varies between 0.01 M in upstream areas where cacium
and dlicates are important metal ions, to 0.2 to 0.25 M sdinity in downstream regions
influenced by tidd cydes  Therefore the limit of sdt tolerance required by estuarine
ecies is farly narow. The occurrence of this organism in the eduarine mangrove
suggeststhat it is not adversely affected by prevaent sdinity.

This is a fird report of a " <dt-tolerant” Fusarium. Although it has long been
recognized that this group of organisms are tolerant to pH varidion in the environment. A

mangrove environment, necessarily sdty, is an unusua ecosystem to find a Fusarium.
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Table2.1
Effect of NaCl on growth and polygalactur onase production.

NaCl * Biomass | Polygalacturonase
(M) (mg) V)

0.0 301 14.2

0.2 295 13.0

0.4 289 10.0

0.6 191 6.5

0.8 171 4.1

10 108 2.3

* The medium (50 ml) contained 1% pectin, 0.2 % glucose, 0.5 % NH4(SO)s, 0.2 %
K2HPO4, 0.2% KH,PO4 and 0.1% CaCl, at pH 5.

Optimization

The basa medium consisted of 0.2 % KyHPO4, 0.2% KH,PO4 and 0.1% CaCl, at
pH 5 with added nitrogen, pectin and or glucose. Adding different concentrations of pectin
with 0.2% glucose showed that maximum production of enzyme occurred when 1% pectin
was supplemented with 0.2% glucose (Table 2.2 and Table 2.3)

Polygdacturonase production was maximum a an aeration rae of 200 rpm.
Ammonium sulfate was the best nitrogen source (Table 2.4) and maximum secretion of the
enzyme occurred when 0.175 M nitrogen was available (Table 2.5). Higher concentration
of nitrogen resulted in decreased biomass growth and adso enzyme production suggesting a
toxic effect. The organism grew best a 30°C and secreted a maximum of 0.28 U/ml
polygalacturonase (Table 2.6).

Most mesophilic fungi produce enzyme a 30°C and the present species is
mesophilic.  Balley (1990) showed that one drain of Aspergillus niger produced
polygaacturonase most efficiently at 18 °C and Kumar and Padanivelu (1999) reported that
the thermophilic fungus Ther momyces lanugiosus produced polygalacturonase at 50 °C.
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The optimum conditions for production of polygdacturonase in submerged culture
were 1% pectin, 0.2 % glucose, 0.5 % (NH4)2S04, 0.2 % K2HPO,, 0.2% KH2PO,4 and 0.1%
CaCl, at pH 5 a 200 rpm and 30 °C. Under these conditions the fungus produced 0.28
U/ml of the enzyme. Rao (1996) showed and present author confirmed that pectate lyase
production pesked in submerged culture when 1% pectin, 0.2 % glucose, 0.5 % (NH,4)2SO4,
0.2 % KyHPOy4, 0.2% KH,PO, and 0.1% CaCl, at pH 8 at 200 rpm and 30 °C. Under these
conditions the fungus produced 8.1 U/ml pectate lyase.

Table2.2
Effect of pectin on polygalacturonase production.

Pectin  * Biomass | Polygalacturonase Glucose

(%) (mg) )

0.0 50 ND 0.2 % of glucose
0.5 165 6.5 was added in al
1.0 298 14.2 Cases.

15 300 13.6

2.0 303 12.8

2.5 311 12.6

* The medium contained (50 ml) 0.2 % glucose, 0.5 % (NH4)2S04, 0.2 % KoHPO4, 0.2%
KH,PO, and 0.1% CaCl, at pH 5.



Table2.3

Effect of glucose on polygalactur onase production

Glucose * | Biomass Polygalactur onase Pectin

(%) (mg) L)

0.0 157 115 1% pectin was
0.1 205 12.7 added In all
0.2 290 14.2 cases

0.4 305 5.0

0.6 315 4.5

0.8 317 10

1.0 320 ND

* The medium contained 1% pectin, 0.5 % (NH4)2SO4, 0.2 % K2HPO4, 0.2% KH,PO,4 and
0.1% CaCl, at pH 5. ND - Not Detectable

Table2.4

Effect of different nitrogen source on polygalacturonase production.

Nitrogen sour ce Biomass | Polygalacturonase
(05%) * (mg) V)

Ammonium sulfate 305 13.8

Ammonium nitrate 304 134

Potassum nitrate 190 9.3

Sodium nitrate 189 9.2

Peptone 110 6.0

Urea 105 51

*  The medium contained 1% pectin, 0.2 % glucose, 0.2 % KoHPO,4, 0.2% KH,PO,4 and
0.1% CaCl, at pH 5.



Table2.5

Effect of Ammonium sulfate on polygalacturonase production

Ammonium sulfate Biomass | Polygalacturonase
(M) * (mg) )

0.125 288 11.3

0.15 302 124

0.175 306 13.9

0.20 260 11.1

0.225 233 9.3

* The medium contained 1% pectin, 0.2 % glucose, 0.2 % K;HPO,, 0.2% KH,PO, and

0.1% CaCl, at pH 5.

Table2.6

Effect of temperature on polygalactur onase production.

Temperature | Biomass | Polygalacturonase
CC)* (mg) ©)

10 190 6.3

20 260 11.8

30 308 14.0

40 145 6.8

50 0 ND

* The medium contained 1% pectin, 0.2 % glucose, 0.5 % (NH4)2SO4 0.2 % K>HPO4, 0.2%

KH2PO4 and 0.1% CaCl, at pH 5. ND - Not Detectable.




Effect of different carbon sources

The isolate produced polygdacturonase irrespective of whether the medium
contained pectin, celulose, starch, xylan or wheat bran each a a concentration of 1% as a
sole carbon source (Table 2.7). On glucose the isolate produced no polygalacturonase.

Table2.7

Effect of different carbon sourceson production of polygalactur onase

Carbon source* | Polygalacturonase | Glucose
(1%) (V)

Glucose No activity

Pectin 115 No glucose
Cdlulose 0.6 Supplied in
Starch 4.25 theses cases.
Xylan 3.25

Whest bran 204

* The medium contained 0.5 % (N H4)2804, 0.2 % K,HPO4, 0.2% KH,PO4 and 0.1% CaC|2
at pH 5.

Effect of glucose

The effect of glucose on polygdacturonase and pectate lyase production was
different. As seen in Table 2.7 when only glucose was supplied in the medium there was no
measurable polygdacturonase activity. Furthermore, as seen in Table 2.8, an increase in
glucose from 0.1% to 0.2% glucose a pH 5 resulted in increase in both activity and ng of
production of the enzyme but a higher glucose concentrations both activity and ng
production fdl until they were undetectable a 1% glucose. On the other hand, pectate
lyase activity was measurable irrespective of glucose concentration up to 1% glucose
(Table 2.8) and the production of this enzyme is higher a dkadine pH than at acidic pH.

When no glucose was supplied and pectin was the sole carbon source, the
production of polygalacturonase at pH 5 was 11.5 Units (Table 2.7) These vaues increased



with increase in glucose concentrations upto 0.2% (Table 2.3, Page 44 and Table 2.8) 1o an
optimum vaue of 14 Units. When more than 0.2 % glucose was supplied in the combined
medium the biomass increased but polygdacturonase production decreased. Therefore,
concentrations higher than 0.2 % of glucose repressed polygalacturonase production though
an initid 0.2 % of glucose was required for induction of the enzyme. It has been shown by
Aguillar and Huitron (1987) that in Aspergillus sp. extracdlular polygdacturonase
production is the result of a bdance between avalability of substrate and catabolite
represson and aSmilar case obtains here.

Catabolite represson has been shown to limit enzyme production in a number of
cases. De Lorenzo et d (1987) have shown this to occur in experiments with their strain of
Fusarium moniliforme and Keen and Horton (1966) Shinmyo et al. (1978) and
Maldonado et al. (1989) showed that glucose catabolite represson may act at the leve of
gther transcription or trandation.  When glucose was supplied a a concentration of 1% to
the present dtrain as sole carbon source, immunolabeling and TEM showed that the enzyme
was not produced (Fig 2.3 A). In presence of pectin at 1%, however enzyme was seen to be
localized at the cdl membrane (Fig 2.3 B). On the other hand, pectate lyase (Fig 24) is
produced irrespective of carbon source.
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Figure2.3
L ocalization of polygalacturonase
A) Glucose grown spore cell of Fusarium B) Pectin grown spore cell of Fusarium

Gold particles localized near to the membrane (Arrow).




Figure2.4
L ocalization of pectate lyase
A) Pectin grown mycelium cell B) Glucose grown mycdium cell of Fusarium

Gold particles localized near to the membrane and vacuole (Arrow).
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Table2.8

Effect of glucose on polygalactur onase and pectate lyase production

Biomass Glucose PG PL

(mg) * (%) ©) (mg) V) (mg)
AtpH 5

205+3.2 0.1 12.7+0.1 286+4.3 55.3+0.02 | 313+3.2
200+7.6 0.2 13.9+0.05 386+3.2 66.5+0.01 | 515+6.3
305+5.5 04 5.2+0.01 160+7.8 22.4+0.03 | 340+5.6
315+8 0.6 45.1+0.01 76.5+8.9 10.3+£0.02 | 289+2.3
317+10 0.8 1.0+£0.012 14+4.5 3.67£0.01 | 110+£34
320+9.2 1.0 ND ND ND 86+7.3
AtpH 8

254+3.4 01 0.08+0.01 8+0.56 200+£10 1100+12
306+5.4 0.2 0.02+0.01 7.5+0.42 42018 1358+9.4
315+6.2 04 ND 6.25+0.4 310+£5.8 1041+11.5
318+1.2 0.6 ND 1.45+0.01 220+£5.4 638+9.6
323+2.3 0.8 ND ND 103+£2.1 408+8.3
338+4.3 1.0 ND ND 83x08 250+7.8

* The medium contained 1% pectin, 0.5 % (NH)2SO4, 0.2 % K>;HPO4, 0.2% KH,PO, and

0.1% CaCl,. ND - Not Detectable.

Antibody specific polygaacturonase and pectate lyase protein biomass was determined
using sandwich ELISA.

Effect of different sugar substrates on polygal acturonase and pectate lyase production.

In addition to polygdacturonase and pectate lyase the isolate produced amylase,

xylanase, and celulase (Table 2.9) It is well known that both pathogens and saprophytes

produce a variety of enzymes for degrading cdl wal components ( Kar and Albershem,

1970 and Martinez et al., 1991).



Table2.9

Induction of different polysaccharidases of F. moniliformeat pH 5and at pH 8.

Substrate PG PL Amylase | Xylanase | CMCase
* (V) ®) (V) ) ®)
AtpH 5

Gaacturonic acid 52 31 ND ND ND
Polygdacturonicacid | 10.3 4.2 1.23 ND ND
Pectin 115 6 0.65 0.25 0.51
Cdlulose 0.6 ND 0.25 3.12 155
Starch 4.25 ND 19.2 ND ND
Xylan 3.25 ND ND 22.1 0.61
Glucose ND 16.15 ND ND ND
Wheat bran 2.04 7.7 16.0 28.7 25
AtpH 8

Galacturonic acid 1.23 16.5 ND ND 0.52
Polygdacturonicacid | ND 110 0.32 1.2 21
Pectin 25 415 1 ND ND
Cdlulose ND 50 ND 1.9 0.75
Starch 145 15 23 ND ND
Xylan 0.95 30 ND 55 ND
Glucose ND 2.3 ND ND ND
Wheat bran ND 87 18.4 60 9

* 1 % substrate as sole carbon source was added in the basd submerged culture medium,
after 96 hours incubation, activity of the corresponding enzyme was messured under
standard assay conditions.
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Effect of pH

The organism grew a dl pHs tested (Fig 25). Even a pHs generdly regarded as non
physological such as pH 2 and pH 11 there was a measurable amount of biomass after 96
hrs of growth. This biomass appeared to be produced by using supplied glucose in the
medium rather than by enzymatic degradation of pectin.

Polygdacturonase activity pesks a pH 5 and decreases theresfter. Amylase,
xylanase and cdlulase are dso produced a both acidic and adkadine pH (Table 2.9),
athough it is not known whether identical proteins are produced at both pH.

The pH dependant variation in the production of both polygaacturonase and pectate
lyase is shown in Table 2.10 and Figure 2.5. In generd the production of pectate lyase was
higher a dl pHs than polygdacturonase (Table 2.10) 7.7 ng/ ml polygadacturonase was
produced at pH 5 and pectate lyase peaked at pH 8 with 27. 2 ng/ ml. At pH 2 production
of polygalacturonase was only 1.6% and a pH 11 it was 0.15 % as compared to that at pH
5. Pectate lyase production & pH 2 and 11 was dightly higher a 3.2 % and 2.2 %
respectively as compared to production at pH 8.

Intracellular production of both the proteins (Fig 2.6) increased 20 fold from pH 2
to 4. Polygalacturonase reached an intracdlular plateau a 17 ng/ml between pH 4 and 7,
and pectate lyase between pH 5 to 8. Maximum mycdia biomass production was fairly
constant between these pHs (Fig 2.5). Immunogold labelling (Fig 2.3 and 2.4) showed that
a optimum pH for production of both enzymes the labe is concentrated at the periphery of
the cell, dong the membrane. These data suggest that enzymes are excreted as fast as they
are produced.

A second point suggested by these data was that environmental pH influences the
production of the enzymes. Whether the change is a the levd of the cdl membrane
(Tekeuchi et al., 1985 and Sanders et al., 1989) by preventing sgnd transduction or
whether the change was a the level of transcription or trandation (Wubben et al., 2000 and
Nir et al., 2000) is not known in the present case, but the rapid increase in intracdlular
production when externa pH changes from pH 2 to pH 4 (Fig 2.6) indicates that mRNA
synthess may be enhanced. Extracdlular accumulation of enzyme (Table 2.10) dso darts
at pH 2 and increases 30 fold a pH 4. A hypothesis derived from these observations is that
enzymdic cleavage of extracdlular pectin results in mono-, di-, or trigdacturonides which,
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on trander across the cdl membrane, trigger intracelular synthess of protein. Such
triggering has been shown to occur in sudies with Erwinia chrysanthemi by Collmer et al.
(1982).

The quantity of extracdlular secretion was not necessarily related to enzyme
activity paticulaly a non-physiologicd pH of 2, 10, 11. Although measurable amount of
protein was secreted by the present isolate as determined by ELISA (Table 2.10), CD
spectra (Table 2.11) showed that both proteins undergo conformational changes a non
physiologicd pHs resulting in inactive proteins. As shown in Table 2.11 the percentage of
a hdix changed from about 14% at pH 2 to 16% a pH 5 which was the optimum pH dof the
enzyme. The percentage of b-sheet decreased from about 53% to 26.9% between pH 2 to
5. In comparison with these data, the Erwinia carotovora polygadacturonase had 4.5% a
helix and 39.9% b-sheet (Pickersgill et al., 1998), Aspergillus niger Il had 1.9% a hdix
and 41% b-sheet (van Santen et al., 1999) and A. aculeatus protein had 2.36% a hdix and
43% b-sheet (Cho et al., 2001). A polyganacturonase purified from the broth of a species of
Fusarium moniliforme (Federici et al., 2001) had an a hdix component of 2.36% and b-
sheet component of 43%. Although these vaues remain to be confirmed by diffraction, the
data from the present protein indicate that the b-sheet component was less than in other
reported proteins. It is interesting to note that activity increased when b-sheet component
decreased as pH agpproached the optimum in the present protein. At dkaline pH the
percentage of b-sheet agan increased suggesting increased hydrogen bonding which
resulted in decreased activity of the enzyme Although these biophysicd daa are
preliminary, they clearly show the rdationship between pH and protein conformation and
explan the inactivity of extracdlular proteins a nonphysologicd pH (Fig 25) in
comparison with the ELISA based determination of protein concentration (Table 2.10).



Figure 2.5

Effect of initial pH on polygalacturonase and pectate lyase production.
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Table2.10
Effect of initial pH on extracellular production of polygalacturonase and pectate lyase

pH Biomass PG PL
(mg) (my) (my)

2 0.35 6.25 43

3 88.5 32.25 102
4 2115 175 378
5 295.5 385 510
6 315.3 277 630
7 299 275 1175
8 303 135 1360
9 191.5 10.6 1110
10 89 10 325
11 35 0.6 30

The isolate was grown in presence of 1 % pectin and 2 % glucose, 0.5 % (NH,4)2S0O4, 0.2 %
K2HPO,, 0.2% KH2PO4 and 0.1% CaCl, & different pH.

Antibody specific polygaacturonase and pectate lyase protein biomass was determined
using sandwich ELISA.



Figure 2.6

Effect of initial pH on intracelular production of polygalacturonase and pectate lyase
Intracellular antibody specific polygaacturonase and pectate lyase protein biomass was
determined using sandwich ELISA.
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Table2.11
CD analysis of polygalacturonase and pectate lyase
CD analysis was carried out according to the method of Sreerama and Woody (1993).

pH a b T O SF
Polygalacturonase

2 0.138 0530 |04155 |[0.172 0.995
3 0.140 0526 |0.158 |0.166 0.990
4 0.153 0386 |0.222 |0.292 1.053
5 0.162 0272 |0.269 | 0.300 1.003
6 0.139 0320 |0.266 |0.278 0.993
7 0.149 0306 |0.277 |0.274 1.001
8 0.157 0282 |0.283 |[0.279 1.001
9 0.124 0310 |0.277 |0.292 1.003
10 0.229 0508 |0.110 |[0.176 1.023
11 0.274 0486 |0.116 |0.168 1.044
Pectate lyase

2 1.002 0.028 |0.004 |0.011 1.044
3 0.999 0.007 |0.002 |0.002 1.009
4 1.006 0.024 |0.005 |0.005 1.040
5 1.001 0.028 | 0.004 | 0.006 1.041
6 1.000 0.016 |0.002 | 0.002 1.020
7 1.008 0.016 |0.001 |0.002 1.022
8 0.259 0388 |0.123 |[0.231 1.001
9 0.361 0.342 |0.077 |0.187 0.967
10 0.762 0.150 |0.039 |0.088 1.038
11 1.002 0.013 |0.01 0.001 1.017
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Time course of polygalacturonase and pectate lyase production:

A time course showed that germ tube formation began 8 hours after spores were
inoculated into fresh medium (Fig 2.7). After 8 hrs of inoculation 60 % of the spores had
germinated. Septa formation and mycdium deveopment Started a 12 hrs but enzyme
activity and concentration were measurable in the broth a the 10 hour (Table 2.12) after
inoculation. Barash (1968) studied endo-polygdacturonase secretion during germination of
spores of Geotrichum candidium and showed that the release of enzyme occurred even
before germ-tube formation. The present isolate did not secrete polygdacturonase during
the ealy stages of spore germindion. The maximum increese in polygaacturonase
occurred between 24 hrs to 48 hrs (Table 2.13). Protein concentration increased from 62
ng to 205 ng and activity double. The rate of enzyme production is higher a acidic pH
than dkaline pH (Table 2.13) but in both cases reaches a plateau after 72 hrs. Pectate lyase
production shows similar production (Table 2.13).

