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ABSTRACT

In the quest for renewable liquid fuels and chemical
feedstocks, planlt: biomass represenlt: an allractive resource
for bioconversion of carbohydrates. Major emphasis has
been given to the wunderstanding of the cellulase enzyme
systems of diverse microorganisms while relatively less
is known about xylanases and their composition.

Xylan 1is a major component of the hemicellulose in
the majority of tropical plant biomass and hence a study
of xylanolytic enzymes can play an important role in develop-
ing meaningful bioconversion processes with technical as
well as economic feasibilities. Xylanases (EC 3.2.1.8)
catalyse the random hydrolysis of xylosidic bonds in xylan
and related xXylo-oligosaccharides. In vie;ftheir potential
applications in paper and pulp industries in the preparation
of dissolving pulps with low hemicellulose content, microbial
xylanases have become increasingly the focus of attention
in recent years.

Xylanases have been described from diverse microorgani-
sms . Among the prokaryotes, the information on actinomycelte

xylanase is largely derived from Streotomyces sp. and bacte-

rial xylan&?s have been particularly characterized from
Bacillus sp. Stable enzymes active at high temperatures
are favourable for increasing reaction rates and possibly
also for reducing the contamination problems. Microbial
xylanases which are not associated with cellulase activity

are desirable since the enzyme applied in the crude state



would act on xylan without affecting cellulose pulp.
The present investigation relates to Lhe sttudy of a

cellulase free xylanase from a thermotolerant Streptomyces

strain T7 and includes the following aspects:

1. Strain isolation through selective enrichment culture.

2. Optimization of fermentation parameters in shake flasks
for high xylanase activity and productivity.

3. Purification and characterization of the xylanase.

4. Chemical modification of xylanase and isolation of a
re%@ive cysteinyl peptide.

From humus rich soil collected at Nandesari (Near Baroda
an actinomycete strain was isolated by 'plating oul soil

sample on a medium containing wheat bran (5%) and yeast

extractt (1%). The isolate identified as StreplLomyces T,
grew in the temperature range of 37 - 50°C indicating that
it is a thermotolerant strain. The production of xylanase

was maximum (70 U/ml) at 50°C after 72 h of cultivation
in a medium containing 5% wheat bran as a carbon source.
Various parameters for xylanase production were studied.
The results indicated that xylanase production was oplimum
at pH 7.0 and at 5% wheat bran concentration. Among the
different nitrogen sources tested the strain utilized diammo-
nium hydrogen phosphate, sodium nitrate and ammonium sulphate

The Streptomyces produced xylanase only in the presence

of xylan or xylan containing natural materials, such as
wheat bran, rice straw etc.

The xylanase was purified by ethanol precipitation,
DEAE-cellulose ion exchange chromatography and gel filtration

on Sephadex G-50. Streptomyces T7 contained a single protein

~



component and was purified 41-fold compared to culture fil-
trate. The purified enzyme showed a single band on gel
electrophoresis at pH 4.3.

The molecular weight of purified xylanase deltermined
by SDS gel electrophoresis, by gel filtration on Sephadex
G-50 and Bio-Gel P-10 was found Lo be approximately 20,500.
The pH and temperature optima for xylanase activity were
4.5 - 5.5 and 60°C, respectively. The enzyme was highly
stable and was found to retain total activity on incubation
at pH 5.0 for 6 days at 50°C and after 11 days at 37°C.
The Km and Vmax values as determined for soluble larch wood
xylan were 10 mg/ml and 7.6 x 103 amol/min/mg of enzyme,
respectively. The isoelectric point was found to be 7.8.
Enzyme was a glycoprotein and contained 33 mol of carbohydrate
per mol of protein estimated using glucose as standard.
Amino acid analysis indicated that the enzyme was rich in
glutamic acid and histidine. It also contained substantial
amounts of aspartic acid and glycine. DTNB and PHMB titrations
showed the presence of 3 mol of -SH per mol of enzyme.

-6
Enzyme acltivity was completely inhibited by ng* (2 x 10 M)

and Ag' (10 x 10—6M). The enzyme degraded xylan producing
xylobiose, xylo-oligosaccharides and a small amounlt of xXylose
as the end products, indicating that it is an endo-xylanase.
Ef fectt of various chemical modifiers on xylanase activity
was investigated. Complete inhibition by N-bromosuccinimide
(NBS) (1 mM), 2-hydroxy-5-nitrobenzyl bromide (HNBB) (10
mM) and p-hydroxymercuribenzoate (PHMB) (1 mM) indicated

that tryptophan and cysteine were modified. Plots of perce-

ntage residual activity as a function of time at various



concentrations of NBS, HNBB and PHMB indicated Uthat the
inactivation process exhibited pseudo-first-order kinetics
with respect to time at any fixed concentration of the inhi-
bitor. Kinetic analysis indicated that the loss of enzyme
activity resulted from reaction of only one tryptophan or
cysteine residue per molecule of enzyme. Titration with
NBS indicated that for complete inactivation of enzyme 3.6
mol of NBS were required per mol of enzyme. The number
of tryptophan residues oxidized per mol of enzyme were found
to be 2.2. Protection against inactivation by substrate
indicated the presence of these residues at a substrate
binding site. Reactivation by cysteine supported the evidence
that cysteine is involved in catalysis.

N-Ethylmaleimide is a potent. modifier for cysteine.
Substituted maleimides have proven useful in locating the
active site peptide, since they introduce a chromogenic
substituent in the protein. The coloured derivative N+2,64-
dinitroanilino)-malemide was synthesized and used for visu-
alizing and separating the peptides containing cysteine
after treatment of protein with the derivative and then
digestion with pepsin.

When the mixture of peptides was resolved by high voltage
electrophoresis followed by paper chromatography, three
coloured peptides were obtained. To discover Lthe position
of the active peptide out of these three yellow peptides
a similar experiment was carried out in the presence of
xylan which protected the reactive cysteine and appeared
colourless in the peptide mapping. The active site peptide

was isolated and analyzed qualitatively for its amino acid



content. The peptide was composed of six amino acids:
Aspartic acid; Glycine; Alanine; Tyrosine/valine; Isoleucine/
phenylalanine and DAM-cysteine.

The results based on studies on the xylanase has been

published in Biochemical Journal, 261, 49-55 (1989).



CHAPTER 1

GENERAL INTRODUCTION



GENERAL INTRODUCTION

Hemicelluloses constitute a group of polysaccharides
that are found widespread 1in association with cellulose
in naturally occurring lignocellulosic plant materials
to the extent of 40 - 45% [1]. It is estimated that 172
+ 74 x 109 metric tonnes of gaseous carbon is fixed by
plants every year through photosynthesis and almost half
of it is present in the form of hemicellulose [2]. Energy
requirements in the post-fossil fuel era are increasingly
expected to be met through bioconversion of renewable car-
bohydrates including cellulose and hemicellulose [3].
Increased interest in the exploitation of plant biomass
has provided an impetus for research on bioconversion of
lignocellulose. Flickinger [4] has stated that pentoses
derived from hemicelluloses could be an economical source
of carbohydrates for «conversion to 1liquid fuels through
microbial fermentation. Sufficient attention has not been
given .so far for the commercial exploitation of hemicellu-
lose 1in comparison with the other plant polysaccharides
viz. cellulose and starch.

Crop residues such as cereal straws,sugarcane bagasse
and forestry wastes etc. represent potential hemicellulose
rich natural substrates which are available in abundance
for bioconversion. Hemicellulose content of diverse plant
biomass substrates varies with the source. Table 1.1 summa-
rises the composition of some representative agricultural

residues.



Table 1.1: Composition of agricultural residues [3,5]

Type of Cellulose Hemicellulose Lignin

material (%) (%) (%)
Bagasse 45 - 55 25 - 27 19 - 21
Rice straw 32 - 53 21 - 24 12 - 25
Wheat straw 35 - 40 20 - 25 15 - 20
Rice husk 35 - 45 25 - 28 15 - 20
Jute stick 41 - 58 19 - 22 21 - 25

Corn stover

35 - 40 10 - 20 15 - 20
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The name hemicellulose was proposed by Schulze [6]
in 1891 to designate those polysaccharides extractable
from plants by aqueous alkali. Hemicelluloses are usually
extracted from plant tissue after removal of 1lipid and
lignin. Removal of 1lignin exposes the hemicellulose for
easy dissolution in alkali and permits isolation of pure
hemicellulose. Although some hemicelluloses are water
soluble after isolation, they are generally not water extra-
ctable from plants prior to delignification and sometimes
not until after the use of strong swelling agents such
as alkali or methyl sulfoxide [7]. Various concentrations
of alkali from 2 - 18% may be used but 10% is commonly
used. When the extracts are neutralised, the fraction
that precipitates is called hemicellulose A which is mainly
composed of L-arabino-D-xylans with some D-glucuronic acid
residues. Hemicellulose B usually contains higher proport-
ion of uronic acid than hemicellulose A [8].

The hemicellulose component of biomass 1is composed

of alkali soluble, linear branched heteropolymers of D-
xylose, L-arabinose, D-mannose, D-glucose, D-galactose
and D-glucuronic acid. The type of hemicelluloses are

often classified according to the sugar residues péesent.
Commonly occurring heteroglycans are L-arabino-D-xylan,
L-arabino-D-glucurono-D-xylan, 4-0O-methyl-D-glucurono-D-
xylan, L-arabino-(4-=C-methyl-D-glucurono)-D-xylan, D-gluco-
D-mannan, D-galacto-D-glucurono-D-mannan and L-arabino-
D-galactan ([9]). L-Arabinans are often associated with the
pectic materials but wusually are considered to be hemi-

celluloses [10]. The heteroxylans constitute the major



hemicellulosic component of the Gramineae (grasses and
cereals) and angiosperms (hard woods) while B-D-mannans
are more abundant in gymnosperms (so ft woods). Table 1.2
gives the composition of hemicelluloses in some of the

crop residues.

Hemicelluloses from hard woods have an average degree

of polymerisation of 150 - 200 while hemicelluloses from
other sources have a degree of polymerisation in the range
of 50 - 100 which is low enough to make molecular weight

measurement difficult [12,13].

The major «class of hemicellulose 1is xylans, which
are found in large quantities in annual plants and deciduous
trees and in smaller quantities in conifers. p-1-->4 xylans
are mainly found in secondary walls as the major component
of mature cell walls in woody tissues [14]. Xylan is the
major hemicellulose in wood from angiosperms but is less
abundant in wood from gymnosperms, it accounts for appro-
ximately 15 - 30% and 7 - 12% of the total weight, respect-
ively. The xylan content of corn residues varies from
about 17% in the 1leaves and stalks to 31% in the cobs,
but on the average it comprises about 24% of total dry
weight' of corn stover [9]. Table 1.3 summarises the xylan

content of some hard woods and soft woods.
Extraction of xylan

Among the major hemicelluloses of wood only the hard
wood xylans and the larch arabinogalactans can be isolated
in representative vyields without prior delignification.

Direct extraction of hard woods with agqueous alkali makes



Table 1.2: Hemicellulosic carbohydrate content of some common

crop residues [11]

Plant residues % of total sugars

Xylose Arabinose Glucose Mannose and
galactose

Corn

Cobs 65.1 9.6 25.3 -

Leaves 59.0 9.4 29.1 2.5
Stalks 70.5 9.0 14.5 5.9
Husks 53.5 12.3 32.6 1.6
Pith 71.5 9.8 15 .7 3.0
Fibers 63.8 6.6 26.8 2.8
Wheat straw 57.9 9.1 28.1 5.0
Soybean

Stalks and 59.9 6.6 6.1 27.4
leaves

Hulls 26.6 12.7 21.0 39.7

Sunflower

Stalks 60.6 2.2 32.6 4.6
Pith 10.7 11.8 63.5 14.0
Flax straw 64.6 12.8 1.2 21.4
Sweet clover 49.3 21.9 8.9 9.9
hays

Peanut hulls 46.3 5.0 46.6 2.1
Sugarcane 59.5 14.5 26.0 -

bagasse




Table 1.3: The carbohydrate composition of representative

woods [3,15]

Wood species Composition (% of extractive free wood)

Hard wood

Beech 47.5 17.5 0.5
White birch 44.7 24.6 0.5
Yellow birch 46.7 20.1 0.6
Red maple 46.6 173 0.5
Sweet gum 39.4 17:5 0.3
Mesta 35.0 15.0 ND

Subabul 30.0 20.0 ND

Soft wood

Balsam fir 46.8 4.8 0.5
Eastern hemlock 45.3 4.0 0.6
Jack pine 45.6 7.1 1.4
White pine 44.5 6.3 1%2
White spruce 46.5 6.8 1.6
Douglas fir 43.5 2.8 2.7

ND - Not determined.



it possible to obtain a de-O-acetylated xylan in yields
as high as 80 - 95%. This is a great advantage since all
delignifying agents cause more or less severe chemical and
physical modifications of wood polysaccharides and also
often lead to losses of carbohydrate material. Wood from
gymnosperms, unlike that from angiosperms,remains practically
unchanged on direct treatment with alkali. The reason for
this difference is attributable to the lower lignin content
of hard woods [16,17]. A highly delignified pulp, the so
called holocellulose was used for xylan isolation [9,18,19].
Numerous methods were suagested for the isolation of wood
holocellulose involving the use of chlorine ([20], chlorine
dioxide [21]) and p-roxyacetic acid [22]. Holocelluloses

can also be extracted with dimethyl sulfoxide [23]. Various
concentrations of alkali from 2 - 18% may be used but 10%
is usual. For exhaustive extraction 24% KOH was used [9].
The best procedure for isolating xylan from soft woods invo-
lves the use of barium hydroxide. When barium hydroxide
is added to an aqueous or alkaline solutions of hemicellulose
mixture the D-mannose containing polymers form a complex

and then are precipitated [24).
Properties of xylan

Xylans are characterised by the following properties:
1. Insolubility in water.
2. Solubility in 10% alkaline solutions.
3. Alkaline solutions of xylans show highly negative optical
rotation.

4. Do not reduce Fehling's solution.



Structural heterogeneity of xylans

Isolated PB-1—> 4 «xylans are generally polydispersed
(i.e. varying degree of polymerization) and highly branched

(with more than one type of substituent) heteropolymers.

The prefix "hetero" denotes the presence of sugars other
than D-xylose. The frequency and composition of branches
in isolated xylans are dependent on their source [25-27])
and the method of their isolation [9,14,18,28). Homoxylans,

which consist of «xylosyl residues exclusively have been
isolated from esparto grass [9] and tobacco [18). The acety-
lated xylan of hard woods and the arabinoxylan of soft woods
are the two major forms of xylan in wood [14]. Some maijor
structural features are summarized in Fig. 1.1.

Backbone of «xylan: The main chain of xylan is composed
of B-(1—=4) 1linked D-xylopyranose units. The presence
of B-(1--»4) linkage between two adjacent D-xylose residues
has been well established [9,29,30]. The B-linkage is confi-

rmed by indication of high levo rotation (%Jgo

ranging from
-78.2° - -109.5° of alkaline solutions of xylans [9]. Perio-
date oxidation confirms the presence of a B-(1-—>4) 1linkage
in xylan [29].

Nature. of side chains: The first investigation allowing

the assignment of a complete structure of wood xylan was

carried out by Aspinall and coworkers [31].

Hard wood: Xylans of several hard woods (angiosperms) are
acetylated. For example, xylan from Silver birch contains

more than 1 mol of acetic acid per 2 mol of D-xylose. Acety-
lation occurs more frequently at the 0-3 than the 0-2 posi-

tion. The presence of acetyl groups makes the xylan signifi-
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9
cantly more soluble in water. The polysaccharide is composed
of at least 70 (1--%»4) 1linked PB-D-xylopyranose residues
with approximately every tenth D-xylose residue carrying
through (position 2) single 4-O-methyl-p-glucuronic 4¢ig
residues attached as side chains [32]. Xylans in hard woods
are apparently devoid of arabinose groups [16] (Fig.1.1A).
The glucomannan occuring in the wood of angiosperms is less
studied and 1is present in 3 - 5%. Hard wood glucomannans
do not contain any galactose residues.

Soft wood: The xylans in wood of gymnosperms e.g. Western
hemlock has the fundamental repeating unit of the 13 RB-(1-
-2 4 ) linked B-D-xylopyranose residues bearing 3. (1--32)
linked 4-O-methyl-e«-D-glucuronic acid residues and 1-(1-
-» 3) 1linked L-arabinofuranose residue [32]. Five to six

D-xylose residues being present per acid group in the soft

wood compared to ten in hard wood. One L-arabinose residue
occurring per 7 - 12 D-xylose residues [17]) (Fig. 1.1B).
Woods of gymnosperms contain glucomannan. Some of the D-

glucose and D-mannose residues carry (1--y 6) linked terminal
side chains of o -D-galactopyranose residues. So they are
known as galactoglucomannans.

Gramineae: Xylans from cereals and grasses are characteri-
sed by the presence of L-arabinofuranose residues linked
to the backbone as single unit side chain usually at position
3 of xylose. But in many cases, D-glucuronic or 4-O-methyl-
D-glucuronic acid residue or both are also present in smaller
proportion [30]. Polysaccharides of greater complexity
are found among the hemicelluloses of corncobs, maize fiber

maize hulls, wheat bran and barley husks. These xylans
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10
contain non-terminal L-arabinose residues linked through

various positions [33,34].
Xylanases

Hemicellulose degrading enzymes, referred to as hemi-
cellulases are termed as glycan hydrolases (E.C. 3.2.1).
They are also defined and classified according to their
substrates on which they act.

L-Arabinanases are capable of hydrolysing only L-arabinans,
D-galactanses break down D-galactans and L-arabino-D-galact-
ans. D-mannanases hydrolyse the B-(1--»4)-D-mannopyranosyl
linkages of D-mannans and D-xylanases cleave the PB-(1-->
4)-D-xylopyranosyl 1linkages of (1--% 4)-B-D-xylans namely
arabinoxylan, arabinoglucuronoxylan, arabino-4-0O-methyl-

D-glucuronoxylan and glucuronoxylan [35].
Classification of xylanases

Three different kinds of xylanases are involved 1in

xylan degradation.

1. Endo-B-(1--% 4)-D-xylanase: B-(1--> 4)-D-xylan xylano

hydrolase (E.C.3.2.1.8). These enzymes act randomly on
xylan to produce 1large amounts of xylo-oligosaccharides
of various chain lengths.

2. Exo-B-(1--> 4)-D-xylanase: PB-(1-->4)-D-xylan xylohydrolase,

(E.C. 3.2.1.37). These enzymes remove single D-xylose
units from the non-reducing end of the xylan chain.
These enzymes invert the product configuration.

3. B-xylosidase or xylobiase: These enzymes (E.C, 3.2.1.37)

hydrolyse disaccharides 1like xylobiose and the higher
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xylo-oligosaccharides. These enzymes show high transfer-
ase activity. They retain the product configuration.
Reilly [36] has given an overview of xylanases and caleqgo
rised them according to their mode of action. An important
purpose of such <classification is the identification
of significant functional <contribution by each «class
of enzymes to the overall hydrolytic system.

Endo-xylanases are further classified into four types:
a. Non-arabinose liberating endo-xylanases which cannot

act on L-arabinosyl initiated branch points at B-(1--
4) linkage and produce only xylobiose and xylose as
the major end products. These enzymes can break down
xylo-oligosaccharides as small as xylobiose.

b. Non-arabinose liberatinag endo-xylanases which cannot
cleave branch points at «-(1--»2) and «-(1--y3) and pro-
duce mainly xylo-oligosaccharides larger than xylobiose.
These endo-xylanases have no action on xylotriose and
xylobiose.

c. Arabinose liberating endo-xylanases which can cleave
xylan chain at branch points and produce mainly xylobiose,
xylose and arabinose.

d. Arabinose liberating endo-xylanases which can hydrolyse
the branch points and produce intermediate size xylo-
oligosaccharides and arabinose.

The D-xylanases produced by bacteria and actinomycetes
have been shown to be mainly of the endo-type. Fungal xyla-
nases are also of the endo-type but an occasional report
has indicated the possibility of exo-type xylanases being

present in some of the strains. However, no conclusive
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proof has as yet been given for the existence of an exo-
xylanase nor has such a xylanase been purified or characteri-
zed from any source [36]. Exo-xylanases differ from the B-
xylosidases in their ability to attack xylan and long chain
xylo-oligosaccharides and their lack of transferase activity.

Relatively 1little 1is known about the enzymes which
liberate the side chain =sugars, « -L-arabinofuranosidase
and X -glucuronidase or the enzymes involved in the degrada-
tion of acetyl xylans [37]. L-arabinofuranosidase was stud-
ied mainly as a component of systems degrading L-arabinans
[38]. There are claims that L-arabinofuranosidase activity
is an inherent property of some xylanases [35]). « -Glucuroni-
dase was detected in a cellulase preparation of Trichoderma
reesei [39]. Esterases that deacetylate acetyl xylan occur
in fungal cellulolytic systems [40]. The esterases act
synergistically with xylanases in the degradation of acetyl
xylan [41]. Liberation of acetic acid creates new substrate

sites on the polysaccharide backbone for xylanases.
Occurrence of D-xylanases

D-xylanases are wide spread in nature. Xylanases have
been reported from prokaryotes as well as from eukaryotes
[35]. They have been reported to occur in bacteria from
marine and terrestrial environments, fungi (saprophytes,
phytopathogens and mycorrhiza), rumen bacteria and protozoa,
ruminant caecal bacteria, insects, snails, crustaceans,
marine algae and germinating seeds of terrestrial plants
[36]. Most of the bacteria, actinomycetes and fungi show

extracellular xylanase secretion. Exceptional intracellular
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xylanases have been reported in rumen bacteria and protozoa
[42,43].

Structural carbohydrates of plant cells are an important
source of energy to ruminant animals. Hemicelluloses, con-
stituting upto 40% of the dietary intake of the ruminants
are degraded by xylanases produced by rumen microflora.
Williams and Withers [44] have indicated that most of the

hemicellulolytic strains in the rumen belong to the genera

Eubacterium, Ruminococcus or Bacteroides. The bacterium

Bacteroides succinogenes is the major cellulolytic bacterium

in the rumen of cattle which are straw fed (45]. 1In inverte-

brate crustaceans Astacus fluviatilis and Homarus vulgaris,

the hepatopancreas gland has been shown to be a source of
D-xylanase in their digestive Jjuices [46]. D-xylanases
have also been detected in the digestive juice of the snail
[47].

Disruption of plant cell walls is evident during inva-
sion of the plant by pathogenic microorganisms. Anderson
[48] has studied the growth of two pathogenic fungi, Colle-

totrichum 1lindemuthianum and Helminthosporium maydis which

causes blight on corn. Xylanases are responsible for the
degradation of the cell wall materials in bean and corn,
the products of which are utilised by the pathogens. Colle-

totrichum lagenarium has been shown to produce xylanase

when grown on cell walls of muskmelon [49].

The aleurone layer of cereal grain crops has been shown
to consist almost entirely of arabinoxylan (85%) with lesser
amount of cellulose (8%) and protein (6%). Xylanases are

involved in the degradation of arabinoxylan during germina-
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tion of seeds [50].
There are fewer studies on the bacterial xylanases

in comparison with xylanases of fungal origin. Among proka-

ryotes the xylanase production has been reported from Bacillus

sp. [51-62], Clestridium sp. [63-67] and Cellulomonas sp.

[68-70]. High proportions of xylanolytic strains have been
identified 1in populations of actinomycetes from natural

substrates. Streptomyces sp. [71-85], Micromonospora sp.

[78], Nocardia (77), Thermomonospora [86-88] and Thermoacti-

nomyces sp. [85] are some of the reported species for xyla-
nase production. In the case of fungi, xylanases from Cryp-

tococcus albidus [89], Schizophyllum commune [90], Tricho-

derma sp. [91,92] and Aspergillus niger [93,94] are well

studied. Recently, the xylanases from thermophilic organi-
sms have become the subject of intensive research. Included
in these investigations are bacteria (bacilli and clostri-

dia) and a few actinomycetes. Table 1.4 gives a summary

of good producers of xylanases reported from representative

prokaryotes as well as thermophilic eukaryotes.

N
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Table 1.4: Xylanases from representative prokaryotes and

thermophilic eukaryotes

Organism Strain No. Xylanase Reference
U/ml
Bacteria
Bacillus circulans WL-12 121 .6 52
Bacillus sp¥* W1l-W4 34 - 112 61
Clostridium stercorarium* 56.0 64
Clostridium thermolacticum* DSM 2911 26.0 65,66

Actinomycetes

Streptomyces exfoliatus MC 1 202 71
Streptomyces flavogriseus 46.0 72
Streptomyces lividans* 1326 50.0 7.3
Streptomyces olivochromogenes 30.7 79
Streptomyces afghaniensis* 15.7 80
Streptomyces cyaneus 36.6 85
Streptomyces gsp. EC 1 12.0 87
EC 22 9.0 87
3137 35.0 83
VP 5 12.0 84
Chainia sp. NCL 82-5-1 28.0 95
Thermomonospora curvata* MT 815 8.8 86
Actinomadura sp. MT 809 58.8 85
Fungi*
Melanocarpus albomyces II S 12.0 96
Thermoascus auranltiacus C 436 576.0 97
Thielavia terrestris ATCC 26917 18.8 98
Talaromyces byssochlamydoides YH 50 575 99

* Thermotolerant or thermophilic organism.
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SCOPE OF THE WORK

Biomass wutilization for producing fuel and chemical
feed stocks 1is a major challenge which the world has to
face and if possible, work out a satisfactory solution by
the turn of the century when fossil fuels would be on the
brink of depletion. This obviously necessiates development
of new and economically viable processes that will allow
utilization of the principal carbohydrate constituents of
lignocellulosic materials viz. cellulose and hemicellulose
which are the most abundant renewable substrates available
for bioconversion [100]. Extensive research has been under-
taken on the microbial conversion of cellulose to sugars
and/or liquid fuels. Less emphasis has been given to the
bioconversion of hemicellulose, principally xylans which
are also major constituents of plant biomass. At present,
the production of 1liquid fuels from cellulosic materials
has not been shown to be economically feasible on an indu-
strial scale. The successful utilization of hemicellulose
in addition to cellulose for bioconversion may contribute
pogsitively towards making the biomass fuel programmes econo-
mically more attractive ([101]. Therefore, the fermentation
of pentése sugars and more specifically D-xylose will facili-
tate the exploitation of plant biomass for the production
of ethanol.

Microorganisms matabolising xylan as a carbon source
and the enzyme system they employ for its breakdown, would
then become important tools in biomass conversion processes
for renewable fuels and chemical feed stocks [102]. Bio-

logical conversion processes are preferred to chemical con -



17
version processes since the reactions proceed at moderate
temperatures and high yields of products are obtained due
to specific reactions. Chemical conversions on the other
hand, are often non-specific and also require cxpe;nsive
corrosion proof equipment [103].

Interest in studies of xylanases has increased in recent
years because of the possibility of using them for the produ-
ction of xylose, which can be used as a fermentation substra-
te. Apart from this, xylanases possess a variety of appli-
cations in other areas also.

Xylanases are widely distributed in nature. They are
reported from prokaryotes as well as eukaryotes[35]. Bacteria
and actinomycetes among prokaryotes are rich in xylan de-
grading enzymes and have received considerable attention
for developing technologies for xylanase production as well
as characterization for better understanding of their xylan
degrading enzymes. Besides, conventional techniques for
strain imptovement these are also more amenable to genetic
manipulation through gene cloning and similar modern methods.
Actinomycetes form an important part of the microbial commu-
nity responsible for nutrient recycling in natural substrates
and several of them occurring in association with compost,
manure etc. are capable of bringing about rapid degradation
of natural substrates including cellulose and xylan. However,
intensive studies on actinomycetes and their associated
hydrolytic enzymes are relatively few [104].

