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Abstract Xyloglucanase from an extracellular culture

filtrate of alkalothermophilic Thermomonospora sp. was

purified to homogeneity with a molecular weight of

144 kDa as determined by SDS-PAGE and exhibited

specificity towards xyloglucan with apparent Km of

1.67 mg/ml. The enzyme was active at a broad range of pH

(5–8) and temperatures (40–80�C). The optimum pH and

temperature were 7 and 70�C, respectively. The enzyme

retained 100% activity at 50�C for 60 h with half-lives of

14 h, 6 h and 7 min at 60, 70 and 80�C, respectively. The

kinetics of thermal denaturation revealed that the inacti-

vation at 80�C is due to unfolding of the enzyme as evi-

denced by the distinct red shift in the wavelength

maximum of the fluorescence profile. Xyloglucanase

activity was positively modulated in the presence of Zn2?,

K?, cysteine, b-mercaptoethanol and polyols. Thermosta-

bility was enhanced in the presence of additives (polyols

and glycine) at 80�C. A hydrolysis of 55% for galactoxy-

loglucan (GXG) from tamarind kernel powder (TKP) was

obtained in 12 h at 60�C and 6 h at 70�C using thermo-

stable xyloglucanases, favouring a reduction in process

time and enzyme dosage. The enzyme was stable in the

presence of commercial detergents (Ariel), indicating its

potential as an additive to laundry detergents.
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Introduction

The desire for improved methods of biomass conversion

to fuels and feedstocks has re-awakened interest in the

enzymology of plant cell-wall degradation. Xyloglucan is

one of the major structural hemicellulosic heteropoly-

saccharides present in the primary cell walls of higher

plants, consisting of about 20–25% of the dry weight in

dicotyledonous angiosperms, 2–5% in grasses and 10%

in soft woods. The xyloglucans form a complex network

of hydrogen-bonded interactions with cellulose microfi-

brils that confers rigidity and extensibility to cell walls

(Martinez-Fleites et al. 2006). Structurally xyloglucan

consists of a b-(1-4)-linked b-D-Glcp (b-D-glucopyranose)

backbone having up to 75% of the b-D-Glcp residues

covalently linked to a-D-Xylp (a-D-xylopyranose) at the

O-6 position. Depending upon the plant species and

tissue localization, the xylose branches may in turn be

substituted with combinations of galactopyranose, fuco-

pyranose, arabinofuranose, and o-acetyl residues (Gloster

et al. 2007). While the extent of xylose substitution

varies considerably, the glucose backbone structure is

typically substituted by 50 or 75% xylose (Powlowski

et al. 2009). The most widely used xyloglucan in

research and industry is derived from the seeds of

Tamarindus indica Linn., an abundantly grown tree of

Southeast Asia, India, Mexico and Costa Rica (Zhou

et al. 2007; Goyal et al. 2007).

Many endoglucanases have been reported to hydrolyze

xyloglucan as a substrate analogue, however, few glucan-

ases have high activity towards xyloglucan, and they are

virtually inert towards the non-substituted b-glucans and

carboxymethyl cellulose (Menon et al. 2010b). Xyloglu-

canases (3.2.1.151) represent a class of polysaccharide

degrading enzymes which can attack the backbone also at
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substituted glucose residues (Benko et al. 2008). The dis-

tinction between these xyloglucanases and endocellulases

may lie in the requirement for specific side groups. Xylo-

glucanases belong to the inverting and retaining glycoside

hydrolyases (GHs) which constitute 113 protein families

responsible for the hydrolysis and/or transglycosylation of

glycosidic bonds. GHs present in the carbohydrate-active

enzymes (CAZy) database have widespread importance for

biotechnological and biomedical applications (Cantarel

et al. 2009).

The xyloglucan and the enzymes responsible for its

modification and degradation are of increasing promi-

nence, reflecting the drive for diverse biotechnological

applications in fruit juice clarification, textile processing,

cellulose surface modification, pharmaceutical delivery,

production of food thickening agents, paper and pulp

industry, plant growth modulation, production of novel

surfactant, synthesis of biocomposites and enzyme

kinetic studies (Gloster et al. 2007; Wong et al. 2010).

Xyloglucan-specific glycosidases with high substrate

specificity are useful tools for analysing the xyloglucan

structure. Xyloglucanases have been used to characterize

molecular alterations in plant cell-wall mutants, engineer

the physical properties and biochemical composition of

plant fibres and link chemically modified xylo-oligosac-

charides to xyloglucan polymers that can be used to

impart novel functionality to cellulose microfibrils

(Master et al. 2008). Recent advancements in the pro-

duction of biofuel from plant biomass have also spurred

enormous interest in accessory enzymes such as xylo-

glucanases (Menon et al. 2010c). The action of xylo-

glucanases enhances the hydrolysis of lignocellulose by

making the cellulose more accessible to cellulase

enzymes and also improves the economics of biomass

conversion (Benko et al. 2008).