Solid state fermentation

Solid date media containing wheat bran and orange pulp as carbon sources
increased the production of polygaacturonase three times compared with submerged
cultures. The optimal production was 80 U/gram of mixed subgtrate as compared to 28 U/
gram pectin in submerged culture. Acuna-Argudles et al. (1995) and Maldonado and
Strasser de Saad (1998) have reported that polygaacturonase production by A. niger was
Sx times higher in solid Sate fermentation than in submerged fermentation

The effect of different concentrations of orange pulp in the medium showed that 2
gram of orange pulp with 40 gram wheat bran were necessary for maximum (80 U/gram)
secretion of enzyme by the isolate (Table 2.14). Only 8 Units of enzyme was produced in
presence of wheat bran alone because wheat bran contains only 0.1 to 0.15 mg pectin per
gram of wheat bran and orange pulp is a better source of this materid. Periera et al. (1993)
added pectin in the solid state medium of A. niger and Siessere and Said (1989) used
citrus ped in the fermentation by Talaomyces flavus, Tubercularia vulgaris and penicillium
for production of pectic enzymes. In the present case addition of 2 gram of orange pulp
increased polyga acturonase production amost 10 fold (Table 2.14)



Table2.12

Time cour se of polygalacturonase production at pH 5.

Time Polygalacturonase
hours (9)) (mo)

2 ND ND

4 ND ND

6 ND ND

8 ND ND

10 1.1+0.01 6.1+0.1
12 1.8+0.01 18.56+0.14
14 1.92+0.1 27.23+0.16
16 2.34+0.08 30.43+0.1
18 3.6£0.03 40.23+0.12
20 4.8+0.01 58.34+0.14

Antibody specific polygdacturonase was determined using sandwich ELISA.

The effect of initid moisture content on enzyme production is that 40% moidure
content was necessary for the maximum production of polygdacturonase (Table 2.15).
Lonsane et al. (1985) and Babu and Satyanarayana (1995) pointed out that low moisture
levels lead to sub optima growth due to lower degree of subgrate sweling and high
surface tenson. On the other hand high moisture levels decrease porosity, change whesat
bran particle structure and promote development of gickiness thereby lowering oxygen
tengon which results in enhanced formation of aerid mycdium and consequent low
enzyme production.
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Figure2.7
Germination of microconidia of Fusarium moniliforme NCIM 1276
A)0hrsB) 2hrsC) 4 hrsD) 6 hrsE) 8 hrsF) 10 hrs G) 12 hrs after inocul ation.

A) B) c) D)

E) F) G)




Table2.13

Time cour se of polygalacturonase and pectate lyase production at pH 5 and at pH 8.

Time Biomass PG PL

(hours) | (mg) ©) (M) L) (M)
AtpH5

0 -- -- -- -- --

24 23+52 5.3+0.1 62.5+1.6 11.3+ 1.0 40+2.3
48 205+2.3 | 10.2+0.2 205+3.2 26.5+1.32 101+2.1
72 265+7.1 |12.13+0.13 | 375+2.3 43.+0.086 | 401+1.3
96 302+4.5 | 13.93+0.2 381+7.2 63.2+ 0.5 510+1.6
120 303+5.3 | 14.1+.03 382.5+2.3 67.23+3.2 515+1.7
AtpH 8

0 - - -

24 81.5+3.3 | 0.07+0.001 | 2.5+0.3 87.23+3.2 160+1.3
48 109.5+2.8 | 0.09+0.002 | 4.8+0.2 250.4+2.2 390+1.4
72 304.5+3.3 | 0.08+0.001 | 6.15+0.23 390.4+3.1 1261+8.4
96 314+1.9 0.07+0.003 | 12.5+0.13 | 410.6%5.7 1365+10.7
120 317+2.5 0.08+0.001 | 13.1+0.13 | 418.3+6.3 1366+9.5

Antibody specific polygdacturonase and pectate lyase protein biomass was determined
using sandwich ELISA.
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Table2.14

Effect of orange pulp on polygalacturonase production in solid-state fer mentation.

Media * Yidd (U/ gram)
Wheat bran- 40 gram 8
Wheat bran-40 gram + 0.5 gram orange pulp 23
Whesat bran-40 gram + 1 gram orange pulp 56
Wheat bran-40 gram +1.5 gram orange pulp 76
Whesat bran-40 gram + 2 gram orange pulp 80
Wheat bran-40 gram + 2.5 gram orange pulp 81

* The medium contained 0.5 gram (NH;)SO4 and 0.4 gram KoHPO4 in 80 ml of didtilled
water pH 5.0.

Table2.15

Effect of moisture content on polygalactur onase production in solid medium.

Media * Water Yidd
(ml) (Ulgram)
Wheat bran 40 g + orange pulp 2 g 40 55
Whest bran 40 g + orangepulp 2 g 80 80
Whesat bran 40 g + orange pulp 2 ¢ 120 52
Whest bran 40 g + orangepulp 2 g 160 39

* The medium contained 0.5 gram (NH;)SO,4 and 0.4 gram KoHPO, and at pH 5.0.
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The present dran produced a single form of polygdacturonase in submerged
culture. Solid date fermentation results in the production of two forms of
polygalacturonase (Fig 2.8). It has been shown by Caprari et al. (1993) that four apparent
forms of polygaacturonase produced by F. moniliforme were actudly a sngle gene
product with different glycosylation by pod-trandationd modifications. In the present case
antibodies raised againgt polygalacturonase cross-reacted only with itsdf. The antibodies
did not crossreact with A. niger polygdacturonase, or with any other extracdlular or
intracellular protein released or produced by the present isolate when grown in submerged
culture. These antibodies adso did not cross react with pectate lyase from the same isolate
(Fig2.1A,BandC).

Titration of polygalacturonase and pectate lyase with antibodies.

Polygdacturonase antibodies inhibited the enzyme compstitivdy (Fig 29 A ad
Table 2.16) with a inhibition congant ki of 2.82 mM. Smilarly pectae lyase antibodies
inhibited pectate lyase competitivdly (Fig 29 B and Table 2.17) with a ki of 1.23 nM.
Titration of these two artibodies in independent experiments with the culture broths from
solid date fermentation showed that polygalacturonase activity was inhibited to 55 % (Fig
2.10 A) whereas pectate lyase was totaly inhibited (Fig 210 B). These data show that
solid date fermentation result in two polygalacturonases, probably products of different
genes, but the pectate lyase is a Sngle gene product in both types of fermentation.



Figure2.8
Activity band(s) of polygalactur onase from submerged and solid state fermentation

A) Form submerged fermentation
B) From solid state fermentation

A) B)




Figure 2.9
Competitiveinhibition of polygalacturonase and pectate lyase with their antibodies

A) Polygaacturonase
B) Pectate lyase
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Table2.16

Km and ket Values of partially inhibited polygalactur onase by antibodies

% Km Kecat

Activity | (mg/ml) | (min)*

100 0.11 4,200

68 0.166 4,190

31 0.25 4,100

16 0.33 4,200
Table2.17

Km and ke Values of partially inhibited pectate lyase by antibodies

% Km Keat
Activity | (mg/ml) | (min)*
100 12 7,891
70 1.72 7,890
50 25 7,895
30 3.33 7,890




Figure 2.10

Titration of polygalacturonase and pectate lyase with antibodies.
A) Polygaacturonase

B) Pectate lyase
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In concluson the present isolate from an estuarine mangrove environment secretes
polygalacturonase at acidic pH 50 and pectae lyase a dkdine pH 80. Maximum
production of both enzymes occurred when the isolate was grown in submerged culture
supplied with 1 % pectin and 0.2 % glucose. The production of polygaacturonase was
totally repressed in 1% glucose. Pectate lyase production is not repressed suggesting thet,
polygdacturonase is an inducible enzyme and pectate lyase is produced condituvely.
ELISA showed that both proteins were produced at al pH between 2 to 11 but a non
physiological pH the protein biomass was low compared to that as optimum pH. Spectra
data showed that both proteins undergo conformational changes at nornt physiologica pHs
resulting in inactive proteins. In solid state fermentation the present isolate produced 3 fold
more polygdacturonase activity as compared with submerged fermentation. A single form
of polygdacturonase is produced in submerged culture and two forms of polygalacturonase
in solid date fermentation. Anti-polygaacturonase and anti-pectate lyase antibodies
inhibited both enzymes activity competitively.



CHAPTER |11

Crop plant pathogenecity of Fusarium moniliformeNCIM 1276.
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Summary

Hedthy tomaio (Lycopersicon esculentum) and cauliflower (Brassica oleracea
botrytis) plants inoculated with Fusarium moniliforme NCIM 1276 showed yelowing and
crinkling of leaves after 8 to 10 days. Therefore this estuarine isolate is a pathogen on
atleast these two crops.

Transverse sections of tomato and cauliflower hypocotyls examined under the light
microscope showed that the fungus penetrates in about 4 days through the epiderma layer
to the corticd tissue. Fluorescence labeled antibodies aso showed that fluorescence of
infected hypocotyls of cauliflower and tomato plants increase by 5 to 10 fold as compared
to control plants

At physologicd pH both enzymes are produced by this pathogen dthough the
ratios between the enzymes varies between tomato and cauliflower sysems. Tomato has an
acidic cel sap of 6.6 whereas cauliflower has a cell sgp pH of 7.6. In the roots of both
plants the ratio between PG:PL production in tomato is 3.6 as compared to 1 in cauliflower
clearly indicating that pectate lyase production is enhanced in the latter species. Therefore
in acdic environment such as in Lycopersicon esculentum (Tomato) there is greater
production of the hydrolytic polygaacturonase (EC 3.2.1.15) as compared to the b-
eimindive cleaver pectate lyase (EC 4.2.2.2) and conversdly, in the neutra to akadine cell
sap hogt environment of Brassica oleracea botrytis (Cauliflower) pectate lyase production
is enhanced.

The hypocotyl regions of both plants showed lower activity of enzymes.

Fusarium (Deuteromycoting, Monilides) is a widdy occurring plant-pathogen. The
poecies is dso known to exhibit a sgprophytic mode of nutrition. The data presented here
suggest that Fusarium moniliforme NCIM 1276 has adapted to estuarine conditions but has
retained its virulence agang crop plants through the production of pectin-degrading

enzymes.
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Introduction

The role of pectinases in pathogenesis has been wel esablished. Early dudies
(Kar and Albersheim, 1970) edtablished what the authors referred to as Cdl Wal
Modifying Enzymes which were shown to be closdy rdaed to a polygdacturonase
contained in one fraction: R-10. More recently polygalacturonase has been shown to
determine virulence by Erwinia caratovora (Le et al., 1985) and cause necrosisin Vigna
unguiculata by Aspergillus niger (Cervone et al., 1987). A pectate lyase has been
implicated in pathogenicity of Fusarium solani var pis (Crawford and Kolattukudy, 1987)
and pectinolytic enzymes are produced by the plant pathogen Sclerotina sclerotium (Riou
et al., 1992). Polygdacturonase has been reported to be a virulence factor in
Agarobacterium tumefaciens Biovar 3 (Rodriguez-Pdenzuda et al., 1991) and pectin-
degrading enzymes have been isolated from the culture of Sclerotina borealis (Takasawa et
al., 1997). Although cutinases have aso been reported to be produced during penetration
by Fusarium solani f pis into its host Pisum sativum (Shaykh et al., 1977) and it has been
shown that specific inhibition of cutinase prevents infection (Maiti and Kolattukudy, 1979),
lack of pectic enzymes for example in species like Verticillium makes drains of this species
non pathogen (Led and Villanueva, 1962). Thus, pectinases ae important in
pathogenecity of organisms.

Studies on Erwinia have shown that organisms have more than one st of genes
reponsble for the production of important enzymes like polygdacturonase (Reid and
Collmer, 1986 and Kelemu and Collmer, 1993). It was therefore desirable to study whether
the enzymes produced by Fusarium in submerged culture are antigenicdly smilar to the
enzymes produced in the host tissue.

The present drain of Fusarium moniliforme has been isolaed from an unusua
environment. Mangroves are tidd esuaries with diurndly changing conditions of sdinity
and pH. It was therefore dedrable to determine whether the isolate was pathogenic to crop
plants, and whether it produces polygadacturonase or pectate lyase when invading host
tissue depending on cell sap pH of the host tissue.

The objective of the work reported in this chapter were to determine whether the
isolate is a crop pathogen, whether the same genes are expressed in submerged culture and

on the host tissue, and whether there is a difference in the ratios between the two enzymes
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polygdacturonase (EC 3.2.1.15) and pectate lyase (EC 4.2.2.2) when the organism is
grown on plants with different cell sap pH. For this study we used tomato (ycopersicon

esculentum) and cauliflower (Brassica oleracea botrytis).
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Materials

Pectin (Citrus fruit), polygaacturonic acid, horseradish peroxidase, anti-rabbits 1gG
(whole molecule), sulforhodamine (Texas Red) were purchased from Sigma Chemica
Company USA. Tetramethyl benziding hydrogen peroxide (TMB/H2O, ) was purchased
from Bangdore Genei Pvt. Ltd. ELISA plates were purchased from Greiner Labortechnik
Pvt Ltd Chandighgarh, India Tomato (ycopersicon esculentum) and cauliflower Brassica
oleracea botrytis) seeds were purchased from loca seed store. All chemicas and reagents
used were of andytica grade.

M ethods
Microorganism and culture conditions

Growth, maintenance and production of polygaacturonase and pectde lyase from
Fusarium moniliforme NCIM 1276 were described in Chapter 2.

Enzyme assay
Polygdlacturonase and pectate lyase activity was determined using standard assay
conditions as described in Chapter 2.

Protein assay
Protein concentration was determined in accordance with Lowry et al. (1951) with
BSA standard

Labeling of anti rabbit 1gG (whole molecule) with Texas Red

Labeling of anti rabbit antibodies with Texas Red was caried out according to
Goldman (1968). 2 mg/ml of antibodies were incubated in carbonate buffer (0.5 M) pH
9.0 and mixed with 10 % solution of Texas Red. The reaction mixture was then passed
through Sephadex G -20 (1.5 x20 cm) column which was dready equilibrated in phosphate
buffer pH 7.2, Labded antibody fractions were pooled and concentrated using
ultrefiltration. Labeled antibodies were stored at 4°C until required.
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Pathogenicity tests

Pathogenecity of F. moniliforme was tested on hedthy 30 days old tomato and
cauliflower plants grown under fidd conditions. Fusarium culture grown in pectin medium
for two days was harvested and used as an inoculum. 50 ml of inoculum was goplied to
exposed root around the base of each plant after making dight injury to the roots with the
help of derile needle. Control plants were inoculated with derile didilled water. A moi,
derile cotton pad was placed over the dte of inoculation to reduce desiccation. The
inoculation was repeated after 5 days. Inoculated and control plants were observed
periodically for the appearance of disease symptoms.

Additiondly pathogenecity of the Fusarium moniliforme was tested on hedthy
tomato and cauliflower plants grown in tissue culture. 30 days old seedlings were raised in
sterile Whites basal tissue culture medium. 1 ml of (10°/ml) spore suspension of Fusarium
was injected to the hypocotyls and roots region of the plants without disturbing the plants
themsdves usng derile syringe. Samples of infected plant part were collected after 8-10
days. The mediacomposition of Whites medium was as published by Whites (1943).

Isolation and identification of the pathogen from field grown infected tomato and
cauliflower plants

Infected plants and their roots were collected from the field, washed thoroughly in
running tap water and examined under the microscope.

The samples were cut to 2 cm smal size, washed with derile didilled water, surface
derilized usng 001 % mercuric chloride solution for 1 min, washed agan with derile
digtilled water and blotted on filter paper. Then the roots and hypocotyls were placed on
Czapec-Dox agar plate modified with 1% pectin. The plates were hcubated at 30°C for 4
days and colony emerging around the infected hypocotyls and roots were purified by sngle
gpore isolation method. The pathogen was identified using morphologicad characteridics as

Fusarium moniliforme NCIM 1276 and it was maintained on Czapec-Dox agar at 10 °C.
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Isolation polygalacturonase and pectate lyase from infected tissue of tomato and
cauliflower plants grown in Whites basal medium

Cauliflower and tomato were grown under derile conditions in Whites basdl
medium for one month a 25°C under constant light intensity of 2.5 W m. Then 1 ml spore
suspension Fusarium moniliforme (10° spores) was injected using sterile syringe around the
roots and hypocotyls region of the plants. Care was taken that the plants were not damaged.
The infected and control plants were incubated for 4 to 8 days a 25°C under congtant light
intensity 25 W m?. The infected plants roots and hypocotyls were collected, washed with
derile didtilled water, and 1 gram of infected tissues of roots and hypocotyls were taken for
the isolation of polygdacturonase and pectate lyase enzymes. The infected tissues were
frozen in liquid nitrogen and ground in a mortar and pestle.  The powder of the frozen
tissue was dissolved in 0.25 M NaCl, and after centrifugation, the supernatant solution was
used for the determination of polygaacturonas and pectate lyase activity. The antibody
soecific protein in the supernatant was measured usng sandwich ELISA as described in
chapter 2. Control plants were grown under the same conditions without infection by

Fusarium moniliforme spores.