Composts are the most likely environments where ligno-
cellulose degradation by actinomycetes could supercede the
contributions from fungi. Both the mesophilic and thermo-

] 577 154(043)
1595 L
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philic growth phases of composting involve the activities
of diverse actinomycetes [105]. Thermophilic actinomycetes
form a major component of composts prepared for mushroon
cultivation [106]. Thermoohiles are potentially good sour-
ces of enzymes stable to heat and chemical inactivation
Enzymes from thermophilic organisms are more thermostable
than their mesophilic counterparts [107]. However, several
mesophiles have also been known to produce highly thermo-
stable enzymes [108]. Stable enzymes acting at elevated
temperatures are desirable for increasing the reaction rates

and minimising the contamination problems [56].
Applications of xylanases

Xylanases have attracted attention 1in recent vyears
for their potential application in paper industry [109-111].
Xylanases may yield a rance of desirable pulp characteristics
by selectively hydrolysina xylan components in the manu-
facture of low-hemicellulose dissolving pulps, rayon grade
pulps etc. [112]. Xylanases can also be used for preparing
other lignocellulosic fibers (e.g. retting of flax fibers).
Total removal of xylan from fiber is not necessaril!y desira-
ble because xylan contributes significantly to fiber strenath
[113).Inthe pulping industry dissolving pulp is manufactured
from rayon and chemical derivatives. This pulp must be
free of hemicellulose and because the sulfite and kraft
pulps used for this dissolving grade contain hemicellulose
it is capable of being removed by alkaline extraction [114].

A biochemical alternative involves treating the pulp with
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xylanase [115]. The effect 1is even more pronounced with
pulps of higher pentosan content [116]. However, the xylanase
preparation 1is often associated with cellulase reculting
in a viscosity drop due to cellulose hydrolysis. So a purer
xylanase free of cellulase 1is preferable, and search for
cellulase free xylanase is currently on introducing specific
gene by genetic engineering methods [114].

In addition to permitting the introduction of novel
genes, cloning techniques would enable amplification of
the expression genes already present. For 1instance, the

production of xylanase in Bacillus subtilis was enhanced

successfully using a plasmid vector carrying the Bacillus
pumilus gene [117]. Promising results include the production
of extracellular xylanases by E. coli expressing cloned
xylanase genes from Aeromonas sp. 212 [118] and from Bacillus

sp. C-125 [119]. Xylanase is also produced by a cellulase

negative and xylanase negative double mutant of Streptomyces

lividans carrying a xylanase gene cloned from S. 1lividans
1326 [120].

Xylose, the major product of xylan degradation has
many potential applicatiocons. The fairly recent discovery

that Pachysolen tannophilus can ferment xylose sparked inter-

est in the direct route of xylose fermentation [121-124].
Several bacteria can convert =xylose to potentially useful

products e.g. Klebsiella pneumoniae can convert all the

sugars contained in hemicellulose and cellulose hydrolysate
to 2,3-butanediol which is useful in rubber industry [125].
Clostridia sp. are capable of producing acetone, butanol

and isopropanol from pentoses [126]. Xylose can also be
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used as a substrate to single cell protein, a possible animal
feed material, but commercially viable technologies have
not emerged [100]. The by-product of pentose utilization
is xylitol which can be used as a sweetening agent suitable
for diabetes and also in chewing qums [127]. Acetobacter
sp. are reported to oxidise xylose to xylonic acid directly
[128]. The bioconversion of xylan to triglycerides (lipids)
by xylan degrading organisms should not be overlooked.

This offers an attractive alternate fuel source (129].

Other identified applications include: Xylanases are
used in liquefying coffee mucilage for the manufacture
of liguid coffee [1301. They are also used in the isolation

of protoplasts from potato for the hybridization studies

[131). The xylanase of Streptomyces E-86 is used to produce

xylobiose from commercially available xylan [132]). Xylanases

can also be used for the preparation of lower (U—Cl4) labelled

(1--» 4)-B-D-xylo-oligosaccharides [133]. In addition, they

are used in clarification of juices, the production of fluids

and juices from plant materials and the preparation of de-

xtrans for use as food thickeners [37,134].

Development of enzyme technology essentially involves
the following steps:

1. Screening of microbial cultures to identify potential
strains with high activity and productivity.

2. Improving yields of enzymes through strain improvement
and/or process optimisation. This can also be inclu-
sive of molecular methods and recombinant DNA technology.

3 Evaluation of the basic properties of the enzyme inclu-

ding identification of unique features to suit specific
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applications. This may include characters such as
high temperature and pH stability which may be desirable

under certain conditions for industrial applications.
Present Investigation

The present investigation relates to the study of a

cellulase free xylanase from a thermotolerant Streptomyces

strain T7 and includes the following aspects:

1. Strain isolation through selective enrichment culture.

2. Optimization of fermentation parameters in shake flasks
for high xylanase activity and productivity.

3. Purification and characterization of xylanase.

4. Chemical modification of xylanase and identification
of essential amino acid residues at the active site.

5« Isolation of a reactive cysteinyl peptide.
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CHAPTER 2

STRAIN ISOLATION AND

XYLANASE PRODUCTION
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SUMMARY

From humus rich soil collected at Nandesari, an actino-
mycete strain was isolated. The isolate was an aerobic
Streptomyces designated as T7 which formed clearance zone
on xylan - yeast extract - agar indicating secretion of xyla-
nase and hydrolysis of xylan. The strain grew over the temp-
erature range of 37 - 50°C and maximum growth and sporulation
was observed within 48 - 72 h at 45 - 50°C. However, the
strain did not grow above 50°C, indicating that it was a
thermotolerant culture.

The xylanase production was studied over the temperature
range of 30 - 50°C. Maximum xylanase production (70 U/ml)
was observed alt 50°C. When the strain was grown on different

sugars, such as arabinose, lactose, sucrose, maltose, glucose,

xylose and mannose, low constitutive levels of xylanase
ranging from 0.4 - 1.25 U/ml were observed. Wheat bran,
wheat and rice straw were found Lo be good inducers. The

induction of xylanase was more with whole wheat bran Uthan
with extract or residue. Supplementing the medium with either
trace elements or peptone and yeast extract did not enhance
the enzyme production. Among the various inorganic nitrogen
compounas tested, optimum xylanase activity was observed

with ammonium sulphate, diammonium hydrogen phosphate, ammo-

nium chloride or sodium nitrate. 0.7% Ammonium sulphate
concenltration was optimum  for cnzyme product fon. Op - imum
inoculum concentration was found to be 10 - 15% (v/v) and

optimum pH was found to be 7.0 for enzyme production. Sub-
stituting diammonium hydrogen phosphate in place of phosphate

and nitrogen did not affect the xylanase production.
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The xylanase activity markedly increased after 48 h
and reached its maximum (75 U/ml) in 72 h when the organism
was grown in wheat bran (5%) medium. On the contrary, in
xylan medium the activity had a tendency to show steady incre-
ase during 48 - 72 h and reached its maximum (28 U/ml) in
96 h. The 1level of soluble protein was also low in Xylan

medium compared to wheat bran medium.



INTRODUCTION

Thermophiles are a fascinating group of microorganisms
which have received considerable attention in recenl years,
because of their potential biotechnological importance.
Thermophiles are of interest both from the fundamental and
applied point of view [1].

Atinomycetes occur in a wide range of environments in
which Uthey have ability to grow on most nalurally occuring
substrates [2]). Actinomyceltes are emerging as an important
source of enzymes involved in lignocellulose degradation
and activity against xylan is particularly widespread [3].
Isolates representing a diverse range of actinomycete genera
and exhibiting degradative enzyme mediated activities have
been recovered from soils and composts [4]. Actinomycetes
have been extensively exploited for commercial antibiotic
production and more recently as a source of industrial enzymes,
such as glucose isomerase.

Isolation

Soil is the primary reservoir of actinomycetes capable
of biodegradation of 1lignocelluloses, which are the most
abundant feedstocks available in supporting microbial growth
under natural environment. Adaptation of standard procedures
for the recovery of actinomycetes by incorporation of 1ligno-
cellulose or related substrates in enrichment and isolation
media is the usual approach [2]. Bacterial growlh can rarely
be excluded but its interference with actinomycete recovery
can be minimised in a number of ways. These include heat
treatment of samples at temperatures where actinomycete

spores can survive [5]. Composts are the most favourable
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environments in which extensive lignocellulose degradation
by actinomycetes is taking place. Both mesophilic and thermo-
philic actinomycetes play significant role in composting
process which occurs through the development of a diverse
actinomycete population (6.7]). Lignocellulose degrading
strains have been isolated from a range of composted materials
[8-11]. In compost production, for mushroom cultivation
a number of thermophilic actinomycetes develop invariably
[12-15].

Thermotolerant and extremely thermophilic bacteria, pro-
ducing xylanases are known. Among them the bacilli and clo-
stridia are well known [16-18]. Xylanase producing thermophi-

lic actinomycetes are reported and include Strepltomyces sp

Thermomonospora sp | Thermoact inomyces  sp  and  Saccharomono-
spora sp [19-21].
Xylanase production

Xylanases are inducible enzymes and are generally formed
when pure xylan or xylan containing natural substrates are
present in the medium. Polymeric xylan cannot enter the
cells and hence, must be dearaded extracellularly. Therefore,
xylanases are secreted by cells into the surrounding medium.
The oligosaccharides are formed by hydrolysis of xylan in
the medium by small amounts of the enzymes produced constitu-
tively (22].

D-xylanases are also produced cven in the absence  of
xylan in the growth medium. Esteban and associates [23]
reported that xylanase activity was undetected in glucose

grown cultures of Bacillus circulans WL12, but xylose, mannose

and cellobiose supported growth and xylanase activity. The
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xylanolytic enzymes are induced more effectively by =xylose

than xylobiose in Bacillus pumilus [24].

In the case of Streptomyces sp Park and Toma [25] studied

induction of xylanases in the presence of xylan. In Strepto-

myces flavogriseus simultaneous production of glucose (xylose)

isomerase in addition to cellulases and xXylanases has been
described [26]. Cooroduction of xylanases and cellulases
has been observed in other actinomycetes, but in four Thermo-
monospora strains optimum production of either activity was

achieved only when grown on the respective substrales [27].

In Streptomyces sp induction of xylanase was achieved with

synthetic xyloside like methyl-B-D-xyloside [28]. In Saccha-

romonospora viridis, a thermophilic actinomycete which degra-

des xylan, both extracellular xylanase and cell bound P-xylo-
sidase were induced by growth on xylan but the enzymes were
not. induced when grown on glucose or xylose. Addition of
glucose and/or xylose for enhancing the mycelial growth depre-

ssed xylanase production by 50% [2]. Streptomyces afghani-

ensis showed xylanase induction when it was grown on an agri-
cultural residue, such as whealt bran or straw [19]. Four
thermophilic actinomycetes were selected by McCarthy and
his coworkers for xylanase production, wusing Xxylan as an
inducer, although low levels of activity were also detectlted
in glucose grown cultures [20]. Several actinomycetes includ-
ing a number of mesophilic and thermophilic, were screoened
for xylanase activity. The effect of growth conditions on
the production of enzyme activities was studied with two

different hemicellulose preparations, oat spelts xylan and

barley straw. The mesophilic strains were grown at 37°C
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and the thermophilic at 50°C. Streptomyces cyaneus and Stre-

ptomyces viridis produced xylanases on straw while Pseudo-

nocardia thermophila and Thermoactinomyces vulgaris showed

higher activities on oat spelt xylan [21].

Reports concerning the production of xylanases in the
medium containing sugar are also available. Thus, when glucose
was used as a carbon source for the growth of the yeast Cryp-

tococcus albidus var aerius, low levels of primary cell wall

associated endo-xylanase was produced [29]. The enzyme was
produced constitutively, but it could also be produced induct -
ively during the growth of this yeast on xylan (30]. Xylo-
biose is also an inducer of xylanase in C. albidus and is
taken up by glucose grown cells prior to the appearance of
enzyme . The uptake of xylobiose appears Lo be caused by
an induction of active transnort = system known as PB-xyloside
permease [31]. In this yeast C. albidus, methyl-B-D-xyloside
enabled the production of xylanolytic enzymes in the absence
of =xylan or =xylo-oligosaccharides [32].

Thermophilic microorganisms are polentially good sources
of enzymes stable to thermal inactivation [33]. Though several
enzymes produced by mesophilic microorganisms exhibit good
temperature stability, enzymes from thermophilic organisms
are invariably more thermostable than their mesophilic count-
erparts [34]. Stable enzymes acting al elevated Lemperatures
are advantageous for increasing the hydrolysis cofficicencics
and also minimising the contamination problems. Xylanases
produced from thermophilic organisms are listed in Table

2.1

Actinomycetes and bacteria exhibit pH optima for growth
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Table 2.1: Xylanase production by representative Lhermo-

philic microorganisms

Organism Temperature Reference
°C
Bacteria
Bacillus stereothermophilus 4125 65 17
Bacillus sp 11-1S 65 36
Bacillus sp W1l-Wd 45 - 50 35
Clostridium stercorarium 65 3
Clostridium thermocellum DSM 1237 70 16
Clostridium thermolacticum DSM 2911 63 38
Actinomycetes
Streptomyces lividans 1326 40 39
Streptomyces afghaniensis 40 19
Thermomonospora chromogena MI 814 50 20
Thermomonospora curvata MT 815 50 20
Thermomonospora fusca MI 816 50 20
Saccharomonospora viridis NCIB 9602 50 20
Pseudonocardia Lhermophila 50 21
Thermoact inomyces sacchari 50 21
Thermoactinomyces vulgaris 50 21
Fungi
Thielavia terrestris ATCC 26917 48 40
Thermoascus aurantiacus C 436 45 41
Malbranchea pulchella var. sulfureca 44 42
48
Talaromyces byssochlamydoides YH 50 50 43
Chaetomium thermophile var 60 44

coprophile I 110
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and enzyme production, which are close to neutral in contruot
to the generally acidic pH requirements of fungi [3]. However,
certain alkalophilic bacilli are known which have pH optima
for growth and enzyme production al 9 - 10. In these

organisms, no growth occurred below pH 7.0 [35].
MATERIALS AND METHODS

Materials

All the chemicals used were of analyltical grade. The
suppliers of the tollowing chemicals are indicaled in paren-
thesis: Bacto Yeast Extract (Difco Laboratories, USA); 3,5-
Dinitrosalicylic acid (DNS) . p-Nitrophenyl-B-D-xylopyrano-
side (PNPX), Carboxymethyl cellulose (CM-cellulose) C-8758,
Bovine serum albumin (BSA) (Sigma Chemical Co., USA); Larch
wood xXylan (Fluka AG, Switzerland); Avicel P.H. 101 (Honeywell
and Stein Ltd., London); Tween-80 (Bayer); Ce:llulose powder
CP-100 (Cellulose Products of India, Ahmedabad); Peptone
(Biochemical Unit, Delhi, India); Casein (Amul Producls,
Dist. Khaira, Gujaratl).

Rice straw, wheat bran and sugarcane bagasse were pur-

chased locally. Mesta wood (Hibiscus cannabinus) was obtained

from the Conservator of Forests, Chandrapur,
Methods
Isolation of the strain

From humus rich soil collected at Nandesari (near Baroda)
an actinomycete strain was isolated by plating out on a medium
containing wheat bran (5%) and yeast extract (13%). The wheat
bran was autoclaved in water, followed by extraction ULhrough

muslin cloth to remove most of the starch. When incubated
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at 50°C for 48 h, several colonies of bacteria and actino-
mycetes developed which were screened for xylanase aclivity
primarily by scoring for xylan clearance on xylan - yeast
extract - agar plates and subsequently in submerged culture.

Maintainance of the strain The strain identified as a thermo-

tolerant Streptomyces and designated as 'l‘7 was maintained
on wheat bran (5%) and yeast extract (i%) agar slants.
Stock cultures were maintained by subculturing at three month-
ly intervals. After growing at 48 - 50°C for 3 days the
slants were preserved at 15°C.

From an actively sporulating stock culture, subcultures
were made on fresh slants and after 3 days incubation at
48 - 50°C, were used as the starting material for all fer-
mentation experiments. Cultures occassionally showed non-
sporulating sectors which appeared as whitish fuzz among
the greish-brown sporulating colonies. Such cullures were
plated out to remove <colonies with homogeneous sporulation,
for stock conservation as well as experimentation. Culture
was also lyophilized for long term preservation.

Fermentation studies

The xylanase was produced in 250 ml Erlenmeyer flasks
containing 50 ml of medium. The flasks were incubated at
50°C on a rotary shaker at 200 rev/min. The cells and solid
residues were removed from the culture broth by centrifugation
and the clear supernatant was used for determining the xyla-
nase activity.

The medium used for screening the isolates contained
in g/l: corn steep liquor, 20; CoCl,.6H,0, 0.24; MgSO,.7H,0,

2 4 2

1 and wheat bran 20. Thee pH of the medium was adjusted Lo

2
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7.0. The various isolates were initially subcultured on
fresh slants and then agar piece (1 X 1 cm) was inoculated
in the medium.

The basal medium [26]) used for experiments contained in

g/l: KH2P04. 1.5; K2HP04, 2.0; CaC12.2H20, 0.3; MgSO4.7H20,
0.3, (NII4)2.‘;U4 i 1.4; pepltone, 1.0, ycast extract, 2.0;
Tween-80, 2 ml; trace elements mg/l: FeSO4.7H20, 5.0; MnSO4.
H?O, 1.56; Zn804.7H20, 1.4, CoC12.6H20, 2.0, pH of the medium

was 7.0. Wheat bran was used as a carbon source, the amount
of which was varied and is described in the text.

Vegetative inoculum was used to inoculate experimental
media. The inoculum was grown for 48 h at 50°C in ULhe same
medium described as above and containing 1% wheat bran.
Preparation of substrate (xylan) (1%)

A 2 g portion of xylan was suspended in 100 ml of 50
mM sodium acetate buffer, obH 5.0 and was stirred for 12 -

16 h. The insoluble fraction (about 50%) was removed by
centrifugation and the soluble fraction was used for xylanase
assay.

Xylanase assay

Xylanase was assayed by incubating 0.5 ml aliquot of
appropriately diluted enzyme with 0.5 ml of 1% xylan at 60°C
for 30 min [(45]. The reducing sugar formed was determined
by the DNS meithod with D-xylose as standard [46].

Other enzyme assays

Activity towards CM-cellulose, starch and filter pavoer

(Whatman No. 1) were determined by incubating 1 ml of a re-

action mixture contain.ng suitably diluted enzy.e, with 0.5
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ml of CM-cellulose (1%) or starch (12) or filter paper (25
mg) in 50 mM acetate buffer, pH 5.0 at 50°C for 30 or 60
min. The reducing sugar formed was deltermined as glucose
or maltose by the DNS method described above. Prolteinase
activity was determined by Kunitz's method [47] wilh casein
as substrale.

B-Xylosidase assay

B-Xylosidase was estimated as described by Kluepfel
and Ishaque [48] by incubating 1 ml of reaction mixture
containing suitably diluted enzyme with 0.1% PNPX in 50 mM
acetate buffer, pH 5.0 and by determining the p-nitrophenol
liberated by the enzyme action at 40°C after 30 min. The
same procedure was repeated for the sonicated cell extract
and mycelial suspension to assay LUthe intracellular or cell
bound B-xylosidase.
Unit of activity

The unit of xylanase or xylosidase was defined as that
amount of enzyme which produces 1 umol of xylose or p-nitro-
phenol per min from xylan or PNPX, respectively under the
given assay conditions.
Determination of protein

Protein was determined by the method of Lowry et al
[49]. BSA was prepared according to the procedure of Cohn et

cm

al. [50] (El"- - 6.6 at 280 nm) and used as a standard.

RESULTS

Modifications to the basal medium used in Lhe screening

experiments were made to study the effect of wvarying Uthe
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nutrient components for achieving higher enzyme activily
as well as productivity. Stepwisce amendments to Lhe basal
medium were made and used in subsequent experiments, whenevey
a favourable or positive indication for xylanase production
was observed through these modifications.

Screening of isolates The various isolaltes were grown in

submerged culture for 96 h at 50°C. The extracellular
xylanase activity was determined at 50°C. The individual
isolate was also inoculated on agar medium containing 3°
xylan and 1% vyeast extract. The plates were incubated
at 50°C for 48 h to see the clearance zone.

Table 2.2 shows the xylanase activity of each isolate
and the extent of xylan degradation. The isolate (NCL
85—11—T7) showed the highest xylanase activity (7 U/ml).
The clearance zone indicated by NCL 85—11—’1‘7 was compara-
tively larger than that of the other isolates. This isolale
was selected for further studies.

Characteristics of the strain The isolate is an aerobic

Streptomyces designated as T7 which forms greyish sporula-
ting colonies on wheat bran - yeast extract - agar after
incubation for 72 h at 50°C. A distinct clearance zone
was observed on xylan agar plate, indicating the hydrolysis

of xylan and extracellular secretion of xylanase (Fig.

2.1).
Effect of temperature on growth of Streptomyces 1,  The
strain T7 was subcultured on wheat bran - yeasl extract

slants and incubated at 28, 37, 45, 50 and 52°C.

Figure 2.2 shows that the growth of ’1‘7 was very poor

at 28°C, while at 37°C the growth was somewhall belter,
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Table 2.2: Screening of the isolates

Isolate Isolate No.* Xylanase Clearance
(U/ml) Zone
Bacillus sp T1 0 -
Bacillus sp T2 0.50 -
Bacillus sp T3 0.70 -
Bacillus sp. T, 2.00 t
Actinomycete Tg 0.60 -t
Actinomycete T6 0.80 - -
Streptomyces T7 7.00 R
Actinomycete T8 0.20 t
Acltinomycele T9 0.10 -
Acltinomycete TlO 0.09 -

*Isolate No. NCL-85-11.



by Strepltomyces T7

Fig. 2.1 Xylan» clearance zone

The strain T7 was 1inoculated on xylan-

yeaslt extract agar and incubalted at

50°C for 48 h.






Fig.

2.2t

Effect of temperature on growth of

Strepﬁomyces;T7

The strain T7 was subcultured on wheat
bran, vyeast extract slants and incubated
at various temperatures (28 - 52°C)

(=) growth; (=) sporulation.
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with the colonies showing sporulation within 4 days. Maximum
growth and sporulation was observed within 48 - 72 h, when
culture was incubated at 45 - 50°C, while above 50°C the
growth was poor. In view of its activity to grow over Lhe
temperature range of 37 - 50°C and poor growth beyond 50°C,
the strain T7 has been designated "thermotolerant” rather

than thermoohilic.

Streptomyces T7 was grown in a wheat bran free basal medium
containing 1% glucose or xylose as a carbon source. Spore
suspension was made by scraping the well sporulated slant
and suspending the spores in 10 ml of sterile: water.A 2

“v/v spore suspension was used as an inoculum. The flasks
were incubated at 28, 37, 45 and 50°C tor 72 h. The dry
weight of mycelium, pH, 6 soluble protein and exltracellular
xylanase activity were determined.

Table 2.3 shows that the growth of Streptomyces T,
on glucose and xylose media was comparable. When the growth
was compared at 37 and 45 - 50°C, very little difference
in biomass yield was observed, whereas Lthe growth at 28°C
resulted in poor yield of biomass. Low basal levels of
xylanase activities were observed and the level was increased
with the increasing incubation temperature. The soluble
protein levels and xylanase activities obtained at all temp-
eratures in the xylose media were slighdy higher than those
obtained in glucose medium.

Effect of temperature on xylanase production Comparison

of xylanase production at various incubation temperatures

was studied. The organism was grown on ULhe basal med ium
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Table 2.3: Growth of Stroptomyces'p7 at various temperatures

in submerged culture

Carbon source Temperature (7C)
28 37 45 50
Glucose
Dry weight of mycelium 2.56 3.60 4.40 4.40
(mg/ml)
Xylanase (U/ml) 0.10 0.60 0.80 0.90
Protein (mg/ml) 0.30 0.50 0.62 0.62
Xylose
Dry weight of mycelium 2.60 4.00 4.35 4.50
(mg/ml)
Xylanase (U/ml) 0.25 1.10 1.40 1.50

Protein (mg/ml) 0.50 0.60 1.00 1.25
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containing 2% wheat bran as a carbon source. The: flasks
were incubated at 28, 37, 45 and 50°C for 120 h. The samples
were removed at different time intervals and Uthe culture
filtrate was examined for xylanase activily.

Figure 2.3 shows that he xylanase production was consi-
derably more  at 50°C than at  30°C. Xylanase acltiviltices
were maximal (17.7U/ml) after 72 h of incubation. During
the fermentation, it was observed that after 48 h, the medium
became thick and brown in colour. The fine mycelium start -
ed appearing the vigorous growth took place atter 60 h and
continued upto 72 h. All further fermentation studies were
carried out only at 50°C in submerged culture.

Effect of various sugars and suaar alcohols on enzym: production

The organism was grown on wheat bran free basal medium con-
taining various sugars and polyols added al a concentration
of 1%. The flasks were incubated at 50°C for 48 h.

Table 2.4 shows that low constitutive levels of xylanase
activities ranging from 0.4 - 1.25 U/ml were obtained.
Maltose among Lthe sugars gave the highest activity of 4
U/ml.

Effect of various insoluble carbohydrates and agricultural

residues on enzyme production The organism was grown in

a wheat bran free medium and the effect of various insoluble
carbohydrates added in the form of celluloses as weell as
agricultural and forest residues representing lignocellulosic
wastes were tested at 2° level.

Table 2.5 shows that wheat bran and wheat and rice
straw were found to be good inducers showing 12 U/ml. Bagasse

CP 123 and xylan also showed comparable levels of aclivily.



Fig.

2.3:

Ef fect of temperature on xylanase
production

The organism was grown on basal medium
containing 22 wheat bran as a carbon
source and incubated alt various UlLemper-
altures.

(o) 28°C; (&) 37°C:; (e) 45°C; (=) 50°C.
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Table 2.4: Effect of various sugars and sugar alcohols on

enzyme production

Carbon source (1%2) Xylanase (U/ml)
Arabinose 0.68
Lactose 0.65
Sucrose 0.84
Maltose 4.00
Glucose 0.80
Xylose 1.25
Mannose 1.07
Glycerol 0.47
Mannitol 0.60

Sorbitol 0.82
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Table 2.5t Effect of insoluble carbohydrates and

agricultural residues on enzyme production

Carbon source Xylanase
(2%) (U/ml)
Wheat bran 12.0
Rice straw 12.0
Wheat straw 1.5
Xylan 8.3
CM-cellulose 0

Cellulose powder

CpP-123 8.3
CP-100 4.0
Solka Floc 7.0
Bagasse 11.0
Mesta wood 6.0

Avicel 6.0
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However, CM-cellulose failed to induce Xylanase.

Effect of different concentrations of ammonium sulphate

The effect of different concentrations of ammonium sulphate
on enzyme production was studied. The basal medium used
with various concentrations of ammonium sulphate contained
2% wheat bran as a carbon source.

Table 2.6 shows that with 0.14% ammonium sulphate the
xylanase activity was low. But there was not much difference
in xylanase activity over a wide range (0.28 - 1.4%) of
ammonium sulphate concentration. A concentration of ammonium
sulphate (0.7%) was observed to be optimal for growth and
enzyme production and was used in further experiments.

Effect of different concentrations of whealt bran The basal

medium used contained 0.7% of ammonium sulphate. The organism
was grown in the medium, with wheat bran concentrations
ranging from 1 - 8%.

Figure 2.4 shows that the xylanase activity increased
with increasing amounts of wheat bran. The maximum xylanase
activity was obtained at 5 - 6% wheat bran concentration.
Above 5 - 6% the growth as well as enzyme production was
reduced, possibly due to the high bulk density of the medium.