There are few reports on the xyloglucanases from

various microorganisms; however, there is paucity of

literature on specific xyloglucanases from thermophilic

microorganisms. Xyloglucanases stable and active at

high temperature and alkaline conditions are suitable for

biotechnological applications. The present investigation

reports the purification and biochemical characterization

of a thermostable xyloglucanase from an alkalothermo-

philic Thermomonospora sp. The properties of the puri-

fied enzyme were studied to understand and evaluate the

potential of xyloglucanase in biotechnological applica-

tions. Kinetic and thermodynamic studies on purified

xyloglucanase were followed in order to understand the

demand of enthalpy and entropy for thermal inactivation.

The study also explores the effect of thermostable

xyloglucanase in the hydrolysis of galactoxyloglucan

(GXG) from tamarind kernel powder (TKP).

Materials and methods

Microorganism and culture conditions

Alkalothermophilic Thermomonospora sp. was maintained

on Luria–Bertani wheat bran slants at pH 10 and 50�C

according to George et al. (2001).

Isolation of genomic DNA

DNA was extracted from actinomycetes grown in Luria

broth (pH 9.0) for 48 h at 50�C. The cells were harvested

by centrifugation at 10,000 rpm for 10 min at 4�C. The

genomic DNA of the isolate was extracted by the method

of Hopwood et al. (1985).

Amplification of 16S rDNA gene and sequence analysis

The primers used for the identification of the isolate were

universal eubacterial 16S rDNA primers: 16F27N (50CCA

GAG TTT GAT CMT GGC TCA G), 16F536 (50GTG CCA

GCA GCC GCG GTR ATA), 16R1525XP (50TTC TGC

AGT CTA GAA GGA GGT GWT CCA GCC) commer-

cially obtained from Life technologies, India. PCR was

performed in the final volume of 25 ll containing genomic

DNA 0.50 ll, 109 buffer 2.50 ll, 0.2 mM deoxyribonu-

cleoside triphosphate (dNTP) 2.5 ll, forward and reverse

Primers 10–20 pmol (1.25 ll each), distilled water 16.87 ll,

and 1 unit of Taq DNA polymerase 0.25 ll (Banglore

Genei). After an initial 30 s denaturation at 98�C the reaction

was run for 35 cycles: denaturation was done at 98�C for

10 s, annealing at 58�C for 20 s and extension at 72�C for

90 s followed by a final extension step at 72�C for 7 min.

Products were analysed on 1% agarose gel containing

0.7 lg/ml ethidium bromide and visualized under UV light.

PCR products were purified using a PCR purification kit

(QiaGEN, Hilden). The sequencing reactions were carried

out using Taq DNA polymerase dye terminator cycle

sequencing using the ‘ABI PRISM BigDye Terminator

Cycle Sequencing Ready Reaction Kit’ (Perkin Elmer

Applied Biosystems Division, Foster City, CA) according

to the manufacturer’s protocol. The BLAST searches of the

sequences were performed at the National Centre for

Biotechnology Information (NCBI) GenBank data library

(http://www.ncbi.nim.nih.gov/BLAST/) using BLASTN

with default settings. The sequences were downloaded

from the NCBI database and aligned using the CLU-

STALW program (http://align.genome.jpg/sit-bin/clustalw).

Sequences were trimmed using DAMBE software. A

phylogenic tree was generated by the neighbour-joining

method (Saitou and Nei 1987) using MEGA software

(Kumar et al. 2001).
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Production of xyloglucanase in different media

Thermomonospora was grown on two different media

(a) modified Reese medium (Mandels and Weber 1969)

containing 1% yeast extract, 4% cellulose powder and

0.1% Tween 80 and (b) modified Reese medium with 0.5%

yeast extract, 1% TKP, 1% cellulose powder and 0.1%

Tween 80. The pH of the media was adjusted to 9 with

10% Na2CO3 after autoclaving. The culture was grown at

50�C for 120 h on a rotary shaker maintained at 200 rpm.

Samples were withdrawn after an interval of 24 h, centri-

fuged at 10,000 rpm for 15 min at 4�C and the supernatant

was checked for xyloglucanase activity.

Enzyme assay

Xyloglucanase activity was measured by incubating 1 ml

of assay mixture containing 0.5 ml of 5 mg/ml of tamarind

xyloglucan and 0.5 ml of suitably diluted enzyme in

50 mM phosphate buffer (pH 7) for 30 min at 50�C

(Menon et al. 2010b). Enzyme and reagent blanks were

also simultaneously incubated with test samples. The

reducing sugar formed was estimated by dinitrosalicylic

acid (Mandels and Weber 1969). One unit of enzyme

activity is defined as the amount of enzyme required to

liberate 0.5 mg of reducing sugar per minute under assay

conditions. The protein concentration was determined

according to the method of Lowry et al. (1951), using

bovine serum albumin as a standard.