Localization of the pathogen in host tissue

Transverse sections of hypocotyls of infected and control tomato and cauliflower
plants were stained with cotton blue. The sections were washed with digtilled water two to
three times and observed under the light microscope.

Localization of polygalacturonase and pectate lyase in Whites medium grown tomato and
cauliflower plants

Transverse sections of the hypocotyls of tomato and cauliflower infected and
control plants were equilibrated with PBS/T a pH 7.0. The sections were blocked with 1%
BSA for 1 h. Then sections were washed three times with PBS. Theregfter they were
incubated with 1:300 diluted polygalacturonase and pectate lyase antibodies overnight at
4°C. Then sections were again washed with two to three times with PBS and incubated with
1:100 diluted second antibody labeled with Texas Red a 37°C for 3 hrs. The sections were
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washed repeatedly with PBS and observed under Leitz Laborlux S fluorescent microscope
using N filter (excitation wavelength between 540-600 nm).

100 mm thin sections of infected and control hypocotyls were cut usng Leica
ultramicrotome Modd RM 2155. Both sections were blocked with 1% BSA and after
washing with PBS/T, the sections were incubated with 1:300 diluted primary antibody for
overnight a 4°C. The sections were washed with two to three times with PBS and
incubated with 1:100 diluted second antibody labeled with Texas Red a 37°C for 3 hrs.
After washing with PBST, a sngle section each of infected and control hypocotyls was
crushed in 2 ml 10 mM phosphate buffer a& pH 7.0. The cdl debris was removed by
centrifugation. The supernatant solution was excited a 596 nm and fluorescence intensity
of the Texas Red (lp) was measured using a Perkin Elmer Spectrofluorimeter LS 5B a
25°C.
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Results and discussion

When hedthy tomao (Lycopersicon esculentum) and cauliflower (Brassica
oleracea botrytis) plants grown under fiddd conditions were inoculated with Fusarium
moniliforme NCIM 1276 they showed ydlowing and crinkling of leaves after 8 to 10 days.
In the last stage of infection growth was arrested (Fig 3.1, Fig 3.2). At this stage root tips
and hypocotyls showed decay and cortica tissue doughed off. These are symptoms typicd
of vascular wilt. Infected materid incubated on Czapec-Dox agar medium containing 1%
pectin a 30°C, showed funga colonies morphologicdly identified as Fusarium
moniliforme NCIM 1276.

Bacon and Hinton (1996) and Yetes et al. (1997) have shown that some species of
Fusarium cause endophytic symptomless infection in Zea mays but the present isolate
goparently belongs to the main group of Fusaria which are plant pathogens. These data
confirm the hypothess that this species has adapted to the environment from which it was
isolated, and isnot in it saf anew species.

Pectic enzymes are the first polysaccharidases produced by fungd pathogen in their
attack on plants (Collmer and Keen, 1986). Bateman (1966) has reported the production of
hydrolytic and trans-diminative enzymes a different pH by Rhizoctonia solani. Young
cultures of Rhizoctonia grown a acidic pH contained primarily polygaacturonase whereas
older, dkaine cultures contains mostly pectate lyase. In the case of the present organism
varying the pH of the medium in which the organism was cultured (Chapter 2) resulted in a
amilar shift in the type of enzyme produced showing that virulent srains express a variety
of enzymesto suit the loca pH conditions.



Figure3.1

Pathogenicity testing of Fusarium moniliforme NCIM 1276 on field grown tomato
plant

A) 8 days dfter infection B) Control tomato plant.
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Figure 3.2

Pathogenicity testing of Fusarium moniliforme NCIM 1276 in Whites basal medium
grown tomato and cauliflower plants

A) Tomato plant 1) Control 2) 4 days after infection 3) 8 days after infection

B) Cauliflower plant 1) Control 2) 4 days after infection 3) 8 days after infection.
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Transverse section of infected in vitro tomato and cauliflower hypocotyls showed
that the fungus penetrates in about 4 days through the epidermd layer to the cortical tissue
(Fig 3.3). Sporulation occurs around the 6 day after infection. The hypocotyls were
sectioned 4 days after inoculation with fungal spores and the section chalenged with Texas
Red labded second antibodies.  Huorescence intensty in the vascular bundles of both
infected tomato and cauliflower plants clearly shows that both enzymes were produced in
both host tissues (Fig 3.4, Fig 3.5). The fluorescence intensity differed by 5 to 10 fold
between control and infected plants (Fig.3.6). Crawford and Kolattukudy (1987) and De
Lorenzo et al. (1987) have shown that F. solani f.9p.pis and F. moniliforme use pectate
lyase and polygaacturonase for penetration into host tissue.

During optimizations dudies (Chapter 2) it has been shown that only one
polygdacturonase and only one pectate lyase is produced in liquid culture by the organism
a acdic and dkaine pH respectively. Although it is not known whether different enzymes
may be produced if these two genes are knocked out, for example in mutated forms of the
organism, the present data shows that the polygdacturonase produced in culture and on
hogt are atigenicdly samilar (as is dso the case for the pectate lyase) and therefore likely
to be produces of the same gene whether the organism is grown on submerged culture or in
host.



Figure 3.3

Transver se section of tomato hypocotyl.
A) Control transverse section B) Infected transverse section of tomato hypocotyl.
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Figure3.4
Transverse section of tomato hypocotyl incubated with Texas Red labeled second

antibodies. (Staining procedure was described in Methods Section)
A) Contral B) Infected
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Figure3.5
Transver se section of cauliflower hypocotyls incubated with Texas Red labeled second

antibodies. (Staining procedure was described in Methods Section)
A) Control B) Infected

A)




Figure 3.6

Fluorescence intensity spectrum of tomato and cauliflower control and infected

hypocotylstransver se section

PG | * antibodies used A) Tomato hypocotyls: Test (—), Control (------ ).
B) Cauliflower hypocotyls: Test (------ ), Control (—).

PL ¥ antibodies used C) Tomato hypocotyls: Test (------- ), Control (—).
D) Cauliflower hypocotyls: Test (—) , Control (------ )
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As seen in Table 3.1 extracts from the control plants showed very low amount of
polygalacturonase and pectate lyase activity. Furthermore these enzymes did not cross-



react with antibodies raised againg Fusarium proteins indicating that the plants themsaves
produce antigenicaly different polygdacturonases and pectate lyases. In fact Fusarium
polygaacturonase and pectate lyase antibodies do not cross react with the
polygalacturonase or pectate lyase produced by either Aspergillus ustus or A. niger. On
infection of tomato and cauliflower plants with Fusarium polygaacturonase and pectate
lyase activity increase and the proteins produced cross reacted with the purified antibodies.

Tomato which has an acidic cdl sgp of 6.6 showed an 77 fold increese in
polygaacturonase activity between infected roots and control. In comparison pectate lyase
activity increased only 30 fold from 0.04 units to 1.2 units per gram of infected tissue
(Table 3.1). Infected cauliflower roots which have a cdl sap pH of 7.5 shows a 125 fold
increase in polygaacturonase production and a 167 fold increase in pectate lyase over
control plant. The ratio between PG:PL production in tomato is 3.6 as compared to 0.93 in
cauliflower ( cdculated from Table 3.1) clearly indicating that pectate lyase production is
enhanced in the roots of the latter species.

In generd the hypocotyls showed lower activity of enzymes both in control and
after infection (Table 3.1). However the increase in polygdacturonase activity in infected
tomato was over 130 fold as compared to the control whereas pectate lyase activity
increased only 3 fold. In cauliflower on the other hand the increase in polygdacturonase in

infected hypocotyls was only 19 fold as compared to a40 fold increase in pectate lyase.

Table3.1



Disgtribution polygalacturonase and pectate lyase in control and infected tomato and

cauliflower plants

Item PG PL

(V) () | (V) (n)
Control tomato hypocotyls 0.0262 | ND 0.021 ND
Control tomato roots 0.056 ND 0.041 ND
I nfected tomato hypocotyls 2.6 35 0.061 13.6
Infected tomato roots 4.32 90 1.2 17
Control cauliflower hypocotyls 0.051 ND 0.012 ND
Control cauliflower roots 0.021 ND 0.014 ND
Infected cauliflower hypocotyls | 0.992 18 1.483 25
Infected cauliflower roots 2.63 45 2.74 78

ND - Not Detectable.
Protein biomass was determined using sandwich ELISA as described in chapter 2.

In concluson Fusarium moniliforme NCIM 1276 produces only two enzymes,
possibly representing two gene products, whether in submerged culture or in hogt tissue. In
hogt tissue there is a difference in the ratio of the two enzymes produced which appears to
depend on the internd cell sgp pH. In acidic environments there is greater production of the
hydrolytic polygdacturonase (EC 3.2.1.15) over the b-diminaive cleaver pectae lyase
(EC 4.2.2.2) and conversdly in a neutra to akaline cel sap host environment, pectate lyase
iS produced in larger quantity. These results duplicate the behavior of the organism in

submerged culture.



CHAPTER IV

Purification and char acterization of endo-polygalactur onase produced by
Fusarium moniliformeNCIM 1276.
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Summary

A dgngle foorm of polygdacturonase, which is produced by the isolate in the
submerged culture, was purified to homogeneity by ion exchange chromatography using
CM- Sephadex at pH 5 and Sephadex G100 gd filtration column chromatography, with a
yield of 28 %.

Biochemicd characterization of the enzyme shows that, polygdcturonase had a M,
of 38 kDa and a carbohydrate content of 4 %. It has an dkdine pl of 8.1. The K, is0.12
mg M, Vina is 1111 nM min mg? and the kea is 4200 min'™. It has a pH optimum of 4.8
and optimum temperaiure is 45°C. The enzyme activity was competitively inhibited by
gluconic acid D-lactone (GADL) with ki of 28 mM. The effect of metd ions on
polygaacturonase activity shows that enzyme was inhibited by Zn™, Hg™ and Fe'™" at
concentration of 5 mM.  Amino acid composition shows that, this protein contains 17% of
acidic amino acids, and low quantity of sulfur containing amino acids. N- termind amino
acid sequence of the polygdacturonase is ES-T-Q-L-N-P-1-P-S-T-V-1-H-G-A-T-G-Y-H-.
This 20 amino acid sequence did not match with the N-termind sequence of any reported
polygdacturonase in the SWISS-PROT data base. The pK, vaues of polygdacturonase are
pKlsy of 5.7 and pK?; of 4.3. Time dependant hydrolysis of polygdacturonic acid by the
enzyme yidded di-and mono-gdacturonic acid. Therefore this enzyme is an endo-
polygalacturonase belonging to EC 3.2.1.15.

Active dte characterization of endo-polygalacturonase was carried out by usng
amino acd groups pecific chemicd modifiers The enzyme activity was inhibited by
WRK, EDC, DEP, NBS, HNBB, Phenyl glyoxd, 2,3 Butanedione and pNPG, suggesting
that, carboxylate, histidine, tryptophan and arginine resdues are important for the activity
of enzyme Kindic inhibition dudies and ftitration of enzyme with specific chemicd
modifier shows tha a dngle resdue of carboxylate, higtidine, tryptophan and arginine is
present at or near to the active ste. Kinetic and fluorescence data show that tryptophan is
present in the active dte in an eectropodtive microenvironment and involved in binding.
An aginine resdue present a@ or near the active dSte may be involved in catdyss or
extended binding of the subdtrate. A carboxylate and a hidtidine resdue are involved in
cadyss.



Introduction

Endo-polygaacturonases  (poly [1,4-a-D-gdacturonide] glycanohydrolase) EC
3.2.1.15 are produced by a large vaiety of organisms such as bacteria, fungi and plants
(Kester and Visser, 1990; Rodriguez et al., 1991; Riou et al., 1992; Zheng et al., 1992;
Kumar and Pdanivdu, 1999 and Wubben et al., 1999). Polygaacturonases have been
purified and characterized from a number of fungi such as Aspergillus niger (Cooke et al.,
1976), Postia placenta (Clausen and Green, 1996), Rhizopus stolonifer (Manachini et al.,
1987), Kluyveromyces marxianus (Barnby et al., 1990), Fusarium oxysporum (Strand et al .,
1976) and Fusarium moniliforme (De Lorenzo et al., 1987).

These enzymes showed extendve vaiaion in ther physcd and chemicd
properties in relation to pH optima, temperature optima, molecular mass, pl, kinetics
congtants and active Site resdues.

Most polygdacturonase have optimum pH between 40 to 6.0 and optimum
temperatures between 30 to 45°C (Urbanek and ZdewskaSobczak, 1975; Sakai and
Takaoka, 1985 and Badwin and Pressey, 1989). Molecular mass of the enzymes varies
from 25 kDato 85 kDa (Baldwin and Pressey, 1989 and Kester and Visser, 1990).

Fungi produces numerous acidic as wel as basc polygaacturonases. Isoeectric
point of reported polygalacturonases ranging from 3.2 to 8.1 (Tobis et al., 1993 and Rao et
al., 1996).

Binding affinities towards subgrate vaues (K, of the reported polygaacturonase
vaies from 0.67 mg/ml for the Aspergillus carbonarius enzyme | (Devi and AppuReo,
1996) to 0.19 mg/ml for the Rhizopus stolonifer enzyme (Manachini et al., 1987).

Studies show involvement of hididing carboxylate, tyrosne, cysene and
tryptophane resdues a or near the active dte of different polygdacturonases (Rexova-
Benkova and Sezarik, 1970; Rexova-Benkova, 1990 and Urbanek and Zelewska Sobczak,
1975).

The hididine resdue was shown to be important for enzyme activity of
polygalacturonase of A.niger (Rexova-Benkova and Sezarik, 1970). Rao et al. (1996)
have suggested that, a higtidine residue was present at or near to the active Ste of A. ustus
enzyme. Tha the higtidine resdue was involved in the catayss has dso been determined
by dte directed mutageness (Caprari et al., 1996 and Armand et al., 2000). Rexova-



Benkova and Mrachova (1978) used K, to show that carboxylate and higtidine resdues are
involved in the catdytic process of a polygdacturonase produced by A. niger. The
presence of the carboxylate resdue in the active ste of this polygdacturonase was dso
showen by chemica modification (Rexova-Benkova, 1990).

Devi and AppuRao (1998) have reported that tryptophan residue was responsible
for activity of polygdacturonase produced by A. carbanarius. Waksman et d. (1992) and
Rao et al. (1996) have shown that tryptophan resdue was involved in the binding ste of
the polygdacturonase of C. lindemuthianum and A. ustus respectively usng fluorescence
quenching studies.

Urbanek and Zelewska-Sobczak (1975) implicated cysteine and tyrosine residues in
the active dte of the enzyme produced by Botrytis cinerea and Stratilova et al. (1996) have
reported a different strain of A. niger produced a polygaacturonase which has tyrosine in
the active ste. Thus severd amino acid resdues have been implicated in active ste of
polyga acturonase from different soucres.

The present study involves the purification and active Ste characterization of endo-
polygalacturonase produced by Fusarium moniliforme NCIM 1276. The data presented are
based on chemical modification.



Materials

Pectin  (sodium polypectate), polygdacturonic acid, gaacturonic acid, CM-
Sephadex, Sephadex G-100, SDS-PAGE and gd filtraion molecular weight markers,
bovine serum  dbumin, phenyl gdlyoxd (PG), N-ehylmaemide (NEM), 22-
dithiobisnitrobenzoic  acid  (DTNB), phenylmethylsulfonylfluoride  (PMSF), p-
hydroxymercurybenzoate  (PHMB),  diethylpyrocarbonate  (DEP),  3-nitro-L-tyrosne
ethylester (NTEE), 1-ethyl-3-(3-dimethylaminoproply) carbodiimide (EDC), 2- hydroxy -
5-  nitrobenzyloromide (HNBB), 24,6-trinitrobenzenesulfonic  acid  (TNBS), N-
bromosuccinimide  (NBS),  N-acetylimidazole  (NAI), 23 butanedione, paa
nitroacetophenone, succinic anhydride, Woodward's reagent K (WRK), trichloroacetic acid
(TCA), HEPES, and MES were purchased from Sigma Chemicad Company USA.
Analytica grade chemicals and reagents were used.

Methods
Preparation of reagents
The stock of HNBB was prepared in 1,4 dioxane. The stock of WRK was prepared
in 1 mM HCl. The stocks of DEP and phenyl glyoxd were prepared in ethanol. The stock
of succinic anhydride was prepared in dioxane. pNPG was prepared in methanol
Para-nitrophenylglyoxa (pNPG) was synthesized according to the procedure of
Steinbach and Becker (1954). A solution of sdenium dioxide (39 g) in 24 ml of ditilled
water and 15 ml of glacid acetic acid was refluxed a 120°C for 1 h with 5 g of p-
nitroacetophenone.  The reaction mixture was cooled and sdenium was removed by
filtration. The crysds of pNPG were purified by repeated recrystdlization from glyoxa.
The purity of pNPG was checked by melting point (98°C) and IR - spectrum.

Organism and culture conditions
Growth, maintenance and production of polygdacturonase from Fusarium
moniliforme NCIM 1276 are described in the chapter 2.

91



Enzyme assay

Polygdacturonase activity was determined usng dandard assay conditions as
described in Chapter 2.
Protein assay

Protein concentration was determined in accordance with Lowry et al. (1951) with
BSA standard.

Purification of polygalacturonase from Fusarium moniliforme NCIM 1276

The cdl-free broth was concentrated by ultrafiltration through a 5K cdlulose
acgtate Amicord membrane and didyzed in 50 mM acetate buffer pH 5. Didyzed
materid was loaded onto a 30 cm x 2.5 cm CM- Sephadex G50 column equilibrated with
50 mM acetate buffer pH 5. Enzyme was eluted a a flow rate of 12 ml hr! with a linear
gradient of 0.01 to 0.5 M NaCl in the same buffer. The active fractions were pooled,
dialyzed and lbaded again onto a 30 cm x 1 cm Sephadex G50 column equilibrated with 50
mM acetate buffer & pH 5 and duted with a flow rate of 9 ml hr'* using a gradient of 0.01
to 0.5 M NaCl in acetate buffer a pH 5. The active protein euted between 0.35 to 0.38 M
NaCl on both columns. The active fractions from the second euate were pooled,
concentrated on a Savant Speedvac Modd SC110A and loaded onto a 120 cm x 1 cm
Sephadex G100 column equilibrated with 0.1M acetate buffer with 0.1M NaCl. The active
fractions were pooled, concentrated and didyzed extensvely agangt acetate buffer, and
stored at -10°C until required.

