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Synopsis \'

SYNOPSIS

Plant cell wall is predominantly composed of complex structural
polysaccharides such as celluloses and hemicelluloses. Polysaccharides of the primary
cell wall components of plant are cellulose, hemicelluloses such as xyloglucans,
mannans, galactomannans, glucomannans, laminarin, glucuronoarabinoxylans,
arabinoxylan etc. Mannans are the polysaccharides with a backbone chain of -
(1—4)-linked mannose units. They constitute a major portion of hemicelluloses in
hardwoods. The major distribution of mannan polysaccharides substituted with
galactose and glucose units in plant hemicellulose reservoir is abundant in nature.
Carob galactomannan from Ceratonia siliqua plant contains -(1—4)-D-mannan
backbone (78%) and a-(1—6)-linked galactose (22%) single units, whereas guar gum
(from endosperm of guar seeds) backbone is a linear chain of B-(1—4)-linked
mannose residues to which galactose residues are (1—6)-linked at every second
mannose forming short side-branches. Glucomannan from Amorphophallus konjac is
a water-soluble polysaccharide that is considered as a dietary fiber. The component
sugars units in konjac glucomannan are B-(1—4)-linked D-mannose and D-glucose
residues in a molar ratio of 1.6:1. B-D-mannanase (endo [-(1—4)-mannan
mannohydrolase, E.C. 3.2.1.78) hydrolyzes B-(1—4)-D-mannopyranosyl linkages
within the main chain of mannans, glucomannans, galactomannans and
galactoglucomannans. Mannanases have been listed within glycoside hydrolase (GH)
families viz. GH26, GH5 and GH113 in carbohydrate active enzyme database
(http://www.cazy.org/Glycoside-Hydrolases.html) based on sequence similarity

(Henrissat, 1991; Davis and Henrissat, 2002). B-D-mannanases belong to family GHS.
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GH26, GH113 display a (B/a)s barrel shaped protein folding pattern and the acid-
base-assisted catalysis via a double displacement mechanism involving a covalent
glycosyl-enzyme intermediate. The mechanism of glycosidic bond cleavage is found
conserved within these families. These are the characteristic patterns of clan GH-A
protein families and helped B-D-mannanases of family GHS, GH26 and GH113 to
group into this clan. Due to the retaining double displacement mechanism, these
enzymes can perform transglycosylation. Transglycosylation may leads to the
synthesis of new glycosides or oligosaccharides longer than the original substrate.
GHS5 and GHI113 mannanases have been described as able to catalyse
transglycosylation reactions while to date no evidence of transglycosylation has been
reported for GH26 mannanases. The non-catalytic polysaccharides recognizing
modules were initially named cellulose binding domain. Later on the term CBM
(carbohydrate binding module) evolved reflecting the diversity in ligand specificity of
these proteins. Currently, CBMs have been classified into 67 distinct families based
on sequence similarity (http://www.cazy.org/Carbohydrate-Binding-Module) and they
display substantial diversity in terms of ligand specificity. The CBMs append to the
glycoside hydrolases that degrade the soluble or insoluble polysaccharides. Family 35
carbohydrate binding module is often appended to glycoside hydrolase family 26
(GH26) and GHS mannanases, xylanases (GH30) which significantly alter the

polysaccharide specificity for plant cel] waj] polysaccharides such as galactomannan

glucomannan, mannan and glucouronoxylan, Out of 67 distinct families, CBMs are

also included within 7 different fold families. The majority of the folded families are

comprised of B-sandwich fold. Refinement of the CBM classification was improvised

recently where Type A CBMs are those which can recognize the surface of the

TH-1871_09610615



Synopsis vii

crystalline polysaccharides and Type B CBMs are classified according to their endo
acting mode of action internally to glycan chains. Type C CBMs are attributed by
their exo-type binding either at the side chain or at the polysaccharide termini.
Usually Type B CBMs are abundant in cellulases, xylanases and mannanases that
bind to cellulose, xylan and mannan, respectively. Thus CBMs maintain the target
substrate within the close proximity of their complete protein structures. In general,
most family 35 carbohydrate binding module (CBM35) acquired a type B

conformation in nature.

Present work

The present investigations are carried out on the “Molecular cloning,
expression, purification and biochemical characterization of B-mannanase
(CtManf) of family 26 Glycoside Hydrolase and its truncated derivative
(CtManT) and associated family 35 carbohydrate binding module (CtCBMB35)
from Clostridium thermocellum”. In the present study molecular characterization of
endo-B-mannanae (CfManf) of family 26 glycoside hydrolase (GH26) and the
associated carbohydrate binding module of family 35 (CtCBM35) were carried out.
The. recombinant protein CtManf and its truncated derivatives CrManT, CrCBM35
were cloned, expressed, purified and functionally characterized. The influence of
CBM s on catalytic module and their binding affinities towards soluble and insoluble
polysaccharides were explored. Reports of Type A having mannanse (Man26A and
Man5A) activity are already available but to our knowledge this is the first report of
any Type B (Man26B) having the ability to hydrolyze both mannan polysaccharides

and cellulosic polysaccharides. The thesis work is comprised of 5 Chapters.
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Chapter 1 is the General Introduction which embodies the brief review of literature
dedicated to the importance of cellulose and hemicelluloses and their structural
features. It mainly focuses on the enzymes having the capability to hydrolyze plant
cell-wall cellulose and hemicellulose. It illustrates sequence-similarity based
classification of cellulases and hemicellulases belonging to different glycoside
hydrolase (GH) families. It also describes different GHs categorized in to various
‘clans’ based on fold of proteins or core structural features. This chapter elaborately
reviewed family 26 glycoside hydrolases and associated non-catalytic carbohydrate
binding module (CBM), especially, CBM35. The chapter reviews about the type of
core architecture seen in various family 26 GHs, their enzyme activities, substrate
specificity, active site and active site residues. The various type of endo-B-
mannanases belonging to family 26 GH, have been discussed and their biochemical
properties have been highlighted. The various types of binding clefts or binding sites
possible in CBM35 have also been elaborated. Previous literatures highlighting their
ligand or polysaccharide binding capabilities have also been demonstrated. Previously
characterized recombinant family 26 GHs and CBM35 from different bacteria have

been illustrated. The chapter also reviews the potential applications of endo-p-

mannanases.

Chapter 2 describes the full length gene CtManf and its truncated derivatives
CrManT and CICBM3S were extracted from the genomic library of Clostridium

thermocellum ATCC 27405 (nucleotide accession: CP000568.1). The molecul
1). ular

architecture revealed an N-termina] non catalytic family 35 carbohydrate binding

module (CtCBM35, 420 bp) followed by glycoside hydrolase moduyle (CtManT, 1029
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bp) at the C-terminus. PCR amplified fragment of full length gene CrManf showed a
band of 1449 bp, whereas, the truncated catalytic module CrManT displayed a PCR
amplified fragment of 1029 bp and CrCBM35 420 bp, respectively. The above
amplified products were purified from the agarose gel by gel extraction kit (Qiagen).
CManf and its truncated derivatives CtManT and CrCBM35 were digested with
Nhel-Xhol restriction enzymes and the digested fragments extracted from gel and
purified using gel extraction kit. Similarly, the pET-28a(+) vector was also digested
with Nhel-Xhol restriction enzymes and the digested fragment of each was purified by

gel extraction kit and followed by ligation.

E. coli (DH5a) competent cells were transformed with ligated samples of each
derivative mentioned above. The transformed cells were spread on LB agar plates
with kanamycin and grown at 37°C, which resulted in many colonies after 12h
incubation. The plasmid DNA of each recombinant derivative was isolated from the
colonies after growing in 5 ml LB medium supplemented with appropriate antibiotics
at 37°C and at 180 rpm. The cloning of CtManf and its truncated derivatives CrManT
and C;CBM35 in pET-28a(+) vector was confirmed by restriction digestion analysis
of the recombinant plasmid DNA. The E. coli BL-21 competent cells were
transformed with recombinant plasmid DNA of full length CtManf as well as its
truncated derivatives CtManT and CfCBM35 for expression of recombinant proteins.
Over expression of recombinant proteins was achieved by using IPTG as inducer at a
final concentration of 1 mM. The hyperexpression of the recombinant proteins were
checked and confirmed by SDS-PAGE gel analysis.

After confirming the successful expression, the recombinant proteins were

purified from their respective cell free extracts by immobilized metal ion
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chromatography (IMAC) using HiTrap chelating columns. The degree of purification
obtained after this purification step was higher than 90%, and therefore these proteins
were considered as suitable for further biochemical analysis. The catalytic enzymes
purified by IMAC displayed molecular sizes of 53 kDa (CtManf), 38 kDa (CrManT)
on SDS-PAGE. The non-catalytic carbohydrate binding modules CtCBM35 showed
molecular sizes of 15 kDa on SDS-PAGE. The amount of protein obtained from 100
ml of cultures CtManf and its truncated derivatives CtManT, C:CBM35 after IMAC
purification were 0.16 mg/ml (CtManf), 0.15 mg/ml (CfManT), 0.12 mg/ml

(CrCBM35). These purified proteins were used for further biochemical and functional

characterization.

Chapter 3 claborates the substrate specificity and kinetic properties of catalytic
modules viz. CtManf and CiManT from C. thermocellum. The catalytic modules
CtManf and CtManT showed maximum enzyme activities at optimum pH 6.9 and 6.5,
respectively. The optimal temperatures for CtManf and CtManT were 60°C and 50°C,
respectively. CtManf and CtManT displayed more or less similar pH and thermal
stability profile. Both CfManf and CManT were stable over a pH range 5.0-7.5. The
enzymes displayed significant loss of activity at 70°C of higher temperature. CtManf

and CtManT showed maximum activity of 97.0+5.0 U/mg and 91.0+4.0 U/mg

respectively, with carob galactomannan. The catalytic enzymes CfManf and CtManT

also displayed noticeable activities wit, soluble locust bean galactomannan (85.4+6.0

U/mg and 83.1£5.0 U/mg), konjac glucomannan (81.0+3.0 U/mg and 79.8+4.0 U/mg)

and insoluble ivory nut mannan (50.0+7 ( U/mg and 26.5+ 0.9 U/mg), Interestingly

both CrManf and CtManT displayed low byt observable activity against barley -
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glucan, lichenan, carboxymethyl cellulose, hydroxyethyl cellulose, avicel and
xyloglucan signifying multi-substrate specificty. The catalytic modules were unable to
act upon synthetic substrates such as pNP-B-D-mannopyranoside and with pNP-a-D-
mannopyranoside that ruling out any exo-enzyme activity. Therefore, both CrManf
and CfManT can be considered as endo-B-mannanases. In addition the zymogram
study of against both recombinant enzymes carob galactomannan confirmed their
endo acting nature.

The enzyme activity of CtManf and CrManT increased significantly by
approximately, 1.5 fold in presence of Ca?* and Mg®" salts, implying that these ions
are needed as cofactors. Significant enzyme activities of both CtManf and CrManT
were observed considerably at moderate concentrations of Mn®", Co”* and Zn*" ions.
However, the enzyme activity was inhibited significantly 'in presence of Cu®*, AI**
and NiZ* ions and cationic detergent SDS at their low concentrations. The enzyme
activity of CtManf and CrManT, when assayed in the presence of Ca” ions, increased
by two-fold, but in presence of EGTA and EDTA sharply decreased. This implied that
Ca* ions might be involved in the catalysis and imparting stability to the CrManf and
CtManT structures. Chaotropic agents, urea and GnHCI at higher concentrations also

inactivated significantly the enzyme activity of recombinant enzymes.