Purification of xyloglucanase

The culture filtrate obtained after 120 h of incubation in

medium (b) was concentrated using ammonium sulphate

(0–90% saturation). All purification steps were carried out

at 4�C unless otherwise stated. The precipitate was dis-

solved in 0.05 M sodium phosphate buffer, pH 7, dialyzed

against the same buffer with several changes for 8 h, and

applied to a QAE-Sephadex column (3 9 20 cm) previ-

ously equilibrated with 0.05 M sodium phosphate buffer,

pH 7. The elution was carried out by a linear gradient of

sodium chloride (0–0.6 M) in same buffer. The fractions

having maximum specific activity were pooled and con-

centrated by ultrafiltration through a Amicon UM-10

membrane. The concentrated sample was applied to a Bio-

Gel P-100 column (2 9 100 cm) previously equilibrated

with 0.05 M sodium phosphate buffer pH 7. Elution was

carried out using the same eluent at a flow rate of 12 ml/h.

The fractions (1.5 ml each) having maximum specific

activity were pooled and concentrated. The purity of the

enzyme was checked by SDS-PAGE followed by silver

staining (Laemmli 1970).

Determination of molecular weight of the enzyme

The molecular weight of xyloglucanase was determined by

gel filtration chromatography using Sephacryl S-200 pre-

viously equilibrated with 50 mM phosphate buffer, pH 7.

The column was calibrated using the following marker

proteins; b-amylase (Mr 205,000), alcohol dehydrogenase

(Mr 97,400), bovine serum albumin (Mr 66,000), ovalbu-

min (Mr 43,000), carbonic anhydrase (Mr 29,000) obtained

from Amersham. The void volume of the column was

determined by the elution volume of blue dextran.

Determination of optimum pH, temperature

and stability of xyloglucanase

Estimation of xyloglucanase activity at different pH (4–10)

and temperatures (40–100�C) were carried out under

standard assay conditions to determine optimum pH and

temperature for enzyme activity. The pH stability of the

enzyme was measured by incubating 50 U/ml of enzyme at

50�C in buffer of desired pH for 1 h. The following buffer

systems were used: 0.05 M acetate buffer (pH 4–5),

0.05 M phosphate buffer (pH 6–7), 0.05 M Tris–HCl buf-

fer (pH 8) and 0.05 M carbonate–bicarbonate buffer (pH

9–10). The temperature stability was determined by incu-

bating 50 U/ml of enzyme at different temperatures. The

samples were removed at regular time intervals and the

residual activity was estimated under standard assay

conditions.

Thermodynamics and fluorescence studies on thermal

inactivation

Thermal inactivation of xyloglucanase was determined by

incubating enzyme solutions (50 U/ml) in 0.05 M phos-

phate buffer (pH 7), at different temperatures (70–85�C).

Aliquots were withdrawn at different time intervals, cooled

by keeping in ice for 3 h and assayed for enzyme activity.

Thermoinactivation rate coefficients (kd) were determined

by linear regression from the plot of natural logarithm of

residual activity (ln ra) versus the time of incubation at the

respective temperatures. kd was the absolute value of the

slope in the regression line.

The thermodynamic parameters of xyloglucanase

denaturation, free energy, enthalpy and entropy were cal-

culated according to the following equations (Pal and

Khanum 2010):

The half-life of xyloglucanase (t1/2, min-1) was deter-

mined from the relationship:

t1=2 ¼ 0:693=kd: ð1Þ

The DT values (decimal reduction time or time required

to inactivate 90% of the original enzyme activity at a
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constant temperature) was calculated from the following

equation:

DT ¼ ln 10=kd: ð2Þ

Other parameters were calculated as given below:

Ea ¼ �RðSlopeÞ ð3Þ
DH ¼ Ea � RT ð4Þ
DG ¼ �RT lnðkdh=kBTÞ ð5Þ
DS ¼ ðDH � DGÞ=T : ð6Þ

where Ea is the activation energy for denaturation

(kJ mol-1) and was determined by linear regression of

the plot of the natural logarithm of kd (ln kd) versus the

reciprocal of the absolute temperatures (1/T, K) at which

xyloglucanase was irreversibly inactivated by the first

order rate constant, according to Eq. 3. The change in

enthalpy (DH, kJ mol-1), free energy (DG, kJ mol-1), and

entropy (DS, J mol-1 K-1) were calculated using the

Eqs. 4, 5 and 6, respectively, where R the gas constant

(8.314 J mol-1 K-1), T the corresponding absolute tem-

perature (K), kd the thermoinactivation coefficient (min-1),

h the Plank constant (11.08 9 10-36 J mol-1), kB the

Boltzmann constant (1.38 9 10-23 J K-1) (Leite et al.

2007). All the experiments were performed in triplicates

and the mean of the experiments were considered for fur-

ther calculations.