Prdiminary characterization of endo- polygaacturonase
Electrophoresis of polygalacturonase
Homogeneity of purified polygdacturonase was determined by 12% acidic native
PAGE a pH 4.5 in acetate / KOH buffer, the protein band was visudized by slver saining.
Activity daning of polygdacturonase was done by blotting 12% acidic native
PAGE onto solidified polygaacturonic acid gel containing 1.5% agar a pH 4.5, the activity
band was visudized by 3% cetrimide after 45 min incubation at 40°C.
A tube gd was prepared usng 7.5% acrylamide and ampholines in the range of pH

3to 10 for determination of isozymes.
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Determination of molecular mass of polygaacturonase
By Gl filtration

A Sephadex G-100 (100 ©~ 1 cm) column was equilibrated with 50 mM acetate
buffer pH 5 with 0.1M NaCl and cdibrated with 1 mg/ml of standard proteins. 45 kDg
egg-dbumin, 36 kDa  glycerddehyde 3-phosphete dehydrogenase, 29 kDa,  carbonic
anhydrase, and 24 kDa; trypsnogen. 1 mg/ml polygalacturonase was co-chromatographed
with the above proteins and dution volume (V) of the polyga acturonase was calculated.

By SDS-PAGE

The molecular weight of polygdacturonase was determined by using 12 % SDS-
PAGE (Laemmli, 1970). 20 ny of purified polygaacturonase was co-chromatographed
with sandard SDS proteins markers. 66 kDa; bovine serum abumin, 45 kDa;, ovabumin,
29 kDa carbonic anhydrase, 20.1 kDa; trypsn inhibitor and 14.2 kDa;, p lactabumin.
The proteins bands were visudized with Coomasse Blue R-250, and R; vadues were
caculated for sandard proteins and polygal acturonase.

pH optima and stability of polygalacturonase

The optimum pH for polygdacturonase activity was determined by incubating 0.3%
polygdacturonic acid with purified enzyme from pH 2.0 to pH 11.0. The pH dability dso
determined by incubating enzyme a pH ranging from 2.0 to 11.0 for 2 hours. The resdud
activity of the erzyme was determined under standard assay conditions.

Temperature optima and stability of polygalacturonase

The optimum temperaure for polygdacturonase activity was determined by
incubating enzyme with subdrate a different temperatures from 5°C to 70°C. Stability of
enzyme a different temperatures was determined by incubating 5 ng/ml polygdacturonase
a each temperature for 2 hours. Resdud activity of the enzyme was measured under
standard assay conditions.



Determination of pl
Isodlectrofocussng was peformed in the modified draght-tube method of
Chinnathambi et al. (1994).

Determination of kinetic constants

The kinetic congtants K, Vimax and ke of enzyme were caculated by fitting the data
on activity at different substrate concentration to a linear regresson on Lineweaver-Burk
double-reciproca plotsusng ORIGIN 4.1 (Microcdl).

pKa of endo-polygaacturonase was determined by assaying the enzyme activity at
different substrate concentrations (PGA) and pH between 3 to 8. The pH dependent K,

and Vmax vaues were determined from Lineweaver-Burk plots.

Determination of K;

At saturating concentrations of polygdacturonic acid, inhibition of the enzyme by
Gluconic Acid D-lactone (GADL) was tested a various concentrations of the inhibitor.
The kinetic congants Ky, ki and ke Were determined under standard assay conditions using
30 to 300 ng PGA and 5 to 40 mM GADL. The congants were caculated by fitting the

datato alinear regresson on Lineweaver-Burk plots usng Origin 4.1 (Microcal).

Effect of metal ions on polygalacturonase activity

10 nmg / ml of purified enzyme was didyzed againgt deionized water for 8 hours.
The enzyme was then incubated with 5 mM of different metd chlorides for 30 minutes.
Resdud activity was measured using 0.3% polygaacturonic acid (PGA) in 0.1M acetate
buffer a pH 5.

Determination of hydrolysis product of polygalacturonic acid

1 % polygdacturonic acid in acetate buffer pH 5 with 1 unit of polygdacturonase
(5.6 ng) was incubated a 40 °C. After each 15 minutes interva, 0.1 ml of the reaction
mixture was removed and boiled for 5 min. Hydrolyzed materid was loaded onto
Whatman paper No.l. The solvent sysem was pyridine-ethyl acetate-acetic acid- water
(5:5:5:5). The chromatogram was visudized by spraying with pthalate anisdine reagent.



Determination of amino acid composition

Amino acid compostion was done on a pharmacia LKB apha plus amino acid
andyser by hydrolysng the purified enzyme in 6 N HCl a 110°C for 24 hrs, cysteine
methionine and tyrosine were protected. Tryptophan resdues were estimated by titration
with N-bromosuccinimide by the method of Spande and Witkop (1967). Free cysteine and
disulphide were estimated by the method of Habeeb (1972) and Cavalini et al. (1966).

Elecroblotting and N-terminal sequence

Electroblotting of the enzyme, on the PVDF membrane was carried out according to
Le Gendre et al. (1993). The purified enzyme fraction was separated on the 12 % w/v SDS-
PAGE a pH 88. After dectrophoress, the g and PVDF membrane were sandwiched
between Whatman papers and placed in the blotting cassette. The tank was filled with 10
mM CAP buffer pH 11.0 containing 10 % methanol and the protein was transferred under a
congtant current of 250 mA for 45 minutes. The R/DF membrane was then washed with
milli Q wae and daned with Coomasse Blue R-250. The N-termind amino acid
sequence of the firg 20 residues of the enzyme were determined by Edman degradation on
an automated Shimadzu Modd PSQ-1 protein sequencer.

Active site characterization
Higtidine residues
Reaction with diethyl pyrocarbonate (DEP)

0.13 nM of polygdacturonase was incubated in 50 mM sodium phosphate buffer a
pH 6.0 a 25°C with 5 mM DEP. The reaction mixture was diaysed and resdua activity of
the enzyme was determined under standard assay conditions.

Reactivation of the inhibited enzyme was caried out by incubating the inhibited
enzyme with 2 M hydroxylamine and 2 mM EDTA for 60 min a room temperature. The
mixture was didyzed agping 0.1 M acetate buffer a pH 45. The activity of didyzed
enzyme was determined under standard assay conditions.

Kinetics of inhibition the of DEP modified enzyme were determined by incubating
0.13 nM polygdacturonase with 20 to 80 nM of DEP. Aliquots were removed a 5 min
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intervas. Resdud activity of the modified enzyme was determined by using standard assay
conditions.

Quantification of modified higtidine resdues ware caried out by the Stepwise
addition of an diquots of (5 mM) DEP to 1.97 niM in 1ml of polygaacturonase. After each
addition, an diquot of the mixture was removed and the resdud activity and absorbance at
240 nm was messured. The number of hididine resdues modified was caculated on the
basis of molar absorbance coefficient of 3,200 M*cm? for carbethoxyhistidine a 240 nm
(Ovadi et al., 1967).

0.131 nM of polygdacturonase was incubated with 40 uM DEP. After didyss
excess resgent was removed. The Ky and kex values of patialy modified enzyme with
resdua activity 39%, 50% and 58% were determined

Subdrate protection sudies were caried out by the incubating 2 mg/ml
polyga acturonic acid with 0.131 iV enzyme before addition of DEP.

Conformational changes of endo-polygaacturonase after the modification with DEP
were checked with circular dichromism measurement. The CD spectra of native and DEP
modified enzyme samples 256 nM in 1 ml in 10 mM sodium phosphate buffer at pH 6
were recorded on a JASCO-710 Spectropolarimeter from 190-250 nm using a 1 cm th
length a 25 °C.

Carboxylate residues
Reaction with Woodwor ds Reagent K (WRK)

0.131 nM of purified polygdacturonase was incubated with 100 mM of
Woodwords reagent K in 50 mM phosphate buffer at pH 6 at 25°C. The reaction mixture
was didyzed and resdud activity of the enzyme was determined under standard assay

conditions.

Reaction with 1-ethyl-(3-dimethylaminopropyl) carbodiimide (EDC)
0.131 nM of polygdacturonase was incubated in 50 mM MESHEPES buffer 75:25
viv a pH 6 with 100 mM EDC. The reaction mixture was didyzed and resdud activity of

the enzyme was determined under standard assay conditions.



131 mM of polygdacturonase was incubated in 50 mM MESHEPES buffer 75:25
viv a pH 6 with 10 to 50 mM of EDC. Aliquots were removed a 10 mn intervals and
added 0.1 ml of 100 mM of acetate buffer a pH 4.5 to arest the reaction. The resdud
activity of the modified enzyme was determined under standard assay conditions.

0.131 MM of polygdacturonase was incubated in 50 mM MESHEPES buffer 75:25
viv @ pH 6 with 20 mM EDC. After didyss excess reagent was removed. The K, and Kea
vaues of patidly modified enzyme with resdud activity 45%, 55% and 70 % were
determined.

Reaction with EDC/ Nitrotyrosine ethylester (NTEE)

5.26 mM /ml of enzyme was incubated in 50 mM MESHEPES buffer 75: 25 wiv a
pH 6 with 100 mM of EDC and 30 mM of NTEE at 25°C for 45 min. Then the reaction
was stopped by the addition of 10 % TCA and the precipitate of the enzyme was collected
by centrifugetion. The precipitate was washed two to three times in  chilled acetone and
dried. Then the precipitate was dissolved in 0.1 M NaOH in 1 ml. The number of
nitrotyrosyl groups incorporated was determined spectrophotometricaly a 430 nm using a
molar absorption coefficient of 4,600 M tcm (Pho et al., 1977).

Substrate protection studies were carried out by the incubating 0.131 M enzyme
with 3 mg/ml polygdacturonic acid before addition of EDC.

CD gpectra of native and EDC modified enzyme samples (256 nM/ml) in 10 mM
of MES / HEPES buffer pH 6 were recorded on a Jasco-710 spectropolarimeter from 190
nm to 250 nm using a1 cm path length at 25°C.

Arginine resdues
Reaction with phenyl glyoxal

0.13 mM of purified polygdacturonase was incubated in 50 mM of sodium
phosphate buffer at pH 7.8 with 5 mM phenyl glyoxa a 25°C. After incubation for 30 min
the reaction mixture was diayzed againgt same buffer and residud activity was measured.

Kinetics of inhibition of the polygdacturonase with phenyl glyoxa were carried out
by incubating 0.13 nmM of purified enzyme with 20 to 50 mM of phenyl glyoxd a 30°C.
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Aliquots from the reaction were removed a 3 min intervas and resdud activity of the
modified enzyme was determined under standard assay conditions.

0.131 nM of polygdacturonase was incubated with 20 uM phenyl glyoxd. After
diadyss excess reagent was removed. The K, and keg vaues of the patidly phenyl glyoxa
modified enzyme with residua activity 55%, 70% and 80% were determined.

Reectivation of the phenyl glyoxd modified enzyme was caried out by didyzing
the reaction mixture againg 10 mM Tris/ HCI buffer pH 7.8.

Reaction with 2,3 butanedione

0.13 mM of polygaacturonase was incubated in 20 mM HEPES and 1 mM borate
buffer a pH 7.8, with 10 mM 2,3 hutanedione.  The reaction mixture was diayzed to
remove the excess reagent and resdud activity of the enzyme was determined under
standard assay conditions.

The enzyme was incubated with 1 mM to 9 mM of 23 butanedione a 30°C.
Aliquots were removed dater 15 min intervas and resdud activity of the enzyme was
determined under standard assay conditions.

Km and kez vadues of patidly modified enzyme with 2,3 butanedione resdud
activity 15%, 35%, and 50% were determined.

Substrate protection of the polygdacturonase againg phenyl glyoxd and 2,3
butanedione was caried out by incubaing the enzyme with (2 to 3 mg/ml) of
polyga acturonic acid before addition of reagents.

Reaction with para-nitrophenyl glyoxal (pNPG)

526 nM in 1 m of enzyme was incubated in 50 mM sodium phosphate buffer pH
7.8 with 5 mM pNPG a 30°C for 30 min. Aliquots were removed a 5 min intervals and
resdud activity of the enzyme was determined under standard assay conditions.

Quantification of modified arginine resdues was caried out by the addition of
different concentration of pNPG to 526 nM in 1 ml of enzyme. Reaction mixture was

didyzed agang 100 mM sodium pyrophosphate buffer & pH 9.0 containing 150 mM
sodium ascorbate.  After didyss color of the reaction was measured a 475 nm. The



number of arginine residues modified was caculated usng molar absorption 3,300 M'cm!
(Yamasski et al., 1981).

Conformational changes of the enzyme after arginine modification were determined
by CD. The CD spectra of native and phenyl glyoxa modified enzyme were recorded on a
Jasco- 710 spectropolarimeter from 190 nm to 250 nm using a 1 cm path length at 25°C.

Tryptophan residues
Reaction with 2 hydroxy-5-nitrobenzyl bromide (HNBB)

0.13 MM in 1 ml polygdacturonase in 10 mM phosphate buffer pH 6 was incubated
with 10 mM of freshly prepared HNBB and dlow to react for 30 min. After didyses,
resdud activity of the enzyme was measured under standard assay conditions.

Kingtics of the inhibition of polygaacturonase by HNBB were carried out by
incubating the enzyme 3 to 15 mM with HNBB. At 10 min intervas diquots from the
reection mixture were removed and resdud activity of the modified enzyme was
determined under standard assay conditions.

The Ky and kg vaues of patidly inhibited enzyme resdud activity 30%, 55% and
75% were determined under standard assay conditions.

Reaction with N-Bromosuccinimide (NBS)

0.131 nM/ml Polygdacturonase in 40 mM phosphate buffer pH 6.5 was incubated
with 1 mM of NBS and adlow to react for 30 min. After didyss excess reagent was
removed. The resdud activity of the enzyme was measured under Standard assay
conditions.

Kinetics of inhibition of polygdacturonase by NBS were dso caried out by
incubating 0.13 MM / ml the enzyme with 2 to 10 nmM of NBS. Aliquots from the reaction
mixture were removed & 5 min intevas and resdud activity of the enzyme was
determined under standard assay conditions.

Km and kez vaues of the patidly inhibited residua activity 25%, 50% and 75%
enzyme were determined.

Quantification of tryptophan residues was carried out by titrating 1 ml of enzyme
solution (1.97 nM) with freshly prepared NBS. The NBS mediated reaction was followed



by measuring the change in absorbance at 280 nm. The reagent was added till the protein
NBS ratio reached 1:10. After each addition of reagent diquot, 5 m of reaction mixture
diguot was removed and resdua activity of the enzyme was determined under standard
assay conditions. The number of tryptophan resdues modified was determined
spectrophotometricaly using a molar absorbance coefficient of 5,500 M*cm* (Spande and
Witkop, 1967) .

Subgrate protection of the polygdacturonase was carried out by addition 2 mg/ml
of polygalacturonate before addition of HNBB and NBS.

Conformational changes of the enzyme d&fter tryptophan modification were
determined by CD spectra of native and NBS modified enzyme. CD spectra were recorded
on a Jasco- 710 spectropolarimeter from 190 to 250 nm using a 1 cm path length at 25 °C.

Tyrosine resdues
Reaction with N-acetylimadazole (NAI)

0.13 MM of enzyme was incubated in 40 mM sodium borate buffer pH 7.5 with 10
mM  N-acetylimidazole for 30 min & 25°C.  The reaction mixture was didyzed and
resdud activity of the modified enzyme was measured under standard assay conditions.
The number of tyrosne resdues modified was caculated by the titration of 526 M in 1
ml of enzyme with stepwise addition of NAI. After each addition, the resdud activity of
the modified enzyme was determined under standard assay conditions.  The number of
tyrosine resdues modified was cadculated by usng molar absorption coefficient 1,160 M~
tem! (Riordan and Vallee, 1972).

Cydene resdues
Reaction with N- ethylmaleimide (NEM)

0.13 nM of polygdacturonase in 50 mM sodium phosphate buffer pH 6 was
incubated with 5 mM of NEM a 30°C for 30 min. The reaction mixture was diayzed and
resdua activity of the enzyme was determined under standard assay conditions.
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Reaction with p-hydroxymer curybenzoate (PHMB)

0.13 nM of enzyme was incubated with 10 mM of PHMB in sodium phosphate
buffer pH a 6.0. The reaction mixture was didyzed and resdud activity of the enzyme
was determined under standard assay conditions.

Reaction with 2,2’ - dithiobisnitrobenzoic acid (DTNB)

10.5 nM in ml of enzyme was incubated with 1 mM of DTMB a 30°C for 45 min
in sodium phosphate buffer pH 7.8. Aliquots were removed a 10 min intervals and
resdud activity of the enzyme was determined. The number of free cysteines modified
was caculated using a molar absorption coefficient of 13,600 Mcmi® at 412 nm (Habeeb,
1972).

Determination of total sulfhydryl groups was caried out by incubaing 04 mg of
protein in 0.5 ml of phosphate buffer pH 7.2 with 8 M urea as a reducing agent with 0.1 ml
of 0.1 M NaEDTA. After that, 25 % of 1ml freshly prepared sodium borohydrate was
dowly added to the protein solution. The reaction tubes were well shaken and incubated at
38°C for 30 min. After incubation, 0.5 ml of 1 M K;HPO,4 with 0.2 N HCI was added in the
reaction tubes with 2 ml of acetone for the complete distruction of borohydrate. The tubes
were bubbled with nitrogen gas for 5 min. and added 0.5 ml of 10 mM of DIMB. The
reaction was alowed to proceed for 15 min at 30°C. Then nitrogen gas was bubbled in the
tube through the mixture for 2 min. Absorbance was determined & 412 nm. Using
extinction coefficient of 12,000 M*cmi'  (Cavdlini et al., 1966) totad number of sulfhydryl
groups modified was caculated.