Media composition played a significant role in production of recombinant
CtManf and CfManT. The recombinant CtManf and CtManT showed highest cell
density and concentration of protein in TY medium as compargd with TB, 5xLB and
LB medium. In LB medium moderate cell density was achieved with low protein

concentration. The 5x LB medium did not support the growth due to higher
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concentrations of yeast extract, tryptone and sodium chloride and as a result lowest
protein concentration was achieved. The rich source of tryptone, yeast extract and
phosphate salts facilitated to achieve highest cell densities in TY media as compared
to other chemically defined media used. Higher concentration of phosphate is
important for attaining high cell densities of E. coli harbouring C:Manf and CtManT,
as the lower concentrations of phosphate limits the growth. The low cell densities and

lower production of recombinant proteins in LB and 5x LB medium were due to lack

of buffering capacity

Protein-melting curves of full length protein CtManf showed that the

catalytic module, CtManT and carbohydrate binding module, CBM35 melt

independent of each other. The protein-melting peaks of CrManT and CBM35 shifted

. . 2+ .
to higher temperature in the presence of Ca®" ions. However, the addition of

equimolar concentration of EDTA to the Ca?* ion containing CtManf and CfManT,

shifted back the melting temperature peaks to the original positions. This further

2+ . .
corroborated the fact that Ca®* ions impart thermal stability to the protein structures.

The structure and functional aspects of C/ManT was examined by generating

a model by homology modelling and validated successfully. The modelled CtManT

displayed (B/a)g“TIM” barre] fold with extended loops around the actjve center that

constructed the broader saddle-shaped, open active site cavity. The structure analysis

showed that C/ManT is structurally closer to the fungal mannanase ag compared wth

other structurally characterized bacterig| Mmannanase available in PDB database
CtManT involved in retention mechanism where amino acid residue Glul81 acted as

a catalytic acid/base, while Glu288 act as catalytic nucleophile. Molecular docking
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study with manno-configured ligands suggested wide binding site pocket
accommodating larger oligosaccharides with higher affinity. 3D-structure
superimposition of modeled CrManT with the template protein showed six potential
subsite having two subsite towards aglycone whereas four subsite to glycon side for

.galactomannan.

Chapter 4 illustrates the binding analysis of CrCBM35 from Clostridium
thermocellum. The cloned family 35 Carbohydrate binding module (C:CBM35) from
Clostridium  thermocellum  preferred  binding  with  manno-configured
polysaccharides. CfrCBM35 discriminated during carbohydrate selection showing its
affinity only with manno-configured ligands among the manno-, cello- and xylo-
configured polysaccharides. The binding analysis of CiCBM35 to soluble
polysaccharides was evaluated using affinity gel electrophoresis. The equilibrium
binding constant (K,) of the CtCBM35 was determined for mannotriose, konjac
glucomannan, carob galactomannan and locust bean galactomannan by measuring
the relative migration distance of proteins on native PAGE gels in the presence of
above ligands. Both CrCBM35 showed lesser affinity for carob galactomannan (for
which the catalytic modules showed maximum activity) as compared to konjac
glucomannan which was clear from greater retardation of CrCBM35 at lower
concentration of konjac glucomannan during affinity electrophoresis.
Oligosaccharide and polysaccharide binding studies were also corroborated the
findings of affinity electrophoresis where ligand binding was observed higher with
mannotriose and konjac glucomannan as compared with carob and locust bean

galactomannan. Ligand binding with Ct*CBM35 was evidenced from the fluorescence
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peack shift of 21 nm. In dynamic light scattering, the larger particle size of
CrCBM35 is due to the polysaccharide binding. The cationic interaction of aromatic
residues with carob galactomannan and konjac glucomannan insists CtCBM35
domain alteration to more compact form reducing the random diffusion of the
particles between polysaccharide and amino acid residues. Due to simpler structure
of oligosaccharide (mannotriose) and the polysaccharide ligand konjac glucomannan,
the interaction with aromatic residues in the binding pocket of C/CBM35 uphold
strong binding as compared to carob galactomannan with substituted galactose side
chain.

Instances of Ca®* ion induced stability of CtCBM35 was evident from protein
melting study where the low melting temperature of the protein was shifted to higher
temperature. The metal ion (Ca®*) chelation by EDTA revealed the protein stability
lost at very low temperature but the structure could be repaired while Ca®* was added
to minimize the effects of EDTA. Therefore, divalent metal cation Ca?*

plays

significant role in holding the structure that is sensitive against temperature.

Higher temperature invoked lesser stability to C/CBM35 and was evidenced
from fluorescence Spectrum at different temperatures. The loss in structural stability
attributed to higher temperature was also hampered the ligand binding capacity of
CrCBM35 and isothermal titration calorimetry revealed that at the melting

temperature C/CBM35 lost its 100 fold ligand binding capacity. The highly

substituted 0-(1—6)-galactose on B-(1—4)-mannose backbone in locust bean

galactomannan might be the another reason for lower binding by CrCBM35.

(1CBM35 is sensitive towards thermal Cxposure and shows weak binding ability of
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ligands at its melting temperature. Titrations against polysaccharides at 55°C,
CrCBM35 exhibited ~100 fold lower binding affinity against konjac glucomannan,
locust bean galactomannan and carob galactomannan as compared to binding at
25°C. The interpretation of unfolding transition in presence of GnHCI and urea
revealed that CrCBM35 holds a significant structural stability and can resist

denaturation at higher concentrations of these denaturants.

The 3-dimensional model of CtCBM35 from Clostridium thermocellum
generated by Modeller9v8 displayed predominance of B-sheets arranged as B-jelly-roll
fold. The secondary structure of CrCBM35 by PredictProtein showed presence of two
oa-helices (3%), twelve B-sheets (45%) and fifteen random coils (52%). Secondary
structural element analysis of cloned, expressed and purified recombinant CrCBM35
by Circular dichroism also corroborated the in-silico predicted secondary structure.
Multiple sequence alignment of C/CBM35 showed conserved residues (Tyrl123,
Gly124 and Phel25), which are commonly observed in mannan specific CBMs. The
docking analysis of C*CBM35 with manno-oligosaccharide displayed the involvement
of Tyr26, GIn29, Asn43, Trp66, Tyr68, Leu69, Arg76 and Leul27 residues, making
polar contact with the ligand molecules. Ligand docking analysis of CrCBM35
exhibited higher binding affinity with mannotriose and galactomannan (Man-Gal-
Man, moiety) substantiated the affinity binding and fluorescence results, displaying

similar values of K.

Chapter 5 describes the TLC and HPAEC analysis of C/Manf (full length endo-f3-
(1—4)-mannanase) hydrolyzed products of natural substrates. It was apparent trom
TLC that CtManf released mannotriose, mannobiose and mannose in prolonged

TH-1871_09610615
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hydrolysis of carob galactomannan. But, at the earlier stages, the amount of
mannobiose was less as' compared to mannotriose and mannose. After complete
hydrolysis of carob galactomannan CfManf was able to release mannose, mannobiose
and mannotriose. The salient feature of CfManf catalysis involved only B-(1—4)-bond
cleavage when mannobiose and mannotriose were used as substrate and liberated
prominently mannose as main product. The release of large amount of mannose at
early stage of enzymatic reaction by CtManf was seen against carob galactomannan
and manno-oligosaccharides. HPAEC analysis corroborated the results of TLC
analysis of hydrolysis of carob galactomannan products released by CtManf. The
results of HPAEC showed that CManf exclusively cleaves carob galactomannan into
mannotriose, mannobiose and mannose. It was apparent from TLC and HPAEC
analyses CtManf was able to hydrolyze only B-(1—4) bond cleavage and had
potential to produce manno-oligosaccharides from carob galactomannan. The
structure analysis of the pretreated copra meal revealed the efficiency of the
pretreatment process resulting in significant structura] deformity. FT-IR analysis

showed the easy accessibility of the major functiona] groups of the abundant

galactomannan for catalysis by CtManf. Both 'H and C NMR revealed that the

polysaccharide content of the copra meal majorly galactomannan with a-(1—6)-
linked galactose substituted in the B-(1—4)-linked mannose main chain. Time
dependent CrManf catalyzed hydrolysis of the galactomannan of copra meal

confirmed the presence of mannose, mannobiose and mannotriose using TLC,

HPAEC and mass spectrum. The released manno-oligosaccharides were successfully

purified using size exclusion chromatography with significant yield. The mixed

treatment of mannobiose and mannotriose supported the enhanced growth of prebiotic

TH-1871_09610615




Synopsis Xvii

bacteria holding their potential as good prebiotic agent as compared to commercial
inulin. The mixed manno-oligosaccharides are highly resistant against simulated
gastric juice, intestinal fluid and a-amylase proving a stable prebiotic over inulin. In
vitro cytotoxicity assay of MOS (500 pg mL™') on human epithelial colorectal
adénocarcinoma cell line (HT-29) demonstrated 60% decreased viability of cells after

48h displaying anti-tumorigenic property.
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Chapter 1

General Introduction

1. Carbohydrates

Carbohydrates are the most abundant biomolecules found on the surface of
earth (Bayer ef al., 1998). The synthesis of organic carbon as carbohydrate is a major
biological process and carbohydrate is the primary source of energy for life. Through
photosynthesis plants convert solar energy into organic carbon that can be further
utilized by heterotrophic organisms. In plants, cell wall polysaccharides, primarily
cellulose and hemicellulose, are the major reservoirs of carbon and energy. However,
only a restricted number of microorganisms have acquired the capacity to deconstruct
these structural carbohydrates. They are present everywhere in nature as they are
found in plant biomass, exoskeleton of insects, bacterial cell surfaces, bio-films and
also on mammalian cell surfaces. The utility of carbohydrates is dependent on their
overall structural arrangement viz. length of the carbohydrate, its sugar composition,
the position of the anomeric carbon and the type of glycosidic linkages between sugar
monomers (Fontes and Gilbert, 2010). These structural features provide millions of
different possible combinations of carbohydrate structures, and each structure is

suited for serving its function in nature.
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1.1 Structural polysaccharides in plants

Structural polysaccharides act as protective walls for plant cells (Gilbert,
2010). Cellulose, chondroitin sulphates, hyaluronic acids and chitin are some
examples of structural polysaccharides. The terrestrial biomass contributed by plants
is mainly composed of plant cell-wall materials viz. cellulose and hemicellulose
(Bayer et al., 2007). These are the most abundant naturally occurring substances
found on the earth. They account for more than 60% of all global carbon bound to
organic matter according to Ramamurthy ef al. (1992). Polysaccharides are
macromolecular carbohydrates comprising chain of monosaccharides linked together
by glycosidic bonds, formed as a result of condensation reaction (Berg, 2007). The
bulk of plant cell wall material is cellulose, a homopolymer of B-(1—4)-glucose
which takes on an overall linear shape (Bayer ef al., 2000). Cellulose is hypothesized
to exist in two forms, crystalline and amorphous. In the crystalline form cellulose
chains self associate via intra- and intermolecular hydrogen bonds and van der Waals
forces to form cellulose fibrils and micro-fibrils, which are insoluble and provide the
majority of tensile strength to the plant cell wall (Moon ef al., 2011). Amorphous
cellulose lacks this higher order structure and more susceptible to degradation. Plant
cell walls also contain a number of other sugar polymers termed hemicellulose which
includes xylan (B-1—4-linked xylose), laminarin ($-1—3-linked glucose), mannan (B-
1—4-linked mannose) and lichenan (mixed 1—3 and 1—4-B-D-glucan) (Scheller and
Ulvskov, 2010). Structural polysaccharides are either fibrous-polysaccharides e.g.
cellulose in higher plants and some algae or matrix-polysaccharides e.g.
arabinoxylans, galactomannans or pectins in plants (Cosgrove, 1999). The other main

structural polysaccharide found within the plant cell wall are pectins and substituted
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heteropolysaccharides composed of a a-(1—4)-D-galacturonic acid backbone with

rhamnose, galactose and arabinose substituents (Bayer ef al., 1998).