The fluorescence study was performed on a Cary Varian

Eclipse fluorescence spectrophotometer connected to a

Cary Varian temperature controller. Xyloglucanase was

incubated at 50, 60, 70 and 80�C for 30 min and the

fluorescence was measured with an excitation at 295 nm

and emission from 300 to 400 nm at 25�C. The slit width

on both excitation and emission were set at 5 nm, and the

spectra were obtained at 1 nm/min. Corrections for the

inner filter effect were performed as described by the for-

mula (Lakowicz 1983) Fc = F antilog [(Aex ? Aem)/2],

where Fc and F are the corrected and measured fluores-

cence intensities, respectively, Aex and Aem are the solution

absorbance at the excitation and emission wavelengths,

respectively. Background buffer spectra were subtracted to

remove the contribution from Raman scattering.

Effect of additives on thermostability

The thermostability of xyloglucanase at 80�C in presence

of various additives was determined by incubating the

reaction mixture (enzyme (50 U/ml) in 0.05 M phosphate

buffer, pH 7) with additives and estimating the xyloglu-

canase activity at different time intervals. At the end of

incubation period the enzyme was cooled for 5 min and the

residual activity was determined. Suitable controls were

also taken. The time at which 50% initial activity was

reached corresponded to the half-life of the enzyme.

Effect of additives and metal ions on xyloglucanase

activity

The effect of additives on xyloglucanase activity was

determined in the presence of various additives; alanine,

cystein, glycine (final concentrations of 10 mM each) and

polyols (sorbitol, mannitol and glycerol) at final concen-

tration of 100 mM. The effect of metal ions on the xylo-

glucanase activity was determined by incubating the

reaction mixture with various metal ions at final concen-

tration of 0.1, 1 and 10 mM and xyloglucanases activity

was determined. Xyloglucanase activity in absence of

metal ions was taken as 100%.

Determination of kinetic parameters and substrate

specificity

The apparent Km and Vmax values of the pure enzyme were

determined by measuring the activity with tamarind xylo-

glucan at concentrations ranging from 1 to 10 mg/ml.

Kinetic constants were calculated for the data obtained by

non-linear regression analysis and analysed by Lineweaver–

Burk’s reciprocal equation. The purified enzyme was used

to hydrolyze different substrates (1%) with varying gly-

cosidic bonds of glucose and xylan. The substrates used

were xyloglucan, oat spelt xylan, laminarin, lichenan,

avicel, b-glucan, carboxymethyl cellulose, p-nitrophenyl

b-D-glucopyranoside (PNPG) and p-nitrophenyl b-D-xylopy-

ranoside (PNPX).

Thermostable xyloglucanase in hydrolysis of TKP

Galactoxyloglucan (GXG) was isolated from TKP

according to Menon et al. (2010b). The hydrolysis of GXG

was carried out at two different substrate concentrations

(10 and 25 g/l) with varying concentrations of Thermo-

monospora xyloglucanase (20 and 40 U/ml) at various

temperatures of 40, 50, 60, 70�C. The hydrolysis was

carried out in a stoppered flask in 25 ml reaction volume

containing appropriate concentrations of substrates in

0.05 M phosphate buffer, pH 7. Hydrolysis was terminated

by boiling at 100�C for 5 min at the end of stipulated time

intervals, filtered and the filtrate was assayed for reducing

sugar by the DNS method (Mandels and Weber 1969).

Appropriate substrate and enzyme controls were

performed.

138 Extremophiles (2012) 16:135–146

123



Stability of xyloglucanase in commercial detergents

and organic solvents

Stability of xyloglucanase in the presence of commercial

detergents (0.7 mg/ml) and organic solvents (25% v/v) was

investigated at 50�C. The residual activity of the enzyme

was quantified under the standard assay conditions.

Results and discussion

Identification of actinomycetes based on sequence

analysis based on 16S rDNA

BLAST searches indicated that the 16S rDNA sequence of

the new isolate is closely related to the homologous

sequences of various Thermomonospora sp. as shown in

phylogenetic tree (Fig. 1). It revealed that the isolate of

Thermomonospora showed 98% homology with Thermo-

monospora mesouviformis. Since T. mesouviformis grows

optimally at neutral pH and the present isolate is an

Fig. 1 Phylogenetic tree

showing the positions of the

new isolate (new isolate of

Thermomonospora) and related

species based on 16S rDNA

sequences

Fig. 2 Time course of xyloglucanase production by alkalothermo-

philic Thermomonospora sp. in two different media; Medium a:

modified Reese medium with 4% cellulose powder (filled square),

Medium b: modified Reese medium with 4% cellulose powder and

1% TKP (filled circle). pH of the media was adjusted to 9 with 10%

Na2CO3

Table 1 Purification of

xyloglucanase from

Thermomonospora sp.