Lysneresidues
Reaction with succinic anhydride

0.13 mM of purified polygadacturonase was incubated in sodium phosphate buffer
pH 7.0 with 10 mM of succinic anhydride prepared in dioxane. After incubation for 30
min a 25°C, the excess reagent was removed by didyss and resdud activity of the

enzyme was determined under standard assay conditions.

101



Reaction with 2, 4, 6, trinitobenzenesulfonic acid (TNBS)

0.131 MM in1 ml enzyme was incubated in tassum phosphate buffer pH 7.5 with
5 mM TNBS in the dark a 30°C for 1 hour. The reaction mixture was didyzed agangt
acetate buffer pH 5 and resdud activity of the enzyme was determined under standard
asssy  conditions, The number of amino groups modified was determined
spectrophotometricaly using a molar absorption coefficient of 9950 Mt ecm® a 335 nm
for trinitrophenylated lysine (Habeeb, 1966).

Serine resdues
Reaction with phenylmethylsulfonyl fluroride (PMSF)

0.13 nM of polygdacturonase was incubated in 50 mM sodium phosphate buffer
pH 7.0 with 5 mM of PMSF a 30°C for 30 min. The reaction mixture was didyzed against
same buffer and resdud activity of the enzyme was determined under standard assay

conditions.

Fluorescence measurements

Fuorescence spectra of endo-polygdacturonase were obtained usng a Perkin
Elmer Spectrofluorimeter LS 5B at 25°C, usng an excitaion and emisson dit width of 5
nm. The fluorescence spectra of native enzyme at a concentration of 2.6 M in 2 ml and
svadly modified polygaacturonases were obtaned by usng 280 nm excitation
waveength. The spectrum range was 300 to 400 nm. FHuorescence quenching of native
and higidine modified, carboxylate modified, arginine modified and tryptophan modified
modified enzyme was cdculated usng subgtrate (PGA), and GADL as a competitive
inhibitor.

Tryptophan fluorescence was excited a 295 nm and spectrum range was 300 to 390
nm. Tryptophan fluorescence quenching of native and tryptophan modified enzyme dso
caculated by addition of PGA and GADL.

The microenvironment of the tryptophan resdue was determined in a series of
experiments. The enzyme 526 M in 2 ml of 10 mM acetate buffer a pH 5 was excited at
295 nm and the emisson was recorded a 336 nm. The enzyme was titrated with 8M
acrylamide, 5M Kl and 5M CaCl. The fluorescence quenching data was anaysed by the
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SternVolmer and modified SternVolmer equaions (Stern and Volmer, 1919) using
Microcd Origin 4.1.

The equations used were:
Fo/DF =1+K,[Q]
Fo/DF = [U(faKg) V(Q) + L/ 3]

where Fo is the fluorescence intengty without quencher, DF is the difference in
fluorescence intengty with and without quencher, f, is effective fractiona accessble
tryptophan fluorescence, K, is effective quencheing or Stern-Volmer congtant and [Q] is
the quencher concentration.

Stern-Volmer congants of the native polygalacturonase, in presence of subdrae 4
mg and 50 mM gluconic acid D-lactone which is a compstitive inhibitor of enzyme were
determined.
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Results and discussion
Purification of polygalacturonase from Fusarium moniliforme NCIM 1276

The endo-polygdacturonase was purified 125-fold with 28.8% yidd from the
culture broth of Fusarium moniliforme NCIM 1276. The purified enzyme has a specific
activity 178 U / mg. (Table 4.1). Sephadex G-100 gd filtration resulted in a dngle
homogenous pesk (Fig 4.1).

Table4.1

Purification of endo-polygalactur onase from Fusarium moniliforme NCIM 1276.

Purification Vol. | Total Total Specific % Fold

step (ml) activity protein activity Yidd purification
®) (mg) (U/ml)

Broth 1000 | 260 180 1.44 -- --

Ultr&filtration 40 | 220 100 2.2 84 15

CM-Sephadex 50 | 107 2.8 38.2 41.15 26.5

I

CM-Sephadex 30 | 90 0.92 97.8 34.61 67.77

I

Sephadex 10 | 75 0.42 178.57 28.84 124.9

G-100

Homogeneity of polygal acturonase

The protein thus purified gave a single activity band on natiive PAGE a pH 4.5
(Fig. 42 A &B). Isodectric focussng shows a single protein band a pl 8.1 (Fig 4.3).
Therefore a sngle form of polygdacturonase is produced by this isolate in submerged
culture.

Severd authors have reported different forms of polygdacturonase produced by
Fusarium moniliforme (De Lorenzo et al., 1987), F. oxysporum f sp lycopersici (Strand et
al., 1976) and F. oxysporum f. sp. melonis (Martinze et al., 1991) in submerged culture. De
Lorenzo et al. (1987) purified four polygdacturonases produced by F. moniliforme All
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forms showed a single pl of 6.7. Later Caprari et al. (1993) showed that the only difference
in the protein relates to glycosylation and suggested that they were al products of a single
gene. <clerotinia sclerotiorum produces numerous acidic isoforms of polygdacturonase
between pl 4.7 to 5.0 (Waksman et al., 1991). Kester and Visser (1990) Purified five forms
of endo-polygdacturonase from A. niger, dl have been shown to have acidic pl between
3.2 to 5.9. Botrytis cinera releases five forms of polygdacturonase four with acidic pl and
one with akaine pl (Tobis et al., 1993). In contrast Aspergillus ustus Rao et al. (1996)
and the present Fusarium both produce one endo-polygdacturonase each and both

molecules have dkdine pl.

Figure4.1
Elution profile of endo-polygalacturonase from Sephadex G-100
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Figure4.2

(A) Native acidic PAGE of purified Polygalactur onase
10 nyg of polygdacturonase was loaded onto 12% wiv, polyacrylamide dab gd, pH 4.5
(acetate / KOH). The protein band was visudized using siver nitrate.

(B) Activity staining of polygalacturonase
12% native acidic polyacrylamide dab gd was blotted on agarose gd containing 0.3%
polygdacturonic acid a pH 5 & incubated a 40°C for 45 min. After incubation the
activity band was visudized by the addition of 3 % cetrimide.

B)
A)
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Figure4.3

I soelectric focussing of endo-polygalacturonase

Purified polygalacturonase 50 ng was loaded onto 7.5% (w/v) polyacrylamide tube ge
using ampholines in the range of pH 3 to 10 pH. The band was visudized by Coomassie
Blue R-250.
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Prdiminary characterization of polygaacturonase
Molecular mass determination

The molecular mass of purified enzyme was determined by gd filtration and SDS-
PAGE (Fig 44 & 4.5). In both cases the molecular mass was 38 kDa. The match indicated
that the protein is monomeric. Molecular masses of polygdacturonases produced from
different sources show that, molecular masses of the enzyme range from 32 kDa to 85 kDa
(Strand et al., 1976; De Loranzo et al., 1987; Badwin and Pressey, 1989 and Kaster and
Visser, 1990). The Fusarium polygdacturonase iswith in thisrange.

pH and temperature optima

The optimum pH for activity of polygdacturonase was 4.5. The optimum
temperature was 45°C. The enzyme was sable from pH 4 to 8 pH for 2 hours (Fig.4.6).
The enzyme logt 50% ectivity a 50°C when incubated for 2 hours (Fig.4.7). Kumari and
Sirs (1971), Urbanek and Zeewska-Sobczak (1975), Sakal and Takaoka (1985) and Devi
and AppuRao (1996) have reported that most of the polygaacturonase showed the
optimum pH in the range of 4 to 5.5 pH and temperature optimum between 40 to 50°C.

Kinetic constants of polygalacturonase

The kinetic congtants K, Vimax and kg of polygaacturonase were determined to be
0110 mg / ml, 11111 nmol of product/mg/ minute and 42 ~ 10° / minute respectively.
The apparent second-order rate constant Kea/Km was 35 x 10°. K, vaue is low as
compared to that of reported polygdacturonases (Manachini et al., 1987; Devi and
AppuRao, 1996 and Rao et al., 1996) w0 it gopears that this enzyme has a higher affinity
towards polyga acturonic acid than reported so far.

Ki of polygalacturonase

At subdrate saturation the kinetics of gluconic acid D-lactone inhibition showed
that this sugar is a competitive inhibitor to polygaacturonic acid with a k;, of 28 mM (Fig.
4.8). The double reciprocd plots indicated no change in Vinax though there was a change in
Km with kea/Km values of the order of 35 x 10%, 2.5 x 10* 1.9 x 10% 1.2 x 10* for the
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native, 33% inhibited, 48% inhibited, and 63% inhibited enzyme respectively, Suggesting
that the gluconic acid D- lactone acts at the Site of binding rather that of catadyss (Fig 4.9).

pKa of polygalacturonase

The pH dependent kinetic parameters were determined usng different subgtrate
concentrations. The plot of log Vmax/Km verses pH resulted in a curve with two inflection
points a pKsy of 5.7 and pK?,; of 4.3 (Fig 4.10). It was concluded that the imidazole
moiety of higtidine and a least one carboxylic group of ether aspartate or glutamate are
involved in catayds.

Smilar results were reported by Rexova-Benkova and Mrackova (1978) who
determined the active groups of polygaacturonase of A. niger on the basis of pKj, vaues
suggested that, higtidine and carboxylate residues were important for the activity.

N- terminal sequence of endo- polygal acturonase:

N- termind was determined by the Edman degradation procedure.  Endo-
polygaacturonase showed E-S-T-Q-L-N-P-I-P-S-T-V-I-H-G-A-T-G-Y-H- amino acid
sequence. This 20 amino acid sequence did not match with the N-termina sequence of any
reported polygalacturonase in the SWISS-PROT data base.
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Figure4.4

Determination of molecular mass of polygalacturonase by gd filtration

Sephadex G100 column (100 x 1 cm) was equilibrated with 50 mm acetate buffer pH 5.0
containing 0.1 M NaCl and cdibrated with (8 egg-adbumin, (45 kDa), (b) glyceradehyde-
3-phosphate dehydrogenase (36 kDa), () carbonic anhydrase (29 kDa) (d) trypsinogen (24

kDa). V, - void volume and Ve - dution volume.

$S0OF

log Mr
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Figure4.5

SDS-PAGE of purified endo-polygalacturonase

12% SDS-PAGE with molecular weight markers (top to bottom) a) Bovine serum abumin,
(66 kDa) b) Ovabumin, (45 kDa) c) Carbonic anhydrase, (29 kDa) d) Trypsin inhibitor,
(20.1 kDQ) and €) a - Lactabumin, (14.2 kDa).

|
lag Mr

R F WValue

1
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Figure 4.6
pH optima and stability of polygalacturonase
Polygdacturonase was assayed at different pH vaues (2.0-11.0) in universd buffers a

40°C as described in methods. For stability the enzyme solution was incubated a different
pH for 2 hrs.

i

U/ml ACTIVITY
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Figure4.7

Temperature optima and stability of polygalacturonase

Polygdacturonase was assayed at various temperatures (30-70°C) at pH 5 as described in
methods. For stability the enzyme was incubated at different temperaturesfor 2 hrs.

ACTIVITY U/SmI
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Figure4.8

Deter mination of k;
0.13 mM polygdacturonase was incubated with 1.35 mg (0—o0) and 2.7 mg (—) PGA

with different concentrations of GADL and k; was determined.

i
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Figure4.9

Competitiveinhibition of polygalacturonase by GADL

0.13 mM polygalacturonase was incubated with 10 mM (- ), 15mM (D) and 20 mM
(N) GADL with native enzyme ().
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Figure4.10
Determination of pK,

pH-dependent K, and Vmax vaues were determined from Lineweaver-Burk plots by
varying the substrate concentration at each pH vaue.
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Sensitivity of polygalactur onase towar ds metal ions

The effect of metd ions on polygdacturonase is shown in (Table 4.2) Fusarium
polygdacturonase does not require metd ions for activity. EDTA did not affect this
enzyme. However, enzyme was inhibited by Zn™, Hg™ and F
mM. Kumari and Sirs (1971) showed that the polygaacturonase from Ganoderma lucidum
was not inhibited by Fe™ and Fe™" ions. Devi and AppuRao (1996) reported Hg™ ion
inhibited polygdacturonase activity of Aspergillus cabonarius.
Rhizopus stolonifer was inhibited by Mn™ and Zn™" and activity was simulated by Fe™,

Mg"™ and Co™ (Manachini et al., 1987).

Table4.2

Effect of metal ions on polygalactur onase activity

Metal ion | Concentration Residual activity
(mM) (%)
EDTA 5 100
Na’ 5 96
K* 5 98
ca™ 5 95
Al 5 91
Ba™ 5 86
Mg™ 5 75
Mn™* 5 55
" 5 55
Hg™ 5 25
Fe™ 5 5

Amino acid composition of polygalacturonase

As seen in (Table 4.3) the amino acid compostion of the protein shows margind
differences with other reported polygdacturonases. This protein contains 17% of acidic

amino acids, 2 cydeine resdues which formed a sngle disulfide linkage. There were no
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free cysteines in the protein molecule. Similar data have bee reported by Strand et al.
(1976), Kester and Visser (1990), Devi and AppuRao (1996) and Rao et al. (1996).

Table4.3
Amino acid compostion of polygalacturonase produced by Fusarium moniliforme
NCIM 1276 and Aspergillusustus (Rao et al., 1996).

Amino acid F. moniliforme | A.Ustus
Mol/ Mol Mol/Mol
Asx 45 38
Thr 25 35
Ser 33 36
GlIx 25 22
Gly 40 48
Ala 25 20
va 19 23
Met 13 1
lle 13 24
Leu 13 17
Tyr 14 13
Phe 8 13
His 8 7
Lys 23 29
Arg 6 8
Pro 15 -
Trp 3 4
’Cys 2 2

" Tryptophan was cal culated according to Spande and Witkop (1967)
? Cysteine was cal culated according to Cavallini et al. (1966)
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Mode of substrate hydrolysis by polygalacturonase

Time dependent hydrolyss of polygdacturonic acid by the enzyme yidded di-and
monogdacturonic acid (Fig 4.11) after 45 minute. Therefore this enzyme is an endo-
polygadacturonase belongingto EC 3.2.1.15. Engish et al. (1972) reported that,
polygdacturonase of  Collectotrichum  lindemuthianum  produced  predominaey
trigdacturonic acid and digdacturonic acid as end product. Strand et al. (1976) showed
that F. oxysporum f.sp. lycopersici enzyme produced monoga acturonic acid.

Figure4.11

Time dependant hydrolysis products of polygalacturonic acid with polygalactur onase
Lane 1-4, samples after incubation for 15, 30, 45 and 60 min. Lane 5, mono-,di- and tri-
gaacturonic acid tandards. The details are in the methods section.
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Active Ste characterization

The K, determined from the kea/ Km vs pH plot shows two inflexion points at pKta
of 57 near that of histidine and an acidic pK?, of 4.3, suggesting that a histidine and
carboxylate resdues are involved at or near the catalytic Ste of the enzyme (Fig. 4.10).

To subgtantiate these results chemical modification studies were carried out.  The
effect of different chemicd modifiers on the activity of the polygaacturonase is shown in
(Table 4.4). WRK, EDC, DEP, NBS, HNBB, Phenyl glyoxd, 2,3 Butanedione and pNPG
inhibited enzyme activity suggesting that, hidtidine, carboxylae, tryptophan and arginine
resdues are important for the activity of the enzyme. NEM, NAI, PHMB, PMSF, TNBS,
Succinic anhydride and DTNB did not inhibit enzyme activity indicating that, tyrosine,
lysine, cysteine and serine resdues do not have any role in enzyme activity.

Modification of Histidine residues

Carboxyethylation of the enzyme a a ratio of 1. 23 DEP resulted in 100% loss in
activity. Lysine is known to react with DEP in akdine conditions (Miles, 1977), therefore
the loss of enzyme activity subsequent to modifications of lysne was determined usng
TNBS which is specific for e-amino groups (Habeeb, 1966). 5 nM protein treated with
TNBS at a ratio of 1. 200 showed on titration that of the tota 23 residues of lysine n the
protein 156 resdues were modified without loss of activity confirming that a histidine
resdue is located a or near the active ste. On treatment with hydroxylamine the enzyme
reganed 62% of its origind activity confirming that a histidine resdue is involved in the
enzyme activity. Subdrate protection udies showed that the enzyme retains 83% of its
origind activity in presence of 2 mg polygdacturonic acid (Table 4.5). The CD spectra of
the native and DEP-modified enzyme were dmog identica, showing that the modification
of the higtidine resdue does not lead to any gross conformationd change in the enzyme
(Fig4.12).

The kinetics of inhibition of the enzyme by DEP was done by plotting the log of
resdud activity agang time & 5 min intervas a different concentrations of the inhibitor
(Fig. 413). DEP mediated inactivation followed pseudo-fird-order kinetics a each
concentration of the inhibitor. The pseudo-fird-order rate constants were caculated from
the dope of the plots of log [percent resdud activity] agang log [DEP] (Levy et al.,
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1963). The plot gave a dope of 1.05. Therefore inhibition kinetics follow a sngle
exponentia, suggesting that one resdue of higtidine is modified.

Time and concentration dependent titration with DEP gives Smilar results. 5 pM
Aliquots of DEP were added to the enzyme solution. Increase in absorbance was messured
a 240 nm and smultaneoudy decrease in resdud activity was cdculated. Using a molar
absorption coefficient 3,200 Mtcmi? for carbethoxyhistidine a 240 nm, it was determined
that one higtidine residue is essentia for enzyme activity (Fig 4.14).

There was no change in the Ky, vaue of the partidly inectivated enzyme, however a
sgnificant decrease in the Kz Was observed as compared to the native enzyme (Table 4.6).
Thisindicates that the higidine resdue isinvolved in catayss.