1.1.1 Cellulose

Cellulose is the polysaccharide that provides structural integrity to plants
and is one of the most important substances occurring in nature. About 40% of the
plant carbon is composed of cellulose (Demain et al., 2005). However, the percentage
of cellulose in plant varies depending on the origin. Its occurrence is widespread,
from higher plants to primitive organism such as sea-weeds, flagellates and bacteria.
Other cellulose-containing materials include agriculture residues, water plants, grasses
etc. The cellulose are linear homopolymer of consisting of regio and enantiopure D-

glucopyranose (also known as anhydroglucose units) chains linked together by B-

(1—4)-glycosidic linkages (Fig. 1.1).

i 1 c¢HonH
CH,OH OH 2
HO HO
H’Mﬂ HOJ —T\vOH
OH CHOH |
Non-reducing end = Reducing end

Fig. 1.1 Chemical structure of cellulose showing glycosidic linkages, reducing end
and non-reducing end (Somerville, 2006).
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1.1.2 Hemicellulose

Hemicelluloses are usually hetero-polysaccharides present in plant cell walls
containing B-(1—4)-linked backbones of glucose, mannose or xylose (Scheller and
Ulvskov, 2010). They commonly occur in nature as xyloglucans, xylans,
arabinoxylans, arabinogalactans, mannans, glucomannans, pB-(1—3, 1—4)-glucans
and pectins (Schadel et al., 2009). Hemicelluloses are known to be synthesized in
Golgi  apparatus  (membranes) by various glycosyltransferases. Many
glycosyltransferases involved in the process of biosynthesis of xyloglucans and
mannans are known (Schadel et al., 2009). In contrast, the biosynthesis of xylans and
B-(1—3,1—4)-glucans remains elusive and recent studies have led to more questions
than answers (Scheller and Ulvskov, 2010). The predominant hemicellulose in many
primary cell walls is xyloglucan. Other hemicelluloses found in primary and
secondary walls include glucuronoxylan, arabinoxylan, glucomannan, and

galactomannan (Schadel et al., 2009).

1.1.2.1 Mannans

Mannans are heteropolymers and contain B-(1-54)-D-mannopyranose
backbone and often substituted with galactose or glucose moieties through B-(l——>6)
and B-(1—4) linkages (Mizutani ef al., 2012). It is a form of storage polysaccharide.
Ivory nut is a source of mannan. Mannan may also refer to a cell wall polysaccharide

found in yeasts. This type of mannan has a-(1—6)-linked backbone and 0-(1-2) and

a-(1—3) linked branches.
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1.1.2.1.1 Galactomannans

Glucomannan is a water-soluble polysaccharide that is considered a dietary
fiber. It is a hemicellulose component in the cell walls of some plant species such as
Ceratonia siliqgua (Cui et al., 2009). Galactomannan is composed of a p-(1—4)-D-
mannopyranose backbone to which single D-galactosyl units are attached to C-6 of
some of the D-mannosyl residues as shown in Fig. 1.2 (Cui et al., 2009). The extent of
galactopyranose substitution invariably affects the solubility, viscosity and interaction
with other polysaccharides (Cui et al., 2009). The order of increasing number of
mannose-to-galactose ratio the abundant galactomannans are viz. fenugreek gum,
mannose:galactose ~1:1, guar gum, mannose:galactose ~2:1, tara gum,

mannose:galactose ~3:1, locust bean gum or carob gum, mannose:galactose ~4:1.

H galactosyl side group
6
4 20
KO-\ 5 1
s OH
8 ‘-c‘) 3 1 2 p 3 8 "
HO 2 O 2 0]
{ 4 o ) WO/ s 4 0™,
HO 2 HO 2 ° HO 2 °\]\
3 1 4 (o (*] 2 1 4 (o (o] s 1 o
OH OH
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Fig. 1.2 Chemical structure of galactomannan (Cui et al., 2009).

1.1.2.1.2 Glucomannan

Konjac glucomannan is a high molecular polysaccharide, is formed when the
residues of glucose and mannose are bound together by B-(1—4)-linkages, the molar
ratio of glucose and mannose is 1:1.6. (Fig. 1.3). They are generally found in the

secondary walls of softwood (Maeda et al., 1980).
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Mannose Mannose Glucose Mannose

Fig. 1.3 Chemical structure of glucomannan (Maeda et al., 1980).

1.1.2.1.3 Ivory nut Mannan

Crystalline linear B-(1—4) D-mannan is found in the cell walls of ivory nuts
and in the algae Acetabularia crenulata and Codium fragile (Meier, 1958) (Fig. 1.4).
Two polymorphs — mannans I and II — have been observed in these cell walls. The
morphologies of mannan I and mannan II are granular and fibrillar, respectively
(Chanzy ef al., 1984). Crystalline glucomannan from wood can be obtained, but only
after partial degradation or modification (Timell, 1965).

- ‘ -

OH o
5 HO o HO
T O o
HO HO

N

.\

Fig. 1.4 Chemical structure of ivory nut mannan (Meier, 1958).

1.1.2.2 Xylans

Xylans are the most abundantly found hemicellulose in plants, which has a
backbone of B-(1—4)-linked xylose residues. The linear xylan backbone is generally

substituted with a variety of sugars and other moieties. Xylans are substituted with o-

TH-1871_09610615



Chapter 1 7

(1—2)-linked glucuronosyl and 4-O-methyl glucuronosyl residues in the secondary
wall of dicots (Scheller and Ulvskov, 2010). Often, xylans are hetero-polysaccharides
with 1,4-linked-B-D-xylopyranose backbone chains substituted with arabinose,
glucuronic acid, or its 4-O-methyl ether, acetic, ferulic, and p-coumaric acids side
chains depending mainly on the source of xylans (Numan and Bhosle, 2006). Most
hemicellulases are anchored in a B-(1—4)-linkage and the main backbone is branched,
whereas, the individual sugars may be acetylated or methylated (Numan and Bhosle,
2006; Saha, 2003). The L-arabinosyl residues are often found in hemicelluloses, such

as arabinan, arabinoxylan, gum arabic and arabinogalactan.

1.1.2.2.1 Glucouronoxylans

Glucuronoxylans are composed of B-(1—4)-xylose backbone with 4-O-
methylglucuronic acid side-chains. Sometimes arabinose and O-acetyl side-chains
may also be found attached to the main chain (Fig. 1.5). Glucouronoxylans are the

major polysaccharide of secondary walls of dicot plants (Urbanowicz ef al., 2012).

Meo COOH ———> 4-0-methyl glucouronic acid

(1 —4)-B-xylopyranose

@)

/ HO’T\\&"’\ HO7 -~

HOW \V‘\ HO o O\//\O/ ©
OH

Fig. 1.5 Chemical structure of glucouronoxylan (4-O-methyl-D-glucourono-D-xylan)
adapted from Nishitani and Nevins (1991).
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1.1.2.2.2 Arabinoxylans

Arabinoxylans are composed of a B-(1—4)-D-xylopyranosyl backbone, with
one or more- L-arabinofuranosyl residues substituted at position 2 or 3 (Fig. 1.6). On
the other hand, in many cases, hexoses and hexuronic acids are also present, but as
minor constituents (Izydorczyk et al., 1995).
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Fig. 1.6 Chemical structure of arabinoxylan (Izydorczyk ef al., 1995)

1.1.2.2.3 Xyloglucans

Xyloglucans are composed of B-(1—4)-glucose units in the main chain,
substituted with (1—6)-D-xylose side chains (Fig. 1.7) (Lang et al., 1993).
Xyloglucan makes up to 20-25% (dry weight) of the type I primary cell walls
abundant in dicots. The monocots such as grasses and legumes contain type II primary

cell wall where xyloglucan exists in lesser amounts, 2-5% (Fry, 1989; Brennan and

Harris, 2010).
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Fig. 1.7 Chemical structure of xyloglucan (Lang et al., 1993)

1.1.2.3 Arabinans

Arabinans, of cell-wall pectic-substances, comprise (1—5)-a-linked-L-
arabinofuranosyl main chain residues to which other L-arabinofuranosyl residues are
linked by (1—3)-0 and (1—2)-a in either a comb-like or a ramified arrangement
(http://polysac3db.cermav.cnrs.fr/discover _pectins.html). The branched arabinan
display a main chain of 1,5-a-linked-L-arabinofuranose substituted - with L-
arabinofuranosyl residues at 1—3 or 1—2 position as depicted in Fig. 1.6. Arabinan is

composed of a linear main chain of (1—5)-0-linked-L-arabinofuranose (Fig. 1.8).
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Fig. 1.8 Chemical structure of branched arabinan (http://www.brenda-enzymes.org,
Technische Universitat Braunschweieg).
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1.1.2.4 Galactans

Galactans are polymers of B-D-galactopyranose. They are sometimes included
in the hemicellulose group, but a recent review by Scheller and Ulvskov (2010)
suggested that they should not be included in the heterogeneous group of
hemicelluloses. However, at present they are classified as a hemicellulose. Scheller
and Ulvskov gave reason that since galactans appear to be part of pectin molecules, at
least in the initial synthesis stage. The galactans are also found to be substituted with
arabinosyl resides in arabinogalactans. These are of two types, Type I which is rich in
(1—4)-linkages and type 11, contains terminal (1—3—35)-linked arabinose or (3—5)-

linked arabinose substituted to main chain of galatan (e.g larchwood arabinogalatan)

OH
HO \\.//7\\\ o HO
1) 4
HO //
O\ OH
o ~N

| L.
HO OH o \/
< o MO o
e \ .
O~ o /

HO

(Fig. 1.9).

OH

Fig. 1.9 Arabinogalactan structure from Larchwood (Heinze er al., 2005).

1.1.3 Lignin

The main building blocks of lignin are the hydroxycinnamyl alcohols (or
monolignols) coniferyl alcohol and sinapyl alcohol, with typically minor amounts of
p-coumaryl alcohol (Fig. 1.10). Lignins are large group of aromatic polymers that
result from the oxidative combinatorial coupling of 4-hydroxyphenylpropanoids as
shown in Fig. 1.10 (Boerjan er al., 2003; Ralph et al., 2004). Lignin is found in all
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vascular plants, mostly between the cells and also within the cells and in the cell

walls. It usually occurs as complex structure bound to the hemicelluloses in wood.

HO, (o] HO, O H (o]
é C4H § PAL E iNHz
- —~——
OH

p-coumaric acid cinnamic acid phenylalanine

140.