Steps Total

volume

(ml)

Total

protein

(mg)

Total

xyloglucanases

activity (U)

Specific

activity

(U/mg)

Recovery

(%)

Fold

purification

Culture filtrate 100 635 7,500 11.81 100 1

Ammonium sulphate

precipitation

10 458 5,960 13.01 79.47 1.10

QAE-Sephadex 12 46.36 2,959 63.84 39.46 5.41

Bio-Gel P 100 5 4.81 584 121.35 7.46 10.28

Extremophiles (2012) 16:135–146 139

123



obligate alkalophile (optimum growth at pH 9), the isolate

was classified to be a new species of Thermomonospora

(Anish 2007).

Production of xyloglucanase

The time course of xyloglucanase production by the alk-

alothermophilic Thermomonospora sp. in the extracellular

culture filtrate is shown in Fig. 2. A maximum xyloglucan-

ases activity of 75 U/ml was obtained at 120 h using TKP as

the carbon source. Cellulose powder was also an alternative

carbon source for xyloglucanase production (68 U/ml).

Geotrichum sp. M128 (Yaoi and mitsuishi 2004) and Pae-

nibacillus sp. strain KM21 (Yaoi et al. 2005) are reported to

produce xyloglucanase in a medium supplemented with

xyloglucan (carbon source) from tamarind wherein TKP was

found to be a suitable carbon source for xyloglucanase pro-

duction from Thermomonospora sp. TKP being a low cost

industrial by-product, can be an economical carbon source

for the commercial production of xyloglucanase.

Purification of enzyme

The purification of xyloglucanase from the extracellular

culture filtrate of medium (b) was carried out by ammonium

sulphate precipitation (0–90% saturation) followed by

chromatography on QAE-Sephadex ion exchange column

and Bio-Gel P-100 gel filtration column. Xyloglucanase

from Thermomonospora sp. was purified to homogeneity

with tenfold purification, specific activity of 121 U/mg and

percent recovery of 7.46 (Table 1). SDS-PAGE revealed a

single homogeneous band of pure protein with a molecular

mass of 144 kDa. A sharp peak of an average molecular mass

of 144 kDa was obtained by gel permeation chromatogra-

phy. The reported molecular weights for xyloglucanase

range from 75 to 105 kDa (Grishutin et al. 2004; Yaoi et al.

2005; Sinitsyana et al. 2010). The yield of the purified

xyloglucanases from alkalthermophilic Thermomonospora

sp. is 4.8 mg/100 ml of culture broth. The work is ongoing

on the identification of xyloglucanase gene and over-

expression in a suitable host. This is the first report of a high

molecular weight xyloglucanase from an alkalothermophilic

Thermomonospora sp.

Kinetic parameters and substrate specificity

The apparent Km and Vmax of the purified xyloglucanase

were 1.67 mg/ml and 36.4 U/ml, respectively. The enzyme

was active towards xyloglucan (121.35 U/mg). The

enzyme had no activity towards oat spelt xylan, laminarin,

Fig. 3 a pH optima and pH stability of xyloglucanase at 50�C. The

following buffer systems were used: 0.05 M acetate buffer (pH 4–5),

0.05 M phosphate buffer (pH 6–7), 0.05 M Tris–HCl buffer (pH 8)

and 0.05 M carbonate–bicarbonate buffer (pH 9–10). b Temperature

optima of xyloglucanase: 50 U/ml of xyloglucanase was incubated in

0.05 phosphate buffer (pH 7) at different temperatures in the range

(40–100�C) and the residual activity was determined. c Thermal

stability of xyloglucanase: 50 U/ml of xyloglucanase was incubated

in 0.05 phosphate buffer (pH 7) at different temperatures for different

intervals and residual activity was estimated under the standard assay

conditions

c
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lichenan, Avicel, b-glucan, carboxymethyl cellulose,

PNPG and PNPX. Xyloglucan-specific endoglucanases

have also been reported from various microorganisms

having higher catalytic activity towards xyloglucan and

no or negligible activity towards other linear polymers

(Grishutin et al. 2004; Master et al. 2008).

Optimum pH and stability of xyloglucanase

The enzyme was active in a broad pH range (5–9) with

maximum activity at pH 7. It retained 72 and 35% of its

activity at pH 8 and 9, respectively. Xyloglucanase was

stable in the pH range 5–8 with more than 80% residual

activity. At pH 9 and 10, it exhibited 72 and 65% residual

activities, respectively (Fig. 3a). Xyloglucanases are active

in broad pH ranges; however, the reported optimum pH

range is 4–6 (Grishutin et al. 2004; Sinitsyana et al. 2010).

Considering substantial stability of Thermomonospora

xyloglucanase at neutral and alkaline pH, it may find potential

application in laundry detergents compositions and for

cellulose fibre processing industries.