Rexova -Benkova (1970) and Cooke et al. (1976) have reported the importance of
hididine in the catdyss of endo-polygdacturonase of A. niger. Rao et al. (1996) have
aso reported a criticd role of histidine resdue in the catalytic process of polygalacturonase
of A.ustus usng chemicd modification. The authors were pointed out that a single proton
was trandferred from the higtidine resdue of the enzyme to the glycosidic oxygen. Caprari
et al. (1996) showed that a higtidine 234 residue was involved in catalytic process of endo-
polygaacturonase of F. moniliforme by Ste directed mutagenes's.
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Table4.4

Effect of different chemical modifiers on the activity of endo-polygalacturonase

Chemical Concentration Buffer Residul
Reagent activity
(%)
NEM 5mM Sodium phosphate, 50 mM, pH 7.5 100
NAI 10 mM Sodium Borate, 20 MM, pH 7.5 100
PHMB 10 mM Sodium phosphate, 50 mM, pH 6.0 100
PM SF 5mM Sodium phosphate, 50 mM, pH 7.5 100
TNBS 5mM Sodium phosphate, 50 mM, 97
pH 7.8
Succinic 10 mM Sodium phosphate, 50 mM, pH 7.8 100
anhydride
DTMB 1 mM Sodium phosphate, 50 mM, pH 7.8 100
Woodward's 100 mM Sodium phosphate, 50 mM, 90
Reagent K pH 6.5
EDC 100 mM MES/HEPES, 50 :15 mM pH 6.0 20
DEP 5mM Sodium phosphate ,50 mM, pH 6.0 0
NBS 1mM Sodium acetate, 50 mM, pH 4.5 0
HNBB 10mM Sodium acetate, 50 MM, pH 4.8 0
Phenyl glyoxa 5mM Sodium phosphate, 50 mM, 0
pH 7.8
2,3 10mM HEPES/ Borate, 25: 1 mM, 10
Butanedione pH 7.8
pPNPG 5mM Sodium phosphate, 50 mM, pH 7.8 0

Purified polygalacturonase (0.131 nM) was incubated with various chemicad modifiers and
reection mixture was didyzed agang respective buffer. Resdud activity of the enzyme

was determined under standard assay conditions.



Table4.5

Substrate protection of histidineresidues

Incubation Mixture

Residual activity (%)

Control 100

Enzyme + DEP (20 nM) 10

Enzyme + 2 mg (PGA) + DEP 83
Table4.6

Km and ket Values of partially DEP inhibited polygalactur onase.

(%) Residue | Reagent |Kp Kcat
Activity | Modified | used (mg/ml) | (min™?)
100 -- -- 0.110 4200
61 Hidtidine DEP 0.105 3400
S0 " " 0.107 2200
42 . 0.102 1900
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Figure4.12
The CD spectra of native and DEP treated polygalacturonase
The CD spectra were recorded on a JASCO -710 spectropolarimeter from 190 - 250 nm

usng 1 cm pah length a 25 °C a enzyme concentration of 256 nM, in 10 mM phosphate
buffer pH 6, native enzyme (—) and DEP treated (------ ) enzyme.

190 200 210 220 230 240 250 260
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Figure4.13
Kinetics of inhibition of endo-polygalactur onase by DEP

The pseudo-first order rate constants Kapp) @ 0 MM (), 20 M (N), 40 nM (3), 60 v
(D), 80 nM (-) and 100 M (o) DEP were plotted againgt the inhibitor concentrations (inset

plot).
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Figure4.14

Titration of endopolygalacturonase (1.97 mM / ml) with DEP

Modification of hididine resdues was carried out with stepwise addition of DEP as
described in the methods section.
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Modification of carboxylate groups

EDC-promoted amide formation resulted in loss of activity. Incubation with 100
mM EDC caused the enzyme to lose 80 % of ts activity. Pho et al. (1977) reported that
EDC reacted with specific carboxylate resdues at an acidic pH of 55 to 6.0. EDC dso
reects with cysteine tyrosine and lysine residues a dkdine pH. When 105 nM of enzyme
was incubated with 1 mM of DTMB (Habeeb, 1972) at 30°C for 45 min at pH 7.8 there
was no loss of activity indicaing that there was no free cydene in the enzyme
Furthermore neither NAI nor TNBS (Riordan and Valee 1972 and Habeeb, 1966) showed
any effect on polygdacturonase activity. This suggests that EDC modified carboxylate
residues rather than cysteing, tyrosine or lysine residues.

Subdtrate protection showed that 56% origina activity was retained in presence of 3
mg of polygdacturonic acid (Table 4.7).  CD spectra in EDC modified enzyme were
identicd to the native enzyme (Fig 4.15) indicating that loss in enzyme activity was due to
specific modification of carboxylate resdues and not due to gross conformationd changes
in the enzyme molecule.

The kindtics of inhibition of the enzyme by EDC was done by plotting the log
reSdud activity agang time a 10 min intervas a different concentrations of the inhibitor.
The log of resdud activity plotted as the function of time a various EDC concentrations
was linear to 10 % of te initid activity. EDC mediated inactivation followed pseudo-fird-
order kinetics a any fixed concentration of the reagent. The pseudo-fird-order rate
congants were caculated from the dope of [log percent resdud activity] versus reaction
time and the order was determined from the plots of log [K4p] against log [EDC]. The
dope of the line was 0.92 indicating that the loss of activity occurred as a result of
modification of a Sngle carboxylate resdue (Fig 4.16).

Smilar results were obtained when EDC mediated inactivation was carried out in
the presence of glycinemethylester. Modification of the enzyme with EDC in presence of
NTEE resulted in the incorporaion of 1.2 nitrotyrosyl resdues per molecule of the enzyme
suggeding that the inactivation of the enzyme was due to the modification of a sngle
carboxylate resdue (Fig 4.17).
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Kinetic congants of partidly inhibited enzyme were cdculated. There was no
change in the K, vaue of the patidly inactivated enzyme, however a Sgnificant decrease
in the kea Was observed as compared to the native enzyme (Table 4.8). This indicated that
the involvement of the carboxylate resduesin catdyss.

Participation of the carboxyl group in the active dte of polygdacturonase of A.
niger has been reported by Rexova-Benkova and Mrachova (1978) on the basis of kinetic
data Chemica modification of carboxyl group with EDC was used to show the
involvement of carboxyl in the activity of polygdacturonase of A. niger (Rexova-Benkova,
1990). Wang et al. (1994) have suggested a modd for the activity of the glycosyl-
hydrolases where two carboxylate resdue hold the activated water molecule that acts as
proton donor. A number of reports are avalable on the involvement of the carboxylate
resdue in the active Ste of a variety of glycosyl hydrolases induding lysozyme (Chipman
and Sharon, 1969), cdlulase (Morosoli et al. 1986), xylanases (Bray and Clarke, 1990) and
a gdactosdases (Degpd and Ba asubramanium, 1986).

Table4.7
Substrate protection of carboxylate residue

Incubation Residual
mixture activity (%)
Control 100
Enzyme + EDC (40 mM) 29

Enzyme + 3 mg (PGA) + EDC 56
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Table4.8

Km and ks Values of partially carboxylate inhibited polygalacturonase

% Activity | Residue Reagent | Kp, Keat
modified used (mg/ ml) (min)
100 -- -- 0.110 4200
70 Caboxylate | EDC 0.105 3496
35 " " 0.108 3205
45 " . 0.110 2747
Figure4.15

The CD spectra of native and EDC treated polygalactur onase

The CD spectra were recorded on a JASCO -710 spectropolarimeter from 190 - 250 nm
usng 1 cm path length a 25 °C a enzyme concentration 2.56 M in 10 mM phosphate

buffer pH 6, native enzyme (—) and EDC treated (------ ).
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Figure4.16
Kinetics of inhibition of endo-polygalacturonase by EDC
The pseudo- first order rate constants Kqpp & 0 mM (-), 10 mM (" ), 20 mM (D), 30 mM

(0), 40 mM (o), and 50 mM () EDC were obtained againg the inhibitor concentrations
(inset plot).
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Figure4.17

Titration of endo-polygalacturonase with EDC/ NTEE

Quantification of carboxylate resdues modified was carried out by the addition of reagent
as described in the methods section.
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Modification of arginine residues

Takahashi (1968) reported that phenyl glyoxa reacts with guanido group of
arginine at pH 7 to 8 and a 25°C. Riordan (1979) has showed that 2,3 butanedione also
reects with the guanido group of arginine in the presence of borate ions. When 0.131 niv
polygdacturonase was incubated with 5 mM phenyl glyoxa and 10 mM 2,3 butanedione
the enzyme logt its 100% and 90 % of its origind activity respectively. No loss of activity
was observed in the control sample.

Phenyl glyoxal and butanedione mediated inactivation could be prevented to a
ggnificant extent, by incubeting the enzyme with excess 3 mg of polygdacturonic acid
(Table 4.9). When the phenyl glyoxd modified enzyme was didysed agang 10 mM
TrigHCl buffer pH 7.8, the enzyme gained its 58 % of origind activity indicating thet, the
inactivation of enzyme occurred due to modification of arginine resdues. Moreover the
CD gspectra of both native and phenyl glyoxad modified enzyme were smilar (Fig. 4.18)
indicating that the modification does not lead to gross change in the conformation of the
enzyme.

Kindics of inhibition by phenyl gloyxd and butanedione followed pseudo-firg-
order kinetics a any fixed concentration of the reagents. The pseudo-firg-order constants
were caculated from the dope of the plots of log percent resdud activity againgt reaction
ime. The order of the reaction was determined from the plot of log [Kapp] agang log
[phenyl glyoxd] and log [butanedione] concentrations (Levy et al., 1963). The plots gave
dopes 1.2 and 0.65 respectively (Fig 4.19 & 4.20). These plots indicated that te loss of
activity of polygaacturonase was due to the modification of asingle arginine resdue.

Colorimetric titration of enzyme with pNPG results in 95 % loss in activity. The
inactivation of the enzyme activity depends on concentration of the reagent. The plot of
resdua activity agang the number of arginine resdues modified (Fig 4.21) reveded that
the loss of activity resulted from the modification of asingle arginine resdue.

There was no change in the Ky, of the partidly phenyl glyoxa and butanedione
inactivated enzyme, however there was a sgnificant decrease in kg values as compared to
the native enzyme (Table 4.10) which suggested that the involvement of arginine residue in
the catalytic process.
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This is the fird report of the involvement of an aginine resdue in cadyds by
polygadacturonase reported so  far. Pickersgill et al. (1998) reported that 36
polygdacturonases from different sources showed that arginine resdue is one of the
conserved resdues in the active dte cleft. van Santen et al. (1999) also showed that an
arginine resdue was present in the cleft of the active Ste dthough in neither case arginine

was shown to be actively involved in the catalytic process.

Table4.9

Substrate protection of arginineresidue
Incubation Residual
Mixture activity (%)
Control 100
Enzyme + Phenyl glyoxa (25niM) 0
Enzymet 3 mg (PGA) + Phenyl glyoxa 65
Enzyme + 2,3 Butanedione (5mM) 26
Enzyme + 2 mg (PGA) + Butanedione 52

Table4.10

Km and ket Values of partially arginineinhibited polygalacturonase
(%) Residue | Reagent Km Keat
Activity | Modified | Used (mg/ ml) (min™t)
100 -- -- 0.110 4200
45 Arginine Phenyl glyoxd 0.109 2900
30 " " 0.110 2200
20 . " 0.100 1800
85 . 2,3 Butanedione | 0.106 4100
65 . " 0.105 3300
50 . " 0.108 2600
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Figure4.18

The CD spectra of native and phenyl glyoxal treated polygalactur onase

The CD spectra were recorded on a JASCO -710 spectropolarimeter from 190 - 250 nm
usng 1 cm pah length a 25 °C a an enzyme concertration of 256 nM, in 10 mM
phosphate buffer pH 6, native enzyme (— ) and phenyl glyoxa treated (----) enzyme.
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Figure4.19

Kinetics of inhibition of endo-polygalactur onase by phenyl glyoxal
The pseudo-first order rate constants (Kapp) a O MM (-), 20 nM (o), 30 nM (D), 40 nM (B)

and 50 mM (O) phenyl glyoxd were plotted againgt the inhibitor concentrations (inset plot).

% LOG RESIDUAL ACTIVITY

20

0l
N
=]

1-0OF

8
E'l-ﬁ
=
O-5pFg12
3 i
oS 5 .7 _-
LOG pm PG
1 1 L “
o 3 6 9 12
TIME IN MIN.

135



Figure4.20

Kinetics of inhibition of endo-polygalacturonase by 2,3 -butanedione
The psudo-first order rate constants (Kapp) @ O mM ("), ImM (-), 3 mM (D), 6mM (6) and
9mM (o) 2,3 butanedione were plotted againgt the inhibitor concentrations (inset plot).
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Figure4.21
Titration of endopolygalacturonase (5.25 mvl / ml) with pNPG

Quantification of arginine resdues was carried out with addition of pNPG as described in
methods section.
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Modification of tryptophan residues

When the purified polygaacturonase was incubated with 10 mM HNBB in sodium
acetate buffer pH 4.5 it logt 90 of its origind activity (Horton and Koshland, 1965). HNBB
aso reacts with cysteine at dkaline pH. However when 10.5 nM of polygaacturonase was
titrated with 1 mM DTNB (Habeeb, 1966) enzyme activity was not affected showing that
HNBB reacts with tryptophan residues rather than cysteine under the conditions used.

Spande and Witkop (1967) have showed that NBS oxidizes tryptophan residues at
acidic conditions however, NBS adso reacts with tyrosne resdues (Riordan and Vallee
1972). The protein contains 14 tyrosne resdues. NAI modified 8.6 of these resdues
without loss of activity suggesting that NBS modified tryptophan residues rather than
tyrosnein this case.

HNBB and NBS mediaed inactivation could be prevented to a dgnificant extent by
incubating the enzyme with 2 mg of polygdacturonic acid (Table 4.11). Moreover the CD
spectra of both native and NBS modified enzyme were smilar (Fig 4.22) indicating that the
modification does not lead to any gross change in the enzyme conformation.

Kinetic andyss of the inactivation of the enzyme by HNBB and NBS was done by
plotting the log resdud activity agang time a different concentrations of the inhibitors
The pseudo-fird-order rate congants were caculated from the dope of the plot of log
percent residua activity versus reaction time, and order of the reaction was determined
from the plot of [log (kapp)] against log [HNBB] & log [NBS. The plots gave the sopes
132 and 1.39 respectively, indicating that the inhibition kinetics followed a sngle
exponentid of tryptophan residue (Fig 4.23 & 4.24).

Smilar results were obtained when polygdacturonase was titrated with NBS
leading to an inhibition which was time and concentration dependant. The plot of percent
resdud ectivity againg number of tryptophan residues modified (Fig 4.25) showed that the
loss of activity resulted from the modification of a Sngle tryptophan residue.

The kinetic congtants of partidly inhibited polygdacturonase by HNBB and NBS
indicated that there was a dgnificant change in the Ky, vaues. The Ky, vaues of patidly
inhibited enzyme increased with decreasing ectivity of the enzyme.  This indicated that
modified enzyme had a lower &ffinity towards substrate as compared to the native enzyme.
The keg of partidly tryptophan modified enzyme remained the same as compare to the
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native enzyme, indicating that the tryptophan residues were involved in the binding of the
substrate and not in the catalysis (Table 4.12).

Additiond evidence for the role of tryptophan resdue involved in binding was
provided by spectrofluorimetric data (Table 4.13). This showed that when native
polygaacturonase was titrated with subsrate and GADL, the fluorescence quenching was
105% and 2749 % respectively. Further when the ore tryptophan was modified
chemicdly the fluorescence quenching is only 1% and 1.8 % with PGA and GADL
respectively, suggesting that a single tryptophan was present a or near to the active and
involved in binding.

Waksman et al. (1992) studied the eaction kinetics of polygdacturonase from C.
lindemuthianum by fluorescence quenching in the presence of subgrate.  The authors have
reported that the involvement of tryptophan is in substrate binding. Devi and AppuReo
(1998) and Liu et al. (1994) have dso shown that a tryptophan resdue was responsible for
the activity of the enzyme. Tryptophan has been reported to be present in the active site of
various saccharidases like endo-1,4-b-glucanase (Ozaki and Ito, 1991), isomato-dextranase
(Okada et al., 1988) and xylanase (Kesker et al., 1989). Tryptophan thus appears to have
affinity towards carbohydrates, and could be involved in substrate binding in carbohydrate-
degrading enzymes including polygaacturonase.
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Table4.11
Substrate protection of tryptophan resdue

Incubation Residual
Mixture Activity (%)
Control 100

Enzyme + HNBB (5 mM) 15

Enzyme + 2 mg (PGA) + HNBB 85

Enzyme + NBS (20 nM) 10

Enzyme + 2 mg (PGA) + NBS 68

Table4.12

Km and ket Values of partially tryptophan inhibited polygalacturonase

% Residue Reagent | Ky, Kcat
activity | modified used (mg/ml) | (min'Y)
100 -- -- 0.110 4200
70 Tryptophan HNBB 0.116 4180
45 " . 0.224 4200
25 " " 0.344 4200
75 " NBS 0.169 4200
S0 " " 0.200 4110
30 " " 0.333 4200
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Table4.13
Flurescence quenching of native and single tryptophan modified polygalactur onase.
Purified polygaacturonase (5.26 nM, 2 ml) in10 mM sodium acetate buffer pH 4.5 was

excited at 295 nm and fluorescence emission maximawas recorded at 336 nm.