LT E T

p-coumaroyl-CoA p-ooumaroyl cafreoyl caffeoyl -CoA feruloyl-CoA
CCR shikimic acid/ shikimic acid/ CCR
quinic acid quinic acid

R=shikimic acid/quinic acid

o 0

OH
p-coumaraldehyde sinapaldehyde -hydroxy- ooniferaldehyde
lc AD coniferaldehyde
OH : : OMe
OH
p-coumaryl aicohol sinapyl alcoho! comferyl a!cohol
H lignin S Ilgnm G llgnm

Fig. 1.10 The main biosynthetic pathway for synthesis of the monolignols p-
coumaryl, coniferyl, and sinapyl alcohol (Boerjan et al., 2003).
Phenylalanine ammonia-lyase (PAL); Cinnamate-4-hydrolyase (C4H). 4-
coumarate:CoA ligase (4CL); p-coumarate-3-hydrolyase (HCT), p-
hydroxycinnamoyl-CoA:Quinate/Shikmate-p-hydroxycinnamoyltranferase
(CCoAOMT), Caffeoyl-CoA-O-methyltransfersae (CCR), Cinnamoyl
CoA reductase ferrulate-5-hydroxylyase (F5H), Caffeic acid-O-
methyltransferase (COMT); Cinnamoyl alcohol dehydrogenase (CAD)
(Adapted from Borjan ef al., 2003 and Ralph ez al., 2004).
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1.1.4 Pectin

Pectins are a family of complex polysaccharides that contain (1—4)-linked a-
D-galactosyluronic residues. Three pectic polysaccharides, homogalacturonan,
rhamnogalacturonan-I and substituted galacturonans have been isolated from primary
plant cell walls (Ridley et al., 2001). Homogalacturonan is a linear chain of 1.4-linked
o-D-galactosyluronic residues, in which some of the carboxyl groups are methyl
esterified (Fig. 1.11). Homogalacturonan may also be O-acetylated at the C-2 and C-3
positions. Rhamnogalacturonan-I is a family of pectic polysaccharides containing a
backbone of the repeating disaccharide [->4)-0-D-GalpA-(1—2)-0-L-Rhap-(1—] as
shown in Fig. 1.11 (Ridley et al., 2001). The minor component of the pectin backbone
is rthamnogalacturonan-II. This is not structurally related to rhamnogalacturonan-I
since its backbone is composed of (1—4)-linked a-D-galactosyluronic units (dimers)
like homogalacturonan (Fig. 1.12). Rhamnogalacturonan-II is present in primary walls
predominantly as a dimer of (1—4)-linked a-D-galactosyluronate that is cross-linked
by a 1:2 borate-diol ester as shown in Fig. 1.12 (Kobayashi et al., 1996; Ishii et al.,
1999). This cross-link is formed between OH-2 and OH-3 of the apifuranosyl residues
(BApif) in each monomeric rhamnogalactoronan-Il  subunit (Fig. 1.12).
Rhamnogalactoronan-II is of interest as it occurs in relatively high amounts in wine

and other fruit juices and it has been demonstrated that it binds heavy metals and has

immunomodulating activities (Ridley ef al., 2001).
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Unesterified GalpA
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Fig. 1.11 Chemical structure of homogalacturonan showing 1,4-linked a-D-
galactopyranosyluronic acid residues (GalpA). The carboxyl groups of the
GalpA residues are often methyl-esterified. Some of the hydroxyl groups

may be O-acetylated (Ridley ef al., 2001).

3- and 3,6-linked 4-and 4,6-linked  { )
p-o-galactan p-p-galactan
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. . ‘ a-L-Araf
('} 4-GalA(1-2)-Rha-1
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3 and 3,5-linked a-L-arabinan

Fig. 1.12 A schematic presentation showing the major structural features of
Rhamnogalacturonan II. The backbone is composed of the disaccharide
repeating unit [1—4- a-D-galactopyranoseA-(—2)-o-L-rhamnopyranose-
(1-]. Branched and linear oligosaccharides composed predominantly of
a-L-arabinofuranose and B- D -galactopyranose residues are linked to C4 of
some of the rhamnopyranose residues. Some of the rhamnopyranose
residue may also be O-acetylated at C2 and/or C3 (Ridley ez al., 2001).
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1.2 Carbohydrate-active enzymes

Carbohydrates are dynamic molecules that are constantly synthesized and
broken down. There are varieties of enzymes involved in the synthesis as well as
breakdown of carbohydrates. The glycosyltransferases (GTs) are mainly involved in
the formation of the glycosidic bond or biosynthesis of carbohydrates. The
polysaccharide lyases (PLs), carbohydrate esterase (CEs) and glycoside hydrolases
(GHs) are concerned with the breakdown of polysaccharides. In summary, the
carbohydrate-active enzymes are grouped into 347 families based on amino acid
sequence similarity and are listed in the continually updated carbohydrate-active
enzyme (CAZy) database (www.cazy.org). Out of 347 carbohydrate-active enzymes,
about 133 families belong to GHs (Henrissat, 1991). These enzymes belonging to 133
GH families have been reported from nearly 1884 species of bacteria, 130 species of
archaea and 65 species of eukaryote (www.cazy.org). A close inspection of the
genomes listed within the database reveals the fact that 1-3% of the genome of most
organisms is devoted to encoding glycosyltransferases (GTs) and glycoside
hydrolases (GHs) (www.cazy.org). The information available at CAZy database
provide a wealth of gene sequences (many yet to be characterized) to study the

structure and function of carbohydrate-active enzymes (Henrissat and Davies 1997,

Cantarel et al., 2009).

1.2.1 Glycosyltransferases

Glycosyltransferases (GTs) are enzymes that catalyse the transfer of any sugar
moiety from activated donor molecules to a specific acceptor molecule, forming
glycosidic bonds (Sinnot, 1990). These enzymes utilize 'activated" sugar phosphates as

glycosyl donors and catalyze glycosyl group transfer to a nucleophilic group, usually
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an alcohol (Campbell et al., 1997). The product of glycosyl transfer may be an O-, N-,
S-, or C-glycoside; the glycoside may be part of a monosaccharide, oligosaccharide or
polysaccharide (Lairson et al., 2008). As of now, nearly 94 families of GTs have been
recognized and are listed in the CAZy database
(http://www.cazy.org/GlycosylTransferases.html). There are almost over 8000 gene
sequences in GenBank and the crystal structure of 36 GTs has been solved to date
(http://www.cazy.org/Glycosyl Transferases.html). Many GTs have been reported
from a wide range of bacterial population viz. Acidophilium, Actinoplanes, Bacillus,

Clostridium, Gloeobacter, Lactobacillus, etc (Coutinho et al., 2008).

1.2.2 Polysaccharide lyases
Polysaccharide lyases (PLs) are group of enzymes that break the uronic acid-
containing polysaccharide chains following a B-elimination mechanism to liberate an

unsaturated  hexenuronic  acid residue and a new reducing end

(http://www.cazy.org/Polysaccharide-Lyases.html). The CAZy database contains 22
families of these enzymes classified, based on amino acid sequence similarities,
which also reflect their structural features (Lombard et al., 2010). As of now, more
than a thousand gene sequences of PLs have been deposited in the GenBank and out

of them 546 sequences are from bacteria. Nearly 98 PLs have been characterized to

date and the crystal structures of only 12 PLs have been solved

(http://www.cazy.org/Polysaccharide-Lyases.html).

1.2.3 Carbohydrate esterase

The carbohydrate esterase (CEs) catalyzes the de-O or N-deacylation of

substituted saccharides. Two types of substrates have been considered for
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carbohydrate esterases: i) those in which the sugar plays the role of the "acid", such
as pectin methyl esters for 4-O-methyl-glucuronoyl methylesterase from
Schizophyllum commune (Li et al., 2007) and ii) those in which the sugar behaves as
the alcohol, such as acetylated xylan for acetyl xylan esterase (family 1 and 2 CEs)

from Clostridium thermocellum ATCC 27405 (Montanier ef al., 2009).
1.2.4 Glycoside hydrolase

The glycoside hydrolases are a group of enzymes that exists in most living
organism (Cantarel et qgl., 2009). Glycoside hydrolases (GHs) are enzymes that
catalyze the hydrolysis of the glycosidic linkage of glycosides, leading to the
formation of a sugar hemiacetal or hemiketal and the corresponding free aglycone
(Henrissat, 1991). Glycoside hydrolases are also referred to as glycosidases, and
sometimes also as glycosyl hydrolases. Glycoside hydrolases can catalyze the
hydrolysis of O-, N- and S-linked glycosides. They hydrolyze the glycosidic linkages
between two or more carbohydrates or between a carbohydrate and a non-
carbohydrate  moiety (http://www.cazy.org/Glycoside-Hydrolases.html).  The
carbohydrate-active enzymes database (CAZy) provides a continuous updated list of
the glycoside hydrolase familjes, They are classified into different families based on
homology of their primary sequence (Henrissat, 1991). As of now, the GHs are
grouped into 133 familjes based on amino acid sequence with more than 30,000
entries in the CAZy databage (Www.cazy.org). GHs are also grouped into 14 clans
based on the fold of proteins a5 jt was found to be better conserved than their amino
acid sequence (Cantarel ¢f al., 2009). Even the closely related catalytic GHs are very

often found to differ in substrate specificity (http://www.cazy.org/), while enzymes

with very different enzyme activities are found among glycoside hydrolase homologs
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(Coutinho et al., 2003). Small changes in the primary structure of glycoside

hydrolases are able to change their substrate specificity (Andrews et al., 2000). Unlike
other CAZymes (GTs, CLs, and CEs), GHs has clearly displayed several different
folds, such as (a/a)¢, B-helix, B-propeller, B-jelly roll and the (a/B)s TIM barrel motif.
The (a/B)s TIM barrel is found in the majority of GHs listed in CAZy database
(Cantarel et al., 2009).

GHs are important plant cell wall degrading enzymes and thus cell wall
degradation by microbial enzymes is pivotal to many biological and industrial
processes (Gilbert et al., 2010). The polysaccharides of plant cell walls are relatively
recalcitrant to enzymatic degradation and due to this the microbes, with time, have
evolved and developed a complex enzymatic systems in order to counter this problem.
For example, Clostridium thermocellum and Clostridium cellulolyticum secrete a
mega-dalton multi-modular enzyme complex called the “cellulosome” (Bayer ez al.,
2007; Fontes and Gilbert, 2010). The cellulosome is a macromolecular complex,
whose components interact in a synergistic manner to catalyze the efficient
degradation of cellulose. The cellulosome complex is composed of numerous kinds of
cellulases and related enzyme subunits, which are assembled into the complex by

virtue of a unique type of scaffolding subunit (Bayer ef al., 1998; Bayer et al., 2004).

1.2.4.1 Glycoside hydrolases and their modular nature

A module is defined as a contiguous amino acid sequence within a larger
sequence that folds independently and has an individual function but together increase
the overall efficiency of the enzyme (Doi and Kosugi, 2004). The glycoside
hydrolases are often found to exhibit a modular architecture comprising a catalytic

module fused or attached with one or more ancillary modules via linker peptides. The
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ancillary modules are usually the carbohydrate binding modules (CBMs). The first
indication that these enzymes contained distinct independent functioning modules was
reported by Davies and Henrissat (1991, 2004) and later many researchers reported

the same (Bayer et al., 2004).

1.2.4.2 Cellulosome structure

The cellulosome is a macromolecular complex, whose components interact in
a synergistic manner to catalyze the efficient degradation of cellulose (Bayer er al.,
2007). The cellulosome complex comprises numerous Kinds of cellulases and related
enzyme subunits, which are assembled into the complex by virtue of a unique type of
scaffolding subunit known as scaffoldin (Bayer et al., 2004). The cellulosomal
enzymes from Clostridium thermocellum range in molecular size from about 40 to
180 kDa (Fontes and Gilbert, 2010). The realization about the discovery of the
multienzyme complex (cellulosome) occurred gradually with discoveries of different
catalytic and binding domains, dockerins and scaffoldins, first in clostridial species
and then subsequently in other bacteria (Doi ef al., 1994; Belaich et al., 1997; Doi and
Kosugi, 2004). Each of the cellulosomal subunits consists of a multiple set of
modules, two classes of which (dockerin domains on the enzymes and cohesin
domains on scaffoldin) govern the incorporation of the enzymatic subunits into the
cellulosome complex (Bayer et al., 1998). The cellulosomal enzymes are usually
members of the glycosyl hydrolase families of enzymes, which hydrolyze

oligosaccharides and polysaccharides (Henrissat, 1991; Fontes and Gilbert, 2010).
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1.2.4.3 Glycoside hydrolases and their activity

The glycosidic bond linking two carbohydrates together or a carbohydrate to
another non-sugar (aglycone) compound is generally a very stable bond with an
estimated half life of 5 million years (Wolfenden er al. 1998). The GHs act to
hydrolyze these glycosidic bonds and thereby increase bond cleavage efficiency up to
~ 10" fold (Wolfenden et al. 1998). The substrates degraded by GHs include plant

cell wall polysaccharides such as cellulose, hemicellulose and lignin.