Thermal stability

The xyloglucanase showed a maximum activity at 70�C;

with 90 and 92% activities at 60 and 80�C, respectively

(Fig. 3b). The xyloglucanase was exceptionally stable at

50�C, with 100% activity up to 60 h and had a half-lives of

14 and 6 h at 60 and 70�C, respectively (Fig. 3c). At 80�C

the enzyme had half-life of 7 min. The reported optimum

temperature for xyloglucanase activity is from 50 to 65�C

(Yaoi and Mitsuishi 2004). The xyloglucanases of

Table 2 Biochemical properties of xyloglucanase from different microbial sources

Microorganisms Optimum conditions MW

(kDa)

Specific

activity

(U/mg)

Km

(mg/ml)

Substrate specificity Temperature

stability

Reference

Growth Activity

pH Temp

(�C)

pH Temp

(�C)

Aspergillus
japonicus

– – 5 – 32 98 0.67 Xyloglucan b-glucanc – Grishutin

et al.

(2004)Trichoderma reesei – – 5.3 – 75–105 – 0.30 Xyloglucan, b-glucan,

CMC

–

Chryosporium
lucknowense

6.5 28 6 – 78 75 0.31 Xyloglucan, b-glucan,

CMC

–

Geotrichum sp.
M128

6 30 5.5 55 80.5 68 – Xyloglucan 90% activity

for 10 min at

50�C

Yaoi and

Mitsuishi

(2004)

Aspergillus terreus 7 45 4 60 78 45 2.5a Barley b-glucan,

xyloglucan, lichenan,

CMC

79% activity

for 1 h at

60�C

Nazir et al.

(2009)

Penicillium
canescenes XG A

– – 4 65 25 21 1.33 Tamarind seed xyloglucan t1/2 of 1 h at

60�C

Sinitsyana

et al.

(2010)Penicillium
verruculosum XG

25

– – 4.6 60 25 52 0.28 Tamarind seed

xyloglucan, barley

b-glucanc

t1/2 of 1 h at

60�C

Penicillium
verruculosum XG

70

– – – 55 70 38 0.29 Tamarind seed

xyloglucan, barley

b-glucan, CMCc

t1/2 of 45 min

at 60�C

Aspergillus oryzae
RIB 40

5 30 4.5–5.5 60 29 883 1,250b Tamarind xyloglucan,

AZCL xyloglucan,

xylanc, CMCc

20 min at

50�C

Hakamada

et al.

(2011)

Thermomonospora
sp.

9 50 7 70 144 121 1.67 Tamarind xyloglucan t1/2 of 14 h at

60�C and 6 h

at 70�C

Present

work

CMC carboxymethyl cellulose, AZCL xyloglucan–azurine-crosslinked xyloglucan
a mM/min
b Units/mg
c Trace activity
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Penicillium sp, Aspergillus japonicus and Trichoderma

reesei were stable at 50�C, retaining 100% at 24 h (Yaoi

et al. 2005); however, Thermomonospora xyloglucanase

retained 100% activity for 60 h. Table 2 lists the bio-

chemical properties of xyloglucanases from various

microbial sources.

Thermodynamic and fluorescence studies

of xyloglucanase inactivation

The purified xyloglucanase was incubated at temperatures

ranging from 70 to 85�C. The semi-logarithmic plots of

residual activity versus incubation time were linear, indi-

cating that the inactivation could be expressed as first-order

kinetics. The slope of these plots was the kd values applied

in the plot of ln kd versus the reciprocal of the absolute

temperature. It was observed that the rate of enzyme

deactivation (kd) increased with increase in temperature.

The half-life of xyloglucanase was 360 min at 70�C and

1 min at 85�C. With increase in temperature a decrease in

t1/2 was observed. The time needed to reduce the enzyme

activity by 90%, i.e., DT value, also decreased with

increase in temperature.

Activation energy for irreversible inactivation (Ea) of

the xyloglucanase was 396 kJmol-1 as determined from

the Arrhenius plot (Fig. 4a). The enthalpy of activation of

thermal denaturation (DH) of xyloglucanase was 393.26

kJ mol-1 at 70�C. The values marginally decreased with

rise in temperature, indicating that lesser energy is required

to denature enzyme at elevated temperatures. The observed

change in DH also indicates that the enzyme undergoes

considerable change in conformation at higher tempera-

tures. The Gibbs free energy (DG) of thermal inactivation

was found to decrease with increase in temperatures from

113.91 to 101.50 kJ mol-1. The DG value is intimately

related with the protein stability, as higher the DG the

higher will be the enzyme stability (Longo and Combes

1999). When the incubation temperature was increased

from 70–85�C there was a significant reduction of DG,

indicating the destabilization of the protein with rise in

temperature (Table 3). The values of DS did not show

significant alterations with the increase in temperature,

since the increase in entropy by denaturation is thought to

be due to the exposure of the hydrophobic chains during

the unfolding of proteins. The positive values of DS indi-

cate that there is no significant process of protein aggre-

gation (Marin et al. 2003). However, the thermal

denaturation at higher temperature (80�C) is due to the

unfolding of xyloglucanase as observed from fluorescence

spectrum.