Item Chemical modifier | Activity max | Quencher | Q
(%) (%)
Native enzyme -- 100 336 PGA 105
1 tryptophan NBS 10 3325 | PGA 1.0
modified
Native enzyme -- 100 336 GADL 27.49
1Tryptophan NBS 10 332 GADL 1.8
modified
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Figure 4.22

The CD spectra of native and NBStreated polygalacturonase

The CD spectra were recorded on a JASCO-710 spectropolarimeter from 190 - 250 nm
usng 1 cm pah length a 25 °C a an enzyme concentration of 256 nM, in 10 mM
phosphate buffer pH 6, native enzyme (— ) and NBS treated (------ ) enzyme.
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Figure4.23

Kinetics of inhibition of polygalacturonase by HNBB

The pseudo - first order rate congtants (K app) @ 0 mM (-), 3mM (N), 6 mM (D), 9 mM (),
12 mM () and 15 mM (0) HNBB were plotted againg the inhibitor concentrations (inset
plot).
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Figure4.24

Kinetics of inhibition of endo-polygalacturonase by NBS

The pseudo -firgt order rate congtants (Kapp) @ 0 MM (+), 2 nM (N), 4 nM (D), 6 M (U), 8
nmM ("), 10 mM (o) NBS were plotted againgt the inhibitor concentrations (inset plot).
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Figure4.25

Titration of endopolygalacturonase (1.97 mM /ml) with NBS

Modification of tryptophan resdue was caried out with stepwise addition of NBS as
described in methods section.
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Microenvironment of active site tryptophan residue

The SternVolmer plots from the fluorescence of the native enzyme with
acrylamide, | - and Cs" indicated collisona quenching (Fig 4.26 a, b, ¢). The R/F versus
[Q] plots with I' and Cs" both show a downward curve suggesting that the three
tryptophans in this protein exig in different environments. Fitting the data presented in the
modified Stern-Volmer plots (Fig 4.26 d, e, ) to the equation described in the Materid and
Methods section $owed that the flourophore is 50% accessible to I and 14% to Cs™ (Table
4.14). Moreover, the f; (0.5) for iodide is lower and the K, (5.7) is higher than with the
acrylamide-quenched enzyme (f; = 1.16 and K, = 3.26) leading to the concluson that at
leest one tryptophan is locdized on the surface of the enzyme in an dectropogtive
enviroment.  Modification of one tryptophan resdue with NBS (Fig 4.27) results in a drop
in fluorescence and the | nax of the modified protein is blue-shifted from 337 nm to 332 nm
showing that the remanant fluorescence is from hydrophobic tryptophans. The difference
pectrum shows a red shift from 337 nm to 347 nm suggesting that the resdue modified by
NBS is on the surface of the protein (Fig 4.27). Titrating the sngle-resdue modified
protein with either PGA or GADL (Table 4.13) decreased the percent quench in tryptophan
fluorescence from 10.5 to 1 % with PGA and from 27.5 to 1.8 % with GADL as compared
to the native enzyme, which further suggedts that the surface tryprophan residue, which is
in an dectropodtive environment, is involved in binding. Thus subdstrate binding by
tryptophan is supported by both the kinetic and fluorescence data.
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Table4.14

Stern-Volmer constants of the native polygalacturonase in presence of substrate
(PGA) and GADL

5.26 mM (2 ml) of polygalacturonase was excited at 295 nm and emisson was recorded at
336 nm (I max). The K, and f5 vaues were calculated.

Quencher Q) |fa Ka | max
Acrylamide

Native 79 116 | 3.26 336.21
Enzyme- Substrate 65 0.93 | 2.89 336.41
Enzyme-GADL 74 097 | 38 336.23
Kl

Native 29.7 0.5 5.66 335.72
Enzyme - Substrate 3.4 0.05 | 16.8 335.52
Enzyme-GADL 30 046 | 143 335.21
CsCl

Native 19.7 014 | 242 335.6
Enzyme - Substrate 25 -- -- 335.17
Enzyme-GADL 194 0.32 5.0 335.72
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Figure 4.26

Stern-Volmer and modified Stern-Volmer plots of fluorescence quenching of native
polygalacturonase by acrylamide (8 M), KI (5 M), and CsCI (5 M)

The native protein 5.26 MM (2 ml) n 50 mM sodium acetate buffer pH 5 was excited at 295
nm and emission was recorded at 336 nm

A) Stern -Volmer plots

a) Acrylamide b) KlI c) CsCl

B) Modified Stern - Volmer Plots
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Figure4.27

Differ ence fluor escence spectra with a single tryptophan residue modified with NBS.
Polygaacturonase (2.56 mM) was excited a 295 nm and | nx Was recorded at 336 nm,
native spectra (——), NBS modified spectra (------ ) and difference spectra ().
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In concluson this organiam produced a single extracelular endo-polygaacturonase
in submerged culture which had an M, of 38 kDa and a carbohydrate content of 4 %. It had
an dkdine pl of 81. The Ky, was 0.12 mg ml™, Vinax was 111.1 M min* mg and the kea
was 4200 min. It had a pH optimum of 4.8. Kinetic and fluorescence data showed that a
tryptophan resdue was present in the active dte in an eectropogtive microenvironment
and was involved in binding. An aginine resdue a or near the active Ste may be involved
in catalyss or extended binding of the subdsrate. A carboxylate and a histidine resdue

wereinvolved in catayss.
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CHAPTERYV

General Discussion
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The genus Fusarium is composed of a highly diverse group of saprophytic and
plant-pathogenic fungi.  Asexud reproduction through microconidia and macroconidia is
thought to predominate in the fidd, but many Fusarium anamorphs have Gibberella (F.
moniliforme) or Nectria (F. solani) tedeomorphs, that are dicited in the laboratory
(Anderson et al., 1992). A drain of Fusarium moniliforme isolated from a mangrove
ecosystem of the west coast of India produced microconidia and macroconidia on Czapec -
Dox agar plates. Microconidia were attached to each other and formed un-branched
chans. On the bass of this the present isolate was identified as F. moniliforme and
deposited in the Nationd Collection of Industrial Microorganism as Fusarium moniliforme
NCIM 1276.

Although this organism was isolaed from an estuarine mangrove ecosysem and
was highly sdt and pH tolerant, it did not require sdt for growth suggesting tha it was
adapted to the mangrove environment, and was not a true marine form.  F. moniliforme
has been reported to grow a acidic, neutrd and akaine pH (Thind and Madan, 1979).
Thus the ability to grow in a wide range of pH indicates the adaptability of the organism to
different environments including detritus-rich mangroves. The present isolate grows in the
pH range between 2.0 to pH 11.0. It secretes polygaacturonase (EC 3.2.1.15) at acidic pH
5.0 and pectate lyase (EC 4.2.2.2) a pH 8.0.

Maximum polygalacturonase and pectate lyase was produced in submerged culture
in the presence of 1% pectin and 0.2% glucose a pH 5 or pH 8 espectively. Increasng
concentration of glucose above 1% repressed the production of polygaacturonase whereas
pectate lyase production was not repressed. This suggested that polygdacturonase was an
inducible enzyme and pectate lyase was produced conditutively. Consdering that glucose-
grown cdls did not produce polygaacturonases it is possble that the end product triggered
the induction of the enzyme. Collmer et al. (1982) suggested that degradation product of
pectin triggered pectate lyase in Erwinia chrysanthemi.

There is a dgnificant effect of pH on intracdlular synthess of both enzymes.
ELISA based studies showed that although both proteins are produced by pectin grown cell
a al pH, the quantity of intracdlular synthess varied from 5.2 ng to 6.2 ng a pH 2, 10, 11
and to a high vaue of 22.7 ng at pH 5 in the case of polygalacturonase, and 3.2 ng to 6.7

ng a pH 2, 10 and 11 and to a high vaue of 24.5 ng a pH 8 in case of pectate lyase. The
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increase in intracdlular synthess was reflected in extracdlular  secretion.  Immunogold
labdling showed that a optimum pH the labd is concentrated a the membrane in both
cases. These data suggest that enzymes are excreted as fast as they are produced. At non
physologicad pH there may be changes in the cdl membrane which prevent transfer of
mono or di-gdacturonides into the cdl acting as triggers to synthesis of enzymes with the
consequence that enzyme production is affected. At non-physologicd pH both proteins
underwent changes in secondary dructure resulting in loss of activity dthough antigenicity
of the protein was maintained.

The amount of pectinase produced aso depended on the type of fermentation
(Pereira et al., 1993). In solid-gate fermentation the present isolate produced three times
more polygaacturonase activity as compared with submerged culture. Titration with
antibodies showed that two forms of polygdacturonase and a single form of pectate lyase
were produced by the isolate in solid-sate fermentation. Therefore on complex substrates
such as wheat bran the organism expressed more than one polygaacturonase gene. It is not
known whether these two forms of polygdacturonase are products of a single gene or two
different genes. Caprari et al. (1993) showed that four gpparent forms of polygalacturonase
produced by their drain of F. moniliforme were actudly a sngle gene product with
different glycosylation by post-trandational modifications.

When inoculated with the present isolate hedthy tomato (ycopersicon esculentum)
and calliflower (Brassica oleracea botrytis) plants grown under fied conditions showed
ydlowing and crinkling of leaves after 8 to 10 days In the last stage of infection growth
was arested. At this stage root tips and hypocotyls showed decay and cortica tissue
doughed off. These symptoms are typica of vascular wilt.

Fusarium sp. are well-known plant-pathogens and they cause vascular wilt in host
plants. Zucker and Hankin (1970), Perley and Page (1971) and De Lorenzo et al. (1987)
have reported that phytopathogenic organisms are known to produce one or more pectic
enzymes. The present isolate apparently belongs to the group of Fusaria which are plant
pathogens. These data confirm the hypothess that this species has adapted to the

environment from which it was isolated, and is not in itself a new form of the species.

153



Transverse  sections of infected hypocotyls of both plants showed that
polygaacturonase and pectate lyase are locdized a the epidermd as wdl as vascular
region of the section. It suggests that after infection of the plants, the present isolate
secretes polyga acturonase and pectate lyase at these two regions of the plant tissue.

The present isolate produced larger amount of polygalacturonase in tomato tissues
than cauliflower whereas pectate lyase production was enhanced in cauliflower plant,
suggesting tha acidic environment of the tomato cel sap influenced the secretion of
polygdacturonase in tomao tissue rather than pectate lyase. The dkdine environment of
cauliflower cdl sgp increased pectate lyase secretion as compared to  polygalacturonase .
These results duplicate behavior of the organism in submerged culture.

Pectate lyase from F. moniliforme NCIM 1276 was characterized by Rao et al.
(1996A). In the present work a sngle endo-polygdacturonase (poly [14 -a-D
galacturonide ] glycanohydrolase EC 3.2.1.15) produced by the same isolate a pH 5 in
submerged medium was purified. The enzyme had a molecular mass of 38 kDa and pl of
8.1. This enzyme showed higher &ffinity towards polygaacturonic acid than reported SO
far. The present enzyme showed two K, vaues of 5.7 and 4.3 suggesting that higtidine and
caboxylate resdues are important for the activity of enzyme. Chemicad modification
sudies on endo-polygaacturonase showed the involvement of a histidine, carboxylate and
aginine resdue in cadyss and a tryptophan resdue in subdraie binding. Rexova-
Benkova (1970 and 1990) and Cooke et al. (1976) have shown earlier that histidine and
carboxylate resdues are essentid for activity of endo-polygdacturonase produced by A.
niger.

A dngle tryptophan residue was involved in the binding of subsrate. Fluorescence
data showed that tryptophan was in an eectropostive microenvironment. Tryptophan has
been shown to be involved in substrate binding in other polysaccharidases such as 1,4 b-
glucanase (Ozaki and Ito, 1991), exo-(1,3)-b-D-glucanase (Ohio & d;1989) and xylanase
(Keskar et al., 1989).

An arginine resdue was involved in the active Ste d polygadacturonase which may
be involved in catdyss or extending binding of the subgrate. This is a first report about the

involvement of an arginine resdue a or near to the active Ste of the enzyme.
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N-termind sequence of 20 amino acids did not natch with the N-termina sequence
of any reported polygdacturonases in the SWISS- PROT data base. Studying the
polygaacturonases produced by Aspergillus species Stratilova et al. (1993) reported that
the amino acid sequences of the enzymes showed 72 to 75 % difference among the
proteins and 61 to 71 % difference was observed between polygdacturonases from
Erwinia, Lycopersicon esculentum (tomato) and Prunus persica (peach). Thus the fact that
the present Fusarium protein did not show N-termina sequence homology with reported
proteinsis not surprising.

Although the present isolate produced two pectinases a different pH Fusarium sp.
are well known toxin producer. In order to produce food-grade enzymes from these
organisms, overexpressng recombinants ae required to be produced. Both
polygaacturonase and pectate lyase ae good candidates for this future technology
development. One important aspect about this isolate is that it tolerates a high sdinity. At
02 M st 93% of polygdacturonase activity is produced compared to growth on didtilled
water medium (Chapter I and Pege 42) and pectate lyase production is smilarly
unaffected under these conditions.

This appears to be a first report of a Fusarium adapted to the marine ecosystem. In
fact, in the Indian coasta context, the genus has been reported (D’ souza and Araujo, 1979)
only once before from the Mumba  region from where the organism was isolated, and has
not been included in species lists from Karnataka state or the Sunderban mangroves of the
Ganga- Brahmaputra ddta (Chinnarg, 1994). Compared to other coastal mangroves the
Mumba mangroves are highly degraded ecosystems. It is possble that regular cutting for
firevood and other interference by man has encouraged Fusarium to spread into the

mangrove from near-by agriculturd fieds.

155



References

Acuna-Argudles, M.E., Gutiere~Rojas. M., ViniegraGonzdez, G. and Favda-Torres, E.
(1995) App. Microbiol. Biotechnal. 43, 808-814.

Aguilar, G. and Huitron, C. (1987) Enzym. Microbial. Technol. 9, 690-696.

Albersheim, P., Neukon, H. and Deudl, H. (1960) Arch. Biochem. Biophy. 90, 46-51.

Alkorta, I., Gabisu, C., Llama, M.J. and Sera, J. L. (1998) Process Biochem. 33, 21-28.
Anderson, JB., Kohn, L.M. and Ledie, JF. (1992) In Fungal Community: Its Organization
and Its Role in the Ecosystem.(Caroll, G.C. and Wicklow, D.T. ed) Marcel Dekker Inc.
N.York, pp. 749-782.

Armand, S., Wagemaker, M.JM., SanchezTorres, P., Kester, H.C.M., van Santen, Y.,
Dijkstra, B.W., Visser, J. and Benen, JA.E. (2000) J. Biol. Chem. 275, 691-696.

Artes, P.S. and Tena, M. (1990) Physiol. Mal. Plant. Pathol. 37, 107-124.

Atdlah, M.T. and Nagdl, CW. (1977) J. Food Biochem. 1, 185.

Babu, K.R. and Satyanarayana, T. (1995) Process Biochem. 30, 305-309.

Bacon, C.W. and Hinton, D. M. (1996) Can. J. Bot. 74, 1195-1202.

Bagley, S.T. and Starr, M.P. (1979) Curr. Microbiol. 2, 381-386.

Bailey, M.J. (1990). Enz. Microb. Tech. 12, 622-624.

Badwin, E.A. and Pressey, R. (1989) Plant Physiol. 90, 191-196.

Barash, |. (1968) Phytopathol. 58, 1364.

Barash, |. and Eyal, Z. (1970) Phytopathol. 60, 27.

Barnby, F. M., Morpeth, F.F. and Pyle, D.L. (1990) Enz. Microb. Tech. 12, 891-897.
Bateman, D.F. (1966) Phytopathology. 56, 238-244

Bateman, D.F. and Basham, H.G. (1976) Degradation of plant cell wal and membranes by
microbid enzymes, in Encyclopedia of plant pathology, New Series, Vol 4. Physiologica

Plant Pathology (R. Heitesuss, and P.H. Willians, eds) pp 316-355. Springer-Verlag New
York.

156



Benen, JA.E., Kester, H.C.M. and Visser, J. (1999) Eur. J. Biochem. 259, 577-585.
Bernfeld, P. (1955) Methods Enzymol. 1, 149-158.
Bray, M. R. and Clarke, A. J. (1990) Biochem. J. 270, 91-96.

Bochkov, A.F. and Zaikov, G.E. (1979) In Chemistry of the O-Glycoside Bond Formation
and Cleavage, Pergamon Press, Oxford, pp. 177-201.

Buisson, G., Duee, E., Haser, R. and Payan, F. (1987) EMBO J. 6, 3909-3916.

Caprari, C., Bergmann, C., Mighdli, Q., Savi, G., Albersheim, P., Davill, A., Cervone, F.
and De Lorenzo, G. (1993) Physiol. and Mal. Plant Pathol. 43, 453-461.

Caprari, C., Mattei, B., Basle, M.L., Sdvi, G., Crescenzi, V., De Lorenzo, G .and Cervone,
F. (1996) Mol. Plant-Microb Intrac. 9, 617-624.

Cavdlini, D., Graziani, M.T. and Dupre, S. (1966) Nature 212, 294-295.
Cervone, F., De Lorenzo, G., Degra, L. and Salvi G. (1987) Plant Physiol. 85, 626- 630.

Cervone, F., Scda, A., Foresto, M., Cacace, M.G. and Noviedlo, C. (1977) Biochem.
Biophys. Acta. 482, 379-385.

Chatterjee, A. K., Buchanan, G. E., Béehrens, M.K. and Srarr, M.P. (1979) Can. J.
Microbiol. 25, 94-102.

Chesson, A. and Codner, R.C. (1978) J. Appl. Bacteriol. 44, 347.
Chinnathambi, S., Bodhe, A. M. and Lachke, A.H. (1994) Biotechnol. Tech. 8, 681-682.

China Rg S. (1994) Conservation of Mangrove Forest Genetic Resources. A Traning
Manua Ed. Desmukh SV. and Bdgi V. CRSARD.

Chipman, D. M. and Sharon, N. (1969) Science 165, 454-465.

Cho, S. W, Lee, S. and Shin, W. (2001) J. Mal. Biol. 311, 863-878.

Clausen, C.A. and Green, F. (1996) Appl. Microb. Biotech. 45, 750-754.
Collmer, A. and Keen, N.T. (1986) Annu. Rev. Phytopathol. 24, 383-409.
Callmer, A., Reid, J. L. and Mount, M.S.(1988) Methods Enzymol. 161, 329-335.

Collmer, A., Whaen, CH., Beer, SV. and Bateman D.F. (1982) J. Bacteriol. 149, 626-
634.

157



Cooke, R.D., Ferber, EM. and Kanagasabapathy, L. (1976) Biochem. Biophys. Acta. 452,
440-451.

Cooper, R.M. Rankin, B. and Wood, R.K.S. (1978) Physiol. Plant Pathol. 13, 101-134.
Crawford, M.S. and Kolattukudy, P.E. (1987) Archives. Biochem. Biophys. 258, 196-205.
Crib, A.B. and Crib, JW. (1960) Pep. Univ. Queensand Dept. Bot. 4, 45.

de Varies, J, Voragen, A.G.J,, Rombouts, F.M. and Rilnik, W. (1986) Structural studies of
apple pectins with pectolytic enzyme: In Fisheman and JJ. Jen (Eds) ACS Symposium
series, American Chem. Soc., Washington DC.,, 310, 38-48.