Effect of different fractions of wheat bran To understand

which fraction of wheat bran (such as soluble component
like extract or residue) induces the xylanase secretion,
2.5 g of wheat bran was suspended in minimum amount of water,
steamed and then filtered. The extract and residue were
separately added in the wheat bran free basal medium (50
ml). The flasks containing the basal medium with wheat

P

bran (2.5 g) and wheat bran residue plus starch (0.5 q)
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Table 2.6t Effect of different concentrations of ammonium

sulphate on enzyme production

Ammonium sulphatao Xylanase

(%) (U/ml)
0.14 11.6
0.28 14.3
0.56 15.2
0.70 17.5
0.84 15.0
1.12 14.8
1.40

14.0




Fig. 2.4: Effect of different concentrations of
wheat bran on xylanase production
The organism was grown in the medium,
with wheat bran concentraltions ranging

from 1 - 8%.
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were also run under identical conditions.

The induction of xylanase was maximum with whole wheat
bran than with the only extract or residue or residue plus
starch. The xylanase activity obtained with wheat bran was
assumed to be 100%. Xylanase activity of 35/and 55°,was
obtained with extract or residue, respeclively. Supplementing
the residue with starch showed only 45 Zacl‘ivily (Table 2.7).

Effect of initial pH on enzyme production Enzyme production

was studied in media adjusted to pH ranging from 4 - 8.

It is evident from Fig. 2.5 that pH 7.0 is optimum for
the production of xylanase. The enzyme activity was low
at pH 4.0 and 8.0. Based on this result the pH of the medium
in all subsequent experiments was adjusted to 7.0.

Effect of inoculum size on xXylanase production The effect

of adding various percentages of inoculum (5 - 25) on cnzyme
production was studied.

The maximum XxXylanase activity was obtained when 159
(v/v) inoculum was used. Activities obtained with 10% inocu-
lum were also comparable. Hence, in all Uthe experiments
10 - 15% (v/v) inoculum was used (Table 2.8).

Ef fect of incubation time on enzyme production The progress

of xylanase production was studied in relation to time.
The fermentation was carried out for different periods of
time (24 - 168 h) under identical conditions.

Figure 2.6 shows that the xXylanase aclivily was maximum
when fermentation was carried out for 72 h. After that
the xylanase activity did not increase. Beyond 120 h xylanase
activity in the culture filtrate began to decrease.

Effect of supplementing Lhe ammonium sulphalte wilth peptone




Fig. 2.5: Effect of initial pH on enzyme production
The organism was grown in media adjusted

to pH ranging from 4 - 8.



|
10

30+

O
V)

(lw/n) 3SYNVIAX

10+

pH



Table 2.7: Effect of different fractions of wheat bran

on xylanase production

52

Carbon source Xylanase
(U/ml)
Wheat bran 34.9
Wheat bran residue 20.2
Wheat bran extract 12 .3
Wheat bran residue + starch 16.3

Table 2.8: Effect of inoculum size on enzyme production

Inoculum Xylanase
(%) (U/ml)
5 25.0
10 33.4
15 35:5
20 32.7

25 31.1
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time on enzyme

grown in the

medium

for different periods of time (24 -

168 h).
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and yeast extract The organism was grown in Uthe medium

containing either ammonium sulphate or ammonium sulphate
plus peptone and yeast extract.

Supplementation with peptone and vyeast extract did
not help in enhancement of xylanase acltivily. Based on
this result peptone and yeast extract was nolt included in
the medium.

Effect of wvarious inorganic nitrogen compounds on enzyme

production The effect of adding various niltrogen sources
on enzyme production was investigated. The amounts of nitro-
gen source added are shown in Table 2.9. The quantity of
nitrogen added was maintained constant at 150 mg/50 ml of

medium.

Good =xylanase activity were observed with diammonium

hydrogen phosphate, ammonium chloride, sodium nitrate and
ammonium sulphate. Sodium nitrite and ammonium acetate
failed to induce enzyme production. Enzyme producltion was

less with potassium nitrate and ammonium dihydrogen phosphate
In the absence of any added inorganic nitrogen Uthe enzyme
production was less than 50% (Table 2.9).

Effect of diammonium hydrogen phosphate, used as a
nitrogen source (instead of ammonium sulphate) and as a
substitute for both the dipotassium hydrogen and poltassium
dihydrogen phosphates on the enzyme production was studied.
It was observed that in the absence of any phosphaltes added,
the xylanase activity was unaffected. The optimal concen-
tration of diammonium nitrogen phosphate was found to be
0.7%.

Fermentation profile The progress of xylanase production
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Table 2.9t Effect of various inorganic nitrogen compounds

on enzyme production

Nitrogen source Amount added Xy lanase
(a/50 ml) (U/ml)

None - 17.5
Urea 0.16 29.1
Ammonium sulphate 0.35 36.0
Ammonium nitrate 0.23 31.7
Ammonium chloride 0.29 33.7
Diammonium hydrogen 0.35 35.5
phosphate

Ammonium dihydrogen 0.62 23.2
phosphate

Potassium nitrate 0.54 27.7
Sodium nitrate 0.45 33.4
Sodium nitrite 0.37 3.7

Ammonium acetate 0.37 12.0
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was studied in media containing 5% wheat bran as well as
2% xylan. The samples were removed at different time inter-
vals and analysed for activity, protein and phH.

Figure 2.7 shows Lthe xylanase activities, protein and
changes of pH in the culture filtrate during the cullivaltion
in wheat bran:and xylan medium for 136 h at 50°C. The xylan-
ase activity markedly increased after 48 h and there was
sharp increase after that reaching its maximum in 72 h (38
U/ml) when the organism was grown in wheat bran medium.
On the contrary, in xylan medium the activity had a tendency
to show increase during 48 - 72 h incubation. It. reached
maximum 14 U/ml in 96 h. The activity is quite low as compa-
red to yield of xylanase in wheat bran medium. Level of
soluble protein also increased during the progress of xyla-
nase production. The soluble protein levels were also com-
paratively lower in xylan media. There was not much change
observed in pH during the fermentation in either of LULbhe
media. Extending the time of fermentation beyond 96 - 120
h did not show enhancement of enzyme activilty.

Production of enzyme, on a large scale, for purification
purpose was carried out by growing the organism in the basal
medium (50°C for 72 h) wherein the concentration of ammon ium
sulphate was raised 5 times higher (7 g/1) and 5% wheat
bran was used as a carbon source.

Properties of crude xylanase

Optimum temperature Culture filtrate was assayed under

standrd conditions over a temperature range of 30 - 70°C.
Optimum temperature for xylanase activity was found Lo be

60°C, Hence, the Xylanase activity was estimated at 60°C.



Fig.2.7:

Fermentation profile

The organism was grown in the medium
containing wheat bran (5%) and Xylan (2%)
Wheat bran medium - (o) xXylanase (@) protein
Xylan medium - (/) Xylanase, (vy) protein,

(=) pH.
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Thermostability Culture filtrate was incubated al various

temperatures  at pH 5.0 without substrate. The residual acti-
vity was determined after different periods of time.

It was observed that the half 1life of crude enzyme
was 30 min at 70°C, while at 60°C it was slable ftor 2 h.
The enzyme was stable for 6 and 15 days when incubated at
50 and 30 - 37°C, respectively.

Substrate specificity The culture filtrate was analysed

for its activity towards different substrates.

Table 2.10 shows that the enzyme showed activity with
xylan and was not active towards any other substrates, like
CM-cellulose, PNPX, filter paper, casine and starch. It
did not show any extra-, intra-- or cell-bound B-xylosidase.

Determination of

________________ —Em Suitably diluted xylanase was incubaled

with different amounts of soluble larch wood xylan (3 -
15 mg) under the assay conditions. Km was determined from
Lineweaver-Burk plot (Figure 4.1la) and was found to be
10 mg/ml.

When the same culture filtrate was assayed with 5 mg
and 10 mg of soluble xylan, the activities obtained were
40 and 70 U/ml, respectively. Since, all the xylanase acti-
vities described in the text were estimated with 5 mg of
xylan, it is possible to consider that the real values are

almost double compared with the reported activities.
DISCUSSION

Mineralization of plant biomass in Lthe environment

is mediated by a heteroqgencous and interactive microflora,
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Table 2.10: Activity of culture filtrate towards different

substrates

Substrate Activity
(U/ml)
Xylan 34.90
CM-cellulose 0:54
Filter paper 0-2\
PNPX 0
Casein 0

Starch 0
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of which actinomycetes form an integral part. The activity
of biodegradative actinomycetes is particularly evident
under aerobic and neutral to alkaline pH conditions.

Recently, interest in thermostable enzymes has led
to the discovery and isolation of organisms, which can grow
at higher temperatures. The thermophilic xylan degrading
bacteria especially, bacilli, clostridia and fungi are repo-
rted [35,37,42,51]. But investigations on thermophilic
streptomycetes have been comparatively few [20,39]. The
present study is related to the identification of a thermo-

tolerant Streptomyces sp ’I'7 having high extracellular xyla-

nase activity and much high enzyme productivity, compared
to reported activity from other meso- and thermophilic acti-
nomycetes . Table 2.11 represents a comparative xylanase
profiles of various organisms with respect to Utemperature
of production, activity and productivity. Productivity
of xylanases from bacteria is much higher than the fungal
and actinomycete xylanases and this is essentially due to
the longer periods of fermentation in the case of latter.

However, productivity of xylanase from Streptomyces T

7
was much higher (972 U/h/L) than the other reported xylanases

from mesophilic as well as thermophilic actinomycectes.

The productivities of xylanases from Streptomyces sp EC-

1 (3], S. lividans [39]) and S. afghaniensis [19] were 166,

694, 95.7 U/h/L, respectively. Among the fungi uthe xylanase
activity produced by thermophilic strain T. aurantiacus
is very high (366 U/ml) [41], while T. terrestris produces

only 18.8 U/ml [40]. , But the productivities are quite com-

parable, as T. aurantiacus takes 10 days to reach the maximal
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activity whereas T. terrestris reaches that within 18 h.

Xylanases are induced enzymes and are best produced
in media containing xylan or xylan rich natural substrates ’
such as wheat bran, rice husk, bagasse, rice straw and wheat
straw [3,21,53]. Paul and Varma [54] reported that Bacillus
sp produced =xylanase (5 U/ml) when grown on rice husk.
The biosynthesis was enhanced by the addition of 0.2% cello-
biose or xXylose. The xylanase activities obtained were
8 and 10 U/ml, respectively. Brodel et al [38] reported
that in substrate limited continuous or fed batch cultures

C. thermolacticum secreted 20 - 26 U/ml of =xylanase even

when readily metabolisable compounds, such as glucose was
used as a substrate and a 10-fold increase in xXylanase yield
was observed when compared with batch culture on xXylan.

These results demonstrated that the C. thermolacticum xylana-

ses are constitutive. On the contrary, when C. stercorarium
was grown on Walseth cellulose, the xylanase activity reached
a value of 20 U/ml after 17 h incubation, bult addition of
sugars such as xylose, glucose and lactose completely stopped
xylanase biosynthesis. Enzyme synthesis was resumed as
soon as the sugar was consumed [37].

S. flavogriseus produced considerable amounts of xylana-

se when grown on xXylan containing media. Comparatively
lower yields of enzyme were obtained, when hay or Avicel
served as the main carbon source [26]. Streptomyces T,

showed higher =xylanase production on wheat bran compared
with xXylan or cellulose. The activities obtained with 1%

substpate were 16, 10 and 12 U/ml, respectively. In Chainia

sp maximum activity of 28 U/ml was obtained in 72 h on xylan,
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while 11 U/ml was reached after 96 h in wheat bran medium
[52 ] S. cyaneus and S. wviridis produced 58 and 24 U/ml
of xylanase, when grown on ball milled barley straw, while
37 and 18 U/ml of xylanase activities were produced when
grown on oat spelts =xylan. The thermophilic strains P.
thermophila and T. vulgaris produced 3.9 and 5.0 U/ml when
grown on xylan and the activities were ‘higher than those
produced on lignocellulose [21]. Similar observation was

also reported for S. olivochromogenes and S. flavogriseus

which produced 30.7 and 24.2 U/ml on oat spelts xylan whereas
15.0 and 4.9 U/ml were produced on wheat bran, respectively

[53]. Streptomyces sp 3137 has been reported to produce

xylanase induced in response to non-metabolizable B-xylo-
sides, which showed even better induction comparcd o xylan.
This study concluded that although wuptake of this inducer
by the mycelia was observed, the uptake process was of diffu-
sion and did not involve a specific transport system. Repre-
ssion of xylanase synthesis occurred when -« -D-xyloside
or glucose was added to the culture medium [56].

The extracellular xylanase of Cryptococcus flavus was

induced by B-methyl =xyloside more effectively than xylan
or xylose [57]. In contrast, the xylanase of M. albomycces
was induced by growing this culture on Xxylose or xylan.
But not by alkyl or aryl B-D-xylosides [58], whereas xXylose

Xxylobiose and arabinose were identified as natural or direct

inducers of xylanase from a strain of Aureobasidium pullulan

and induced xylanase was repressed by glucose [59].
Coproduction of xylanases and cellulases  have  been

described in many organisms [21,26,39]. Extracellular enzyme
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preparations from S. flavogriseus and S. olivochromogene

cultures grown on cellulose contained primarily cellulase
activities but similar preparations from cultures grown
on xXylan containing materials possessed high levels of both
cellulase and xylanase activities [53]. A thermotolerant
S. lividans 1326 produced 50 U/ml of xylanase and 1 U/ml
of cellulase when grown on xylan. A bellter producltion of
both enzymes was observed when cellulose was used as a sub-
strate [37]. Xylanase and glucose isomerase  producl.ion

by Streptomyces sp has also been reported by Park and Toma

[25]. The simultaneous production of cellulase complex

and glucose isomerase by S. flavogriseus on natural substrates

such as hay or straw was reported [60]. When Avicel was
used as a substrate, no significant quantities of glucose
isomerase were detected, but when xXylan was used as a sub-
strate, large amounts of glucose isomerase and xXylanase
(46 U/ml) were detected [26]. A sclerotial actinomycele
Chainia sp isolated in our laboratory secrcted high levels
of extracellular (4 U/ml) and low levels (1.4 U/ml) of cell
bound glucose (Xylose) isomerase and extracellular xXylanase
(11 U/ml) when grown in submerged culture on a wheat bran

- yeast extract medium [61].

Streptomyces T, did not exhibit any other activities

like cellulase, glucose isomerase or amylase when grown
on wheat bran. Recently, there has been considerable inter-
est in identifying cellulase-free xylanases for application
in paper industry for the manufacture of low hemicellulose
dissolving pulps [62]. Among thermotoleranlt actinomyceles

cellulase-free xylanase production by Streptomyces T7 is
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probably the first report. A low molecular weight cellulase-
free =xylanase from Chainia [63] as well as xylanase from
alkalophilic Bacillus svp [64] have been investigated and
patented from our laboratory.

The optimum temperatures for xylanases from mesophilic
organisms were in the range of 50 - 60°C. But the xylanases
from some extremely thermophilic strains possessed high
temperature optima. For example, the optimum temperature

of 78°C was reported for xylanase from B. stereothermophilus,

while the optimum temperature for production was 65°C (Table

2.1) [17). The xylanases from Streptomyces sp did not possess

high temperature of optima. The xylanase from Thermomonospora
sp possessed an optimum temperature of 80°C, while the culti-
vation temperature was 55°C [27]. The xylanase of T. auran-
tiacus has a temperature optimum of 75°C [41].

The temperature relationships of xylanases are bellter
described in their thermostability properties. Table 2.12
shows the comparison of thermostability of xylanases (culture
filtrate) from various microorganisms. Comparison of thermo-
stability of wvarious =xylanases showed -that xylanase from

B. stereothermophilus was the most thermostable enzyme repo-

rted so far. Among the Streptomyces sp the xylanase from

Streptomyces T7 (present work) showed excellent thermostabi-

lity (6 days at 50°C). The xylanase from Thermomonospora
sp was the highly thermostable enzyme (half 1life 24 h at
65°C) among actinomycete xylanascs [27]. Table 2.12 shows
that the xylanases produc=d -from thermonhilic organisms are

generally more stable than those from mesophilic strains.
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Table 2.12: Thermostability of xylanases from various

organisms

Organism Thermostability Reference
%*
B. stereothermophilus Half life 15 h at 75°C 17
4125 and stable for 5 days
at 68°C
*
Thermomonospora sp Half life 24 h at 65°C 27
*
T. curvata Half life > 60 min at 70°C 20
*
T. chromogena MI808 Half life > 60 min at 70°C 3
Micromonospora LL23 Half life 13 - 40 min at 70°C 3
S. viridis Half life « 60 min at 70°C 20
Streptomyces sp EC1 Half life 13 - 40 min at 70°C 3
EC3
*
S. lividans 1326 Half life 30 min at 60°C 39
S. flavogriseus Half life 24 h at 40°C 26
*
Streptomyces sp T, Stable for 6 days at 50°C Present
work
*

T. aurantiacus C436 Half life 4 days at 60°C 41

and stable for 3 days at

50°C

* .
Thermotolerant or thermophilic organism.
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Bacteria and actinomycetes produce xylanases generally
at neutral pH while acidic pHs were favourable for production
of fungal xylanases. Exceptions were from alkalophilic
bacilli which exhibit pH optima in the range of 9 - 10 [35,
65], while acidophilic Bacillus sp 11-1S had an oplimum
pH of 3.5 - 4.0 for =xylanase production [36]. There are

no reports available on the acidophilic actinomycete =xyla-

nases whereas alkalophilic Streptomyces sp VP, producing
xylanase at pH 10 was reported recently from our laboratory
[66].

Considering the high xylanase activity as well as pro-
ductivity of the thermotolerant Streptomyces T strain,

7

it is possible to speculate on its potential for industrial

applications. Its optimal activity around pH 5.0 as well
as its exceptional stability for prolonged periods at 50°C,
would make it worthwhile for trying its applicability to
the brewing industry in which filtration problems are consi-
derably eased by the use of suitable =xylanase enzymes.

Currently, some of the xylanase preparations from fungal

sources such as Aspergillus niger are being tried out effe-

ctively for this industrial application. The economic and
technical feasibility of the T7 enzyme Lo this and olther
applications appears to be worth investigating and would

be taken up as a project for the future.
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CHAPTER 3

PURIFICATION OF XYLANASE
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SUMMARY

The conventional purification methods such as prepara-
tive PAGE, 1isoelectric focusing and gel filtration were
attempted for purification of Streptomyces xylanase. Al
the three methods yielded an electrophoretically homogeneous
preparation of xylanase. The purified xylanase was cationic
in nature and contained a single protein component. The
gel filtration method was adopted owing to its ease of opera-
tion and rapidity. Using this method the xylanase was puri-
fied 41-fold over the culture filtrate and the specific
activity of 412 was achieved which was higher than that

obtained with the other two methods.
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INTRODUCTION

Xylanases have been separated and purified by using
conventional protein purification techniques. The culture
filtrate which is used as the starting material is usually
concentrated by freeze drying or by flash evaporation under
reduced pressure prior to the chromatographic purification
procedures. Alternatively, the protein component of the
filtrate containing xylanase is precipitated with cold etha-
nol (-18°C) or with ammonium sulphate at 55 - 90% saturation
[1].

The purification techniques include:

1. Ton exchange chromatography

Generally, two types of ion exchangers are used in
the purification of xylanases viz. (i) Anion exchangers,
DEAE-cellulose [2-4], DEAE-Sephadex [5)] and Duolite A-2
[6] (ii) cation exchangers,Amberlite resins CG-50 [7], IRC-
50 [8), CM-cellulose [9,10]), cellulose phosphate [11],
cellex-CM [12], CM-Sephadex [13], Duolite C-10 [6], SE-Sepha-
dex [14) and hydroxyapatite. [15].

2. Gel-permeation chromatography

Xyianases can be purified by molecular sieving through
Sephadex G-50 [3,16,17), Sephadex G-75 [18], Sephadex G-
100 [19]), Bio-Gel P-10 [20], Bio-Gel P-100 [21-23]. Further
steps used in the purification were isoelectric focusing
[24] and preparative polyacrylamide gel electrophoresis
(PAGE) [25].

Purification can also be achieved by affinity binding

to xylan [7].
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Xylanases from bacteria
Bacillus sp.
Esteban and coworkers [26] reported the purification-

of two xylanases from Bacillus circulans WL-12. Xylanase

I was separated by adsorbing the culture filtrate on DEAE-
Bio-Gel A (pH 7.3). The elution of adsorbed xylanase I
was carried out with 2 M NaCl. This fraction was active
against both pure xylan and p-nitrophenyl-B-D-xyloside
(pNPX) . The unadsorbed xylanase II was adjusted to pH
4.0 and filtered through CM-Bio-Gel A, eluted with 2 M
NaCl, showed activity on pure xylan but not on pNPX. Fra-
ction I was resolved into two enzymes viz. endo-xylanase
and PB-xylosidase by isoelectric focusing in the pH range
3.5 - 10.0. Two xylanases designated A and N from alkalo-
philic Bacillus sp. C-125 were purified by an ammonium
sulphate precipitation followed by gel filtration on Bio-
Gel P-30, chromatography on DEAE-cellulose and gel filtra-

tion on Sephadex G-75 [27]. Xylanases from Bacillus subtilis

PAP 115 were purified by using SP-Sephadex C-50 and Sephacryl
S-200 columns [28]. An endo-xylanase of Bacillus sp. 11-
1S was purified by ammonium sulphate fractionation followed
by SE-Sephadex column chromatography. Elution was carried
out with 50 mM acetate buffer, pH 3.2 containing 100 mM
Nacl [29]. An endo-xylanase was purified from the culture

filtrate of Bacillus coagulans 26. Adsorption of culture

broth on DEAE-Bio-Gel A (pH 7.5) and elution with 2 M NaCl
separated the fraction which was active against pNPX but
not on pure xylan. The non-adsorbed enzyme was adjusted

to pH 4.5and applied to CM-Bio-Gel A. Elution with 2 M
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NaCl separated endo-xylanase active against xylan ({30].
Purification of two endo-xylanases from culture filtrate
of two alkalophilic and thermophilic Bacillus sp. Wl (JCM‘
2888) and W2 (JCM 2889) was reported [31,32]. The procedure
involved ammonium sulphate fractionation and chromatography
on DEAE-Toyopearl 650 M (pH 6.2). Component I was eluted
with the same buffer while component II was eluted with
a linear gradient of 0.2 - 0.6 M NaCl in the same buffer
of pH 6.2. Endo-xylanase 11 was rechromatographed on the
same exchanger. Then both the components were separately
applied on Toyopearl HW-55S equilibrated with 50 mM phosphate
buffer (pH 7.0) containing 0.2 M NaCl. Panbangred and
coworkers [33] purified endo-xylanase produced by Bacillus
pumilus IPO. The purification involved precipitation of
culture filtrate with ammonium sulphate followed by chro-
matography on DEAE-Sephadex A-50 (pH 6.5) and CM-Sephadex
Cc-50. Elution was carried out with the same buffer (pH
6.5) and the buffer containing a linear gradient of 0 -
0.3 M Na”l in phosphate buffer respectively.
Clostridium sp.
Three main xylanase components were separated by ion
exchahge chromatography on DEAE-Trisacryl M from the O
- 40% saturated ammonium sulphate preparation obtained

from Clostridium stercorarium culture supernatant. Two

peaks were obtained: IA (xylanase A) and 1IB (xylanase
B and C). Xylanase B and C were separated by repeated

chromatography on Bio-Gel P-100 [34]. Two endo-xylanases

produced by Clostridium acetobutylicum ATCC 824 were puri-

fied to homogeneity by sequential chromatography on CM-
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Sepharose gel, hydroxyavatite (pH 6.0), phenyl Sepharose

(pH 6.0) and Bio-Gel P-150 [35].

Xylanases from Streptomyces sp.

Fractionation of extracellular xylan hydrolases of

a strain of Streptomyces exfoliatus MC1l revealed the presence

of five components [3]. The protein was first salted out
and was subjected to gel filtration on Sephadex G-50.
Further, it was resolved into two components: xylanase I
and II. Xylanase II was pure but I showed many bands.
Fractionation on DEAE-cellulose column resolved xylanase
I into five fractions (Ia-e). The major fractions Ib and
1d were studied in detail. Marui and coworkers [21] reported
three xylanases X-I, X-II-A and X-II-B which were purified
from the culture filtrate of Streptomyces sp. 3137. The
purification involved ultrafiltration with DIAFLO UM-10,
chromatography on DEAE-Sephadex A-25 followed by gel filtra-
tion on Bio-Gel P-100 and isocelectric focusing with Servalyt
6 -8 or 9 «—11. An endo-xylanase produced by mutant

8-7 of Streptomyces lividans 1326 [36] was purified by

anion "exchange chromatography on Accell OMA. Elution was
carried out with _ the phosphate buffer (pH 6.0) containing
100 mM NacCl. Final purification was achieved by HPLC on
a protein pak DEAE 5PW anion exchange column at pH 8.5.

Xylanase from Streptomyces xylophagus nov. sp. [37] was

purified of ammonium sulphate fractionation and chromato-
graphy on DEAE-cellulose. Nakagima and coworkers [2] puri-

fied the xylanase from Streptomyces sp. KT-23 by chromato-
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graphy on DEAE-cellulose and Bio-Gel P-100. The xylanases

from Streptomyces flavogriseus 45-CD and Streptomyces oli-

vochromogenes were purified by ion exchange chromatography

on DEAE-Bio-Gel A followed by HPLC column CM-3SW and TSK-
DEAE-3SW respectively [39]. Two endo-xylanases from Chainia
sp. were separated and endo-xylanase 11 was characterized
in detail [40]. Purification involved: a negative adsorption
on DEAE-cellulose, chromatography on DEAE-fractogel TSK-650S
followed by gel filtration on Sephadex G-50 (pH 7.0). The
two xylanases were separated only on Sephadex G-50 in the

final purification step.
Xylanases from fungi

The purification of xylanases from certain thermophilic
fungi is also reported. Margaritis and coworkers [22] repor-
ted the use of Bio-Gel P-4 and Bio-Gel P-100 for the purifica-

tion of xylanase from Sporotrichum thermophile. Thermostable

xylanase from Talaromyces byssochlamydoides YH-50 was fract-

ijonated into three components, tentatively named X-a, X-b-
I and x-b-II1 during the purification steps [41]. They were
purified by consecutive column chromatographies on Sephadex
G-50, DEAE-Sephadex A-50 and Sephadex G-100. An endo-xylanase

produced by thermophilic fungus Humicola lanuginosa was puri-

fied to homogeneity by gel filtration on Sephadex G-100 and

chromatography on DEAE-Sepharose CL-6B [42]. The xylanase

from a thermophilic fungus Malbranchea pulchella var. sulfurea
48 was purified from a culture filtrate by ammonium sulphate
fractionation and column chromatographies on DEAE-cellulose

and CM-Sephadex [43.44]. A thermostable endo-xylanase was
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purified from the culture filtrate of a thermophilic fungus

Thermoascus aurantiacus C436 using a single chromatographic

SP ’
step on g Sephadex C-50 [45]. Fractionation of xylanolytic

enzyme system of the thermophilic fungus Chaetomium thermophi-

le var. coprophile revealed five different components of
extracellular xylanase. Two xylanases (I and II) purified
to homogeneity by a combination of ion exchange and gel fil-
tration chromatographic procedures [46].