1.2.4.4 Mechanism of action of Glycoside hydrolase

Glycoside hydrolases usually hydrolyze glycosidic bonds by adding water
across the glycosidic bond. Asp or Glu are the most commonly found catalytically
active residues, although a few exceptions do exist (Davies et al., 2002; Rajan er al.,
2003). There are two fundamental mechanisms of action by which these enzymes
hydrolyze the substrates (www.cazy.org). These include i) Retaining mechanism and

ii) Inverting mechanism and are explained in the sub sections 1.2.4.4.1 and 1.2.4.4.2.

1.2.4.4.1 Retaining mechanism

Glycoside hydrolase involves in retaining mechanism generally have a
nucleophile and catalytic acid/base residues approximately, 6A apart (Zechel and
Withers, 2000). This reaction proceeds via a double displacement mechanism (Fig
1.17A). In the first step, the nucleophilic attack occurs at the anomeric centre with
immediate protonation of the glycosidic oxygen by the general acid (Fig 1.17A). This
occurs through a transition state that has oxocarbenium ion character and results in the
formation of a glycosyl-enzyme intermediate and results in retention of

stereochemistry at the anomeric carbon as shown in Fig. 1.17A (Zechel and Withers.
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2000). Hydrolysis of the intermediate occurs and simultaneously, the general base

deprotonates an incoming water molecule, which further attacks the anomeric centre

causing hydrolysis of the glycosyl-enzyme intermediate (Fig 1.17A).

1.2.4.4.2 Inverting mechanism

Inverting glycoside hydrolases require a larger distance between general
base and general acid residues in order to accommodate the direct attack of a water
molecule and the substrate (Zechel and Withers, 2000). This reaction proceeds vig a
single displacement mechanism (Fig. 1.17B). Water is deprotonated by the general
base and attacks the anomeric centre while the general acid concomitantly protonates
the leaving group (Fig. 1.17B). The inverting mechanisms proceed via an
oxacarbenium ion-like transition state and results in overall inversion of the

stereochemistry at the anomeric carbon (Zechel and Withers, 2000).
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Fig. 1.17 Mechanisms of action of hydrolysis by glycoside hydrolases. A) Retaining
mechanism, B) Inverting mechanism.
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1.3 Family 26 glycoside hydrolase

Glycoside hydrolases of family 26 are primarily endo-B-(1—4)-mannanases,
although an exo-acting B-mannanase has also been reported (Cartmell er al., 2008).
The major enzymes within family 26 are pB-mannanase (EC 3.2.1.78); B-(1—3)-
xylanase (EC 3.2.1.32); lichenase / endo-B-(1—3, 1—4)-glucanase (EC 3.2.1.73);
mannobiose-producing exo-p-mannanase (EC 3.2.1.-). The family also contains
enzymes that display p-(1—3), (1—4)-glucanase (Taylor et al., 2005) and B-(1—3)-
xylanase activities (Araki ef al., 2000). The catalytic residues were first identified in
the endo-B-(1—4)-mannanase CjMan26A from Cellvibrio japonicus. The general
acid/base residue is the glutamate Glu320, which is separated in protein sequence by
~100 residues from the catalytic nucleophile, Glu212. The catalytic nucleophile was
identified by site-directed mutagenesis in combination with the kinetics of 2,4-
dintrophenyl-B-mannobioside hydrolysis which, although very slow was associated
with a dramatic decrease in K,,. The identity of the catalytic nucleophile (glutamic
acid) was also revealed by site-directed mutagenesis (Bolam et al., 1996) and its
function was confirmed by X-ray crystallography where the glycosyl enzyme
intermediate bound to 2-deoxy-2-fluoromannose (Ducros ef al., 2002). In Clan GHA,
of which GH26 is a member, the residue immediately preceding the general acid/base
residue in sequence is an asparagine that makes pivotal interactions with the 2-
hydroxyl of the substrate (Ducros et gl., 2002). In GH26 the equivalent amino acid is
a histidine, His211 in CiMan26A, although its function is conserved; it also makes

jmportant interactions with the 2-hydroxyl of the substrate (Ducros et gl., 2002).
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1.3.1 Endo-p-(1—4)-mannanase

B-D-mannanase (endo p-(1—4)-mannan mannohydrolase, E.C. 3.2.1.78)
hydrolyzes B-(1—4)-D-mannopyranosyl linkages within the main chain of mannans,
glucomannans, galactomannan, and galactoglucomannans. Mannanases have been
listed within glycoside hydrolase (GH) families viz. GH26, GH5 and GHI113 in
carbohydrate active enzyme database (http://www.cazy.org/Glycoside-
Hydrolases.html) based on sequence similarity. The mechanism of glycosidic bond
cleavage is found conserved within these families. These are the characteristic
patterns of clan GH-A protein families which led B-D-mannanases of family GHS,
GH26 and GH113 to group into this clan. There are currently around 50 f-mannanase
gene sequences in families 5 and 26 GHs from various microbial origins. The family
26 Glycoside Hydrolase (GH26) mannanase has narrow substrate specificity
hydrolyzing (1—4)-B-D-linkages in mannans, galacto-mannans, glucomannans and
galactoglucomannans but does not show activity against B-glycan chain of soluble
cellulose derivatives (Halstead ef al., 1999). Studies exhibited the presence of distinct
types of mannanases (GH5A, GHSB, GH5C, GH26A, GH26B, GH26C) expressed on
the cell surface of Cellvibrio japonicas having different substrate specificity (Hogg et
al., 2001). GH5 mannanase exhibits some activity for cellulosic substrates (Cartmell ez
al., 2008). There are distinct differences between mannanase 26A (Man26A) and
Man26B pertaining to sequence similarity and functional attributes. Man26B displays
endo-mannanase enzyme activity which linked to the cell membrane of Cellvibrio
Japonicas via ~70 residue linker sequence (Hogg et al., 2001). The endo mannanase

activity by Man26A from Clostridium thermocellum was reported earlier by Halstead
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et al., (1999) but the cloning and expression of Man26B in a heterologous host has

not been reported from Clostridium thermocellum.

1.3.2 Applications of mannanases

Mannanases have immense commercial applications. Mannanases are used
mainly for improving the quality of food, feed and aiding in enzymatic bleaching of
softwood pulp in the paper industries (Talbot and Sygusch, 1990; Wong and Saddler,
1993; Ademark et al., 1998). Different mannanase preparations are used for the
hydrolysis of coffee mannan, thus reducing significantly the viscosity of coffee extracts
(Araujo and Ward, 1990; Sachslehner et al., 2000). Mannan is the main polysaccharide
component of these extracts and is responsible for their high viscosity, which negatively
affects the technological processing of instant coffee (Sachslehner ef al., 2000).
Mannanase is also be used for hydrolyzing galactomannan present in a liquid coffee
extract, preferably in order to inhibit gel formation during freeze drying of the (instant)
coffee (Sachslehner et al., 2000). Alkaline mannanases are the stable constituents of
detergents used in certain laundry segments and act as stain removal booster (Schafer ef
al., 2002). Mannanases present in detergents hydrolyze mannan containing materials
like gums (galactomannans, glucomannans and guar gum) that are present in sauce, jam
etc (Schafer et al., 2002).

B-mannanase lowers the gum content of poultry feed in the intestine and
therefore facilitates easy digestion and control the weight of poultry bird (Wu et al.,
2005). Mannanases can also be used to enhance the flow of oil or gas in drilling
operations by forcing out open crevices in the surrounding bedrock, which is done by
flooding the well with a natural polymer (guar gum) solution and sand particles,

capping the well and then pressurizing the bedrock until it fractures (Adams et al.,
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1995). The viscous polymer solution carries the sand through the fractures, propping

open cracks for oil and gas flow (Adams et al., 1995). Mannanases can be used in
enzymatic oil extraction of coconut (Saittagaroon. et al., 1983; Chen and Diosady,
2003).

The mannanase can be used for preparation of fibers or for cleaning of fibers in
combination with detergents in the textile and cellulosic processing industry.
Mannanases also contribute to the human health as they degrade mannans, which
otherwise are resistant to mammalian digestive enzymes in the small intestine but are
readily fermented in the large intestine, particularly by probiotic bacteria belonging to
the genera Bifidobacterium and Lactobacillus (Kobayashi et al., 1987). Prebiotic
oligosaccharides including manno-oligosaccharides i.e. hydrolysis products of mannan
degradation, are believed to promote the selective growth and proliferation of human
beneficial intestinal microflora (Kobayashi et al., 1987). Mannanases only recently
attracted increased scientific and commercial attention due to its potential applications

in various industries.

1.4 Carbohydrate binding modules

The carbohydrate binding modules (CBMs) were earlier known as cellulose-
binding domains (CBDs), as previously only cellulose binding domains were
discovered. As more diverse carbohydrate binding ligands were identified for new
CBMs, the term CBD was changed to CBM. The first identification of a cellulose
binding domain was illustrated in 1986 by the proteolytic degradation of a cellulase
produced from the fungus Trichoderma reesei (Saha, 2003). It was observed that one
domain retained the cellulase activity and the other domain had cellulose-binding

capacity (Saha, 2003). Carbohydrate binding modules (CBMs) may be defined as
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independently folding modules, occurring alongside the carbohydrate-active enzymes
(Boraston et al., 2004). The CBMs are the non-catalytic modules known to help or
bring the catalytic modules in close proximity to its substrates or stabilize the
structure of catalytic modules and increase their thermal stability (Boraston er al.,
2004; Henshaw et al., 2006; Dvortsov ef al., 2009). The CBMs may contain up to 200
amino acids and are found attached as single, double or triple domain in one protein,
located at C- or N-terminal within the parental protein (Shoseyov er al., 2006).
Similar to the catalytic modules of glycoside hydrolases, the sequence based
classification of carbohydrate binding module (CBM) families have been grouped into
69 families based upon amino acid sequence according to the carbohydrate active

enzymes (CAZy) database, similarity (http://www.cazy.org/Carbohydrate-Binding-

Modules.html).

1.4.1 Binding site architecture of carbohydrate binding modules

The sequence-based carbohydrate binding module (CBM) families have
been further subdivided into three types based on mechanism of ligand binding and
binding site topology (Fig. 1.19). The type A, CBMs bind to insoluble crystalline
cellulose or chitin and have flat platform-like binding sites (Boraston e/ al., 2004;
Abbott ef al., 2009; Abbott et al., 2012,). The planar arrangement of aromatic residues
of CBMs within the binding site, allows it to rest on the flat hydrophobic surface of a
crystalline ligand (Fig. 1.19A). The type B, CBMs have a binding site that exists as an
extended groove, within the groove there are multiple sugar sub sites (Fig. 1.19B).
These CBMs bind chains of soluble polysaccharides and both polar and nonpolar
interactions drive specificity of the binding, The type C, CBMs, considered lectin-

like, have a shallow binding pocket ideal for binding mono-, di- of tri-saccharides
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specificity; however, the hydrogen bonding interactions are more dominant in type C

CBMs (Boraston et al. 2004).

Aromatic amino acids

Type A
Fig. 1.19 Three types of binding site architecture and ligand bipding in CBMs.
Aromatic amino acids involved in binding are shown in stick-Type A,
cellulose binding HjCBMI1 from Hypocrea jecorina (PDB code lCBH),
Type B, CtCBM6 from Clostridium thermocellum in complex with

xylopentaose (PDB code 1UXX), Type C, SICBM13 from Streptococcus
lividans in complex with xylopentaose (PDB code IMC9).