The fluorescence of xyloglucanase exhibited emission

maxima (kmax) at 342 nm, which is characteristic of partial

shielding of the tryptophan residues from aqueous solvent

(Cho et al. 1994). The enzyme retains its conformational

stability and at the same time remains catalytically intact

and active at 50, 60 and 70�C. However, at 80�C the

unfolding of the enzyme was evidenced by a distinct red

shift in the wavelength maximum and a corresponding

decrease in the fluorescence intensity (Fig. 4b).

Effect of additives on thermostability

In order to improve the thermostability of xyloglucanase at

higher temperature, different compounds were added to the

enzyme solution. The addition of alanine (0.5 M), tween 80

Fig. 4 a Effect of temperature on first order thermoinactivation rate

coefficients of xyloglucanase from Thermomonospora sp. Thermal

inactivation was determined by incubating enzyme solution (50 U/ml)

in 0.05 M phosphate buffer, (pH 7) at different temperatures

(70–85�C). b Fluorescence emission spectra of xyloglucanase at

different temperatures. Xyloglucanase was incubated at 50, 60, 70 and

80�C for 30 min and the fluorescence was measured on a Cary Varian

Eclipse fluorescence spectrophotometer connected to a Cary Varian

temperature controller with an excitation at 295 nm and emission

from 300 to 400 nm at 25�C
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(0.1%), SDS (0.1%) and Triton X-100 (0.1%) did not

prevent the loss in activity at 80�C. Cysteine (10 mM) and

PEG-1000 (10 mM) had marginal effect on thermostabili-

sation of xyloglucanase. Increase in the half-life from 7

to 20 min was observed after addition of glycine (2 M),

b-mercaptoethanol (10 mM), PEG-8000 (10 mM) and

glycerol (2 M). The addition of polyhydrophilic additives,

mannitol and sorbitol (2 M) to the xyloglucanase solution

at 80�C had the positive effect on thermostability with an

increase in half-life from 7 to 30 min (Fig. 5).

The thermostabilizing effect of polyols was proportional

to its molecular weight, which can be correlated to the

number of hydroxyl groups per polyol molecule. Polyols

have the ability to maintain solvophobic interactions and

have the capability to form hydrogen bonds that play the

key role in supporting the native conformation of the

protein and aid in protein stabilization. The stabilizing

effect of additives is not an absolute effect valid for all the

enzymes; however, it depends on the nature of the enzyme,

on its hydrophilic and hydrophobic character and on the

degree of interaction with the additive.

Effect of additives and metal ions on xyloglucanase

activity

The percent relative xyloglucanase activity was enhanced

by 2.22 and 1.82 times after addition of cysteine and

b-mercaptoethanol, respectively, at a concentration of

10 mM. The enzyme activity was not enhanced by addition

of tween 80 (0.1%) and polyols (Table 4). Enhancement in

xyloglucanase activity was observed with b-mercap-

toethanol and cysteine. The enhanced activity may be due

to the protection of sulfhydryl groups essential for enzyme

activity from oxidation. An endoglucanase from Aspergil-

lus terreus having high activity towards barley b-glucan

and xyloglucan was positively modulated by b-mercap-

toethanol (Nazir et al. 2009). Gupta and Gautam (1993);

Cesar and Mrsa (1996) have reported an increase in

a-glucosidase activity by 1.3% and xylanase activity by

1.48% with b-mercaptoethanol, respectively.

The relative xyloglucanase activity was increased by 30

and 40% by the addition of KCl and ZnSO4, respectively,

at concentration of 10 mM. Maximum inhibition of 75 and

88% was observed with CuSO4 and HgCl2. The addition of

CoCl2, FeSO4, NiCl2 and CdCl2 in the concentrations of

0.1, 1 and 10 mM showed gradual decline in the xyloglu-

canase activity. There was negligible reduction in xylo-

glucanase activity after addition of NaCl, Li2SO4,

Pb(NO3)2 and MnSO4 in the reaction mixture (Table 5).

Sinitsyana et al. (2010) have reported 20% enhancement in

xyloglucanase activity in the presence of Zn2?. Inactiva-

tion of xyloglucanase by Cu2? and Hg2? indicates the

Table 3 Thermodynamic parameters for irreversible thermal inactivation of xyloglucanase at different temperatures

Temperature (K) kd (min-1) t1/2 (min) DT (min) DH� (kJ mol-1) DG� (kJ mol-1) DS� (J mol-1 K-1)

343 0.001925 360 1195 393.26 113.91 814.43

348 0.0173 40 133 393.21 109.26 815.95

353 0.099 7 23 393.17 105.75 814.22

358 0.693 1 3.3 393.13 101.50 814.60

kd, First-order rate constant for thermal inactivation; t1/2, half-life; DT decimal reduction time; DH, variation in enthalpy; DG, variation in free

energy; DS, variation in entropy

Fig. 5 Thermal stability of xyloglucanase at 80�C in presence of

various additives: 50 U/ml of xyloglucanase was incubated in 0.05 M

phosphate buffer (pH 7) in the presence of additives. At the end of

incubation period enzyme was cooled for 5 min and the residual

activity was determined

Table 4 Effect of additives on xyloglucanase activity

Additives Relative activity (%)

Control 100

b-mercaptoethanol (10 mM) 182.34

Cystein (10 mM) 222.47

Tween 80 (0.1%) 71.49

Glycerol (100 mM) 94.84

Mannitol (100 mM) 95.18

Sorbitol (100 mM) 96.83
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presence of important thiol groups, carboxyl groups and

histidine residues in the enzyme mechanism.