The xylanases from mesophilic fungal species such as
Aspergillus [47,48) and Trichoderma [49,50] are well studied.
Frederick and coworkers [51] purified two endo-xylanases

from a crude Aspergillus niger preparation. The first fract-

ion was purified by Ultragel ACA 54 and SP-Sephadex G-25
(pH 4.5) while the other fraction by Sephadex G-50 and SP-
Sephadex C-25 (pH 5.8) in 0 - 0.2 M NaCl gradient. The crude

xylanase from Schizophyllum commune was chromatographed on

DEAE-Sephadex A-50. Xylanase A was separated from other
xylanases and CM-cellulases from the S. commune enzyme complex
The xylanase A fraction was further purified on Sephadex
G-50 [52]. A single component of xylanase was purified from

the culture filtrate of Sclerotium rolfsii UV-8 mutant by

gel filtration on Sephadex G-75 and chromatography on DEAE-
Sephadex A-50. Further separation of xylanase was achieved
by isoelectric focusing [53]. The endo-xylanases (I and

11) of Cryptococcus albidus were separated on DEAE-cellulose

column. The xylanase fraction I was not adsorbed but was
eluted in the void volume. It was further ~purified by adsor-

ption on CM-Sephadex C-50 column and elution with 0.45 M
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NaCl gradient. Xylanase fraction II which was adsorbed on
DEAE-cellulose column was eluted with 0.25 M NaCl gradient
[54]. Recently, Morosoli and coworkers [55] purified endo-
xylanase of C. albidus by applying the culture filtrate to
a DEAE-cellulose column (pH 7.0), coupled in a series with
a hydroxylapatite column which was washed with 100 ml of
0.2 M phosphate buffer (pH 7.0) and the adsorbed enzyme was
finally eluted with 0.4 M phosphate buffer (pH 7.0). The
enzyme preparation was then subjected to isoelectric focusing
in 5% polyacrylamide gel rods wherein two protein bands bear-
ing xylanase activity were separated at their isoelectric

pi- . 5.3 and 5.7, respectively.
Criteria of purity

The purity of «xylanases was reported using cathodic
or anodic disc gel electrophoresis, SDS-PAGE, isoelectric
focusing and ultracentrifugation [27,35,36].

The homogeneity of xylanases from B. subtilis was confi-
rmed by SDS-PAGE [28]. Marui and coworkers [5] confirmed

the purity of three endo-xylanases from Streptomyces sp.

3137 by carrying out PAGE and isoelectric focusing at pH
7.1, 10.06 and 10.26 respectively. The purity of three endo-
xylanases of S. exfoliatus was confirmed on PAGE at pH 8.6
3]

Isoelectric focusing and SDS-PAGE were vreported for
homogeneity of xylanase from T. aurantiacus C436 [45], while

homogeneity of xylanase from T. byssochlamydoides YH50 was

examined by disc PAGE at pH 8.3. The purity of five endo-
xylanases from A. niger was checked on PAGE and isoelectric

focusing [56-58].
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MATERIALS AND METHODS

Materials

B-Alanine N,N,N'N'-tetramethyl elthylene diamine {(TEMED)
Coomassie Brilliant. Blue G-250, DEAE-cellulose, N,N-methy-
lene-bis-acrylamide were purchased from Sigma Chemical Co.,
USA. The suppliers of the following chemicals are indicated
in parentheses: Ultrafiltration membranes (Amicon Corporation
USA), Sephadex G-50 (Pharmacia, Sweden), Ampholine (LKB,

Sweden). All other chemicals used were of analytical grade.

Methods

Determination of protein Protein was determined by one
of these following methods:

Lowry's method [59]

Spectrophotometric method [60]: The method was based on
the measurement of absorbance at 280 nm. A correction for
the nucleic acid and ultraviolet absorbing impurities was

made by the following equation:

mg of protein/ml = 4/7[2.3(O.D.280 - 340

(0.D. - 0.D.

260 340)]

Crystalline bovine serum albumin (BSA) was prepared accor-
ding to the procedure of Cohn et al. [61] and used as a
standard for both the methods.

Source of enzyme Xylanase was produced by growing Strepto-
myces sp. T, in a medium containing 5% wheat bran as a carbon
source. After cultivation for 72 h at 50°C, the cells and

solid residues were removed from the culture broth by centri-
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fugation (9,000 g, 30 min) and the clear supernatant liquid
was used as an enzyme source.

Alcohol precipitation The clear culture filtrate was concen-
trated by alcohol precipitation. Chilled culture filtrate
was precipitated with 3 volumes of prechilled distilled
ethanol with constant stirring and allowed to stand at 0°C
for 3 - 4 h for complete precipitation. The precipitate
was recovered by centrifugation (9,000 g, 30 min) and stored
at -20°C until further use.

Ion exchange chromatography (Batchwise) DEAE-cellulose
was regenerated with 1 N NaOH and 1 N HCl [62] and equili-
brated with 10 mM sodium phosphate buffer, pH 7.0 or 8.0.
This equilibrated DEAE-cellulose (100 mg) was suspended
in enzyme solution (5 ml, 2.5 mg) for 30 min and unadsorbed
proteins were recovered by filtration through Whatman No.
1 filter paper. The DEAE-cellulose cake was washed alleast
twice with the buffer and the washings were pooled with
the first filtrate.

PAGE PAGE was carried out in 7.5% gels at pH 4.3 according
to Maurer [63] using basic fuchsin as a marker and B-alanine
acetic acid (pH 4.5) as the bath buffer. The gels were
stained with Coomassie Brilliant Blue G-250 for visualizing
the protein band and destained with distilled water.

Location of xylanase band in the gel The analytical disc
gel electrophoresis was carried out in two 7.5% qels (ph
4.3). Fifty ug (each) of protein was loaded on both the
gels. After the electrophoresis was over,as monitored by

the movement of the marker dye, one gel was kept for staining
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in Coomassie Brilliant Blue G-250 and the other was cut
into 8 eqgual parts. Each piece was crushed finely and the
enzyme was eluted with 50 mM acetate buffer, pH 5.0. The
xylanase activity of each fraction was estimated. The corr-

espondence between protein band and the activity was determi-

ned.
Purification methods

All the purification steps were carried out at 4°C
unless otherwise mentioned.
I. Preparative PAGE

A 7.5% polyacrylamide gel (pH 4.3) was prepared in
a glass column (20 x 5 cm) with gel height of 15 cm. Upper
chamber (anodic) was a glass reservoir (23 x 9 cm) with
a B-50 male joint which could fit into the glass column
having B-50 female joint. A glass beaker of 2 L capacity
in which the gel column was immersed, served as the lower
chamber (cathod.ic) (Fig. 3.1). PB-alanine acetic acid buffer
(pH 4.5) was used as the bath buffer.

The culture filtrate (125 ml) step I was concentrated
by ethanol precipitation. The precipitate (1.5 g, 1240 U)
was dissolved in 5 ml of 50 mM acetate buffer, pH 5.0.
The undissolved solids from the precipitate were separated
by centrifugation and the clear supernatant (step I11) was
loaded on the gel. Electrophoresis was continued till the
marker band moved about 10 - 12 cm towards cathode (65 h).

The gel was removed and a thin vertical strip was cut
and stained with Coomassie Brilliant Blue G-250 to reveal

the protein pattern of the sample. The strip was replaced



Fig. 3.1t The preparative PAGE of the xylanase






82
in the gel and the portion of the gel corresponding (located
from the analytical PAGE data) was cut. The gel was homoge-
nised and the xylanase was eluted with 30 - 40 ml of 50
mM acetate buffer, pH 5.0. The traces of xylanase were
recovered by eluting twice with 20 ml of the same buffer.
The filtrate and washings were pooled and concentrated to
10 ml (step III) by freeze drying. The enzyme was dialysed
and further purified on DEAE-cellulose in a batchwise treat-
ment at pH 7.0 and concentrated again by freeze drying to

1.5 ml (step 1IV).

I1. Preparative isoelectric focusing

Preparative isoelectric focusing was performed as des-
cribed by LKB (Application note, LKB Produkter AB, Stockholm,
Sweden) in the LKB multiphore apparatus using the LKB tray
(24.5 x 11 x 0.5 cm) and ampholines in the pH range 3.5
- 10.0. Ultrodex was substituted with 24 strips (5 x 1
x 0.5 cm) of foam (polyurethane strip) [64]. The strips
were soaked in ampholine-water mixture (2% w/v) and placed
horizontally on the tray. The anodic strip was soaked in
1M H3PO4 and cathodic strip in 1 M NaOH.

The alcohol precipitated enzyme (step 1II) (1.25 g,
12600) Qas dissolved in 4 ml of ampholine water solution.
The strips were dipped in enzyme-ampholine solution and
replaced on the tray. The electrofocusing was carried out
with a constant current of 12 mA and a constant power of
8 W for 18 h. After termination of the run, foam strips
were squeezed and the eluate was collected in different

test tubes and assayed for xylanase activity. The pH of
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each fraction was determined. The xylanase positive fra-
ctions were pooled and dialysed extensively against disti-
lled water and concentrated by freeze drying to 1.2 ml
(step I11).
III. Gel filtration

The culture filtrate (400 ml) (step I) was concentra-
ted by precipitating the enzyme with ethanol. The preci-
pitate (4 g, 10,600 U) was dissolved in 80 ml of 10 mM
sodium phosphate buffer, pH 8.0. The undissolved solid
particles from the precipitate were separated by centri-
fugation and the clear supernatant (step II) was further
purified on DEAE-cellulose in a batchwise treatment. The
filtrate and washings were pooled and ultrafiltered through
an Amicon UM-10 membrane to concentrate the sample to 12
ml (step III). A 1'5ml portion of this enzyme (9 mg, 9381
U) was applied to a Sephadex G-50 column (1.5 x 110 cm.)
equilibrated with 50 mM potassium phosphate buffer, pH
7.2. The fractions were collected at a rate of 2 ml/10
min and estimated for xylanase activity. The active fra-
ctions were pooled,dialysed against water and concentrated
by freeze drying (step IV).

Purity of xylanase purified by various methods was

checked by analytical PAGE at pH 4.3.
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RESULTS

The preliminary work on purification was directed

towards standardization of a purification procedure which
is simple, inexpensive, easy to operate and at the same
time would give good yields of enzyme together with high
specific activity. The conventional purification methods
such as PAGE, isoelectric focusing and gel filtration were
attempted.
Preparative PAGE When the xylanase was subjected to pre-
parative PAGE and a thin strip from the gel was cut into
8 equal parts, the 4th fraction showed xylanase activity
corresponding to the middle band of protein (Fig. 3.2a,b).

Table 3.1 shows that the xylanase was purified almost
16-fold over the culture filtrate. The specific activity
attainded in the final step was 176. The purified xylanase
showed a single band on PAGE at pH 4.3 (Fig. 3.3a).
Preparative isoelectric focusing Figure 3.4 shows the
fractionation of Streptomyces xylanase by isoelectric focu-
sing. The fractions 10 - 16 showed xylanase activity.
The highest activity was obtained at pH 7.8. The purifica-
tion was 33-fold over the culture filtrate and a specific
activity of 331 was obtained (Table 3.2). The analytical
disc PAGE showed a single band on 7.5% acrylamide gel at
pH 4.3 (Fig. 3.3b).

Gel filtration Figure 3.5 shows the elution pattern of
xylanase from Sephadex G-50. The fractions 42 - 60 showed

the xylanase activity. The fractions 45 - 57 were pooled.



Fig. 3.2t PAGE of xylanase
(a) Analytical PAGE of alcohol precipitated
xylanase at pH 4.3,

(b) Location of xylanase band
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Fig. 3.3t Homogeneity of xylanase on PAGE at pH

4.3.
a Preparative PAGE
b Isoelectric focusing

c Gel filtration
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Fig. 3.4: Fractionation of xylanase by isoelectric
focusing
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Fig. 3.5t Separation of xylanase on Sephadex G-50
(o) Xylanase activity (/) absorption

at 280 nm.
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The pooled sample showed a single band on analytical PAGE
in 7.5% gel at pH 4.3 (Fig.3.3c). It can be seen that

Streptomyces T7 xylanase contained a single protein compo-

nent with enzyme activity. Table 3.3 summarizes the results
on purification of xylanase by gel filtration. The enzyme
was purified 41-fold over the culture supernatant. The
specific activity reached in the final step was 412.
Although the yield of the enzyme obtained by the above
three purification procedures was almost same, the specific
activity 9f the enzyme purified by gel filtration was high-
est. Moreover, Sephadex G-50 column could be reused several
times. Owing to its ease of operation and rapidity this

method was adopted for purification of Streptomyces xylanase.

DISCUSSION

All the three purification methods viz. preparative
PAGE, 1isoelectric focusing and gel filtration on Sephadex
G-50 yielded an electrophoretically homogeneous preparation
of xylanase. However, the enzyme purified by preparative
PAGE showed poor yield and low specific activity. Moreover,
acrylamide impurities associated with the purified protein
could not be removed completely by ion exchange chromato-
graphy. The preparative isoelectric focusing was simple
and easy to operate. The specific activity of the enzyme
obtained through this purification method was also signi-
ficantly higher. However, the ampholines are expensive
and hence are not affordable to use routinely. Against

this background gel filtration was inexpensive, simple
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and the specific activity of the enzyme so purified was
higher than the above two methods. In view of its merits
this purification method was routinely used in the presontA
work.

The various methods reported for purification of xyla-
nases from prokaryotes or eukaryotes mostly include ion
exchange chromatography, gel filtration on Sephadex or
molecular sieving through Bio-Gel. Isoelectric focusing
was reported where more than one xylanases have to be sepa-
rated [5]. Preparative PAGE was not the method of choice
mainly because of the multiplicity of xylanases and due

to certain other disadvantages mentioned earlier.
Xylanases from bacteria

The endo-xylanase from an acidophilic and thermophilic
Bacillus sp. 11-1S was purified 7-fold using a single puri-
fication step wviz. chromatography on SE-Sephadex [29].
Horikoshi and Atsukawa [10] have reported 26-fold purifi-
cation of xylanase from alkalophilic Bacillus sp. C-59-
2. B. pumilus xylanase was purified 18-fold with a recovery
of 46% using DEAE and CM-Sephadex column chromatography
[33].. The above xylanase after purifying further on T38K
HW polyvinyl gel gave an overall yield of 22% with a 90-
fold purification [65]. Xylanases A and N from alkalophilic
Bacillus sp. C-125 were purified 16- and 24-fold by ion
exchange chromatography and molecular sieving with 5 and
26% recovery respectively [27]. The xylanase from B. subti-
lis was purified 25-fold with an overall yield of 21% [28].

Endo-xylanases from the two alkalophilic and thermophilic
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Bacillus sp. Wl and W2 were fractionated into two active
components (I and II) with 100 - 300-fold purification [31].
Xylanases A, B and C from C. stercorarium were purifiod
about 12-fold over the culture supernatant [34]. Two endo-

xylanases A and B from C. acetobutylicum were separated

on CM-Sepharose. Xylanase A did not adsorb while adsorbed
xylanase B was eluted using NaCl gradient. Hydroxylapatite
was used for separating the other enzymes associated with
xylanase A. Hydrophobic chromatography with Phenyl Sepharo-
se which could bind xylanase was used and adsorbed xylanase
was eluted with Triton X-100 and then freed by rechromato-
graphy on hydroxylapatite. Xylanase A and B were purified

19 and 23-fold, respectively [35].
Xylanases from Streptomyces sp.

The endo-xylanase from S. lividans 1326 was purified
33-fold over the culture supernatant [36] whereas the xyla-
nase from S. xylophagus was purified 276-fold [4]. The
xylanase from mesophilic Streptomyces sp. have also been
shown to consist of only one xylanase component [2,38].
The xylanase from Streptomyces sp. KT-23 was purified 10-
fold over the culture supernatant and was recovered in
20% yield [2]. The crude xylanase from Streptomyces sp.
3137 was fractionated into three components which were
purified approximately 3 - 4-fold [5]). The xylanases (endo
I and endo II) were separated from the culture filtrate
of Chainia sp. on Sephadex G-50. The endo-xylanase 1II
was purified 31-fold over the culture filtrate and was

studied in detail. The xylanase II of Chainia sp. [40]
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remained unadsorbed on DEAE-cellulose indicating that it

is cationic in nature similar to our Streptomyces T7

se. Enzyme systems of most of the reported streptomycetes

xylana-

were shown to consist of a single xylanase component.

However, the enzyme systems of §. ostreogriseus [65] and

S. exfoliatus MCl [3] revealed the presence of five species

of enzymes.
Xylanases from fungi

A major xylanase component from crude culture filtrate
of T. aurantiacus C436 was found to be well separated from
other proteins by purification on SP-Sephadex C-50 at pH
4.4. A yield of 47% with 3-fold purification was obtained
[45]. The xylanase from thermophilic fungus T. byssochlamy-
doides YH-50 was separated from the culture filtrate into
three components and the purified xylanase components showed
17-fold increase in specific activity (112 - 117) [41].
The endo-xylanase from thermophilic fungus H. lanuginosa
was purified 54-fold with a yield of 68% [42]. An overall
161-fold purification was achieved for the xylanase from

Malbranchea pulchella var. sulfurea 48 [43,44]. The endo-

xylénase from A. glggz strain 14 was purified using five
steps. The purification was 5,000-fold with regard to
the culture extract [47]. The two xylanases (I and TIT)
from C. thermophile var. coprophile were purified 38 and
5-fold with 1.42 and 0.09% recovery,respectively [46].

In the present investigation, the Streptomyces T,

contained a single component of xylanase which could be .

purified by ion exchange chromatography on DEAE-cellulose in
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a batchwise manner followed by gel filtration on Sephadex
G-50. The enzyme was purified 41-fold over the culture
supernatant . Specific activity of 412 was reached in Ulthe
final step.
It is difficult to compare the specific acuivity of
our xylanase with those reported in the 1literature due to
the variation in the substrate (xylan) and the assay melthod

used for xylanase activity.
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CHAPTER 4

PROPERTIES OF PURIFIED XYLANASE
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SUMMARY

The physicochemical properties of the purified xylanase
were studied. The pH and temperature optima for the xylanase
activity were 4.5 - 5.5 and 60°C, respectively. The energy
of activation was 8.6 x 103 cals/mol. The enzyme was highly
stable and was found to retain total activity on incubation
at pH 5.0 for 6 days at 50°C and after 11 days at 37°C.
The molecular weight of xylanase as determined by SDS-PAGE
by gel filtration on Sephadex G-50 and Bio-Gel P-10 was
found to be approximately 20,500. The isoelectric point
of xylanase was 7.8. The xylanase was a glycoprotein and
contained 33 mol of carbohydrate per mol of protein estimated
using glucose as a standard.

The amino acid analysis indicated that the enzyme is
rich in glutamic acid and histidine. It also contained sub-
stantial amounts of aspartic acid and glycine. DTNB and
PHMB titrations showed the presence of 3 mol of -SH per
mol of enzyme. The performic acid oxidised sample indicated
the presence of 5 mol of cysteic acid, which is in agreement
with phe DTNB titration of the reduced xylanase.

The xylanase was specific only to xylan and did not
act on other substrates such as CM-cellulose, filter paper
Avicel, PpNPX, cellobiose, laminarin, pullulan, chitin, Gum
Locust. The Km and Vmax values as determined for soluble
larch wood xylan were 10 mg/ml and 7.6 x 103 umol/min/mg
of enzyme,6 respectively. The Km values for insoluble and

total xylan were 333and 25 mg/ml,respectively.

~
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The xylanase was completely inhibited by SDS (1%),

Hg2+ (2 x 10—6 M) and Ag+ (10 x 10—6 M), EDTA and other
. 2+ 2+ 2+ 2+ 2+ .
metals like Coal , Mn® , Mg~ , Co and Mo did not show

any effect on xylanase activity.

The major end products of xylan hydrolysis by the

Streptomyces T7 xylanase were X7 and xylo-oligosaccharides
(X3 - X6). Very little xylose was produced even after 16
h indicating that it was an endo-xylanase. When the xylan

was hydrolysed with a mixture of xylanase and B-xylosidase,
the hydrolysis increased from 43 - 60% and the end product

was mainly xylose.



100

INTRODUCTION

Most of the available information concerning the proper-
ties of xylanases has come from studies on bacterial and
fungal enzymes. Multiple xylanases have been reported in
numerous microorganisms. The nature and relevance of minor
xylanases may remain elusive because purification procedures
favour the isolation of major xylanases. 1Individual xylana-
ses have distinct properties that contribute key functions

to the overall xylanolytic system of microorganism [1,2].

Optimum temperature The optimum temperature for endo-xyla-
nases from bacterial and fungal sources varies between 40
- 60°C. However, the xylanases produced by thermophilic
organisms wusually have the higher temperature optima (60
- 80°C) than the =xylanases produced by mesophiles. The

optimum temperature of various xylanases is summarized in

Table 4.1.°
Optimum pH Bacterial D-xylanases usually have pH optima
in the range of 5 - 7. D-xylanases of fungal origin are

generally most active in the pH range 3.5 - 5.5. Acidophilic
strains produce xylanases which generally possess the pH
optimum in the acidic range while those produced by alkalo-
philic organisms may have in the alkaline range. Table
4.1 gives an account of pH ootima of xylanases from various
organisms.

Temperature stability Thermostable enzymes are advantag.ous
for increasing the hydrolysis efficiencies and accelerating
the reaction rates. Stable enzymes active at elevated temp-

eratures are reported from thermophilic organisms as well
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as from mesophilic organisms. Among the thermophiles Bacillus
sp. are well known. Both the endo-xylanases from Bac llus
sp. C-125 were reported to be stable upto 50°C for 10 min
[10]. Uchino and Nakane [11] reported the xylanase from
Bacillus sp. 11-1S to be stable at 70°C for 15 min. Bernier
and coworkers [6] reported that xylanase from B. subtilis
PAP-115 was stable at 50°C for 20 min, while B. pumilus
xylanase had a half life of 30 min at 50°C [5]. The four
xylanases purified from alkalophilic and thermophilic Bacillus
sp. (Wl and W2) were stable in the temperature range 40
- 60°C for 10 min. The thermal stability of component TI
from the two strains was higher than that of component I
[9]. Berenger and coworkers ([12] reported three xylanases

A,B and C from C. stercorarium which were stable at 75°C

for 1 h. Xylanase A was stable even at 81°C for 90 min.
The mutant 8-7 of thermotolerant S. lividans 1326 produ-
ced xylanase which was stable upto 37°C for 24 h [15].

The xylanase from Streptomyces sp. KT 23 reported by Nakajima

and coworkers [20] was stable upto 55°C. The three xylanases

produced by Streptomyces sp. 3137 were stable upto 55°C

for 30 min [19], while an endo-xylanase of S. xylophagus
was stabie at 40°C for 10 min [16].

Among the fungi, the xylanase from T. aurantiacus was
reported to be stable at 70°C for 24 h and its half 1life
was 54 min at 80°C [26]. It is probably the highest thermo-
stability for xylanases reported so far. Some of the fungi
which are mesophilic in origin, but can produce thermostable

xylanases are Ceratocystis paradoxa, the xylanase of which
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was stable at 80°C for 1 h [28]. The xylanases (A and
B) of a fungal strain Y-94 were stable upto 70°C for 10
min whereas xylanase C was not stable [29]. Xylanases
(I and 11) purified from C. thermophile var. coprophile
were stable at 50°C for 24 h. But at 60 and 70°C the xyla-
nase I was more stable than II [27].
pH stability D-xylanases from different organisms are usua-
lly stable over a wide range of pH 3 - 10. Two endo-xylana-

ses A and N from alkalophilic Bacillus sp. C-125 were repo-

rted to be stable in the pH range 4 - 12 and 5 - 12 respe-

ctively [10]. The xylanase purified from acidophilic
Bacillus sp. 11-1S was stable in the pH range 2.0 - 6.0
[11]. Bernier and coworkers (6] reported the xylanase

from B. subtilis PAP-115 was stable in the pH range 5 -
7. The four endo-xylanases from two alkalophilic and
thermophilic Bacillus sp. (Wl and W2) were stable between
pH 4.5 - 10.0 [9]. Three endo-xylanases (A, B and C) from
C. stercorarium described by Berenger and coworkers [12]
were stable in the pH range 7 - 12. Xylanases A and B

reported from C. acetobutylicum ATCC 824 were stable at

pH 5f5 - 7.0 and 3.5 - 7.0,respectively [13].

The pH stability reported by Marui and coworkers [19]
for xylanase X-I from Streptomyces sp. 3137 was in the
pH range 3.0 - 10.5 and that for X-II-A and X-II-B was
in the pH range 1.5 - 11.5. lizuka and Kawaminami [10]
reported the pH stability of xylanase from S. xylophagus
to be in the range of 5.3 - 7.3 while the pH stability
of xylanase from Streptomyces sp. KT-23 was in the range

4 - 10 [19].
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Three xylanases (X-a, X-b-I and X-b-I1I) from T. bysso-

chlamydoides YH-50 were stable in the pH range 3 - 9 [25]
while the xylanase from H. lanuginosa described by Kitpree-
chavanich ¢l al.[(22] were stable in the pll range 5 - 8.
Molecular weight Endo-xylanases having molecular weights
in the range of 5,000 to 90,000 daltons are reported from
various organisms (Table 4.1). The conservation of xylanase

forms is suggested by xylanases purified from Aspergillus,

Bacillus, Clostridium, Streptomyces and Trichoderma spp,
in which xylanase multiplicity has been most extensively
examined [1]. These xylanases appear to have a conserved
relationship between their molecular weight and their iso-
electric point (pI). An examination of xylanase multipli-
city in Bacillus spp suggest that these bacteria produce
two xylanases: one is basic (pI 8.3 - 10.0) with low mole-
cular weight (16,000 - 22,000), and the other is acidic
(pI 3.6 - 4.5) with high molecular weight (43,000 - 60,000).
Although the data is ipcomplete,it appears that all xylana-
ses isolated from Bacillus spp fit into one of these cate-
gories, except for the xylanase from B. subtilis PAP-115
which has an apparently intermediate molecular weight of
32,000 [6]. The two forms appears to be conserved in
Bacillus spp.

There are low molecular weight/basic and high molecular

weight/acidic xylanases in Clostridium and Streptomyces

spp . Although the high molecular weight xylanases in

Streptomyces spp. have relatively neutral plI's (ranage 5.2

- 7.3) the apparant dichotomy in multiple xylanases appears

to be retained. The dichotomy is suggested in Aspergillus
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and Trichoderma spp (Table 4.1), in which 1low molecular
weight/basic xylanases are common. There are, however,
several exceptional cases 1in which acidic xylanases have

apparently low molecular weights. [1,9].

Isoelectric point (pI) The isoelectric points for endo-
xylanases from various sources ranged from 3.75 - 10.30
[2,30]. The xylanase reported in Cryptococcus albidus

CCY-17-4-4 has a plI of 5.3 and thus appears to belong to
the high molecular weight/acidic category. On the other
hand, xylanases that belong to the low molecular weight/
basic category have isclated from C. albidus CCY-17-4-1

(molecular weight 26,000) [31] and Cryptoccus flavus I1IFO-

047 (molecular weight 25,000, pI 10.0) [32]. The pl's
of xylanases from different sources is shown in Table 4.1
Carbohydrate content Xylanase heterogeneity may arise
from post-translational modifications such as differential
glycosylation or proteolysis or both [1]. The xylanases A

and B from B. circulans WL-12 [3] and that® from Streptomyces

sp E-86 [18] were not glycoproteins while the xylanase
isolated from Chainia sp [21] was reported to be a glyco-
protein.

The three xylanases of T. byssochlamydoides YH-50

were reported to be glycoproteins. The carbohydrate resi-
dues were mannose, glucose and fucose. The totalcontents
of carbohydrate in X-a, X-b-1 and X-b-I1 were 36.6%, 31.5%
and 14.2% ,respectively [25]. The xylanases were also repo-
rted which are glycoproteins from mesophilic fungal sources

such as A. niger and Trichoderma viride [33,34].

Both differential glycosylation and proteolysis also
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appear to contribute to multiplicity with partial proteolysis
having been reported to alter functional characteristics
of some cellulases [35,36].

Amino acid composition Amino acid analysis gives the info-
rmation about the amount of each and every amino acid present
in the protein. It also helps to study the homology between
the same proteins derived from different sources. It is
interesting to study the amino acid composition of proteins
which are derived from organisms adapted to extremes of pH
or temperature, such as the acidophilic, alkalophilic or
thermophilic strains. The amino acid composition of xylanases
reported from various sources is shown in Table 4.2,
Substrate specificity It would be inappropriate to consider
certain xylanases 1if their xylanolytic activity is a secondary
and redundant function. Cross specificity has been reported
in numerous 1lignocellulolytic enzymes. There can be always
arguments concerning the purity of both the enzyme and sub-
strate preparation in these cases.