1.4.2 Carbohydrate binding module clans based on fold of their 3-dimensional
Structure

Currently seven families of folds are reported for CBMs in the CAZy
database (Cantarel et al. 2008). The seven different folds include the B-sandwich fold,
“the B-trefoil fold, the oligonucleotide-carbohydrate binding fold (OB), the knottin
fold, the hevein fold, the hevein-like fold and a unique fold
(http://www.cazy.org/CBMé.html). The second most common fold is the B-trefoil

fold reported in CBM6s from Clostridium cellulolyticum and Clostridium

thermocellum by Abbott et al. (2009) and Czjzek et al. (2001), respectively.
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1.4.3 Functions of carbohydrate binding modules

Carbohydrate binding modules (CBMs) increase the ability of glycoside
hydrolases to efficiently degrade the polysaccharide substrates. This occurs through
three different roles that CBMs play in polysaccharide breakdown, i) they localize the
soluble enzyme to its target substrate (Shallom and Shoham, 2003), ii) they are
associated with a catalytic domain and contain multiple clefts to attach with substrate,
thereby enhancing the catalytic activity (Henshaw et al, 2004; Hashimoto et al.,
2006) iii) they can act as fusion proteins capable of binding to a cellulose matrix and
consequently used in a protein purification (Shpigel et al., 1998).

The proximity effect describes the binding of the CBM that brings the
catalytic module in close proximity (or association) to the substrate and maintains it
for a prolonged period. This effect is seen primarily on insoluble substrates such as
cellulose and xylan (Tomme et al. 1988; Boraston et al. 2004). The CBMs bring

about the close proximity of catalytic enzyme to its target substrates by two effects as

described in sub sections 1.4.3.1 and 1.4.3.2.

1.4.3.1 Targeting effect of carbohydrate binding modules

The targeting effect is observed where CBMs (associated with catalytic
module) specifically bind to a substrate thereby bringing the substrate in close
proximity of the enzyme (Shallom and Shoham, 2003). For example, there are many
cellulose specific CBMs, however, type A cellulose binding CBMs bind crystalline
cellulose, whereas, type B cellulose binding CBMs bind non-crystalline components
of cellulose. Thus, two different binding mechanisms drive the recognition of

different components of cellulose substructure. This targeting effect would drive the
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hydrolysis in specific regions of cellulose, rather than just bringing the catalytic

modules into proximity as described by Boraston ez al. 2004.

1.4.3.2 Disruptive effect of carbohydrate binding modules

The disruptive effect may arise due to disruption of the polysaccharide fibres
due to CBM permeation within the fibres. It was suggested that the CBMs bind and
disrupt the crystalline cellulose (Din et al. 1994) or chitin (Vaaje-Kolstad ez al. 2005)
allowing the release of any non-covalently attached fibres thereby exposing the sites

for polysaccharide hydrolysis.

1.4.4 Carbohydrate binding modules and multi-valency

Sometimes, more than one CBM may be found within a glycoside hydrolase.
CBMs can occur side by side with one another within the enzyme though this is not
always the case as the CBMs may also be separated by other modules. More than one
CBM from the same family may occur in an enzyme, however, CBMs from different
families may also occur within the same enzyme. CBM present side by side may
show increased affinity for ligand over that of the individual CBMs though this is not
always true (Tomme et al. 1998; Boraston et al. 2004; Abbott er al. 2009).
Multivalent binding (two side by side CBMs binding to substrate) can help maintain

the CBMs proximity to the carbohydrate surface or fine tune targeting.

1.4.4.1 Family 35 carobhydrate binding module

CBM35 modules are generally composed of ~130 residues. The CBM35 is
conserved in xylan-degrading enzymes from three Cellvibrio species that binds to
Xylan and the binding is calcium dependent. CBM35 from Cellvibrio japonicus

mannanase also binds to decorated soluble mannans and manno-oligosaccharides
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(www.cazy.org/CBM35). A CBM35 from Phanerochaete chrysosporium galactan

(1—3)-B-galactosidase binds to B-galactan. Overall 737 sequences of CBM35 are
available in CAZy (www.cazy.org/CBM35). The family 35 carbohydrate binding
module has been found appended to family 26 glycoside hydrolase (GH26) and GHS5
mannanases and xylanases (GH30) and are involved in binding diverse nature of
polysaccharides such as galactomannan, glucomannan, mannan and glucuronoxylan
(Taylor et al., 2005; Sunna, 2010; Valenzuela et al., 2012). Three dimensional
structure of CBM35 generally has the dominance of secondary structure B-sheet with
a jelly roll topology (Valenzuela et al., 2012). CBM35 usually accommodates the
polysaccharides utilizing a planer surface of aromatic side chains which interact with
the flat chains of manno-configured carbohydrate residues. This form of conformation
is known as type B module (Valenzuela et al., 2012). Polysaccharide binding
significantly alters the conformation of CBM35 by changing the loop orientation
containing amino acid residues which facilitate to create a suitable binding space
(Tunnicliffe et al., 200S). The binding specificity of CBM35 depends on the
polysaccharide complexity, orientation of monosaccharide moieties of the main chain

and the side chain residues (Tunnicliffe ef al., 2005).

1.4.5 Applications of carbohydrate binding modules

Three basic features have led to CBMs being perfect candidates for many
applications: (i) CBMs are usually independently folding units and therefore can
function autonomously in chimeric proteins (Shosheyov ef al., 2006) (ii) their ability
to attach cellulose matrices which can give an inexpensive way of purifying

recombinant proteins (Greenwood et al., 1992) (iii) their binding specificities can be
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controlled by modifying the structure using site-directed mutagenesis (Shosheyov er

al., 2006).

1.4.5.1 Bioprocessing

Bio-specific affinity purification (affinity chromatography) has become one of
the most rapidly developing divisions of immobilized affinity ligand technology.
Many protein entities have been expressed when fused to CBMs, establishing CBMs
as high-capacity purification tags for the isolation of biologically active target
pe_:ptides at relatively low cost (Bolam et al., 2004; Shosheyov et al., 2006; Abbott et
al., 2009). A high-level production of a cellulose binding domain (CBDcex) of
cellulase (Cex) from Cellulomonas fimi expressed in E. coil, served as affinity tag in a
novel secretion-affinity fusion system for purification of recombinant exoglucanase
(Hasenwinkle et al., 1997). Also, a strategy for selecting and characterizing linker
peptides for CBM9-tagged fusion proteins expressed in Escherichia coli was

developed for purification of recombinant proteins (Kavoosi e al., 2007).

1.4.5.2 Cell immobilization using carbohydrate binding modules

Surface-exposed CBMs can be an efficient means of whole-cell
immobilization. Whole-cell immobilization by cellulosic material was first
demonstrated when an E. coli surface anchored CBM, derived from Cellulomonas
fimi, was attached to cellulose (Saha, 2000). The cells bound tightly to cellulose over

a wide range of pH and the extent of immobilization was dependent on the surface of

exposed CBM (Saha, 2000; Numan and Bhosle, 2006).
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1.4.5.3 Bio-engineering of carbohydrate binding modules for different applications

The potential of carbohydrate binding modules (CBMs) for modifying the
characteristics of several enzymes has been reported. The basic approach in CBM
engineering was to replace or add a CBM in order to improve hydrolytic activity.
Addition of a CBM derived from cellobiohydrolase II of Trichoderma reesei to
Trichoderma harzianum chitinase resulted in increased hydrolytic activity of
insoluble substrates (Shoseyov e al., 2006). The replacement of the CBM of endo-
1.4-B-glucanase from Bacillus subtilis with the CBM of exoglucanase I (Texl) from
Trichoderma viride conferred higher binding with enhanced hydrolytic activity on the
microcrystalline cellulose (Shoseyov et al., 2006). In addition, the hybrid enzyme was

more resistant to the tryptic digestion (Shoseyov ef al., 2006).

1.5 The microorganism

Clostridium thermocellum is an anaerobic, thermophilic, cellulolytic and
ethanologenic, Gram-positive bacterium capable of directly converting cellulose
biomass into ethanol (Tachaapaikoon et al., 2012). The general cellular structure of
thermocellum is similar to most rod-shaped bacteria as shown in Scanning Electron

Microscopic images in Fig. 1.21 (Lamed et al., 1987).
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Fig. 1.20 Scanning electron micrographs (SEMs) of (A) C. thermocellum S14 and (B)
C. thermocellum ATCC 27405 (Tachaapaikoon ef al., 2012)

Fig. 1.21 Transmission electron microscope (TEM) image of cationized ferritin (CF)
stained C. thermocellum YS grown on cellobiose. (adapted from Lamed e/

al., 1987)
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1.6 Objectives of the present study

1.6.1 Why study family 26 GHs and associated family 35 CBMs from Clostridium
thermocellum

The reason for selecting the family 26 glycoside hydrolase (GH43) and
associated family 35 carbohydrate binding modules (CBM6s) from Clostridium

thermocellum are summarized as given below:

1. Clostridium thermocellum genome contains a complex cellulosome that contains a

large number of enzymes, capable of degrading cellulose and hemicellulose.

2. Clostridium thermocellum cellulosomal enzyme complex is 50 times more

efficient in degrading polysaccharides as reported by Fontes and Gilbert (2010).

3. Functional characterization of family 26 glycoside hydrolase (GH26) is important
as all the enzymes belonging to family 26 GH may have the retaining mechanism

of catalysis though having different activites.

4. Family 26 GHs are generally hemicellulases which are essential for complete
degradation of carob galactomannan, kojac glucomannan, locust beap

galactomannan, mannan into respective sugars and oligosaccharides.

5. It is important to determine the role of CBMs in substrate binding if they are

altering the activity of the catalytic modules.

In the present study the full length family 26 glycoside hydrolase designated as
CtManf and its truncated derivatives CrManT, CtCBM35 are proposed to investi gated
and functionally characterized. The full length family 26 glycoside hydrolase
(CtManf) molecular architecture of the primary sequence showed that it consisted of
an C-terminal glycoside hydrolase catalytic module (1029bp, CtManT) and CtCBM35
(420 bp) at the N-terminus. The influence of CBMs on catalytic modules and its

binding affinities towards soluble and insoluble polysaccharides are proposed to be
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studied. Biochemical and functional characterization of CrManf and CrManT becomes

essential as all the family 26 glycoside hydrolases may have the same retaining
mechanism of catalysis, but their enzyme activity or substrate specificity are different
(http://www.cazy.org/GH26html). The following specific objectives were defined for

the thesis work:

1.6.2 Specific Objectives

1. PCR amplification, cloning of full length family 26 glycoside hydrolase
(CtfManf) and its truncated derivatives CtManT, CtCBM35 from Clostridium
thermocellum.

2. Cloning, expression and purification of family 26 glycoside hydrolase
(CtManf) and its truncated derivatives CtManT and CrCBM35 from
Clostridium thermocellum ATCC 27405.

3. Biochemical, functional and structural characterization of catalytic modules
CtManf and CtManT from Clostridium thermocellum ATCC 27405.