Hydrolysis of glactoxyloglucan from TKP

Saccharification of galactoxyloglucan with thermostable

xyloglucanase with respect to varying enzyme and sub-

strate concentrations at different temperatures were pur-

sued. A maximum hydrolysis of 57% was obtained in 6 and

12 h at 70 and 60�C, respectively, using thermostable

xyloglucanase with an enzyme dosage of 40 U/ml and a

substrate loading of 10 g/l (Table 6). At higher substrate

concentration (25 g/l), a hydrolysis of 50% was obtained in

6 h at 70�C with an enzyme dosage of 20 U/ml as com-

pared to 50�C wherein the same percentage of hydrolysis

was achieved with 40 U/ml in 48 h (Menon et al. 2010b).

The hydrolysis at higher temperature favours a reduction in

process time and enzyme dosage. The role of thermostable

xylanase in the hydrolysis of hemicellulosic substrates,

favouring a reduction in process time and enzyme dosage

was reported by Menon et al. (2010a).

Stability of xyloglucanase in commercial detergents

and organic solvents

Xyloglucanase was stable in the presence of commercial

detergents. The enzyme showed maximum stability in the

presence of Ariel, having a residual activity of 91% after

incubation at 50�C for 50 min. Xyloglucanase had 82, 84,

80 and 81% residual activities in the presence of Surf

excel, Tide, Henko and Rin, respectively, under similar

conditions (Fig. 6). Xyloglucanase was found to be stable

in isopropanol and butanol for 25 min with residual

activities of 68% and 70, respectively. The residual activ-

ities were in the range of 30–50% for other solvents

(Table 7). Xyloglucanase was stable in the presence of

commercial detergents such as Ariel, Surf excel and Tide,

suggesting its application in detergent compositions espe-

cially for removing soils and spots.

Conclusions

Xyloglucanases are important biocatalysts and are rela-

tively less studied than other hydrolytic enzymes despite

their potential applications in biotechnology. In the current

context of biofuel production the hydrolysis of lignocel-

lulose could be improved with the supplementation of

xyloglucanase in an enzyme cocktail as their action

increases the surface area of the substrate. The present

study reports a thermostable xyloglucanase from an alk-

alothermophilic Thermomonospora sp. with a Mr of

144 kDa exhibiting specificity towards xyloglucan. This

xyloglucanase is found to be stable in presence of deter-

gents, indicating its potential as an additive to laundry

Table 5 Effect of metal ions on xyloglucanase activity

Metals Relative activity (%)

0.1 mM 1 mM 10 mM

Control 100 100 100

NaCl 95 84 75

CoCl2 87 64 65

CuSO4 74 52 25

HgCl2 55 28 12

FeSO4 82 58 47

Li2SO4 93 76 65

KCl 105 120 130

Pb(NO3)2 91 72 59

NiCl2 80 69 44

ZnSO4 115 140 145

MnSO4 95 71 62

CdCl2 87 59 47

Table 6 Enzymatic hydrolysis of GXG at 10 and 25 g/l substrate concentrations with Thermomonospora xyloglucanase at different

temperatures

Temperature

(�C):

40 50 60 70

Substrate

concentration

(g/l):

10 25 10 25 10 25 10 25

Enzyme

dosage (U/ml):

20 40 20 40 20 40 20 40 20 40 20 40 20 40 20 40

Time (h) Percent hydrolysis

3 10.20 12.09 8.69 10.35 20.22 29.62 17.54 24.09 28.69 34.67 25.23 30.25 38.47 42.84 29.20 35.96

6 12.50 18.69 10.66 15.92 22.77 30.19 20.16 30.22 40.59 42.81 37.25 41.69 55.21 57.41 49.85 51.33

12 19.36 26.38 15.28 23.58 23.14 32.05 22.47 34.82 55.24 57.89 48.65 50.36 55.39 57.33 50.05 52.54

24 22.64 32.25 20.67 28.34 27.51 39.62 25.61 40.33 55.50 57.25 49.25 52.67 55.58 57.68 50.58 52.12

48 28.92 40.66 24.69 33.69 38.24 55.68 32.05 49.81 55.89 57.66 49.81 52.33 55.97 57.92 50.66 52.85
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detergents. Exploitation of the thermostability of this

xyloglucanase for hydrolysis of TKP is favoured since it

would require a reduction in process time and enzyme

dosage.
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