The purified xylanases are reported to have a broad
specificity that can attack xylan as well as a number of
other related and unrelated polysaccharides [13,38,39].

The three xylanases from T. byssochlamydoides show weak

activity towards CM-cellulose, Avicel and starch but no acti-
vity towards =xylobiose, cellobiose or maltose [25]. The
endo-xylanase from H. lanuginosa had no activity on Avicel,
CM-cellulose, starch p-nitrophenyl-B-D-glucoside (pNPG)

and pNPX suggesting that the enzyme is a true xylanase [22].
The xylanase from C. paradoxa was reported to be capable

of hydrolysing Avicel [26]. Endo-xylanase from S. rolfsii
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UV-8 mutant had no action on cellulose, CM-cellulose or starch
[40].
Kinetic studies From a practical point of view, the Kn
of an enzyme is very important. The Km of xylanaselis gen-
erally measured using soluble xylan. Larch wood xylan 1is
partially soluble in water, the water soluble portion reproe-
sents about 1/3rd of the total weight at 30°C [41]. The
Km values are dependent on the structure of xylan used.
The Km values " vary . because xylan is heterogeneous in nature.

The enzyme from Bacillus sp. 11-1S has potential for
practical use based on 1its high thermal stability and its
low Km (1.68 mg/ml) [11]. Xylanases A and B from n. fiﬁﬁﬂﬂ
WL-12 possess Km of 8 mg/ml and 4 mg/ml,respectively, when
the purified xylan was used as a substrate [3]. A K oof
10 mg/ml was reported for xylanase from B. coagulans 26 [4].
A Km of 4.5 and 4 mg/ml with larch wood xylan was reported
for ‘component I from alkalophilic and thermophilic Bacillus
spp. W1l and W2 respectively, while component II had lower
K than I viz. 0.95 and 0.57 mg/ml respectively [9]. A Ko
of 3.2, 2.9 and 3.f mg/ml using insoluble portion of xylan

suspension was reported for three =xylanases (A, B and C)

from C: stercorarium. The corresponding Vmax values were

5.5, 3.5 and 4.0 umol/min/pg of enzyme, respectively [12].
Sreenath and Joseph [17] reported Ko of 12.5, 16.6 and
2.5 mg/ml with xylan for xylanases 1II, Ib and Id from S.
exfoliatus, while a K 0.78 mg/ml with soluble oat spelts
xylan was reported for xylanase from mutant 8-7 of S. lividans
1326 [15]. Nakajima and coworkers [20] used purified xylan

from straw to determine KA Ko of 0.2 mg/ml was reported
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for xylanase from Streptomyces sp. KT-23. Kusakabe and co-

workers [42] and Meagher. [43] used pure xylo-oligosaccharides
for the determination of Km and VmaX of endo-xylanases from

A niger and Streptomyces sp E-86. The maximum Km of 22.5 mM

for Streptomyces E-86 xylanase was reported with xylohexaose

(X6) while a lower Km of 6.9 mM was reported for xylotetraose

(X4). The V values increased from X, - X, [43].
max '

3 7
Effect of metal ions and other compounds The effect of

. . + + )+
various metal ions such as H92+, Cu2+,Mg2 ,Co2 ’ Fey', Ba2+,

and Ca2+ on xylanse activity was reported by many workers.

Xylanase of B. subtilis was reported to be inhibited by ng+,

Ag+, Cu2+, Fe2+ and F93+ [6]. Xylanase of C. stercorarium

was inhibited by Hg2+ and Fez+. Moreover, Ca2+ and Cu?+

also inhibited the xylanase to a certain extent [12]. A

and B xylanases of C. acetobutylicum were also inhibited

by ng+, Cu2+ and Pb2+ [13].

Response of xylan hydrolases II, Ib and Id from S. exfo-

liatus towards different metals differed, however, Hg2+

inhibited all the three enzymes [17]. The xylanase from

Streptomyces sp KT-23 was inhibited 58% by ng+ and 51% by

Mn2+, while other metals did not show any effect. SDS showed

inhibition while EDTA had no effect [20]. ng+ was found

to be a potent inhibitor for many xylanases [9,12,25].
Yoshika and coworkers [25] reported the inhibition of

three xylanases X-a, X-b-I and X-b-I1 by HgC12 and KMnO4.

Tan and coworkers [26] reported that the thermostable xylanase

. : a8 +
from T. aurantiacus was inhibited by ng . Two endo-xylanases

from A. niger were found to be inhibited with various metal

- : 3 + . L+
ions 1like Hg24, Cu2‘, Fe“’, C02+, Cr3+ and Al3 while Li ,
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+ + . : S

K , Na , Zn2+, an* and Ca2+ did not show any inhibition
[44].
Analysis of hydrolysis products and mode of action The

analysis of hydrolysis products gives an information about
the mode of action of =xylanases. D-Xylanases are either
the exo- or endo- type [45]. The two types (exo-xylanase
and PB-xylosidase which attack xylo-oligosaccharides can be
clearly distinguished from one another by nuclear magnetic
resonance and spectroscopic analysis which determined the
configuration of the xylose residue released. Retention
of configuration indicates a xylosidase and inversion of
configuration an exo-xylanase [(46]. D-Xylanases having action
patterns of the exo-type have been claimed to be produced

extracellularly by Aspergillus batatae [47], A. niger [48]

and Coniphora cerebella [49] but they have not been extensive-

ly purified as the endo-D-xylanase preparation.
Xylanases A and B from B. circulans WL-12 were reported

to be endo-xylanases. Xylanase A produced xylotriose (X

3)

initially and after prolonged incubation (48 h) produced
xylobiose (X2), X3, X4 and xylose, whereas xylanase B produced
Xy X3 and X, as the end products [3]. Two xylanases from
alkaléphilic Bacillus sp C-125 hydrolysed xylan giving X2,
Xyr X, and higher oligosaccharides but no xylose [10]. The
xylanase secreted by B. ccagulans 26 1is considered as an
endosplitting enzyme, as it released X4 as major product
in short incubation time whereas, longer incubation resulted
in the formation of X5 and xylose plus small gquantities of

xylo-oligosaccharides [4]. Patterns of hydrolysis demonstra-

ted that the three xylanases A, B and C from C. stercorarium
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were endosplitting and able to break down xylan at random
giving X2 and X3 as main products [12]. Degradation products
obtained by the action of xylanases A and B from C. acetobuty-

licum were Xy X3, Xy XS’ Xe and X7, X3)respectivo]y [13].

The xylanase from a mutant strain 8-7 of S. lividans
1326 degraded xylan producing X2, a mixture of xylo-oligosa-
ccharides and a small amount of xylose as end products [15].
Nakajima and coworkers [20] reported that the endo-xylanase

from Streptomyces sp. KT-23 produced X X and X without

2! 3 4

the accumulation of larger intermediates. After 24 h, xylose

and X2 were the final products. Sreenath and Joseph [17]
studied the products of hydrolysis of xylan by the three
hydrolases from S. exfoliatus MC-1. Xylan hydrolase Ib indi-
cated the presence of xylose, while the other two xylan hydro-
lases II and Id indicated the presence of only xylo-oligo-
saccharides. Kusakabe and coworkers [37,42] reported the

xylan hydrolysis with xylanase from Streptomyces sp. The

end products produced were xylose and X, indicating the endo-

2

type action. The endo action of three xylanases from Strepto-

myces sp. 3137 was reported. Hydrolysis of xylan or xylo-
oligosaccharides (X3 - XS) resulted in the formation of xylose
and X7 but was not able to attack X7 [19].

The bonds most 1likely to be broken are determined by
the length of the substrate, its degree of branching, the
presence of substituents and subsite pattern of hydrolase.
Obviously, many enzymes with different specificities must
take part in the breakdown of a substrate as chemically and
structurally heterogeneous as xylan [50]. Much less 1is

known about the xylanases that can release L-arabinose from
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xylan than those which cannot. The fungal strains reported
for debranching endo-xylanases were C. paradoxa (28], Cephalo-

sporium sacchari [51]) and A. niger 14 [52].

MATERIALS AND METHODS
Materials
Molecular mass markers, Coomassie: Brilliant Blue R-250,
CM-cellulose C-8758, p-hydroxymercuribenzoate (pHMB), 5,5'—
dithiobis-(2-nitrobenzoic acid (DTNB) , chitin, lichenan,
pullulan, B-mercaptoethanol, ninhydrin and standard amino
acid mixture were purchased from Sigma Chemical Co., U.S.A.

The suppliers of the following chemicals are indicated in

parentheses: SDS (Koch-Light Laboratories, U.K.), Bio-Gel

P-10 (Bio-Rad Laboratories, U.S.A.), Sephadex G-50
(Pharmacia, Sweden). All other chemicals used were of

analytical grade. Xylo-oligosaccharides were a kind gift

from Professor P.J. Reilly, Department of Chemical Engineering,

Iowa State University, Ames IA 50011, U.S.A.

Methods

Determination of molecular weight

(a) Gel filtration The molecular weight of the xylanase

was determined by gel filtration on Sephadex G-50 and Bio-
Gel P-10 according to the method of Andrews [53].

Sephadex G-50 or Bio-Gel P-10 was suspended in water
and was allowed to swell by heating in a boiling water bath
for 2 - 3 h. After cooling, the gel was deaerated under
mild vacuum before packing in a column (1.5 x 110 cm) and

equilibrated with 50 mM potassium phospate buffer, pH 7.2.



115
The void volume (Vo) of the column was determined with Blue
Dextran 2000 (molecular weight 2 x 10° daltons). Marker
proteins and xylanase (2 ma/ml) were separately loaded on
the column and eluted with the same buffer. Fractions (2
ml each) were collected at a flow rate of 12 ml/h. The elution
volume (Ve) for each protein was determined by measuring
the absorbance at 280 nm. The elution volume for xylanase
was determined by estimating the xylanase activity of the
fractions. The molecular weight of the enzyme was determined
by plotting the graph of Ve/VO versus logarithm of molecular
weight and by extrapolating Ve/vo for the enzyme sample.
(b) SDS-PAGE It is based on the principle that SDS treatment
minimises the native charge differences between the proteins
and all proteins migrate as anions. The migration rate of SDS
treated proteins is proportional to their molecular weights.
SDS-PAGE was carried out according to the method of Laemmli
[54].

Gels containing 3% (stacking gel) and 10% acrylamide
were prepared from a stock solution of 30% by weight of acry-
lamide and 0.8% by weight of N,N'-methylene bis acrylamide.
The final concentrations in the separation gel were as follows:
0.375 M Tris-HC1l (pH 8.8) and 0.1% SDS. The gel was polymeri-
zed by the addition of 0.025% by volume of TEMED and ammonium
versulphate. | The stacking gel contained 0.125 M Tris-HCI1
(pH 6.8) and 0.1% SDS, was polymerized in the same way as
for the separation gel. The electrode buffer (pH 8.3) conta-
ined 0.025 M Tris, 0.192 M glycine and 0.1% SDS.

The protein (50 ung) in sample buffer [0.125 M Tris-HC1,

pH 6.8, 20% glycerol, 2% SDS, 0.002% bromophenol blue (RBRPR)]
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containing 5% PB-mercaptoethanol was boiled for 5 min at
100°¢., Reference proteins were also loaded for comparison
Electrophoresis was carried out initially with a current
of 10 mA and then increased to .20 mA(at 50 V). The electro-
phoresis was discontinued when the marker (BPB) reached the
bottom of the gel (about 4 - 5 h). The gel was fixed in
the destaining solution (ethanol:acetic acid:water 4:1:5)
for 20 min and kept overnight in the 0.2% Coomassie Brilliant
Blue R-250 made in destaining solution. The gel was desta-
ined till the bands were visualised. Migration of BPB was
used as a reference point. The electrophoretic mobility
(Rf) i.e. the ratio of distance of protein migration to the
distance of dye migration were plotted against the logarithm
of molecular weights of reference proteins and the molecular
weight of the enzyme was determined.

Determination of isoelectric pH

The isoelectric pH of the enzyme was determined by iso-
electric focusing in PAGE, according to the method of Vester-
berg [55] in the pH range 3.5 - 10.0. Two identical cylind-
rical gels were made in tubes (0.5 x 10 cm). The composition
of the gel was as follows: Acrylamide:Bis (30:0.8), 10%:
glycerol, 12%; Ampholines, 2%, pH range 3.5 - 10.0, 0.001%;
0.4% Riboflavin, 13.2%.

The enzyme was loaded in 50% glycerol and above that
it was layered with 20% glycerol. Upper compartment contain-
ing 1 N H3PO4 was used as an anode and lower compartment
containing INNaOH served as a cathode. Electrophoresis was
carried out at 4°C for 16 - 18 h at constant voltage (100

V). After the termination of the run one gel was used for
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protein staining and the other was used for activity and
pH determination.

The gel was cut into 10 equal fractions. The gel pieces
were crushed and water (1 ml) was added to homogenised qgel.
pH of each fraction was determined and the fractions were
assayed for xylanase activity. The other gel was keplt in
20% trichloroacetic acid for 20 - 30 min for fixing before
transferring to Coomassie Brilliant Blue R-250 dye (0.15%)
in destaining solution (ethanol:acetic acid:water 2.5:0.8:10.0)
heated for 10 min at 62°C with shaking. The gel was destained
till the band was visible. The pH and activity of the fraction
was corresponded with the protein band and isoelectric pH
of the enzyme was determined.

Carbohydrate content

The glycoprotein nature of xylanase was determined by
thymol HZSO4 method [56]. The carbohydrate content was det-
ermined by phenol HZSO4 method [57]. Fifty ug of xXylanase
was used to determine the carbohydrate content using glucose
as a standard.

Amino acid analysis

For amino acid analysis, hydrolysis of protein samples
(1 mg in 1 ml of 6 M HCl) was carried out in nitrogen atmos-
phere in sealed test tubes at 110°C for 24, 48 and 72 h.
Excess acid was removed by evaporation in vacuum at room
temperature (25 - 28°C) followed by dissolving in 2 ml water
and evaporating to dryness. It was finally dissolved in citra-
te buffer, pH 2.2, and was analysed in Spinco model 120-B
automatic amino acid analyser by the method of Spackman et

al. [58].
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Determination of tyrosine and tryptophan:

(a) Goodwin and Morton's melthod [59] The melthod is  based

on the principle that proteins show selective absorption in
the ultraviolet region and the position of absorption maximum
varies with the pH. 0.3 mg of purified xylanase (1.65 x 10—2
M) was taken in 1 ml of 0.1 N NaOH and the absorbance of the

enzyme at 257 nm,294.4 nm and 280 nm was noted.

(b) Bencze and Schmid's method [60] The absorbance of the

purified enzyme 0.3 mg in 1 ml of 0.1 N NaOH was measured
between 278 and 294 nm at 2 nm intervals. A graph of absor-
bance versus wavelength was plotted and a line was drawn tan-
gentially to the two characteristic peaks. From Lthe slope
and the maximum absorption between 270 and 290 nm and the
molecular weight of the protein, Utyrosine and tryptophan
contént can be determined.

Determination of free -SH groups:

Free thiol groups in the enzyme were determined by titra-

ting the enzyme against DYNB and PHMB.

(a) Tritration with DTNB Free thiol groups were determined

according to the procedure of Ellman [61]. Xylanase (5 x

10'_6 M) in 1 ml of 50 mM sodium phosphate buffer, pH 7.5 was
2

treated with 20 pl of DINB (1 x 10 ° M) and the net absorption
at 412 nm was employed to calculate the sulfhydryl content.
A molar extinction coefficient of 1.36 x 104 cm2 per mol
was assumed for the free thiol ion of the reagent. DTNB
reacts with free thiol groups of proteins, forming thionitro-
benzoate protein and liberating for each -SH group 1 mol of

thionitrobenzoate anion [Egn. 1). This strongly coloured

anion can be determined from its absorption at 412 nm [62].
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Eqn.1l

(b) Titration with PHMB The solution of PHMB was prepared

by dissolving 8 - 9 mg of the compound in 1 ml of 0.04 N
NaOH and was dilbgted . further with buffer. The xylanase
(2.5 x 1074 M) in 50 mM acetate buffer, pH 6.0 was placed
in 1 ml cuvette. Ten pl aliguots of PHMB solution (1 x
107~ M) were added to the enzyme . and the blank which conta-

ined equal volume of the buffer. The contents of the cuvettes
were mixed and absorbance recorded at 250 nm after each
addition. The addition of PHMB solution was continued till
there was no change in the absorbance. The observed abso-
rbance values were corrected for dilution and plotted against
the volume of PHMB added. The end point was obtained from
intersection of two lines. The extinction coefficient of
2.2 x ]O4 cm2 per mol was used to calculate the total number
of free thiol groups per mol of enzyme [63].

Organic mercurials absorb strongly in the ultraviolet
region. They combine very strongly with sulfhydryl groups

and mercaptides are formed (egn. 2):
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@— CH,— SH +  OH —Hg —-@— Co0~

®CH2—S—Hg©—coo'+OH'+ H Eqn . 2

PHMB exhibits an absorption. maximum at 233 nm with a molar

absorptivity of 1.69 x 104. On formation of a mercaptide

the molar absorptivity increases to 2.2 x 104. However,
this change is small in comparison with the maximal differ-
ence in absorbance which occurs between PHMB and its mercap-
tide in the region 250 - 255 nm and directly reflects the
amount of reagent reacted with protein [64].
Determination of total sulfhydryl and disulfide groups:
Total -SH and -S-S-linkages in xylanase were determined

by two different procedures -

(a) Reduction of enzyme and DTNB titration Reduction of

-S-S-linkages using sodium borohydride in 8 M urea followed

by DTNB titration after removal of excess of sodium boro-
hydride according to the method of Cavallini et al. [65].0.17

mg of xylanase (8.5 x 10_6 M) was used.

(b) Performic acid oxidation Total content of cysteine and

cystine in Lthe protein was determined as cysteic acid after
oxidation with performic acid [66]. One mg of xylanase was

used. Standard amino acid mixture containing known quantity
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ot half cystine was treated in a similar way with pertormic

acid and run as a control.

Substrate specificity

Xylanase (0.5 U) was incubated with different substrates
(10 mg each) at 50°C for 24 h. The reducing sugars released
were determined by DNS method. The following substrates
were used. Xylan, CM-cellulose, filter paper (Whatman No.
1), Avicel (PH 101), PNPX, cellobiose, laminarin, pullulan,
chitin, Gum Locust.
Kinetics

Determination of Km A suitably diluted xylanase (1.3

Jng) was incubated with different amounts of xylan (3 - 18
mg ) under the assay conditions. Km and Vmax were determined
from Lineweaver- Burk plots. Km was determined by using
three different kinds of xylan viz. soluble xylan, insoluble
xylan (the 1insoluble residue remained after removing the
soluble portion) and total xylan (the xylan as such contain-
ing both soluble and insoluble fractions).
Xylan degradation products

Xylanase (1 U) was incubated with xylan (10 mg) in
20 mM acetate buffer, pH 5.0 for different periods of time
at bHo°e. The end products formed were analysed by paper
chromatography in the solvent system (butanol:acetic acid:
water 3:1:1) by the method of Trevelyn et al.[67]..
Synergism with B-xylosidase

Xylanase (1 U) and B-xylosidase (0.07 U) from A. niger
were mixed with 10 mg of xylan in 50 mM acetate buffer,

pH 5.0. The reaction was carried out at 37°C for 20 h.
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The control with only xylanase was also run under identical
conditions. The  extent of hydrolysis was determined by

measuring the reducing sugar.
RESULTS AND DISCUSSION

While studying the effects of temperature and pH on
the Xylanase activity, the highest activity was assumed
as 100% and the other activities were expressed relative
to the highest activity.

Optiimum temperature

High temperature optima are reported for endo-xylanases

from bacteria and fungi [(5,6,8,10,22-24]. The xylanases

from Streptomyces sp like E-86, KT-23 and 3137 were reported

to have temperature optimum in the range of 55 - 65°C [37].
The xylanase from a mutant 8-7 of S. lividans 1326 has a
temperature optimum of 60°C [15].

Our present investigation shows that the xylanase from

Streptomyces T7 has also a temperature of 60°C which is com-

parable to xylanases from other Streptomyces sp. (Fig. 4.1a).
The logarithm of velocity was plotted versus the reciprocal
of absolute temperature (Arrhenius plot) (Fig. 4.1b). The
energy.of activation for xylanase was calculated Lo be 8.6
X lO3 cals/mol).

Optiimum pH

The pH optima reported for endo-xylanases from bactceria

(bacilli and clostridia) are in the range of pH 5.5 - 7.0
[3-6,12,13]. The optimum pH reported for endo-xylanases
from various Streptomyces sp were in the range of 5.5 - 7.0

(17,19,20,37]. However, the xylanase from alkalophilic



Fig. 4.1t Effect of temperature on Xylanase activity
a. The xylanase (1.1 ug) was assayed over a
temperature range of 30 - 70°C.

b. Arrhenius plot
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Streptomyces sp. VP-5 was reported to have a broad pH optimum

of 4.8 - 10.0 [68].

The xylanase of Streptomyces T, (1.1 ug) was assayed

under standard conditions at 60°C over a pH range of 3 -

9. The buffers used were 50 mM citrate (pH 3.0 - 4.0),acetate
(pH 4.5 - 5.5), phosphate (pH 6.0 - 7.0) and Tris-HCLl (pH
8.0 - 9.0). The optimum pH for xylanase activity was found
in the pH range of 4.5 - 5.5 (Fig. 4.2).
Temperatiure stability

The thermostability of an enzyme is a function of the
various stabilizing forces, such as hydrogen bonding, hydro-
phobic interactions, ionic interactions, metal binding and

disulfide ©bridges [69]. The xylanases from Streptomyces

sp were reported to be stable in the temperalture range of
40 - 655°C for 10 - 30 min [16,19,20]. The xylanase from
cellulase negative mutant 8-7 of S. lividans 1326 was stable
for 24 h at 37°C and for 8 h at 43°C [15].

The xylanase (1 ug) was heated at various Ltemperatures
(30 - 70°C) for 30 min in 50 mM acetate buffer, pH 5.0.
After rapid cooling the residual activity was assayed under
standard conditions. The enzyme was stable upto 50°C. At
60°C, the half 1life of the enzyme was 30 min (Fig. 4.3).
It was observed that at 70°C the enzyme was stable only for
10 min. There was no loss in activity after incubaling the
enzyme at 50°C for 6 days, at 37°C for 11 days and al 30°C
for 15 days.
pH stability

Xylanases 1isolated and opurified from prokaryoltes and

eukaryotes are stable over a wide range of pll. Xylanases



Fig. 4.2: Effect of pH on xylanase activity
The xylanase (1.1 ng) was assayed under standard
conditions at 60°C over a pH range of 3 - 9.
The buffers used were 50 mM, citrate (pH 3.0
- 4.0) acetate (oH 4.5 - 5.5), phosphate (pH

6.0 - 7.0) and Tris-HCl (pH 8.0 - 9.0).

Fig. 4.3: Effect of temperature on stability of xylanase
The xylanase (1.0 ug) was heated for 30 min
in 50 mM acetate buffer over a temperature

range of 30 - 70°C.
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are mostly stable in the pl range of 4 - 10. The endo-xylana-

se from Streptomyces sp. E-86 was stable in the pH range

of 4.5 - 10.5 ([37]. The endo-xylanase 11 from Chainia sp.

was sltable over a pH range of 4 - 9 [21].

The Streptomyces T7 xylanase (1.1 aug) was incubated

at 50°C for 24 h in 50 mM buffer solutions of various pls.
After the incubation the enzyme was readjusted to ilts oplimum
pH (5.0) and residual activity was determined. Figure 4.4
shows that the enzyme was stable in the pll range of ‘3‘— 6
and retained 100% of its activity. There was a slight décru—
ase in activity at alkaline pH (7 - 9) whereas 57% of its
activity was lost at oH 4.0.
Molecular weight

The molecular weights of endo-xylanases reported from
different microorganisms are in the range of 5,500 - 80,000
daltons (Table 4.1) [3-6,10,21,27,51]. The molecular weights

of three endo-xylanases from Streptomyces sp 3137 ranqged

between 25,000 - 50,000 daltons [19]. The molecular weight
of 43,000 was reported for xylanase from cellulase negative
mutant 8-7 of S. lividans 1326 [15] and molecular weights
of 40,500 and 43,000 daltons were reported for xylanases

from Streptomyces E-86 and Strepltomyces KT-23, respectively

(37]. So far there are few reports on low molecular weight
endo-xylanases viz. the endo-xylanase 11 isolated from Chainia
sp. which has the lowest molecular weight ot 5,500 daltons
[21]. The enzyme was found to be very effective in paper
and pulp industry and has been patented [707.

Two different methods were used for the determination

of molecular weightt of Streptomyces T7 xylanase.




Fig. 4.4: Effect of pH on stability of Xylanase

The xylanase (1.0 ug) was incubated for 24 h

in 50 mM buffer solutions over a pll range of

3 - 9.
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Gel filtration Results of the molecular sieving of  the

purified =xylanase through Sephadex G-50 and Bio-Gel P-10
are shown in Fig. 4.5 and Fig. 4.6, respectively. A plot
of Ve/Vo versus logarithm of molecular weight indicated
that molecular weight of the enzyme was 20,180 (fFig. 4.5)
and 19,230 daltons (Fig. 4.6).

SDS-PAGE A plot of logarithm of mclecular weightl versus
relative mobility yielded a straight line. The molecular
weight estimated by this method was 21,880 daltons (Fig.
4.7a). SDS-PAGE showed a single band indicating absence of
subunits and isoenzymes (Fig. 4.75).

Isoelectiric pH

The pl values reported for xylanases from Strepltomyces

sp. E-86 [37], KT-23 [20] and mutant 8-7 of S. lividans 1326
[15] were 7.3, 6.9 and 5.2, respectively. A pl value of

7.1 was reported for endo-xylanase X-1 of Streptomyces sp.

3137 and high pl values of 10.1 and 10.3 for the two endo-

xylanases X-II-A and X-II-B from the same source [19].

Fifty ung of Streptomyces T7 xylanase was subjected to
electrofocusing in the pH range 3.5 - 10.0. A plot of xylanase
activity versus pH indicated that the maximum xylanase acti-
vity waé obtained at pH 7.8, in the fraction No. 8 (Fig.
4.8a). A single protein band was obtained corresponding
to the 8th fraction on the gel (Fig. 4.8b).

The xylanases appear to have a conserved relationship
between their molecular weight and pl. It was observed that
the xylanases with basic or high plI values (8.0 - 10.0) have
low molezular weights while the xXylanases with acidic or

low pl values have high molecular weights. This hypolthesis



Fig.

4.5:

Determination of molecular weight of xylanase

by gel filtration on Sephadex G-50

Marker protein Molecular weight

(daltons)
Ovalbumin 43,000
Chymotrypsinogen A 25,000

Ribonuclease 13,700
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Fig. 4.6t Determination of molecular weight of =xylanase

by gel filtration on Bio-Gel P-10

Marker protein Molecular weight
(daltons)
1. Soybean trypsin inhibitor 21,130
2. Myoglobin 17,000

3. Cytochrome c 12,500



Xylanase
2

4.4}

4.3

LHOI3M ¥VINO3TON 901

22

1-8

1-4

1-0

Ve/Vo



Fig.