4. In silico and in vitro analysis of ligand binding and stability of CtCBM3S5 from
Clostridium thermocellum ATCC 27405.

5. Recovery, purification and characterization of manno-oligosaccharides

produced from agro-waste copra meal by CfManf and to study their potentials

as prebiotics and effect on colon cancer cell line.
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Cloning, expression and purification of family 26 glycoside hydrolase
(CtManf) and its truncated derivatives CtMlanT and CtCBM35 from
Clostridium thermocellum ATCC 27405

2.1 Introduction

Plant cell wall is predominantly composed of complex structural

polysaccharides such as celluloses and hemicelluloses. Polysaccharides of the primary

cell wall components of plant are cellulose, hemicelluloses such as xyloglucans,

mannans, galactomannans, glucomannans, laminarin, glucuronoarabinoxylans,

arabinoxylan etc. Mannans are the polysaccharides with a backbone chain of -

(1—4)-linked mannose units. They constitute a major portion of hemicelluloses in

hardwoods. The major distribution of mannan polysaccharides substituted with

galactose and glucose units in plant hemicellulose is abundant in nature. Carob

galactomannan from Ceratonia siliqua plant contains B-(1—4)-D-mannan backbone
(78%) and a-(1—6)-linked galactose (22%) single units, whereas guar gum (from

endosperm of guar seeds) contains a linear chain of B-(1 —4)-linked mannose residues

to which galactose residues are (1—6)-linked at every second mannose forming short
side-branches (Hirst and Jones, 1948). Glucomannan from Amorphophallus konjac is

a water-soluble polysaccharide that is considered as a dietary fiber. The sugar
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component in konjac glucomannan are B-(1—4)-linked D-mannose and D-glucose
residues in a molar ratio of 1.6:1 (Katsuraya et al., 2003).

B-D-mannanase (endo f-(1—4)-mannan mannohydrolase, E.C. 3.2.1.78)
hydrolyzes B-(1—4)-D-mannopyranosyl linkages within the main chain of mannans,
glucomannans, galactomannans and galactoglucomannans (Dumitriu, 2010).
Mannanases have been listed within glycoside hydrolase (GH) families viz. GH26,
GHS5 and GH113 in  carbohydrate  active  enzyme database
(http://www.cazy.org/Glycoside-Hydrolases.html) based on sequence similarity
(Henrissat, 1991; Davis and Henrissat, 2002). B-D-mannanases belong to family GHS,
GH26, GH113 display a (B/a)s barrel shaped protein folding pattern and the acid-
base-assisted catalysis via a double displacement mechanism involving a covalent
glycosyl-enzyme intermediate (Henrissat et al., 1991; Zhang et al., 2008). The
mechanism of glycosidic bond cleavage is found conserved within these families.
These are the characteristic patterns of clan GH-A protein families and helped B-D-
mannanases of family GHS5, GH26 and GH113 to group into this clan (Henrissat et
al., 1991; Zhang et al., 2008). Due to the retaining double displacement mechanism,
these enzymes can perform transglycosylation. Transglycosylation may leads to the
synthesis of new glycosides or oligosaccharides longer than the original substrate.
GH5 and GHI13 mannanases have been described as able to catalyse
transglycosylation reactions (Henrissat ef al., 1991; Zhang et al., 2008) while to date
no evidence of transglycosylation has been reported for GH26 mannanases

The non-catalytic polysaccharides recognizing modules were initially named
cellulose binding domain (Bayer, 2000). Later on the term CBM (carbohydrate

binding module) evolved reflecting the diversity in ligand specificity of these proteins
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(Boraston et al., 2004; Shoseyov et al., 2006). Currently, CBMs have been classified
into 67 distinct families based on sequence similarity
(http://www.cazy.org/Carbohydrate-Binding-Module) and they display substantial
diversity in terms of ligand specificity. The CBMs append to the glycoside hydrolases
that degrade the soluble or insoluble polysaccharides (Bolam et al., 2004). Family 35
carbohydrate binding module is often appended to glycoside hydrolase family 26
(GH26) and GHS5 mannanases (Taylor ef al., 2005; Suna, 2010; Bolam er al., 2004),
xylanases (GH30) (Valenzuela er al., 2012) which significantly alter the
polysaccharide specificity for plant cell wall polysaccharides such as galactomannan,
glucomannan, mannan and glucouronoxylan. Out of 67 distinct families, CBMs are
also included within 7 different fold families. The majority of the folded families are
comprised of B-sandwich fold (Boraston et al., 2004). Refinement of thq CBM
classification was improvised recently where Type A CBMs are those which can
recognize the surface of the crystalline polysaccharides and Type B CBMs are
classified according to their endo acting mode of action internally to glycan chains
(Gilbert et al. 2013). Type C CBMs are attributed by their exo-type binding either at
the side chain or at the polysaccharide termini (Gilbert et al., 2013). Usually Type B
CBMs are abundant in cellulases, xylanases and mannanases that bind to cellulose,
xylan and mannan, respectively. Thus CBMs maintain the target substrate within the
close proximity of their complete protein structures (Boraston ez al., 2004). In general,
most family 35 carbohydrate binding module (CBM35) acquired a type B
conformation in nature (Valenzuela et al., 2012).

In the present study the gene encoding CtManf and its truncated derivatives

CtManT and CfCBM35 from Clostridium thermocellum ATCC 27405 were cloned.
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expressed in Escherichia coli and purified by immobilized metal ion affinity

chromatography (IMAC) in a single step.

TH-1871_09610615




Chapter 2 53
2.2 Materials and Methods

2.2.1 Chemicals, reagents and kits

Taq DNA polymerase for PCR amplification, dNTPs and MgCl, were
acquired from Bioline, USA. PCR tubes (0.2 ml) used were from Axygen, Germany.
Restriction enzymes Nhel, Bg/ll and Xhol were purchased from Fermentas, Germany.
The oligonucleotide primers of CtManf, CtManT and CtCBM35 were procured from
Stabvida, Portugal. The genomic DNA of Clostridium thermocellum ATCC 27405
was gift from Professor Carlos M.G.A Fontes, Faculdade de Medicina Veterinaria,
Avenida da Universidade Técnica, Lisbon, Portugal. The expression vector pET-
28a(+) was purchased from Novagen, EMD4 BioScience, Germany. T4 DNA ligase,
10x ligase buffer were purchased from Promega, USA. RNAse solution (20 mg/ml),
glacial acetic acid (99.9 % pure) Trizma base (Tris free base), ethidium bromide,
Bradford reagent, DNAse-RNAse free water (pH 8.0) and components of
polyacrylamide gel electrophoresis were obtained from Sigma-Aldrich Co. LLC,
USA., Coomassie Brilliant Blue R250, for protein staining was acquired from
Himedia, whereas, methanol was supplied by Merck, India. The miniprep plasmid
isolation kit was purchased from Sigma-Aldrich Co. LLC, USA. The gel extraction
kit was purchased from Qiagen, Germany. The DNA was detected using SeaKem®
LE agarose (Cambrex Bio Science, USA). The DNA marker viz. Hyperladder I was
purchased from Bioline, USA. The Page Ruler protein marker was procured from
Fermentas, Germany. Disodium ethylenediamine tetra acetate salts (EDTA), glucose,
sodium hydroxide, sodium dodecyl sulphate (SDS), LB and SOC medium
components viz. tryptone, yeast extract, sodium chloride, potassium chloride.

magnesium chloride and glucose were supplied by HiMedia Laboratories Pvt. Ltd..
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India. The antibiotics kanamycin was procured from Sigma-Aldrich Co. LLC, USA.

Coomassie Brilliant Blue G-250 was purchased from Amresco LLC, USA.
2.2.2 Microorganisms
E. coli (DH50) cells were procured from Invitrogen (USA). E. coli BL-21
(DE3) cell for expression of recombinant proteins was obtained from Novagen,
EMD4 BioScience, Germany.
2.2.3 PCR amplification of full length CtfManf and truncated derivative CtManT
The ORF region encoding full length CfManf (CBM35-CtManT) containing
family 35 carbohydrate binding module (nucleotide accession: CP000568.1) at N-
terminal and the C-terminal family 26 glycoside hydrolase (GH26), a mannanase B
(Man26B) catalytic module, named CfManT (nucleotide accession: CP000568.1)
were amplified from the genomic DNA of Clostridium thermocellum ATCC 27405
using two oligonucleotide primers for each (Table 2.2.1). The forward primer
contained Nhel and reverse primer contained Xhol restriction sites. The details of
PCR reaction mixture (50 pul) and PCR cycles for amplification are shown in Tables
2.2.2 and 2.2.3, respectively. The PCR amplification was performed using a thermal
cycler (Applied Biosystems, GeneAmp® PCR System 9700). The amplified PCR

fragments were run on 0.8 (%, w/v) agarose gel as mentioned in Section 2.2.5.

Table 2.2.1 Oligonucleotide primer sequences used for cloning full length C'tManf
and truncated derivative CtManT from Clostridium thermocellum.

Construct Primer sequence

CftManf Forward: 5'-CACGCTAGCGCATATTCCCTTCCTG-3'
Reverse: 5'-CACCTCGAGTTAAAGTTCATCCAAGCTGC-3'

CtManT Forward: 5'-CACGCTAGCGCATATTCCCTTCCTG-3'

Reverse: 5'-CACCTCGAGTTAGCTAAAGTATATTTTG-3'
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Table 2.2.2 PCR mixture for amplification of full length CtManf and truncated
derivative CtManT from Clostridium thermocellum.

PCR components Volume (nl) Final concentration
10X reaction buffer 5.0 Ix

100 mM dNTP mix 0.1 0.2 mM
Forward primer (15 pM) 1.5 0.45 uyM
Reverse primer (15 pM) 1.5 0.45 UM
Sigma water, pH 8.0 40.4 -

Genomic DNA (20.0 pg/ml) 0.5 10.0.ng

Taq DNA polymerase (1 U/ul) 1.0 0.02U

Total 50.0 -

Table 2.2.3 PCR cycles for amplification of full length CtManf and truncated
derivative CfManT from Clostridium thermocellum.

Steps Time
I. Denaturation at 94°C 4 min
II. 30 cycles of 1) Denaturation at 94°C 30s
ii) Annealing at 55°C 60s
iii) Extension at 72°C 2 min
III. Final extension at 72°C 10 min

2.2.4 PCR amplification of family 35 carbohydrate binding module CfCBM35
CtCBM35 gene was amplified from the genomic DNA of Clostridium
thermocellum ATCC 27405 (nucleotide accession number: CP000568) using a
forward primer containing Nhel and the reverse primer having X#ol restriction' site.
The primer details are given in Table 2.2.4. The PCR amplification was carried out
similarly in 50 pl reaction mixture, as mentioned in Table 2.2.2. The PCR cycles used
for amplification of CtCBM35 are mentioned in Table 2.2.3. The amplified products

were run on a 0.8% agarose gel and purified gel as described in Section 2.2.5.

Table 2.2.4 Oligonucleotide sequences (primers) used for cloning C:CBM35 from
Clostridium thermocellum. The underlined sequences signify the sites
for Nhel (forward) and Xhol (reverse), respectively.

Construct Primer sequence

CtCBM33 Forward: 5'- CACGCTAGCGCATATTCCCTTCCTG -3'
Reverse: 5'- CACCTCGAGTTAAAGTTCATCCAAGCTG -3’
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2.2.5 Agarose gel electrophoresis of PCR amplified and other DNA

The PCR amplified products were checked on a 0.8% agarose gel prepared in
1x TAE buffer. A stock solution of 10x TAE buffer was prepared using 400 mM Tris-
acetate, 10 mM EDTA pH 8.0, according to Sambrook and Russell (2001). 0.8%
agarose gel was prepared by dissolving 400 mg agarose (500 mg for 1.0% gel) in 50
ml of 1x TAE buffer by heating in a microwave oven for 5-6 min to get a clear
transparent solution. Then 5.0 pl of ethidium bromide (5.0 mg/ml) was added when
the solution temperature was around 50°C. The solution was mixed and poured on the
casting apparatus, combs were placed and the gel was allowed to set for 30 min. The
DNA sample and DNA loading dye were mixed in 4:1 ratio and The PCR amplified
DNA was separated under the constant electric field (80 Volts) for 1h in 1x TAE
(Tris-acetate-EDTA) running buffer which was used for the preparation of agarose gel
(Sambrook and Russel, 2001). The bands were then visualized under UV illumination

in a gel documentation system (Kodak, Gel Logic 1500).