Dean, RA. and Timberlake, W.E. (1989) The Plant Cell. 1, 265-273.

Deepa, M. C. and Balasubramanian, K. (1986) Phytochem. 25, 2439-2443.

De Lorenzo, G., Savi, G, Degra, L., D’ Ovidio, R. and Cervone, F. (1987) J. Gen.
Microbiol. 133, 3365-3373.

Devi, N.A. and AppuRao, A.G. (1996) Enzy. Microb. Tech. 18, 59-65.
Devi, N. A. and AppuRao, A.G. (1998) Biochem. Mal. Biol. Intren. 44, 79-87.

Doesburg, JJ. (1965) Pectic Substances in Fresh and Preserved Fruits and Vegetables.
IBVT Communication No. 25 Wageningen The Netherlands.

D’souza, J. and Araujo, A. (1979) Indian J. Marine Sciences. 8, 98-102.
Dunbar, B.S. and Schwoebe, E.D. (1990) Methods in Enzymol. 182, 663-670.
English, P. D., Maglothin, A. and Keegstra, K. (1972) Plant Physiol. 49, 293-297.

Federici, L., Caprari, C., Mattei, B., Savino, C., Di Matteo, A., De Lorenzo, G., Cervone, F.
and Tsernoglou, D. (2001) Pro. Natio. Acad. Scien USA 98, 13425-13430.

Fielding, A.H. (1981) J. Gen. Microbiol. 123, 377-381.

Fogarty, W. M. and Kely, C. T. (1983) In Microbial enzymes and Biotechnology, Fogarty,
W. M. ed., Appl. Science Publishers, pp. 131-182.

Friedric, J., Cimerman, A., and Steiner, W. (1989) Appl. Microbiol. Bitechnol. 31, 490-494.

Garnvors, A., Nedjaoum, N., Gognies, S., Muzart, M., Nedjma, M. and Belarbi, A. (2000)
FEMSMicrobiol.lett. 183, 131-135.

Gite, S, Reddy, G. and Shankar V. (1992) Biochem. J. 288, 571-576.

158



Goldman, M. (1968) In Fluorescent Antibody Methods. Academic Press. New York 97.
Habeeb, A. F. S. A. (1972) Methods Enzymol. 25, 457-464.

Habeeb, A. F. S. A. (1966) Anal. Biochem. 14, 328-336.

Helene, A., Beaumont, A. and Roques, B.P. (1991) Eur. J. Biochem. 196, 385-393.
Henrissat, B. (1991) Biochem. J. 280, 309-316.

Henrissat, B. and Bairoch, A. (1993) Biochem. J. 293, 761-788.

Henrissat, B., Clagyssens, M., Tomme, P., Lamede, L. and Mornan, J.D. (1989) Gene. 81,
83-95.

Horton, H.R. and Koshland, Jr., D. E. (1965) J. Amer. Che. Socie. 87, 1126-1133.

Hyde, K.D. (1989) Can. J. of Botany 67, 3078-3082.

Ishii, S., and Y okotsuka, T. (1972) Agric. Biol. Chem. 36, 146-153.

Jeffcoat, R. and Kirkwood, S. (1987) J. Biol. Chem. 262, 1088-1091.

Joyce, A.M. and Fogarty, W.M. (1975) Proceeding of the Socie. of Gen. Microbial. 2, 78.
Kai, A. and Okada, T, (1969) Archives of Biochem. and Biophys. 131,203-209.
Kamimiya, S. Itoh, Y., 1zaki, K. and Takahashi, H. (1977) Agric. Biol. Chem. 41, 975-981.
Karbass, A. and Vaughn, R.H. (1980) Can. J. Microbiol. 26, 377-384.

Karr J, A.L. and Albersheim, P. (1970) Plant Physiol. 46, 69-80.

Kawano, C.Y., Chellegatti, M.A., Said, S. and Fonseca, M.J. (1999) Biotech. Appl.
Biochem. 29, 133-140.

Keen, N.T. and Horton, J.C. (1966) Can. J. of Microbiol. 12, 443-453,
Keemu, M.S. and Collmer, A. (1993) Appl. Environ. Microbiol. 59, 1756-1761.

Kertesz, Z. 1.(1951) The pectic substances. Interscience Publishing, New York.

Keskar, S.S., Srinivasan, M.C. and Deshpande, V.V. (1989) Biochem. J. 261, 49-55.

Kester, H.C.M. and Visser, J. (1990) Biotechnol. Appl. Biochem. 12, 150-160.

159



Kumar, S.S. and Paanivelu, P. (1999) Word J. Microbiol .Biotech. 15, 643-646.

Kumari, H.L. and Sird, M. (1971) J. Gen. Microbial. 65, 285-290.

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

Led, J. A. and Villanueva, J. R.(1962) Nature 195, 1328-1329.

Le Gendre, N., Mansfield, A. and Weliss, P.M. (1993) Chapter. 3, In a Practical Guide to
Protein and Peptide Purification for Microsequencing (Matsudaira, P.ed.) Academic Press,
New Y ork.

Le, SP, Lin, H.C., Heffernan, L. and Wilcox, G. (1985) J. Bacteriol. 164, 831-835.
Leuchtenberger, A. and Meyer, G. (1992) Enz. Microb. Tech. 14, 18-22.

Levy, H. M. Leber, P.D. and Ryan, E. M. (1963) J. Biol. Chem. 238, 3654-3659.

Linnhardt, R. J,, Gdlliher, P. M. and Cooney, C.L. (1986) Appl. Biochem. Biotechnol. 12,
135-176.

Liu, L. Y., Wang, H.M. and Liu, JL. (1994) Chin. Chem. Lett. 5, 315-316.

Lonsane, B.K., Ghildyd, N.P., Budiatman, S. and Ramakrishana, S\V. (1985) Enzyme.
Microbiol. Technal. 7, 258-265.

Lowry, O.H., Rosebrough, N. J, Far A. L. and Randal R. J. (1951) J. Biol. Chem. 193,
265-275.

Maiti, 1.B. and Kolattukudy, P.E. (1979) Science 205, 507-508.

Madonado, M.C. Strasser de Saad, A.M. and Callieri, D. (1989) Curr. Microbiol. 18, 303-
306.

Maldonado, M.C., and Strasser de Saad, A.M. (1998) J. Ind. Microbiol. Biotechnol. 20, 34-
38.

Manachini, P.L., Fortina, M.G. and Perini, C. (1987) Biotech. Letts 9, 219-224.

Martinez, M.J,, Alconada, M.T., Guillen, F., Vazquez, C. and Reyes F.(1991) FEMS Lett.
81, 145-149.

Matsuura, Y ., Kusunoki, M., Haradu, W. and Kakudo, M. (1984) J. Biochem. 95, 697-702.

Miles, EW. (1977) Methods in Enzymol. 43, 431-442.

160



Mill, R.J. and Tuttobello, R. (1961) Biochem. J. 79, 57-64.
Miller, G.L. (1959) Anal. Chem. 31, 426-428.

Miyazaki, Y. (1991) Agirc. Biol. Chem. 55, 25-30.

Morosoli, R., Roy, C. and Y aguchi, M (1986) Biochim. Biophys. Acta. 870, 473.

Nagel, C.W. Wilson, T.M. (1970) Applied Microbiology, 20, 374-383.

Nasuno, S. and Starr, M. P. (1966) J. Biol. Chem. 241, 5298-5306.

Nelson, N. (1944) J. Biol. Che. 153, 375-380.

Nir, Y., llana K., Amas, D. and Dov, P. (2000) Appli. Environ. Microbiol. 66, 1026-1030.
Nyiri, L. (1968) Process. Biochem. 3, 27.

Ohio, N., Novo, I. and Yadomae, T. (1989) Car. Res. 194, 261-171.

Okada, G., Takayanagi, T, and Miyahara, S. (1988) Agric. Biol. Chem. 52, 829-836.
Ouchterlony, O. (1953) Acta. Path.Microbial. Scan. 32, 231.

Ovadi, J,, Libor, S. and Elodi, P. (1967) Acta Biochem. Biophys. (Budapest) 2, 455-458.
Ozaki, K. and Ito, S. (1991) J. Gen. Microbiol. 137, 41-48.

Periera, SS, Torres, EF.,, Gonzdez, GV. and Rojas, M.G. (1993) App. Microbial.
Biotechnol. 39, 36-41.

Perley, A.F. and Page, O.T. (1971) Can. J. Microbiol. 17, 415-420.

Perlmann, H. and Pelmann, P. (1994). EnzymeLinked Immunosorbent Assay. In: Cell
Biology: A Laboratory Handbook. San Diego, CA, Academic Press, Inc. 322-328.
Phaff, H.J. (1966) Methods in Enzymol. 8, 636.

Pho, D.B., Roustan , C., Tot, A. N. T. and Pradel, L. A. (1977) Biochemistry 16, 4533-
4537.

Pickersgill, R., Smith, D., Worboys, K. and Jenkins, J. (1998) J. Biol. Chem. 273, 24660-
24664.

Pickersgill, R., Jenkins, J., Harris, G., Nasser, W. and Robert-Baudouy, J. (1994) Nat. Strut.
Biol. 1, 717-723.

161



Pitkkanen, K., Hekinneimo, R. and Pitkkanen, R. (1992) Enzym. Microb. Technol. 14,
832-836.

Polizeli, M.T.M., Jorge, JA., and Terenzi, H.F. (1991) J. Gen. Microbiol. 137, 1815-1823.
Rao, M. N., Kembhavi, A.A. and Pant, A. (1996) Biochem. Biophys. Acta. 1296, 167-173.

Rao, M. Nasmha (1996) Pectinases from Molds. Ther Production, Purification,
Characterizations and Applications. Ph.D. Thess University of Pune India

Rao, M.N., Kembhavi, A.A. and Pant A. (1996A) Biochem. J. 319, 159-164.

Reid, JL. and Collmer, A. (1986) Appl. Environ. Microbiol. 52, 305-310.
Rexova-Benkovo, L. and Sezarik, A. (1970) Coll. Czech. Chem. Commun. 35, 1255-1260.
Rexova-Benkova, L.(1973) Eur. J. Biochem. 39, 109-115.

Rexova-Benkova, L. (1990) Coll. Czech. Chem. Commun. 55, 1389-1385.

Rexova-Benkova, L. and Marcovic, O. (1976) In Advances in Carbohydrate Chemistry and
Biochemistry 33, (R.S. Tipson and D. Horton eds) Acadamic Press, New Y ork, p. 323-385.

Rexova-Benkova, L. and Mrackova, M. (1978) Biochem. Biophys.Acta. 523, 162-169.
Riordan, J.F. (1979) Mol. and Céellular Biochem. 26, 71-92.

Riordan, JF. and Vdlee, B.L. (1972) Methods Enzymol. 25, 500-515.

Riou, C., Freyssnet, G. and Fevre, M. (1992) Appl. Environ. Microbiol. 58, 578-583.
Riou, C., Freyssinet, G. and Fevre, M. (1991) Appl. Environ. Microbiol. 57, 1478-1434.
Rodriguez-Palenzela, P., Burr, T.J. and Collmer, A. (1991) J. Bacteriol. 173, 6547-6552.
Rombouts, F.M., Spaansen, C.H. Visser, J. and Pilnik, W. (1978) J. Food Biochem. 2, 1.

Rombouts, F. M. and Rilnik, W.(1980) In Microbial Enzymes and Bioconversion 5, ed
Rose, A. H., Academic Press London. pp. 227-282.

Sakai, T. and Takaoka, A. (1985) Agric. Biol. Chem. 49, 449-458.
Sanders, D., Hopgood, M. and Jennings, I.R. (1989) J. Membra. Biol. 108, 253-261.

Sato, M. and Kgji, A. (1980) Agric. Biol. Chem. 44, 1345-1349.

162



Sairam, M. R. and Porath, J. (1974) Biochem. Biophy. Res. Commun. 61, 355-359.

Schwan, R. F., Cooper, RM. and Wheds, A.E. (1997) Enzym. Microbial. Technol. 21,
234-244.

Selwood, T. and Sinnott, M. L. (1990) Biochem J. 268, 317-324.

Shinmyo, A., Davis, 1.K., Namoto, F., Tahara, T. and Enatsu, T. (1978) Eur. J. Appl.
Microbial. 5, 59-68.

Shaykh, M., Soliday, C. and Kolattukudy, P.E. (1977) Plant Physiol. 60, 170-172.
Siessere, V. and Said, S. (1989) Biotech. Lett. 11, 343-344.

Sinnott, D.E. (1990) Chem. Rev. 90, 1171-1202.

Somogyi, M. (1945) J. Biol. Chem. 160, 61-73.

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

Steinbach, L. and Becker, E. 1.(1954) J. Amer. Che. Soc. 76, 5808-5809.

Stern, O. and Volmer, M.Z. (1919) Physik. 20, 183.

Strand, L.L., Corden, M.E. and MacDonad, D.L. (1976) Biochem. Biophys. Acta. 429,
870-883.

Stratilova, E., Dzurova, M., Markovic, O. and Jornvall, H. (1996) FEBS Lett. 382, 164-166.

Stratilova, E., Markovic, O., Skrovinova, D., Rexova- Benkova L. and Jornvall, H. (1993)
J. Protein Chem. 12, 15-22.

Sreerama, N. and Woody, R. M. (1993) Anal. Biochem. 209, 32-44.
Takahashi, K. (1968) J. Biol. Chem. 243, 6171-6179.

Takasawa, T., Sagisska, K., Yagi, K., Uchiyama, K., Aoki, A. Takaoka, K. and
Yamamato, K. (1997) Can. J. Microbiol. 43, 417-424.

Tekenana, H., Shibuya, T., Nakagawa, H. and Ogura. N. (1977) Technical Bulletin of the
Faculty of Horticulture, Chiba University 25, 29.

Takeuchi, Y., Kishimoto, U., Ohkawa,T. and Kami-lke, N. (1985) J. Membra. Biol. 86, 17-
26.

163



Tanabe, H. and Kamishima, H. (1988) Agric. Biol. Chem. 58, 611-612.

Thind, K.S. and Madan, M. (1979) I. J. Bot. Soc. 58, 225-229.

Tobias, R., Conway, W. and Sams, C. (1993) Biochem. Mal. Bial. Int. 30, 829-837.
Towbin, H. and Gordon, J. (1984) J. Immunol. Meth. 72, 313-340.

Tuttobello, R. and Mill, P.J. (1961) Biochem. J. 79, 51-57.

Umerzuride, G. M. (1981) Biochem. J. 199, 203-209.

Urbanek, H. and Zelewska Sobczak. J. ( 1975) Biochem. Biophys. Acta. 377, 402-409.

van Santen Y., Benen, JA.E., Schroter, K. H., Kak, K.H., Armand, S, Viss, J and
Dijkstra B. (1999) J. Biol. Chem. 274, 30474-30480.

Versgeeg, C., Rombouts, F.M. and PFilnik, W. (1978) Lebensmittel-Wissenschaft und
Technologie, 11, 267.

Voragen, A.G.J, Schols, H.A., Silihg, H. A. |. and Pilnik, W. (1986) Enzymatic lyss of
pectic subgtances in the cdl wadl: Some implication in fruit juice technology. In M. L.
Fisherman and J. J. Jen (eds) Chemistry and function of pectin. American Chemicad Society
Washington DC, pp 230-247.

Voragen, A.G.J. (1989) Food enzymes. Prospects and limitation. In J. P. Roozen, F. M.
Rombouts and A. G. J. Voragen (eds) Food Science : basic research for technologicd
progress. Proceeding of the symposum in honor of professor W. Filnik Pudoc
Wageningen, pp 59-81.

Waksman, G., Turner, G. and Wamdey, A.R. (1992) Biochem. J. 285, 551-556.

Waksman. G., Keon, J.P.R. and Turner, G (1991) Biochem. Biophys. Acta. 1073, 43-48.
Wang, M.C. and Keen, N.T. (1970) Arch. Biochem. Biophys. 141, 749-757.

Wang, Q., Graham, RW., Trimbur, D., Warren, RA.J. and Withers, S.G. (1994) J. Amer.
Che. Soc. 116, 11594-11595.

Whitaker, J.R.(1984) Enzym. Microb. Technal. 6, 341-349.

Whites. P. R. (1943) A Handbook of Plant Tissue Culture Jacque Cattell Press, Inc, Tempe,
Ariz.

Wubben, J.P., Mulder, W., ten Have, A., van Kan, J. A. L. and Visser, J. (1999) Appli.
Environ. Microbiol. 65, 1596-1602.

164



Wubben, J. P, ten Have, A., van Kan, JA. and Visser, J. (2000) Curr. Genet. 37, 152-157.
Yamasaki, R. B., Shimer, D. A. and Feeney, R. E. (1981) Anal. Biochem. 111, 220-226.
Yetes, R.E., Bacon, C.W. and Hinton, D.M. (1997) Plant Disease 81, 723-728.

Yodder, M.D., Keen, N.T., Visser, J. and Jurnak F. (1993) Science 260, 1503-1507.
Zheng, L., Heupd, R.C. and Déellapenna, D. (1992) The Plant Cell. 4, 1147-1156.

Zucker, M. and Hankin, L. (1970) J. Bacteriol. 104, 13-18.

165



Publications & Presentation:

1) Niture, S. K., Pant, A. & Ameeta R. Kumar (2001) Active Ste characterization of the
sngle endo-polygalacturonase produced by Fusarium moniliforme NCIM 1276, European
Journal Biochemistry. 268, 832-840.

2) Niture, S. K. & Pant A. The role of pH in polygaacturonase and pectate lyase
production by Fusarium moniliforme NCIM 1276 (manuscript under preparation).

3) Niture S. K & Pant A. (2001) Extracdlular production of pectinases from Fusarium
moniliforme NCIM 1276, 27" medting of mycologicd society of India & Internationd
symposum on frontiers of fungd diversty and diseases in south east Asa Gorakhpur
(U.P) India

166