4_.7az:

Determination

by

SDS-PAGFE

Marker protein

Lysozyme
B-Lactoglobulin
Trypsinogen
Pepsin
Ovalbumin

Albumin

of molecular weight of xylanase

Molecular weight
(daltons)

14,300
18,400
24,000
34,700
45,000

66,000
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Fig. 4.7bt SDS-PAGE of xylanase






Fig. 4.8at Determination of isoelectric pH of xylanase

(o) =xylanase activity (e) pH
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Fig. 4.8bt Isoelectric focusing of the xylanase in the

pH range 3.0 - 10.0.
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was supported by evidences of xylanases from Bacillus,closuri—

dium and fungal species, although the high moleculavy w:ight
xylanases in Streptomyces sp have relatively neutral pls
(range 5.2 - 7.3) [1]. But in the case of StreplLomyces T7
for pl of 7.8, molecular weight of 20,000 was observed.
Carbohydratie contient

The carbohydrate content for three endo-xylanases re-
ported from C. stercorarium was 19, 3 and 4%, respecltively
[12]. The endo-xylanases of B. circulans WL-12 (3] and C.

thermolacticum [1l4] were not glycoproteins.The carbohydrate

content in endo-xylanases X-1, X-II-A and X-II-B of Streptomy-
ces 3137 was less than 1% [19). The endo-xylanase from mutant
8-7 of S. lividans 1326 was not glycosylated [15]. The endo-
xylanase II of Chainia sp. was a glycoprotein [21]. Fungal
xylanases are mostly glycosylated, but Lthe endo-xylanase
reported from S. rolfsii [40] is not a glycoprotein.

In case of T7 xylanase, when Lthe gel was stained by~
thymol HZSO4 reagent, the red band corresponding to the pro-
tein band was visible indicating Lthe glycoprotein nature
of the xylanase. The xylanase contained 33 mol of carbo-
hydrate per mol of protein determined by phenol HZSO4 method
using glucose as a standard.

Amino acid composition

Very few reports are available on the amino acid compo-

sition of xylanases from different sources. Among Uthe three

endo-xylanases of Streptomyces sp 3137, the molar ratio of

tyrosine in X-II-A and X-II-B %28% more than double than
that of X-I. Amino acid analysis indicated LUthat X-1 was

a different protein from X-II-A and X-II-B in structure which
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are very similar proteins [19]). Xylanases from Streptomyces

aci ¢
sp. E-86 and KT-23 were reported to be rich in asparticfand
glycine. KT-23 xylanase was rich in glutamic acid while

tyrosine and cysteine content was low as compared to Xylanases

from Streptomyces sp 3137 and E-86 [37].

Present investigation shows that (he xylanase from

Streptomyces T7 has high content of aspartic acid, glutamic
acid, glycine and histidine. Histidine content is higher

than any mesophilic Streptomyces xylanases. It contained

four methionine and three cysteine residues (Table 4.3).
Tyrosine and tryptophan content

(a) Goodwin and Morton's method From the data in Table

4.4, it was calculated that xylanase contained 5.45 mol of
tyrosine and 5.0 mol of tryptophan per mol of enzyme.

(b) Bencze and Schmid's method The absorbance of xylanase

in 0.1 N NaOH showed two maxima viz. at 284 nm and 292 nm.
From the slope of the graph S value was -8.6. From Fig.

4.9, the molar ratio of tyrosine: tryptophan was found to

be 0.5. The tyrosine and tryptophan content was calculated

to be approximately 5.6 mol each per mol of enzyme. This

is in agreement with the value calculated by Goodwin and

Morton's method.

Determination of free -SH groups

(a) DTNB titration When the xylanase was titrated with DTNB,

there was no change in O.D. after 2 h. However, after keeping
the enzyme with DTNB overnight colour developed. The increase
in O.D. at 412 nm was 0.230. There was no change in O.D.
when Uthe same reaction was carried out in the presence of

1% SDS. The free thiol groups calculated from exltinction
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Table 4.3: Amino acid composition of xylanase from

Streptomyces T7

Amino acid Mol/mol of enzyme % Mol
Aspartic acid 20 10.9
Threonine 10 5.5
Serine 11 6.0
Glutamic acid 31 16.9
Proline 4 2.1
Glycine 28 15.3
Alanine 5 2 s
Methionine 4 2.1
Isoleucine 2 1.0
Leucine 2 1.0
Tyrosine 5 2w ¥
Phenylalanine 2 1.0
Lysine 5 2.7
Histidine 37 20.2
Arginine 2 1.0
Tryptophan 5 2.7
Valine > 2.7
Cysteine* 5 2.7

183

*Determined as cysteic acid after performic acid oxidation.



129

Table 4.4: Absorbance of xylanase (1.65 «x 10_2 M) in
0.1 N NaOH.
Wavelength . Absorbance
(nm) (0.D.)
257.0 0.677
280.0 0.504
294.4 0.365




Fig. 4.9: Determination of tyrosine and tryptophan by

Bencze and Schmid method.
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coefficient were 3.38 mol per mol of enzyme.

(b) PHMB titration When the Xylanase was Lreated with PHMB,

the O.D. at the intersection was taken as the end point of
reaction (Fig. 4.10). The free thiol groups calculated from
extinction coefficient were found to be 2.72 mol per mol
of enzyme.

Total -SH and -S-S- groups
(a) When the reduced xylanase was treated with DTNB, Uthe
change in O.D. was 0.090 after 16 h. This gave a value of
5.2 mol of -SH per mol of cnzyme.

(b) Performic acid oxidation indicated 5 mol of cysteic acid
per mol of enzyme.

From the above experiments, it was deduced that there
are 3 - 3.5 mol of sulfhydryl and one disulfide residue per
mol of xylanase.

Substrate specificity

Xylanase A from C. acelobutylicum hydrolysed xylan,

CM-cellulose and acid swollen cellulose and lichenan but
was unable to degrade laminarin, mannan and galactan etc.
while xylanase B hydrolysed xylan and lichenan bult none of

the other substrates [13]. The xylanase from C. thermolacticum

was inactive towards arabino-galactan, CM-cellulose and pNPX
[14]. Xylan hydrolase II from S. exfoliatus was specific
to xylan while Ib was specific to xylan and cellulose. Xylan
hyd~,lase Id attacked inulin, pectin and cellulose [17].

The xylanase from Streptomyces sp KT-23 was active Lowards

only xylan and did not hydrolyse CM-cellulose, dextran and
pNPX etc. [20]. Similarly, the =xylanases from Streptomyces

sp 3137 did not attack X2, cellobiose, maltose, sbtarch, CM-



Fig. 4.10¢t Determination of free thiol groups of

Xxylanase by spectrophotometric titration
with PHMB
a - Refers to the absorbance of protein

att 250 nm before addition of PHMB.
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cellulose but xylan was hydrolysed easily [37].

The Streptomyces T7 xylanase was found Lo be specific
only for =xylan and produced 4.3 mg of reducing sugar per
ml in 24 h and it did not produce any reducing sugar from
other substrates such as CM-cellulose, filter paper (Whatman

No. 1). Avicel, pNPX, cellobiose, laminarin, pullulan, chitin

and Gum Locust .
Kinetiics
Thes Km values for xylanases of bacilli and clostridia

ranged between 1.5 - 10.0 mg/ml. The affinity of Streptomyces

sp. KT-23 xylanase increased with increasing molecular weight

of the substrate [20], whereas Streptomyces E-86 xylanase

had higher affinity for the short chain oligosaccharides
(X3 and Xg) [18].
The kinetic parameters viz. Km and Vmax were evaluated

for Streptomyces T7 xylanase wusing soluble, insoluble and

total xylan from the respective lineweaver-Burk plots (Fig.

4.1la,b and c) and the results are listed in Table 4.5.

The Sthrepltomyces T7 xylanase has a Km of 10 mg/ml when soluble
larch wood xylan was used as a substrate. The affinity of
xylanase decreased with more resistant substrate yielding
Km values of 25 mg/ml for total xylan and 33.3 mg/ml for
insoluble xylan. The Km values are apparent since xylan
is a heterogeneous substrate and new oligosaccharides are
formed during the course of the reaction.
Effect of metal ions and other compounds

24+

Among the various metal ions Hg was found Lo be Lhe

potent inhibitor for many Xylanases (8,9,12,13,22,25,26].



Fig.

4.11:

Lineweaver-Burk plot for xylanase

a) Xylanase (1 ng) was incubated with

3 - 17 mg of soluble =xylan under

the assay conditions.

b) Xylanase (1 ng) was incubated

4 - 18 mg of insoluble xylan unden

the assay conditions.
c) Xylanase (1 nqg) was incubated
3 - 15 mg of total xylan under

assay conditions.
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Table 4.5: Kinetic parameters of xylanase from

Struotomyces-T7

Substrate K \Y

m max
(Xylan) (mg/ml) (m Mol/min/mg)
Soluble 10.0 7.6
Insoluble 33:.3 2.2

Total 25.0 6.6
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exceplttion was from Bacillus sp 11-1S which was nolt inhibited
2+

by Hg as well as by any other metal ion [1l1]. Three xylanases

from C. stercorarium were completely inhibited by Hg2° (1

mM) and Fe * (10 mM). Significant inhibition was also observed

. 2
witth Ca N (10 mM) and Cu2+ (10 mM) [12]. The common inhibitor

2+

for xylanases from Streptomyces sp were Hg , Fe3+ and SDS

[19,20,51]. However, Streptomyces KT-23 xylanase was also

inhibited (51%) by Mn2' [20]. Ca2* stimulated both xylanases

from S. exfoliatus, Ib (24%) and II (15%) but inhibited Id

(11%) [(17]).

The Streptomyces T7 xylanase (1 ug) was incubated with
various metal ions and compounds in the presence of 50 mM
acetate buffer, pH 5.0 at 25°C for 10 min and Uthen assayed
at standard conditions. Inhibitory effect of Hg2+ and I\g+

2+

on xylanase activity is summarized in Table 4.6. Ca™ , an+,

M92+, C02+, Mo®* each (1 x 1073 M) dicd not: show any effect
on the xylanase. The enzyme activity was unaffected in the
presence of 10 mM EDTA, indicating that metal ions are not
required for the activity. Xylitol (5 mM) showed 50% inhibi-
tion. 68% inhibition was observed in the presence of 6 M
urea while xylanase was completely inhibited by 1% SDS (Table
4.7).
Xylan degradation products

Xylan degradation products from the action of xylanases
from various organisms indicate: Endo-xylanases reported
by several authors showed that the hydrolysis products include
X2, X3 and higher * xylo-oligosaccharides in early periods
of time whereas longer incubation resulted in small amount

of xylose as end product [4,15,16,19,20] or xylose was not
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Table 4.6: Effect of ng+ and Ag+ on xylanase activitv

Compound Concentration Inhibition
(M x 107°) (%)

HgCl, 0.2 20.0
0.5 35.0
1.0 45.6
2,0 100.0

AgNO, 1.0 12.7
2.0 19.2
4.0 52.4

10.0 100.0
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Table 4.7: Effect of various compounds on xylanase
Compound Concentration Inhibition
(%)
EDTA 10 mM 0.0
Xylitol 5 mM 50.0
Mannitol 5 mM 18.6
Sorbitol 5 mM 0.0
Urea 6 M 68.0
SDS 1 % 100.0
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formed [5,8,10]. The end products obtained for two components
from same Bacillus sp. W1l and W2 differed. Component: I did

not produce any xylose while componant II produced xylose.

B-xylosidase was not detected in the culture filttrate of
both the strains. So production of xylose was considered
to be due to xXylanase activity. [9]. Xylan hydrolase 11

and Id of S. exfoliatus showed other =xylo-oligosaccharides
exceplt Xylose, while Ib xylanase showed the xylose in the
hydrolysis product at short incubation period but al present
it 1is controversial to assert that it 1is an exo-xylanase
[177].

The major end products of xylan hydrolysis of the Stre-

ptomyces T7 xylanase are X2 and X X6 (Fig. 4.12a,b).

3
Very 1little xylose was produced even after 16 h indicaling

that it is an endo-xylanase.

Synergism with B-xylosidase
Our investigation shows that hydrolysis of =xylan was

43% when xylan was incubated with Streptomyces T, xylanase

alone. But when Xylan was incubated with a mixture of xylanase
and B-xXylosidase, hydrolysis increased to 60% with an increa-
sed amount of xylose (Fig. 4.12b). This may be due to the
action of PB-xylosidase of X2 as well as short chain =xylo-
oligomers . The efficiency on hydrolysis of xylan by Strepto-
myces T7 xylanase could be increased by supplementing it
with B-xylosidase resulting in obtaining xylose as the major

product of hydrolysis, which has a high commercial value.



Fig.

4.12:

Paper chromatogram showing the hydrolysis

productis from xylan

a)

b)

Xylanase (1 U) was incubated with
xylan (10 mg) in 20 mM acetate buffer,
pH 5.0 for different periods of time.
Xylanase (1 U) and B-xylosidase
(0.07 U) were mixed and incubated
with xXylan (10 mg) in 20 mM acetate

buffer, pH 5.0 at 37°C for 20 h.
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CHAPTER 5

CHEMICAL MODIFICATION OF XYLANASE
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SUMMARY

Effect of various chemical modifiers on xylanase acti-
vity was investigated. Complete inhibition by N-bromosucci-
nimide (NBS) (1 mM), 2-hydroxy-5-nitrobenzylbromide (HNBB)
(10 mM) and p-hydroxymercuribenzoate (PHMB) (1 mM) indicated
that tryptophan and cysteine were modified. Plots of perce-
ntage residual activity as a function of time at various
concentrations of NBS, HNBB and PHMB indicated that the
inactivation process exhibited pseudo-first-order kinetics
with respect to time at any fixed concentration of the inhi-
bitor. Kinetic analysis indicated that the loss of enzyme
activity resulted from reaction of only one tryptophan
or cysteine residue per molecule of enzyme. The second
order rate constants for inactivation were determined and
found to be 3.84 x 103, 13.8 and 12 x 103 per min/mol for
NBS, HNBB and PHMB, respectively.

Titration with NBS indicated that for complete inacti-
vation of enzyme 3.6 mol of NBS were required per mol of
enzyme. The number of tryptophan residues oxidized per
molecule of enzyme were found to be 2.2. Protection against
inactivation by substrate (xylan) indicated the presence
of these residues (tryotophan and cysteine) at the substrate
binding site. Reactivation by cysteine supported the find-

ing that cysteine is involved in catalysis.
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INTRODUCTION
Chemical modification - General aspects
Proteins are extremely complex molecules. Their comple-

xity is due to their relatively large size and unique three-
dimensional arrangement of their many functional groups.
The three-rdimensional structure of a protein 1is governed
by its primary structure (sequence of amino acids) and its
environment. Changes in either of these can have important
effect on its properties. Modifying any of its amino acid
residues necessarily changes the primary structure of protein
[1].

Enzymes represent a most remarkable set of biomolecules
owing both to their high catalytic activity and their ligand
specificity. The study of enzyme mechanisms can follow seve-
ral different approaches. One of them is to analyse the
kinetics of the reaction. This analysis does not tell, how-
ever, the detailed molecular mechanism by which these trans-
formations occur and how the structural elements of the enzyme
contribute to them. Enzyme and substrate come in close con-
tact in a limitated area of the enzyme surface called the
"active site" at which the catalytic process takes place.
To learn about the catalytic mechanism of an enzyme, it is
therefore, essential to study the structural elements of
this site (amino acid side chains and worosthetic groups) and
the three--dimensional conformation of the site [2].

Chemical modification is of special importance in probing
active site structure. A chemical reagent is placed in con-
tact with the enzyme and chemical reaction 1is allowed to

occur. This reagent binds covalently to the specific amino
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acid side chains in the enzyme and produces changes in some
measurable property of the enzyme. Ideally, the reagent
should be of sufficient selectivity to combine with only
one residue and cause minimal alterations in the conformation
of the enzyme [2]. Essential groups are those involved in
or 1in some way required for a particular property of the
enzyme. Active site is composed of one or more such groups.
When modification of a group in protein effects loss of bio-
logical activity, it is usually considered essential to that
activity [1].. Of the 20 natural amino acids, only those
possessing a polar side chain are normally the object of
chemical modification. The chemical reactivity of these
groups 1is basically a function of their nucleophilicity.
Two main types of approaches to chemical modification can
be recognised. One is based on the use‘of group specific
reagent, and the second utilises affinity labels.

Most reagents react with more than one side chain.

The enzyme may possess many residues of a certain kind, which
can potentially react with group specific reagents. The
reactivity of an amino acid side chain is greatly influenced,
however, by 1its microenvironment. At the active site of
enzymeg, which is in a 1less polar microenvironment, amino
acid residues often show a markedly different pﬁi than that
of the same free amino acid. Microenvironment around a speci-
fic residue is a key factor in determining its reactivity.
Several factors such as polarity, hydrogen bonding forces,
electrostatic forces, pH and temperature influence the micro-
environment [3].

The method used to detect the identity and the number



145
of essential amino acid residues is the kinetic approach
of Ray and Koshland (4]. This method is besed on the relation-
ship between the rate of loss of biological activity and
the rate of modification of amino acid residues.

Essential amino acid residues in the active site can
participate in substrate binding or in catalysis. The
protection by substrates or related compounds have been used
to selectively prevent the modification of active centre
residues in many enzymes. If enzymatic activity is retained,
following modification in the presence of substrate but is
lost in the absence, it 1is usually assumed that a group is
present at the substrate binding site. Correlation between
the reversal of the modification and recovery of the altered
biological function is additional useful evidence to establish
the possible function of the residue. Several workers [5-
7] have reviewed the modification of amino acid residues
and are listed in Table 5.1.

Chemical modification of xylanases

Reports on the inhibition of xylanases by different
chemical reagents, which are specific to certain amino acids
are available [30,31]. However, the number of amino acid
residdes essential for activity and their role in the catalytic
site have not been investigated. Large active centres conta-
ining several subsites appear to be characteristic of fungal
xylanases in general [32-35]. However, there is little data
correlating the structure and function of the binding-site
region of xylanase.

The three xylanases viz. A, B and C from Clostridium

stercorarium were inhibited by PHMB but showed no inhibition
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with thiol specific reagents such as DTNB or NEM [36]. Effect
of PCMB, iodine and iodoacetic acid showed that the D-xylanase

from Bacillus subtilis requires certain -SH groups for activi-

ty. [37]. The involvement of thiol groups at the active
site of endo-xylanase from Bacillus sp. was investigated
by HgCl2 treatment [38]).

Involvement of -SH groups at the catalytic site of

two endo-xylanases from Streptomyces exfoliatus was determined

with iodoacetamide and PCMB [39]. The three xylanases X-
I, X-II-A and X-II-B from Streptomyces sp were inhibited
by NBS suggesting the presence of tryptophan at the active
centre [30].

Zalewska-Sobezak and Urbanek [40] reported the inactiva-
tion of xylanase by NBS and HNBB suggesting the presence
of tryptophan residue in the active centre. Moreover, inacti-
vation by tetranitromethane suggested that tyrosine may also
be involved in the catalytic mechanism of xylanase from Fusa-

rium avenecum. Similar reports for xylanase from Trametes

hirsuta were obtained. So it was assumed that tryptophan
and tyrosine residues may influence enzyme catalysis [41].

In this chapter, on the basis of chemical modification
we have provided the first evidence (kinetic data) for the
involvement of tryptophan and cysteine residues at the active

site of xylanase.
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MATERIALS AND METHODS
Materials
NBS, NEM, DEP, HNBB, PHMB, DTNB, phenyl glyoxal, butane-
2,3-dione, iodoacetamide, N-acetylimidazole, PMSF, citraconic
anhydride and Woodward's Reagent K were purchased from Sigma
Chemical Co., U.S.A. Cysteine was obtained from Fluka
AG, Switzerland. All the other chemicals used were of analy-
tical grade.
Methods
Reaction with different chemical modifiers
A. 0.5m1 portion of enzyme (10 pg/ml) was incubated
in a total volume of 2.5 ml with various concentrations
of modifier in aobnrooriate buffer. Control tubes containing
only enzyme or inhibitor only were incubated under identical
conditions. Aliquots (0.5 ml) were removed at 10, 20, 30
and 40 min for measurement of residual enzyme activity.
The apparent first order rate constant of inactivation
depends on the concentration of modifier and can be expressed

by the following equation:

K = k()"
app

where Képp is the apparent first order rate constant for
the inactivation, K 1is the second order rate constant, M
signifies the concentration of modifier and n is the number
equal to the average order of the reaction with respect

to the concentration of modifier. Taking the 1logarithm

of both sides.

Log K - Log K + n lo (M)
g app g g
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Kapp can be calculated from a semi logarithm plot of residual
enzyme activity as a function of time. The second order

rate constant for inactivation was determined from the slope

of the plot of pseudo-first order rate constant against inhi-

bitor concentration. The order of the reaction (n) can be
experimentally estimated by determining ijp at a number
of different concentrations of modifier. A plot of 1log Kapp

against log (M) should give a straight 1line with a slope
equal to n, where n is the number of molecules of modifier
reacting with each active unit of the enzyme to produce an
enzyme inhibitor complex [42-44].
Modification of tryptophan

Reaction with NBS can be used to probe the accessibility
and reactivity of tryptophan residues in proteins. NBS is
a potent oxidizing agent which oxidises the indole residue
to oxyindole derivative [2]. The reaction can be monitored
by following the decrease in absorbance at 280 nm. This
method is based on the principle that the indole chromophore
of tryptophan absorbing strongly at 280 nm is converted on
oxidation with NBS, to oxyindole a much weaker chromophore

at this wavelength. The reaction occurring is shown in

equation (1) 0
$NH—C—CH—CH + NBr
i 2 N
H
, "2 0]
T ;
o )
0
\\C-O
S Itle NH-— C/ﬂ NH + NH + Br
0]

CH C
= n

Eqn.1



151

The reaction is best performed in acidic media, usually in
acetate or formate buffer at pH 4.0 [1].

Koshland and coworkers [45]) have introduced the reagent
HNBB for modification of tryptophan residues. It reacts
in neutral and acidic solutions with cysteine less than 1/5th
as rapidly as with tryptophan. In alkaline solutions it
can also react with tyrosine. The reactivity of HNBB appears
due to resonance stabilization of its incipient carbonium
ion (egn. 2). Only tryptophan and to a lesser extent cysteine
are able to effectively compete with water for this reactive
intermediate.

Br
+
CH»

ST = e AT

The reaction between protein and HNBB is shown in equation

Eqn.

3. This reagent forms a hydroxybenzyl derivative.

N0, e (»)
- PH<7-5 Ch 4§i'7
< .
cHer + (P | —=» \©( -
u O H Eqn.3
OH L)

Titration with NBS oOxidation of tryptophan residues by NBS

was carried out in two cuvettes: One containing xylanase

-5

(2.72 x 10 M) in 50 mM acetate buffer, pH 4.5 and another
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containing buffer. Successive 10 pl aliquots of NBS (1
X 10_4 M) were added to the sample as well as to the reference
cuvette and absorbance at 280 nm was measured. After each
addition of NBS, the number of tryptophan residues oxidized

(sn) per mol of enzyme was calculated from the following

equation [22,46].

1.31 x & A

5500 x molarity of enzyme

where LXAZSO is the decrease in absorbance at 280 nm, 1.31
is an empirical factor based upon oxidation of model trypto-
phan peptides by NBS [47]) and 5500 is the molar absorption
coefficient for tryptophan at 280 nm. Simultaneously, por-
tions of the reaction mixture were assayed for xylanase
activity.
Substrate protection studies

A 0.1 ml portion of enzyme (1 ug) in buffer was added
to different amounts of xylan (0.1 - 5.0 mg) in a total
volume of 0.5 ml before the addition of NBS (4 uM) or PHMB
(5 uM). The reaction mixture was incubated at 25°C for
10 min. Control tubes without the inhibitor were also run
under” identical conditions. The activity of the enzyme
was determined as usual by adding the remaining amount of
xylan.

For different concentrations of HNBB (2.5, 4 and 8
mM), percentage inhibition of xylanase was determined.
For every HNBB concentration the “amount of xylan needed

to give 100% protection was determined by the above procedurec.
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Reactivation of xylanase after modification by PHMB
The enzyme (l:ug) was incubated with PHMB (2 uM) in
50 mM acetate buffer, pH 6.0 in a volume of 0.25 ml at 25°C.
At different time intervals, the residual activity was deter-
mined. Simultaneously, the incubation mixtures (0.25 ml)
were also transferred to 0.25 ml of 50 mM cysteine and incu-
bated at 25°C for 20 min. The enzyme activity was determined
in the usual way by adding the substrate and incubating
at 60°C for 30 min. Control enzyme without inhibitor was
also kept under identical conditions and :percentage activity
during reactivation was calculated by comparing with the
activity in control tube.
Alternatively, regain of xylanase activity completely
inactivated by PHMB (5 uM) was determined by transferring
aliquots of inactivated enzyme in different concentrations

of cysteine and incubating at 25°C for 20 min.
RESULTS

Effect of chemical modifiers

Table 5.2 indicates the effect of various modifiers
on xylanase activity. Complete inhibition by NBS, HNBB
and PHMB showed that tryptophan and cysteine residues are
modified. The enzyme was not inhibited by DEP,phenyl glyoxal,
PMSF and Woodward's Reagent indicating that histidine,
arginine, serine and aspartate, glutamate residues are not
involved in the active site of enzyme.
Involvement of tryptophan at the active site of xylanase

Kinetics of inactivation of xylanase:

(a) NBS: The xylanase activity progressively decreased as
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Table 5.2: Effect of chemical inhibitors on xylanase

Chemical reagent Inhibitor Inhibition Incubation buffer
(mM) (%) (50 mM)
NBS 1.0 100 Sodium acetate

buffer, pH 4.5

HNBB 10.0 100 Sodium acetate
buffer, pH 4.5

DEP 10.0 0 Potassium phos-
phate buffer,
pH 7.0

NEM 2.0 50 Sodium acetate

buffer, pH 6.0

Iodoacetamide 5.0 30 Sodium acetate
buffer, pH 6.0

Phenylglyoxal 10.0 0 Tris-HC1l, pH 8.0
PHMB 1.0 100 Sodium acetate
buffer, pH 6.0
PMSF 10.0 0 Potassium phos-
phate buffer,
pH 7.0
Woodward's K 10.0 0 Sodium acetate
buffer, pH 5.0
N-acetylimidazole 10.0 0 Potassium phos-
phate buffer,
pH 7.0
Butane-2,3-dione 10.0 0 Sodium borate

buffer, pH 8.0

Citraconic anhydride 10.0 0 Sodium acetate
buffer, pH 5.0

The enzyme was incubated with the inhibitor at 25°C for 10

min before the addition of the substrate.
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the concentration of NBS was increased from 0.6 - 2.5 uM.
Residual activity of 95% and 74% was observed within 10
min incubation for 0.6 uM and 2.5 uM NBS concentration,
respectively. But the extent of inhibition increased with
time and residual activity of 40% was observed within 40
min incubation at 2.5 uM NBS concentration. Complete loss
in enzyme activity was observed at 4 uM NBS concentration
within 10 min of incubation time.

The plot of percentage residual activity as a function
of time at various concentrations of NBS (Fig. 5.1) indicates
that the inactivation process exhibits pseudo-first order
kinetics with respect to time at any fixed concentration
of the inhibitor. Applying the analysis described by Levy
et al. [42] the pseudo-first order rate constants were cal-
culated from the slope of the plots of logarithm of residual
activity against the time of reaction. The order of the
reaction was estimated from the slopes of the plots of 1log
(pseudo-first order rate constant) against 1log (inhibitor
concentration). This graph (inset to Fig. 5.1) indicated
that the loss of enzyme activity resulted from reaction
of only one tryptophan residue per molecule of enzyme.

The second order rate constant was determined from
the slope of plot of pseudo-first order rate constant against
inhibitor (NBS) concentration (Fig. 5.2). The second order

rate constant for inactivation by NBS was 3.84 x 103 per

min/mol.
(b) HNBB The progressive inactivation of xylanase was obse-
rved with increase in concentration of HNBB. Residual acti-

vity of 89.13% and 56.23% was observed within 10 min incu-
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S5.1¢

Kinetics of inactivation of xylanase by
NBS

The enzyme (5 ng) was incubated with
NBS

(4) 0 uM, (o) 0.6 uM, (@) 1.0 uM,

() 1.5 uM, (=) 2.0 uM, (=) 2.5 uM

The inset shows the apparent order of
reaction with respect to reagent concen-

tration.
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Fig. 5.2: Determination of second order rate con-
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bation time at 0.25 mM and 2.0 mM HNBB concentratidn jre-
spectively. Very little residual activity (14.1%) was re-
mained after incubation of xylanase with 2 mM HNBB, for
40 min. However, with higher concentration of HNBB (3,
4 and 6 mM) and in 10 min incubation time the residual acti-
vity was 35.4, 32.6 and 29.0%, respectively. But prolo-
nging the incubation time (from 10 - 40 min) complete inhi-
bition was observed for the same above HNBB concentration.
So there was a very slow reaction between the xylanase and
inhibitor and marginal decrease in inactivation was observed
with increase in the concentration of HNBB.

Figure 5.3 indicates that the inactivation follows
pseudo-first order kinetics with respect to time. A double
logarithmic plot of the observed pseudo-first order rate
constants against HNBB concentration yielded a straight
line. From the slope of this graph (inset to Fig. 5.3)
the order of the reaction was estimated to be 1.0. This
indicated that the modification of a single tryptophan resi-
due results in the..loss of enzyme activity.

The second order rate constant for inactivation by
HNBB was determined (Fig. 5.4) as described earlier and
was found to be 13.8 per min/mol. This indicates that the
reactivity of NBS with enzyme is much more than HNBB.

Titration with NBS Figure 5.5 shows the effect of NBS on

enzyme activity. Aftir each addition of NBS, there was a
progressive decrease in absorption at 280 nm, as well as
increase in the extent of inactivation. For complete

inactivation of enzyme, 3.6 mol of NBS were required per

mol of enzyme.
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Inactivation of xylanase by HNBB

Enzyme (5 pg) was incubated with HNBB

(=) 0 mM, (o) 0.25 mM, (e) 0.5 mM,

(~) 1.0 mM, (w) 2.0 mM

The inset shows a plot of the logarithm
of pseudo first-order rate constant against

the logarithm of HNBB concentration.
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Fig. 5.4: Determination of the second order rate

constant for inactivation by HNBB.
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Fig.

5.5¢

Activity and absorbance changes of xylanase
as a function of molar excess of NBS

Aliquots (10 pl) of NBS (1 x 10°% M) were
added successively to the enzyme (2.72
x 107° M). After each addition the residual

activity (o) and decrease in absorption

at 280 nm (A) were measured.
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Oxidation of tryptophan residues in Xylanase was carried
out by stepwise addition of NBS and were caleculated an
described in Materials and Methods. By extrapolating the
initial portion of the plot to zero activity, the number
of tryptophan oxidised per molecule of enzyme were found
to be 2.2 (Fig. 5.6). This wusually gives the number of
residues modified, when the enzyme is completely inactivated,
but not the number of residues essential for activity.

Protection by substrate (xylan) against inactivation The

xylanase was completely inactivated by NBS (4 uM). The
effect of different amounts of xylan (0.1 - 1.0 mg) on in-
activation was studied. Figure 5.7 shows that there was

progressive increase in the extent of protection as the
substrate concentration was increased and 1 mg of substrate
was needed to give 100% protection against inactivation
by NBS. Protection of substrate indicated the presence
of essential tryptophan residue at the substrate binding
site.

The xylanase was incubated with different concentrations
of HNBB (2.5 - 8.0 mM). The amount of xylan needed to give
100% protection increased from 2.5 - 7.5 mg as the extent
of inhibition increased (Table 5.3). This again confirmed
the presence of essential tryptophan residue at the substrate
binding region of xylanase.

Involvement of cysteine at the active site of xylanase

Kinetics of inactivation of xylanase by PHMB

The xylanase was progressively inactivated with increase
in concentration of PHMB. A residual activity of 95% was

observed within 10 min of incubation time at 0.25 uM PHMB



Fig.
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Titration of NBS with xylanase

Oxidation of tryptophan residues in xylanase
was carried out with stepwise addition
of NBS to the enzyme. The number of
tryptophan residues oxidized was determined

as described in Materials and Methods.
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Fig.

5.7t

Protection by substrate (xylan) against
inactivation by NBS

Different amounts of xylan (0.1 - 1 mg)
was added to 1 ug of xylanase before the

addition of NBS.
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Table 5.3

Substrate protection against

158

inactivation by

HNBB

HNBB Inhibition Xylan*
(mM) (%) (mg)
2.5 30 29
4.0 70 5.0
8.0 100 7.5

* Required to give 100% protection.
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concentration. At 3.5 uM PHMB concentration and in 10 min
incubation time, the activity was reduced to 40% and showed
100% inhibition within 40 min. Hundred percent inactivation
was achieved within 10 min at a PHMB concentration of 5§
MM,

Figure 5.8 indicates that the inactivation shows pseudo-
first order kinetics with respect to time at a fixed concen-
tration of PHMB. The order of the reaction was estimated
from the slopes of the plots of log (pseudo-first order
rate constant) against log (PHMB concentration). This graph
(inset to Fig. 5.8) indicated that loss of enzyme activity
resulted from reaction on only one cysteine residue per
molecule of enzyme. It also indicated that one mol of PHMB
is required to produce inactivation.

The second order rate constant for 1inactivation by
PHMB was determined (Fig. 5.9) as described earlier and
was found to be 12 x 103 per min/mol indicating the strong
reactivity of PHMB with enzyme.

Protection by substrate (xylan) against inactivation The -

xylanase was completely inhibited by PHMB (5 uM). The effect
of different amounts of xylan (0.1 - 1.0 mg) on this inacti-
vatioé was determined. Figure 5.10 shows that there was
progressive increase in percent protection as the substrate
concentration was increased. A 1 mg portion of substrate
was needed to give 100% protection against inactivation
by PHMB. Protection by the substrate indicated the presence
of essential cysteine residue at the substrate binding site

of xylanase.



Fig.
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Ef fect of PHMB on xXylanase activity

Enzyme (5 ng) was incubated with PHMB

(=) 0 pM, (o) 0.2 pM, (e) 0.5 uM,

(4) 1,0 pyM,  (¥) 2.0 pM

The inset shows a plot of the logarithm
of the pseudo first-order rate constant
of PHMB inactivation against the logarithm

of PHMB concentration.
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Fig.

Fig.

5.9¢

5.10.

Determination of second order rate constant

for inactivation by PHMB

Protection by substrate (xylan) against

inactivation by PHMB.

‘Different amounts of xylan (0.1 - 1.0

mg) were added to 1 ug of xylanase before

the addition of PHMB.
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Reactivation of xylanase after modification by PHMB

The progressive loss of activity as a function of time
when the enzyme was treated with PHMB and its reactivation
by cysteine were studied. Figure 5.11 shows that the xyla-
nase inactivated by PHMB (2 uM) and having 68% of its origi-
nal activity, could recover nearly 100% of its native acti-
vity in the presence of 25 mM cysteine. However, the extent
of reactivation became less with the enzyme samples that
were inactivated to a greater extent. So a reactivation
of only 45% was obtained for inactivated xylanase having
residual activity of 18%. Similarly, reactivation of 68%
was obtained for inactivated xylanase having residual acti-
vity of 35%.

The reactivation by different concentrations of cysteine
on completely inactivated xylanase was observed. Figure
5.12 shows that the enzyme which was completely inactivated
by PHMB, was reactivated fully with 50 mM cysteine indica-
ting a competitive displacement of PHMB by the high concen-

tration of thiol [1].
DISCUSSION

It is seen from the majority of the available reports
that the possibility of involvement of tryptophan and cyst-
eine in the active site of xylanase cannot be ruled out.
The 34 and 23% inhibition of xylanase 1 by p-chloro-
mercuricbenzoic acid (PCMB) (5 mM) from two Bacillus strains
Wl and W2 was reported. However, the xylanase component
IT of both the strains was not affected. Iodoacetamide

showed only 43% inhibition for xylanase component I of



Fig. 5.11t Reactivation after 20 min of xylanase
by cysteine after modification by PHMB
(o) inactivation of enzyme, (O) reactiva-

tion of xylanase.

Fig. 5.12: ~ Reactivation of xylanase by different

concentrations of cysteine.
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strain W2. Strong inhibition in both the cases was not
observed to conclude. anything [48]. Xylanases A, B and
C from C. stercorarium were inhibited by 1 mM PHMB and
the inhibition was partially reversed by the addition of
30 mM cysteine giving 64, 49 and 96% regain in the activity.
However, treatment of xylanase with NEM and DTNB did not
result in any significant inhibition [36].

The endo-xylanase II of Chainia sp was inhibited by
PCMB and NBS suggesting the presence of tryptophan and
cysteine at theactive site [49]. The inhibition of xylanase
Ib and II from S. exfoliatus and stimulation of Id by iodo-
acetamide and PCMB at 5 mM concentration was reported [39].

The three xylanases X-I, X-II-A and X-II-B from Streptomyces

sp 3137 were inhibited by NBS at 5 mM concentration indica-
ting the probable presence of tryptophan at the active
site of xylanase [30]. Strong inhibition by NBS, HNBB
and tetranitromethane indicated the presence of tryptophan-:
and tyrosine at the active centre of endo-xylanase from

F. avenaceum [40]. The xylanase from Aspergillus ochraceus

was inactivated by PHMB, DTNB and NEM suggesting the prese-
nce of thiol groups [41].

Our results agree well with the reports cited in the
literature. The xylanase from Streptomyces sp T7 was stro-
ngly inhibited by NBS, HNBB and PHMB suggesting the presence
of tryptophan and cysteine at the active site. Kinetic
analysis and the other evidences confirm the presence of
tryptophan and cysteine at the active site. Protection
by substrate against inactivation suggests the presence

of these residues at the substrate binding site. Complete
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inhibition by PHMB but less inhibition by iodoacetamide
may be due to the fact that at pH 6.0, there is very small

proportion of the ionised form of cysteine (-CH,-S) which is

2
the reactive nucleophile [50]. As the optimum pH for enzyme
activity was found to be in the pH range of 4.5 - 5.5,
the effect of iodoacetamide on xylanase activity was not
determined at pH values above 6.0. Ideally, it should
have been determined at pH values above 8.0 which is an
appropriate pKa of the side chain of cysteine. Hence at
pH 6.0 iodoacetamide may be causing only 30% inhibition
»
while PHMB causes 100% inhibition.

The differences in the reactivity partly depends on
the hydrophobic character of sulfhydryl groups, their
presence and the varied ability of modifying reagents to
penetrate such hydrophobic regions. Thus, it is frequently
observed that apolar organo-mercurials like PHMB are much
more effective than hydrophilic reagents like NEM and iodo-
acetamide [1]. Hence, NEM may be causing 50% inhibition
while PHMB causes 100% inhibition.

It is surprising that 100% protection by substrate
is offered against inhibition at a substrate concentration
less than K- This observed deviation from Michaelis Menten
kinetics, in the present studies may be attributed to the
heterogeneity of high molecular weight substrate viz. xylan.
Although a homogeneous soluble portion of xylan was used
for the xylanase assay, it may in reality be consisting
of xylo-oligomers of various chain lengths and the value
of K, so obtained may be an apparent K value which may

account for the observed discrepancy.
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Limited information concerning the mechanism of action
of xylanases is available in spite of its great biotechnolo-
gical importance. In contrast, lysozyme which is function-
ally related to cellulases and xylanases, is one of the
most thoroughly studied enzymes so far [51] and has been
delineated in structural detail at the molecular level
[52]. It has been shown for fysozyme that tryptophyl resi-
dues are involved in the binding of the substrate to the
enzyme molecule [53].

While the generality of a 1lysozyme type mechanism
has yet to be established for the other hydrolytic enzymes.
Carboxyl groups are thought to participate as the general
acid catalyst in the active site of enzymes from Aspecrgillus
and Oxysporum species [54,55]. On the other hand, Petter-
sson [56] has implicated the involvement of both histidine
and tryptophan residues in the mechanism of action of

cellulase from Penicillium notatum. The participation of

carboxyl groups in the catalytic mechanism of the cellulase

of Schizophyllum commune was first proposed by VYaguchi

et al. [57], on the basis of amino acid seguence homology
between the active site region of lysozyme and cellulase
and it was confirmed that cellulase and lysozyme follow
the same mechanism [58]. Tryptophan residues have been
shown to be involved in the binding of the substrate to
these enzymes [54.59]. The present results add further
support to these earlier findings and suggest a structural

relationship between xylanase, lysozyme and cellulase.
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CHAPTER 6

ISOLATION OF A REACTIVE CYSTEINYL PEPTIDE
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SUMMARY

N-Ethylmaleimide (NEM) is a potent modificr for cysteine.
The yellow derivative of NEM viz. N-(2,4-dinitroanilino)-
maleimide (DAM) was synthesized and used to selectively
label the thiol groups of the xylanase.

Since, the Streptomyces T7 xylanase contained three

-SH groups, the active site peptide was distinguished from
the other thiol peptides by selective protection of the
active site cysteine by the substrate (xylan). Differential
peptide mapping between the peptic digest of xylanase which
has previously been treated with DAM in Uthe presence or
absence of xylan allowed specific isolation of reactive
cysteinyl peptide. The active site peptide was isolated
and analyzed qualitatively for its amino acid content by
acid hydrolysis followed by paper chromatography. It was
found to contain: Aspartic acid; Glycine; Alanine, Tyro-
sine/valine; Isoleucine /phenylalanine and DAM-cysteine

(X).
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INTRODUCTION

Information regarding the amino acid involved in Lthe
active site is a prerequisite for manipulating the protein
by site directed mutagenesis which can lead to the synthesis
of a new protein with desirable properties. Various kinds
of approaches have been used for identifying the active
centre fragments of proteins. Radioactive label can be
used to isolate and identify the active peptide resulting
from chemical or enzymatic degradation. Cohen and Warringa
[1) treated choline esterase with di-isopropylfluorophosphate
(DFP) in the presence of butyryl choline which masked. the
active site. Then the modified protein was tréahed with
32P-labeled DFP in the absence of butyryl choline. A com-
bination of peptide mapping with radioactive tracer metho-
dology facilitated studies of protein synthesis, particularly
with a protein of known amino acid sequence. Dintzis [2]
in his studies on hemoglobin demonstrated that the protein
synthesis proceeds from the N-terminal end. The wuse of
14C—iodoace—.tic acid for 1labelling -SH group in the active
centre of sulfhydryl enzymes has focussed attention on
the {solation of peptide containing 14C—carboxymethylcy—
steine for subsequent sequence study [3)]. NEM is commerci-
ally available in 3H and 14C labeled form. In isolating
sulfhydryl peptides, the modification of sulfhydryl groups
prior to electrophoresis, has additional advantages. The
initial radioactive lebeling allowed prepurification of
cysteinyl peptides and making Lthem available in higher

amounts for electrophoresis [(4].
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Affinity labels have proved to be powerful tools in
the study of relationship between structure and function
of proteins. These reagents are characterised by being
structurally similar to the substrates. The peptide con-
taining the radioactive analog was isolated and sequenced
from chymotrypsin [5]. Utilising toluenesulfonylphenylala-
ninechloromethyl ketone (TPCK) Schoellmann and Shaw [6]
were able to effect a highly specific alkylation of an
active centre histidine in the protein. The reagent was
designed to possess substrate like features in order to
localize it at the active centre of <« -chymotrypsin, where
the reactive chloromethyl moiety could irreversibly combine
with an active group. Affinity labeling takes the advantage
of the normal enzyme-substrate interactions to ensure that
a large local concentration of reagent exists at the active
site. It depends upon the ability of a reactive group
in the affinity label to form a stable linkage with the
enzyme [7].

The introduction of fluorescent 1labels into proteins
has proved to be a valuable technique in the study of ligand
binding to enzymes. The method can provide information
concegning the active site of enzyme, provided a fluores-
cent chromophore has reacted with specific amino acid resi-
dues located at the active centre. The fluorescence group
should have absorption and fluorescence properties distinct
from that of tyrosyl and tryptophanyl residues of the pro-
tein [9].

Procedures have also been developed Lo bind certain

fluorescent dyes to proteins, as a means Lo increase Lheir
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fluorescence. Changes in the environment of fluorescent
chromophores are reflected by changes in the intensity
of fluorescence. These changes in the fluorescence are
sensitive criteria of conformational changes [7].

The proteins are fluorescently labeled by bromobimanes.
these heterocyclic mqlecules reacted preferably with thiols
and hence can be useful for labeling of both small and
large molecules in biological systems [9]. The compound
itself is only weakly fluorescent but selectively reacts
with thiols to yield highly fluorescent and stable thio-
ethers which can be easily detected. The biomane derivatives
can be separated by HPLC [10].

Active site protection by the ligand combination of
xylitol plus Mg2+ completely blocked diethylpyrocarbonate
(DEP) derivatization of histidine in the active site of
D-xylose 1isomerase. Differntial peptide mapping between
D-xylose isomerase which has previously been treated with
DEP in the presence or absence of xylitol plus Mg2+ allowed
specific isolation and sequencing of a peptide containing
this active site histidine [11]. Cysteinyl peptide labeled
by 3-bromo-2-ketoglutarate (BrKG) was isolated in the active
site of pig heart NAD+-dvDond0nt isocitrate dehydrogenase.
Protection against inactivation was provided by isocitrate
and Mn2+. A modified peptide was identified by comparison
of the peptides labeled by BrKG in the absence and presence
of isocitrate and Mn2+. Modified enzyme isolated from
unreacted BrKG was incubated with [3H]NaBH4 to reduce the
keto-group of protein-bound 2-ketoglutarate and Uthereby

introduce a radioactive tracer into the modified amino
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acid. Following carboxymethylation and digestion with
trypsin, the specific modified peptide was isolated by
HPLC [12].

The well known activity of cysteine or cysteinyl pep-
tides with alkylating agents has resulted in Utheir wide
application for the detection of cysteinyl pepltides in
proteins [13]. The wide spread use of 1-fluoro-2,4-dinitro-
benzene (FDNB) for labeling amino groups with the yellow
DNP residue and for characterising the N-terminal amino
acids in polypeptide chains indicated the value of coloured
reagents in protein chemistry [147]. It was felt that it
could be desirable to find a colour label which could be
applied to protein sulfhydryl groups and used for the iden-
tification of cysteine residues, especially those which
are involved in the active site of enzyme [15].

NEM is a potent modifier for cysteine residues. NEM
reacts rapidly with thiols forming a stable thio-ether
link and had frequent application as a reagent for thiol
groups of proteins [16,17]. However, as a marker of such
groups it is of little value, as it forms colourless deri-
vatives. A number of other substituted maleimides have
proven~ useful, since they introduce a chromogenic sub-
stituent into the protein. These include N-(dimethylamino-
3,5-dinitrophenylmaleimide) (DDPM) [15], N-(2,4-dinitro-
anilne)-maleimide (DAM) (18] and N-(4-hydroxy-L-naphthyl)
maleimide [19]. Such reagents allow modification of react-
ive sulfhydryl groups in the protein and ready deteclion
of the appropriate peptide, after proteolytic deqgradalion

and separation [14,21]. The use of DDPM has been developed
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for the labeling of sulfhydryl groups and for the isolation
of sulfhydryl containing peptides from serum albumin and
tobacco mosaic virus protein [15,21]). The yellow colour
of this reagent greatly facilitated the purification of
labeled peptides. The reactions of DDPM with cysteine and

with the free -SH groups of human and bovine serum albumin
have been studied [15]. DDPM has also been utilized for
the isolation of peptides containing sulfhydryl groups from
the rabbit muscle- glyceraldehyde 3-phosphate dehydrogenase
[20].
Reports regarding the presence of cysteine at the active
site of xylanases are available [21-25]). Based on the chemi-
cal modification and kinetic studies, we have shown the

vresence  of  tryptophan and cysteine residues at Lthe active

site of the xylanase from Streptomyces T7. However, there
are no reports so far for the isolation of reactive peptides
from xylanases. This chapter deals with the isolation and
identification of amino acid. involved in the cysteinyl active

site peptide using a chromophoric reagent.
MATERIALS AND METHODS

Materials

N-2,4-Dinitroanilino maleimide (DAM) was synthesized
in our laboratory. Sephadex G-25 was obtained from Pharmacia,
Sweden, pepsin and standard amino acid mixture were purchased
from Sigma Chemical Co., USA. All the other chemicals used

were of analytical grade.
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Metihods
Synthesis of DAM
DAM was prepared in two steps according to the pro-
cedure of Clark-Walker and Robinson [18]:

N-2,4-Dinitroanilino-maleamic acid Maleic anhydride

(16 g) and 2,4-dinitrophenyl hydrazine (30 g) were reflu-
xed in chloroform (350 ml) with occasional shaking for
1/2 h. After cooling, the orange solid was collected.
Four crystallizations from acetone-benzene gave the male-
amic acid as yellow needles (Compound I1).

DAM Compound I (5 g) was refluxed in 50 ml acetic acid
for 10 min. The yellow imide which crystallized (4 g)
was further crystallized from acetone followed by benzene.

The final product was pale yellow needles (M.P. 237°C,

M_ 278).
r

O 0O

OoN
| NH-NH@NOZ —_— | O2N
N-NH©N02
COOH
0)
Compound I DAM (C,oHgOgNg)

Reacttion of xylanase with DAM

The alcohol precipitated and DEAE treated (partially
purified xylanase (2 ug) was incubated with various con-
centrations of DAM (dissolved in methyl cellosolve) in
50 mM acetate buffer, pH 5.0 in a volume of 0.05 and
0.5 ml at 25°C for 10 min and the residual activity was

determined.
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The control tubes containing the enzyme alone and
enzyme plus DAM were also run under identical conditions.
Isolatiion and purification of the cysteinyl peptides

(a) Alkylation of the xylanase with DAM 40 ml of DAM (50

mM) was added to 10 mg of partially purified enzyme in
a total volume of 10 ml in 50 mM acetate buffer, pH 5.0.
The reaction was allowed to proceed for 2.5 h at 25°C.
The xylanase activity was estimated before and after alkyla-
tion.

(b) Precipitation of DAM treated enzyme DAM treated enzyme

was precipitated with three volumes of chilled ethanol.
The precipitate was recovered by centrifugation at 9,000
x g for 30 min and dried under vacuum. The absorpltion
spectra of native and DAM treated enzymes were recorded.

(c) Proteolysis of DAM treated xylanase The yellow pellet

was dissolved in 1.5 ml of 0.01 N HCl and pH was adjusted
to 2.0. Proteolytic digestion was carried oult at 37°C
for 24 h at pH 2.0 with pepsin (in 0.01 N HCl) using the
protein to protease ratio of 10:1. 30 ul of uthis digest
was used for peptide mapping.

(d) Separation and purification of the peptides

(i) Sephadex G-25 chromatography The peptic digest

of DAM treated xXylanase was applied to a Sephadex G-25
column (3 x 26 cm) equilibrated with water. Fractions
were collected at the rate of 36 ml/h. - Fractions were
analyzed for absorption at 280 and 340 nm. Fractions show-
ing maximum absorption at 280 nm (Peak 1) and 340 nm (Peak
II1) were pooled separately. Peak 11 was further concentra-

ted by freeze-drying.
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(ii) Peptide mapping Separation of the Peak 11 was

obtained by a two dimensional combination of electrophoresis
and chromatography [26].

(1) Paper electrophoresis

Paper electrophoresis was carried out on Whauman No.

3 MM paper cut to T shape (30 x 30 cm) with pair of sleeves

of 14 x 6 cm. The paper was soaked in MICHL's buffer
[(27), which contained pyridine:acetic acid:water (10:0.4:90),
pH 6.4. Excess liquid was removed carefully by blotting

firmly between two sheets of blotting papers. The spot
where the sample was to be loaded (24 cm from the edge
of the sleeve and 3 cm below the upper edge of the paper)
was dried, while the rest of the paper was kept moist.
The peptic digest (30 ul) was loaded on the spol. The
paper was then placed on a myelin sheet resting on a metal
plate. A glass plate was kept over the moist filter paper.
The sleeves on either sides of paper were dipped in glass
containers with MICHL's buffer and the respective electrodes.
The chamber was closed and the electrophoresis was carried
out at 1,000 volts for 2.5 h. The sleeves were cul off
and the paper was dried at room temperature in a current
of air for 2 h.

(2) Paper chromatography

The dried paper was saturated in chromatographic
chamber containing pyridine:n-butanol:acetic acid:water
(20:30:6:24) for 2 h. Ascending chromatography was perfor-
med for 15 - 16 h. The paper was then dried in a current
of air at room temperature for 1 h. The pepltide spols

were revealed by spraying with 0.3% ninhydrin in acetone.
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In order to intensify the spots, the paper was dried in
oven at 60°C for 10 min. The paper was sprayed with 12
cupric nitrate in acetone containing 20% nitric acid to
fix the spous.

Substirate protection and modification of the Xxylanase

The partially purified xylanase (2 ug) was incubated
with different amounts of xylan (0.12 - 1.2 mg) prior to
addition of 10 ul DAM (50 mM) in a total volume of 50 pl.
The reaction mixture was incubated at 25°C for 10 min.
The xylanase activity was estimated as wusual by adding
the remaining amount of xylan.

5 mg of partially purified xylanase was mixed with
150 ml of 3% xylan and allowed to stand for 1 h at 25°C.
20 ml DAM (50 mM) was added and the mixture was incubated
at 25°C for 10 min. An aliquot of 50 ul was removed and
checked for xylanase activity. The above mixture was con-
centrated to 55 ml by freeze drying and then precipitated
with chilled ethanol (165 ml). The precipiltate recovered
after centrifugation was dried.

Location and isolation of reactive peptide

The dried precipitate was digested with pepsin and the
separation and purification of peptides was carried out
as described earlier.

For the isolation of the reactive peptide, the Llreat-
ment with DAM and subsequent peptide mapping was carried
out with a purified preparation of xylanase (10 mg) in
the absence of substrate. The active peptide was isolated
by extracting the corresponding region of the chromaltogram

with 10% acetic acid. The extract was concentrated by
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freeze-drying. The peptide mapping of Peak 11 was repeated
five times to obtain sufficient quantity of reactive peptide.
Amino acid analysis of the peptide

An aliquot of the peptide extract was hydrolysed in
6 N HCl for 24 h at 110°C and analysed qualitatively for

its composition by paper chromatography.
RESULTS AND DISCUSSION

The yellow derivative of NEM, DAM was used to selecl -
ively label the thiol groups of the xylanase. Due to Uthe
yellow colour of the reagent, the labeled peptides were
readily identifiable visually during the steps of purifi-

cation. Since the Streptomyces T, xylanase contains three

-SH groups, the active site peptide was distinguished from
the other thiol peptides by selective protection of the
active site cysteine by the substrate (xylan). The prelimi-
nary experiments for locating the active site peptide were
carried out with a partially purified xylanase preparation.
The 1isolation of the active pepltide was performed using
an electrophoretically homogeneous enzyme preparation.
Reacttion of xylanase with DAM

Complete inhibition of xylanase activity was observed
at 1.0 mM DAM concentration when the reaction was performed
in 0.5 ml volume (Fig. 6.1la). When the same reaction was
performed in a volume of 0.05 ml, complete inhibition of
xylanase was eobserved-at 10 mM DAM concentration (Fig. 6.1b).

These experiments suggest that the molar ratio of
the enzyme to the specific inhibitor rather than the inhibi-

tor concentration was important for the inactivation of



Fig. 6.1t Inactivation of xylanase with DAM

a) The reaction was performed with DAM (0.2
- 1.2 mM) in a volume of 0.5 ml.

b) The reaction was performed with DAM (2 -

12 mM) in a volume of 0.05 ml.
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enzyme . The absorption spectra of the native and alkylated
enzyme are presented in Fig. 6.2. The alkylated enzyme
shows an additional peak at 340 nm characteristic of DAM
-cysteine.
Isolation and purification of cysteinyl peptides

The peptic digest of DAM treated xylanase was fract-
ionated on Sephadex G-25 (Fig. 6.3). One peak each at
280 nm (Peak I) and at 340 nm (Peak I1) was observed.
Peak I was colourless while Peak II was yellow, indicating
the presence of cysteine containing peptides. Further
purification of Peak II was achieved by paper electropho-
resis followed by chromatography.Fiqure 6.4a,b show ! he .
peptide maps of the native and DAM treated xylanase. The
peptide maps were identical except that the faint yellow
coloured peptide appeared in the DAM treated sample. Peak
IT showed only three dark yellow coloured peptides (1,2and
3) (Fig. 6.5a), corresponding to the faint yellow peptide
in the DAM treated sample. Absence of ninhydrin positive
peptides indicated that vyellow cysteinyl peptides were
separated from the rest of the peptides during the gel
filtration.
Locaéion of the reactive peptide

To ascertain the position of the reactive cysteinyl
peptide among the three yellow peptides, the property
of the active site to bind substrate and get protected
against the inactivation by cysteine-specific reagent was
utilized. When the modification of =xylanase was carried
outi in the presence of substrate, the peptide containing

the reactive cysteine will appear colourless in contrast



Fig. 6.2t The absorption spectra of the native and DAM

treated enzyme
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Fig. 6.3: Sephadex G-25 chromatography of peptic digest
of DAM treated xylanase.

(o) O.D. at 280 nm (e) O.D. at 340 nm
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Fig. 6.4: Peptide maps for xylanase
a) Peptic digest of native Xylanase

b) Peptic digest of DAM treated xylanase
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Fig. 6.5t Peptide maps for xylanase (Peak TIL)

a)

b)

Peptic digest of DAM treated xylanase in

the absence of substrate (xylan)

Peptic digest of DAM treated xylanase in

the presence of substrate (xylan)



Fig. 6-5a

Fig. 6-5b
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to the other yellow cysteinyl peptides.

Figure 6.6 shows the protection of Uthe xylanase by
substrate against inactivation by DAM. 100% protection
was obtainced by 1 mqg of xylan for 2 ng of cnzyme.

The comparison between the peptide maps obtained in
the absence (Fig. 6.5a) and presence (Fig. 6.5b) of =xylan
shows that the peptide 3 from Fig. 6.5b failed to indicate
the characteristic yellow colour and turned pink on spraying
with ninhydrin. After locating the position of active
site peptide, a similar experiment with the purified xylana-
se was carried in the absence of xylan and the active pepti-
de (No. 3) was isolated. Figure 6.7 shows the absorption
spectrum of the purified peptide.

Amino acid analysis of the active peptide

Figure 6.8 shows the paper chromatogram for Lthe amino
acid analysis of isolated peptide. The Rf values for amino
acids generated by the peptide were calculated and compared
with those of standard amino acids. The data suggested
that the peptide is composed of six amino acids: Aspartic
acid; Glycine; Alanine; Tyrosine/valine; Isoleucine/

phenylalanine and DAM cysteine (X).



Fig.

6.61¢

Protection of xylanase by substrate against

inactivation by DAM
Different concentrations of xylan (0.1 - 1.2
mg) were added to 2 ug of xylanase before

the addition of DAM.
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Fig. 6.7t Absorption spectrum of purified peptide
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Fig. 6.8t Amino acid analysis of the purified peptide

1. Methionine 2. Threonine 3. Alanine

4, Histidine 5. Lysine 6. Valine

7. Phenylala- 8. Cystine 9. Serine
nine

10. Leucine 11. Proline 12. Glycine

13. Glutamic 14. Aspartic 15. Isoleucine
acid acid

S. Hydrolysed cysteinyl peptide
16. Arginine 17. Cysteine 18. Tyrosine

19. Tryptophan
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14.
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Chemical modification of a xylanase from
a thermotolerant Streptomyces

Evidence for essential tryptophan and cysteine residues at the active site

Sulabha S. KESKAR, Mandayam C. SRINIVASAN and Vasanti V. DESHPANDE*
Division of Biochemical Sciences, National Chemical Laboratory, Pune 411008, India

Extracellular xylanase produced in submerged culture by a thermotolerant Streptomyces T, growing at
37-50 °C was purified to homogeneity by chromatography on DEAE-cellulose and gel filtration on Sephadex
G-50. The purified enzyme has an M, of 20463 and a pI of 7.8. The pH and temperature optima for the
activity were 4.5-5.5 and 60 °C respectively. The enzyme retained 100 9, of its original activity on incubation
at pH 5.0 for 6 days at 50 °C and for 11 days at 37 °C. The K,, and V,,,, values, as determined with soluble
larch-wood xylan, were 10 mg/ml and 7.6 x 10* zmol/min per mg of enzyme respectively. The xylanase was
devoid of cellulase activity. It was completely inhibited by Hg** (2 x 10°® ). The enzyme degraded xylan,
producing xylobiose, xylo-oligosaccharides and a small amount of xylose as end products, indicating that
it is an endoxylanase. Chemical modification of xylanase with N-bromosuccinimide, 2-hydroxy-5-
nitrobenzyl bromide and p-hydroxymercuribenzoate (PHMB) revealed that 1 mol each of tryptophan and
cysteine per mol of enzyme were essential for the activity. Xylan completely protected the enzyme from
inactivation by the above reagents, suggesting the presence of tryptophan and cysteine at the substrate-

binding site. Inactivation of xylanase by PHMB could be restored by cysteine.

INTRODUCTION

Hemicellulose is one of the major components of
ligno-cellulosic biomass and consists largely of xylan.
Xylanases (EC 3.2.1.8) catalyse the random hydrolysis of
xylosidic bonds in xylan and related xylo-oligo-
saccharides. In view of their possible application in the
paper and pulp industries, information on microbial
xylanases has been increasingly forthcoming in recent
years (Jurasek & Paice, 1986). Xylanases have been
described from a wide range of micro-organisms,
especially fungi (Dekker & Richards, 1976). Among the
prokaryotes, the information on actinomycete xylanase
is largely derived from Streptomyces spp. (Kusakabe
et al., 1977; Sreenath er al., 1978; Ishaque & Kluepfel,
1981). There are comparatively fewer reports on produc-
tion and purification of xylanases from thermophilic
micro-organisms (McCarthy er al., 1985; Kluepfel et al.,
1986: Morosoli et al., 1986). Stable enzymes active at
high temperatures are favourable for increasing reaction
rates and possibly for lessening contamination problems.
Generally the xylanases are also associated with other
activities, such as cellulase and glucose isomerase
(Ishaque & Kluepfel, 1981; Kluepfel et al., 1986). There
are no published reports so far on microbial xylanases
which are not associated with cellulase activity.

Reports on the inhibition of xylanases by different
chemical compounds which are specific to certain amino
acids are available (Sreenath & Joseph, 1982; Nakajima
et al., 1984; Marui et al., 1985). However, the number of
amino acid residues essential for activity and their role in

the catalytic site have not been investigated. Large active
centres containing several subsites appear to be charac-
teristic of the fungal xylanases in general (Biely er al.,
1981; Vrsanska er al., 1982; Meagher, 1984; Meagher
et al., 1988). However, there is little data correlating
the structure and function of the binding-site region of
xylanase.

In the present paper we report the isolation of a high-
xylanase-producing thermotolerant Streptomyces T, that
is free from cellulase activity. On the basis of the chemical
modification of the purified enzyme, our results have
provided the first evidence for the involvement of
tryptophan and cysteine residues at the active site of
xylanase.

MATERIALS AND METHODS

Materials

N-Bromosuccinimide (NBS), N-cthylmaleimide, di-
ethyl pyrocarbonate, 2-hydroxy-5-nitrobenzyl bromide
(HNBB), p-hydroxymercuribenzoate (PHMB), 5.5'-
dithiobis-(2-nitrobenzoic acid) (DTNB), phenylglyoxal,
butane-2,3-dione, iodoacetamide, N-acetylimidazole, /-
alanine, 3,5-dinitrosalicylic acid (DNS), p-nitrophenyl
f-D-xyloside, molecular-mass markers, NNN'N’-tetra-
methylethylenediamine (TEMED), Coomassie Blue
G-250 and R-250, DEAE-cellulose, NN'-methylenebis-
acrylamide and CM-cellulose C8758 were purchased
from Sigma. The suppliers of the following chemicals are
indicated in parentheses: SDS (Koch-Light Labora-

Abbreviations used: NBS, N-bromosuccinimide; HNBB, 2-hydroxy-S5-nitrobenzyl bromide; PHMB, p-hydroxymercuribenzoate; DTNB, 5,5
dithiobis-(2-nitrobenzoic acid); DNS, 3,5-dinitrosalicylic acid; TEMED, NNN’N’-tetramethylethylenediamine.

* To whom correspondence and reprint requests should be sent.
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tories); yeast extract (Difco); peptone (Biochemicals
Unit, New Delhi, India); larch-wood xylan and cysteine
(Fluka); ultrafiltration membranes (Amicon); Sephadex
G-50 (Pharmacia); Ampholines (LKB). All the other
chemicals used were of analytical grade. Xylo-
oligosaccharides were kindly given by Professor P.J.
Reilly, Department of Chemical Engineering, lowa State
University, Ames, TA 50011, U.S.A. Wheat bran was
purchased locally.

Isolation of the strain

From humus-rich soil collected at Nandesari (near
Baroda, India) an actinomycete strain was isolated by
plating out a soil sample on a medium containing wheat
bran (5°,) and yeast extract (19,). The wheat bran was
autoclaved in water, followed by extraction through
muslin cloth to remove most of the starch. When
incubated at 50 °C for 48 h, several colonies of bacteria
and actinomycetes developed which were screened for
xylanase activity in submerged culture. One of them,
which produced relatively high xylanase activity and a
larger clearance zone on xylan/yeast extract/agar plate,
was designated as ‘Strepromyces T, and selected for
further studies.

Enzyme production

Enzyme was produced in 250 ml Erlenmeyer flasks
containing 50 ml of medium (Ishaque & Kluepfel, 1981),
except that the amount of (NH,),SO, was increased five
times and 59, (w/v) wheat bran was used as a carbon
source. Vegetative inoculum was used to inoculate ex-
perimental media. The inoculum was grown in the same
medium but containing 19, wheat bran. The flasks were
incubated at 50 °C on a rotary shaker at 200 rev./min.
The experimental flasks contained 5°, wheat bran as
carbon source and were cultivated for 72 h. The cells and
solid residues were removed from the culture broth by
centrifugation and the clear supernatant used as an
enzyme source.

Enzyme purification

All steps were carried out at 4 °C unless otherwise
mentioned.

The culture filtrate (400 ml) (Step I) was concentrated
by precipitating the enzyme with 3 vol. of chilled distilled
ethanol. The precipitate was recovered by centrifugation
(9000 g; 30 min) and dried under vacuum and stored
at —10°C until further use. The precipitate (4 g,
10600 units) was dissolved in 80 ml of 10 mM-sodium
phosphate buffer, pH 8.0. The undissolved solid particles
from the precipitate were separated by centrifugation
and the clear supernatant (Step II) was further purified
on DEAE-cellulose in a batchwise treatment. A 260 ml
portion of DEAE-cellulose (40 mg/ml, equilibrated with
10 mMm-sodium phosphate buffer, pH 8.0) was suspended
in 80 ml of enzyme solution (Step II) for 30 min. The
slurry was filtered through Whatman no. 1 filter paper.
The filtrate was collected and the DEAE-cellulose ‘cake”
was resuspended twice, each time with 20 ml of the same
buffer. The filtrate and washings were pooled and ultra-
filtered through an Amicon UM 10 membrane to
concentrate the sample to 12 ml (Step I1I). A 1 ml portion
of this enzyme (9 mg, 621 units) was applied to a
Sephadex G-50 column (1.5 c¢cm x 110 cm) equilibrated
with 50 mMm-potassium phosphate buffer, pH 7.2. The
fractions were collected at a rate of 2ml/10 min and

S. S. Keskar, M. C. Srinivasan and V. V. Deshpande

estimated for xylanase activity. The active fractions were
pooled, dialysed against water and concentrated by
freeze-drying (Step 1V).

Analytical methods

A 2 g portion of xylan was suspended in 100 ml of
50 mM-sodium acetate buffer, pH 5.0, and was stirred
for 12-16 h. The insoluble fraction (about 50°,) was
removed by centrifugation and the soluble fraction was
used for xylanase assay.

Xylanase was assayed by mixing a 0.5 ml aliquot of
appropriately diluted enzyme with 0.5 ml of 1, xylan
and incubating at 60 °C for 30 min (Mandels & Weber,
1969). The reducing sugar released was determined by
the DNS method with D-xylose as standard (Miller,
1959).

f-Xylosidase was estimated as described by Kluepfel
& Ishaque (1982) with p-nitrophenyl p-pD-xyloside as
substrate by determining the p-nitrophenol liberated by
the enzyme action at 40 °C after 30 min.

The unit of xylanase or xylosidase was defined as that
amount of enzyme which produces 1 zmol of xylose or
p-nitrophenol/min from xylan or p-nitrophenyl f-n-
xyloside respectively under the given assay conditions.
Activity towards CM-cellulose and filter paper
(Whatman no. 1) were determined by incubating | ml of
reaction mixture, containing suitably diluted enzyme,
with 0.5 ml of CM-cellulose (1 %,) or filter paper (25 mg)
in 50 mm-acetate buffer, pH 5.0, at 50 °C for 30 or
60 min respectively. The reducing sugar formed was
determined by the DNS method described above.
Proteinase activity was determined by Kunitz's (1947)
method.

Protein was determined by the method of Lowry et al.
(1951), with bovine serum albumin as standard.
Electrophoresis at pH 4.3 was performed as described by
Maurer (1971), with 7.5°, (w/v) acrylamide gel.

SDS/polyacrylamide-gel electrophoresis was carried
out as described by Laemmli (1970), with albumin
(M, 66000), ovalbumin (45000), pepsin (34 700), trypsin-
ogen (24000), p-lactoglobulin (18400) and lysozyme
(14300) as reference proteins.

M, values were also determined by gel filtration on
Sephadex G-50 and Bio-Gel P-10.

Suitably diluted xylanase was incubated with different
amounts (3-15 mg) of xylan under the assay conditions
given. K, and V. were determined from Lineweaver
Burk plots.

Isoclectric focusing in thin polyacrylamide gels was
carried out by the method of Vesterberg (1972) over the
pH range 3.5-10.0.

Free thiol groups in the enzyme were determined by
titrating enzyme against PHMB (Boyer, 1954) and DTNB
(Ellman, 1959).

Xylan degradation products

Xylanase (1.0 unit) was incubated with xylan (10 mg)
in 20 mM-acetate buffer, pH 5.0, for different periods of
time. The end products formed were analysed by paper
chromatography in the solvent system butanol/acetic
acid/water (3:1:1, by vol.) by the method of Trevelyn
et al. (1950).

Synergism with f-xylosidase

Xylanase (1.0 unit) and g-xylosidase from Aspergillus
niger (0.07 unit) were mixed with 10 mg of xylan in
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0.5 ml of 50 mwm-acetate buffer, pH 5.0. The reaction was
carried out at 37°C for 20 h. The control with only
xylanase was also run under identical conditions. The
percentage hydrolysis was determined by measuring the
reducing sugar.

Reaction with different chemical modifiers

A 0.5 ml portion of enzyme (10 zg/ml) was incubated
in a total volume of 2.5 ml with various concentrations
of modifier in appropriate buffer. Control tubes con-
taining enzyme only or inhibitor only were incubated
under identical conditions. Aliquots (0.5 ml) were
removed at 10, 20, 30 and 40 min for measurement
of residual enzyme activity.

Titration with NBS

Oxidation of tryptophan residues by NBS was
carried out in two cuvettes: one containing xylanase
(2.72x107° M) in 50 mMm-acetate buffer, pH 4.5, and
another containing buffer. Successive 10 xl aliquots of
NBS (1 x 10 * M) were added to the sample as well as to
the reference cuvette and absorbance at 280 nm was
measured. After each addition of NBS, the number of
tryptophan residues oxidized (An) per mol of enzyme was
calculated from the equation (Witkop, 1961; Spande &
Witkop, 1967): '

1.31 Ad,,,

An = 2
5500 x molarity of enzyme

where AA,,, i1s the decrease in absorbance at 280 nm,
1.31 is an empirical factor based upon oxidation of
model tryptophan peptides by NBS (Patchornik er al.,
1958) and 5500 is the molar absorption coefficient for
tryptophan at 280 nm. Simultaneously portions of the
reaction mixture were assayed for xylanase activity.

Substrate-protection studies

A 0.1 ml portion of enzyme (1 xg) in buffer was added
to different amounts of xylan (0.1-5mg) in a total
volume of 0.5 ml before the addition of NBS (4 um) or
PHMB (5 #m). The reaction mixture was incubated at
25 °C for 10 min. The activity of the enzyme was deter-
mined as usual by adding the remaining amount of
xylan.

For different concentrations of HNBB (2.5 mM, 4 mm
and 8 mMm), percentage inhibition of xylanase was de-
termined. For every HNBB concentration the amount of
xylan needed to give 1009, protection was determined
by the above procedure.

Re-activation of xylanase after modification by PHMB

The enzyme (1 xg) was incubated with PHMB (2 um)
in 50 mM-acetate buffer, pH 6.0, in a volume of 0.25 ml
at 25 °C. At different time intervals, residual activity was
determined. Simultaneously the incubation mixtures
(0.25 ml) were also transferred to 0.25 ml of 50 mm-
cysteine and incubated at 25 °C for 20 min. The enzyme
activity was determined in the usual way by adding the
substrate and incubating at 60 °C for 30 min.

Alternatively, regain of xylanase activity completely
inactivated by PHMB (5 M) was determined by trans-
ferring aliquots of inactivated enzyme in different
concentrations of cysteine and incubating at 25 °C for
20 min.
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RESULTS AND DISCUSSION

Characteristics of strain T,

The isolate is an aerobic Streptomyces which forms
greyish sporulating colonies on wheat bran/ycast
extract/agar after incubation for 3 days at 50 °C. When
grown on agar plates containing 19, xylan, a distinct
clearance was observed, indicating the hydrolysis of
xylan and extracellular secretion of xylanase. The op-
timum temperature for the growth of the Strepromyces
T, was over the range 45-50 °C; the strain was also able
to grow at 37 °C, but it did not grow above 50 °C.
indicating that it is a thermotolerant culture. Fig. 1
shows the xylanase production at different incubation
temperatures. The production of enzyme was maximum
(70 units/ml) at 50 °C after 72 h of cultivation when 59,
wheat bran was used. The strain did not show detectable
intra- or extra-cellular f-xylosidase activity, extracellular
activity against CM-cellulose or filter paper, or proteinase
activity at pH 7.0 or 10.0.

The Streptomyces T, is similar to Streptomyces lividans,
which was reported by Kluepfel er al. (1986) to grow
over the temperature range 18-46 °C. The optimum
temperatures for growth and enzyme production were
29 and 40 °C respectively. Xylanases from S. lividans
(Kluepfel et al., 1986) and S. flavogriseus (Ishaque &
Kluepfel, 1981) were reported to be associated with
cellulase and glucose isomerase activities respectively.

Enzyme purification

Table | summarizes the results for the purification of
xylanase. The enzyme was purified 41-fold over the
culture supernatant. The xylanase from S. lividans has
been purified 33-fold over the culture supernatant
(Morosoli et al., 1986), whereas that from S. xylophagus
was purified 276-fold (specific activity 581 units/mg
of protein) (lizuka & Kawaminami, 1965). The
Streptomyces T, contains a single component of xylanase.
The purified enzyme showed a single band on gel
clectrophoresis in the presence or absence of SDS. The
xylanases from mesophilic Streptomyces have also been
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Fig. 1. Effect of temperature on xyl production

The organism was grown on the basal medium containing
29, wheat bran. The samples were removed periodically
and the culture filtrate was examined for xylanase activity.

0,28°C; A, 37°C; @,45°C; O, 50 °C.
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Table 1. Purification of Streptomyces xylanase

S. S. Keskar, M. C. Srinivasan and V. V. Deshpande

Total Total Total Specific
volume protein  activity activity Purification
Step Fraction (ml) (mg) (units)  (units/mg) (fold)
I Culture filtrate 400 1200 12000 10.0 1.00
11 Ethanol preci- 80 256 10600 414 4.14
pitation
I DEAE-cellulose 12 116 7462 64.4 6.44
chromatography
v Sephadex G-50 3 1.95 805 412.8 41.30
Table 2. Properties of purified xylanase enzyme was 30 min. The enzyme retained full activity on
incubation at 50 °C for 6 days and at 37 °C for 11 days.
Parameter Value Morosoli et al. (1986) reported a xylanase from S.

o ¢ lividans which was stable at pH 6.0 for 24 h at 37 °C.

- o o Titration with PHMB and DTNB showed the presence
Optimum pH 4.5-5.5 of 3.5 thiol groups per molecule of enzyme. Among the
Optimum tem- 60 °C metal ions tested, Hg?** completely inhibited the enzyme

perature activity, indicating that thiol-containing amino acids
K, 10 mg/ml may be involved in the activity.

AN 7.6 mmol/min per mg
r;; : 7.8 Degradation of xylan
‘ §D)§/PAGE‘ 21880 The major end products of xylan hydrolysis by the

Bio-Gel P-10 19230 Streptomyces T, xylanase were xylobiose and xylo-
Sephadex G-50 20180 oligosaccharides (Xyl,~Xyl;). Very little xylose was

* Abbreviation: PAGE, polyacrylamide-gel electrophoresis.

shown to consist of only one xylanase component
(Kusakabe er al., 1977; Nakajima et al., 1984).

Properties
Table 2 shows the physico-chemical properties of the

purified enzyme. The activity was maximum at 60 °C
over the pH range 4.5-5.5. At 60 °C the half-life of the

produced even after 16 h, indicating that it is an
endoxylanase. When xylanase was mixed with /-
xylosidase, the end product was mainly xylose, and the
hydrolysis increased from 43 to 60°,, owing to the
synergistic action of xylanase and f-xylosidase.

Effect of chemical modifiers

Table 3 indicates the effect of various modifiers on
xylanase activity. Complete inhibition by NBS, HNBB
and PHM B showed that tryptophan and cysteine residues
are modified. Complete inhibition by PHMB but less

Table 3. Effect of chemical inhibitors on xylanase

The enzyme was incubated with the inhibitor at 25 °C for 10 min before the addition of substrate.

Chemical (mm)
NBS 1.0
HNBB 10.0
Diethyl 10.0
pyrocarbonate
N-Ethylmaleimide 2.0
Todoacetamide 5.0
Phenylglyoxal 10.0
PHMB 1.0
Phenylmethane- 10.0
sulphonyl fluoride
N-Acetylimidazole 10.0
Butane-2,3-dione 10.0

[Inhibitor]

Inhibition Incubation buffer

(%) (50 mm)
100 Sodium acetate
buffer, pH 4.5
100 Sodium acetate
buffer, pH 4.5

0 Potassium phosphate
buffer, pH 7.0
50 Sodium acetate
buffer, pH 6.0
30 Sodium acetate
buffer, pH 6.0

0 Tris/HCI, pH 8.0

100 Sodium acetate
buffer, pH 6.0

0 Potassium phosphate
buffer, pH 7.0

0 Potassium phosphate
buffer, pH 7.0
0 Sodium borate

buffer, pH 8.0
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Fig. 2. Kinetics of inactivation of xylanase by NBS

The enzyme (5 ug) was incubated with NBS (A, 0 uM; O,
0.6 um; @, 1.0 uM; AL 1S pm; %, 2.0 pm; O3, 2.5 pM). The
inset shows the apparent order of reaction with respect to
reagent concentration. The logarithm of observed pseudo-
first-order rate constants (k) calculated from Fig. 2 was
plotted against the logarithm of the inhibitor concen-
tration.

inhibition by iodoacetamide may be due to the fact that,
at pH 6.0, there is a very small proportion of the ionized
form of cysteine (~CH,-S"), which is the reactive
nucleophile. Inhibition by Hg**, NBS and PHMB has
been reported for xylanases from several Streptomyces
species (Sreenath & Joseph, 1982; Nakajima er al., 1984 ;
Marui et al., 1985).

Plots of percentage residual activity as a function of
time at various concentrations of NBS (Fig. 2), HNBB
(Fig. 3) and PHMB (Fig. 4) indicate that the inactivation
process exhibits pseudo-first-order kinetics with respect
to time at any fixed concentration of the inhibitor.
Applying the analysis described by Levy er al. (1963), the
pseudo-first-order rate constants were calculated from
the slope of the plots of logarithm of the residual activity
against the time of reaction. The order of the reaction
was estimated from the slopes of the plots of log (pseudo-
first-order rate constant) against log(inhibitor concen-
tration). These graphs (insets to Figs. 2, 3 and 4) indicated
that the loss of enzyme activity resulted from reaction of
only one tryptophan (Figs. 2 and 3) or cysteine residue
(Fig. 4) per molecule of enzyme.

Titration with NBS
Fig. 5 shows the effect of NBS on enzyme activity.
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Fig. 3. Inactivation of xylanase by HNBB

Enzyme (5 xg) was incubated with HNBB ([J, 0 mMm; O,
0.25mM; @, 0.5mMm; A, 1.0 mm; x, 2.0 mm). The inset
shows a plot of the logarithm of pseudo-first-order rate
constant against the logarithm of the HNBB concen-
tration.

After each addition of NBS, there was a progressive
decrease in absorption at 280 nm. For complete in-
activation of the enzyme, 3.6 mol of NBS were required
per mol of enzyme. The number of tryptophan residues
oxidized per molecule of enzyme were found to be 2.2
(Fig. 6). This usually gives the number of residues
modified but not the number of residues essential for
activity.

Protection by substrate against inactivation

A 1 mg portion of substrate was needed to give 100°,,
protection against inactivation by NBS and PHMB.
Protection by the substrate indicated the presence of
essential tryptophan and cysteine residues at the
substrate-binding site.

The xylanase was incubated with different
concentrations of HNBB (2.5-8 mm). The amount of
xylan needed to give 1009, protection increased from
2.5 to 7.5 mg as the extent of inhibition increased. This
again confirmed the presence of essential tryptophan
residue at the substrate-binding region of the xylanase.
It is surprising that 100, protection by substrate is
obtained at a concentration less than the K. This may
be attributed to the heterogeneity of xylan, which results
in an ‘apparent’ value for the K.

The catalytic mechanism of two other hydrolytic
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Fig. 4. Effect of PHMB on xylanase activity

Enzyme (5 ug) was incubated with PHMB ([J, 0 um; O,
025 um; @, 0.5 uM; A, 1.0 uM; x, 2.0 um). The inset
shows a plot of the logarithm of the psuedo-first-order rate
constant of PHMB inactivation against the logarithm of
PHMB concentration.
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Fig. 5. Activity and absorbance changes of xylanase as a function
of molar excess of NBS

Aliquots (10 #l) of NBS (1x10 *M) were added
successively to the enzyme (2.72x 10 ° M). After each
addition the residual activity (O) and the decrease in
absorption at 280 nm () were measured.
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Fig. 6. Titration of NBS with xylanase

Oxidation of tryptophan residues in xylanase was carried
out with stepwise addition of NBS to the enzyme. as
described in Fig. 5. The number of tryptophan residues
oxidized was determined as described in the Materials and
methods section.

enzymes, namely lysozyme and cellulase, which are
functionally related to xylanase, has been delincated in
structural detail at the molecular level (Imoto ¢r al.
1972; Yaguchi er al., 1983). Tryptophan residues have
been shown to be involved in the binding of substrate to
these enzymes (Hurst er al., 1977; Clarke, 1987). The
present results add further support to these carlier
findings and suggest a relationship between xylanase.
lysozyme and cellulase.

Re-activation of xylanase after modification by PHMB

The progressive loss of activity as a function of time
when the enzyme was treated with PHMB and its re-
activation by cysteine were studied. The enzyme. which
was completely inactivated by PHMB, was re-activated
fully with 50 mm-cysteine, indicating a competitive dis-
placement of PHMB by the high concentration of thiol
(Means & Feeney, 1971).

Involvement of cysteine residues at the active site of
cellulase or lysozyme has not hitherto been reported.

This paper is National Chemical Laboratory Publication no.
4573.
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