2.2.5.1 Preparation of DNA loading dye

The DNA or sample loading dye was prepared by mixing the components
mentioned below in Table 2.2.6. A 5x stock solution of DNA loading dye was
prepared and was mixed with 4 volumes of DNA sample to make it final 1x before
loading on to the agarose gel. The final pH of the DNA loading dye was adjusted to

pH 8.0.
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Table 2.2.6 Composition of 5x DNA loading dye.

Components Final concentration (5x)
Tris-HCl 50 mM

Glycerol 25% (wW/v)

EDTA 5.0 mM
Bromophenol blue 0.2% (w/v)
Xylene cyanol 0.2% (w/v)

2.2.6 Extraction of DNA from agarose gel

The PCR amplified DNA or other plasmid DNA was purified from agarose gel
using a kit (Qiagen, QIAquick® Gel Extraction Kit), following the protocol provided
by the manufacturer as described in Section 2.2.6.1. The extracted DNA was eluted

in 50 pul DNase free water (Sigma-Aldrich Co. LLC, USA.).

2.2.6.1 DNA gel extraction protocol

1. 1.5 ml sterile, empty microcentrifuge tube was weighed and the weight of the
tube was noted.

2. The PCR or plasmid DNA band was were excised from gel using sharp sterile
scalpel and transferred to an empty microcentrifuge tube. The tube was
weighed again and the weight of excised gel was determined by subtracting
the empty tube weight (noted above).

3. Three volumes of buffer QG was added to every 1 volume of gel (100 mg ~
100 pl) in the microcentrifuge tube.

4. The microcentrifuge tube containing excised gel were incubated at 50°C for 10
min (or until the gel slice has completely dissolved). When the gel slice
dissolved completely, the colour of the solution became yellow (similar to

Buffer QG without dissolved agarose).
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5. QIAquick spin column (DNA binding column) was placed in 2 ml collection

tube provided with the kit. The above solution containing PCR-amplified or
plasmid DNA (750 pl) was added to DNA binding columns and centrifuged at
17,900g for 1 min at room temperature and the flow through was discarded. If
the volume was more than 750 pl, the remaining solution was centrifuged
similarly and again the flow through was discarded.

6. 500 ul of buffer QG was added to each QIAquick spin column and the
mixtures was centrifuged again at 17,900g for 1 min at room temperature, and
the flow through was discarded.

7. Now, 750 pul of buffer PE was added to each column containing PCR DNA o
recombinant plasmid DNA and the mixture was centrifuged at 17,900g for |
min at room temperature. The flow through was discarded and the column wjyg
given an additional spin of 1 min at 17,9008, to completely remove the
residual ethanol.

g. Now the column containing bound DNA was placed in a fresh 1.5 ml sterile
microcentrifuge tube. 30 pl of DNAse free water (Sigma-Aldrich Co. LLC,
USA) or elution buffer (10 mM Tris-Cl, pH 8.5) was added at the centre of the
column. The column was incubated for 2 min at room temperature ang

centrifuged at 17,900g for 1 min.
9. The PCR amplified or plasmid DNA was eluted from QIAquick spin columns

was collected in 1.5 ml] sterile microcentrifuge tube. The DNA was stored at -

20°C for further use,
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FI

2.2.7 Restriction enzyme digestion of the PCR amplified DNA

The PCR DNA purified after gel extraction was digested with restriction
enzymes (RE) Nhel and Xhol as per the set up described in Table 2.2.7. The reaction
mixtures were incubated in a water bath (Julabo GmbH, Germany) at 37°C for 90
min. The digested PCR fragments were run on 1.0% agarose gel and the desired
fragments were extracted using gel extraction kit as mentioned in Section 2.2.6 and

eluted in 25 pl of sterile DNase free water pH 8.0 (Sigma-Aldrich Co. LLC, USA).

Table 2.2.7 Restriction enzyme digestion set up of PCR amplified DNAs of CrManf
and truncated derivatives CtManT, CtCBM35.

RE digestion set up 1x (ul)
10x reaction buffer 6.0
PCR DNAs 30
DNAse free water 18
Nhel (10 U/ul) 3.0
Xhol (10 U/ul) 3.0
Total 60

2.2.8 Restriction digestion of pET expression vector for cloning of CrManf,
CtManT CtCBM35 amplified PCR fragments

The pET-28a(+) vector of 5.369 Kb was subjected to restriction digestion with
Nhel and Xhol to prepare it for ligation of PCR amplified and restriction enzymes
digested fragments of CfManf, CtManT and CrCBM35. The stock solution (100
ng/ul) of pET-28a(+) was prepared from using DNase free water (pH 8.0) and
restriction digestion was carried out as described in Table 2.2.8. The digestion
mixture was incubated in a water bath at 37°C for 90 min. The Nhel-Xhol digested

pET-28a(+) vector was run on 1% agarose gel and purified as described in Section

2.2.6.
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Table 2.2.8 Restriction enzyme digestion set up of pET-28a(+).

RE digestion set up 1x (nl)
10x reaction buffer 2.0
vector pET-28a (100 ng/ul) 10.0
DNAse free water 6.0
Nhel (10 U/pl) 1.0
Xhol (10 U/ul) 1.0
Total 20.0

2.2.9 Ligation of Nhel-Xhol digested PCR fragments into pET-28a(+) vector

The Nhel-Xhol digested PCR fragments mentioned in Section 2.2.7 were
cloned into pET-28a(+) vector, which was also digested with same restriction
enzymes as described in Section 2.2.8. The concentration of Nhel-Xhol digested pET-
28a(+) vector, was adjusted to 100 ng/pl using DNase free Sigma water. The fuy]]
length gene, CtManf and the truncated derivatives CtManT and CrCBM35 were
cloned into pET-28a(+) vector. The insert: vector molar ratio was kept at 3:1 for g))
the fragments. The amounts of Nkel-Xhol digested insert DNA of CfManf, CtManT
and CtCBM35 required for cloning were calculated using the following formyy

(Engler and Richardson, 1982).

n_&gf vectc?r x kb size of insert
kb size of vector

x insert :vector molar ratio = ng of insert

100 ng x1.449 kb x 3
5.369 kb 1

= 81 ng of insert (CrManf)

100 ng x 1.029 kb x 3
5369kb 1

= 58 ng of insert (CtManT)

100 ng x 0.420 kb x 3
5369kb 1

= 23.46 ng of insert (CfCBM35)
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The ligation set up used for digested PCR fragments and pET-28a(+) vector is

shown in Table 2.2.9. Each set of ligation reaction was incubated at 16°C, overnight.

Table 2.2.9 Ligation set up of PCR inserts and pET-28a(+).

Ligation set up 1X (nb
10x buffer 3.0
pET-28a(+) vector (100 ng) 1.0
RE digested PCR DNA insert (ng) 25.0
T4 DNA ligase (3 U/ul) 1.0
Total 30.0

2.2.10 Preparation of E. coli (DHSa) competent cells by calcium chloride method

Day 1

1.

Day 2

6.

50 ul of culture of E. coli (DH5a) from glycerol stocks were inoculated into
5.0 ml LB medium (Sambrook et al., 1989), as shown in Section 2.2.11, in test
tube grown at 37°C and 180 rpm for overnight.

0.1 M CaCl; solution was prepared and filter-sterilized via 0.22 pm membrane

filter (Pall) in laminar air flow and stored at 4°C.

1.0 ml of grown culture from above was taken and inoculated into 100 ml LB
medium in 250 ml conical flask. The flask was incubated at 37°C, 180 rpm till
cell OD reached 0.5-0.6 at 600 nm.

Micro-centrifuge tubes, 50 ml centrifuge tubes (round bottom) and micro tips
were autoclaved and kept on ice bath placed in a laminar air flow.

50 ml from 100 ml grown culture was transferred aseptically to the two 50 ml
bottom centrifuge tubes (the centrifuge tubes were weighed for balancing
before placing on refrigerated centrifuge).

The centrifuge tubes were centrifuged at 4°C with 4000g for 10 min.
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7. The supernatant was discarded and the cell pellet was gently resuspended in 3-
4 ml of sterile, ice-chilled 0.1 M CaCl, solution and then the remaining
solution was added to 10 ml final volume. The resuspended cells in centrifuge
tubes were kept on ice for 10 min.

8. The tubes were centrifuged again at 4000g at 4°C for 10 min.

9. The supernatant was carefully removed and the pellet was gently resuspended
in 3.0 ml of sterile, ice chilled 0.1 M CaCl; solution.

10. 100 pl of competent cells were aliquoted into sterile 1.5 ml microcentrifuge
tube containing 10 (%, v/v) glycerol (final concentration) and kept at -80°C for

further use.

2.2.11 Preparation of Luria-Bertani (LB) medium

The composition of LB medium is mentioned in Table 2.2.10. The contents
were dissolved in 800 ml of deionized water, the pH was adjusted to 7.2 and the fing]
volume was made up to 1 litre. 100 ml of LB medium was then transferred to each of
250 ml conical flask and the flasks were autoclaved at 121°C at 15 psi for 20 min. It ig
the most commonly used medium for the growth of recombinant E£. coli cells. The
filter sterilized 50 pg/ml (final concentration) of kanamycin was added to autoclaved

and cooled LB medium prior to inoculation.

Table 2.2.10 Composition of Luria-Bertani medium (Sambrook et al., 1989).

Components Final concentration (%, w/v)
Tryptone 1.0
Yeast extract powder 0.5
Sodium chloride 1.0
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2.2.11.1 Preparation of LB-agar medium

LB agar medium was prepared by dissolving the components mentioned in
Table 2.2.10 and in addition agar-agar type 1 was also added to a final concentration
of 2% (w/v). The medium was autoclaved as described in Section 2.2.11. The medium
was allowed to cool around 50-55°C and then antibiotics kanamycin (50 pg/ml, final
concentration) was added and mixed. Immediately after mixing 25 ml of medium
supplemented with antibiotic was poured in sterile petriplates and the medium was

allowed to solidify for 15- 20 min.

2.2.12 Preparation of SOC (super optimal medium with catabolic repression)
medium

SOC (super optimal medium with catabolic repression) was prepared using the
components as described in Table 2.2.11. It is a modified SOB (super optimal broth)
medium with addition of glucose (Hanahan, 1983; Deutscher, 2008; Park er al.,
2012). Bactotryptone, yeast extract powder and NaCl were autoclaved separately. 1 M
stock solutions of KCl, MgCl,, MgSQ4 and glucose were filter-sterilized and the
required volume was added to above solution in the laminar hood to finally make

SOC medium having desired concentration of each component.

Table 2.2.11 Composition of SOC medium (Sambrook et al., 1989).

Components Final concentration
Bactotryptone 2.0 (Y%, w/v)
Yeast extract powder 0.5 (%, w/v)
NaCl 10 mM

KCl 2.5 mM
MgC12,2H20 10 mM
MgS0,4 7H,0 10 mM
Glucose 20 mM
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2.2.13 Transformation of ligated DNA using E. coli (DHSa) competent cells

The ligated DNAs (recombinant plasmid DNAs) of CtManf, CtManT and

CtCBM35 were transformed using E. coli (DHS5a) competent cells. The steps

followed in transformation protocol are as follows:

1.

The microcentrifuge tube containing competent cell (100 pl) was taken out

from -80°C and kept on ice for 5 min, then 10 pl of ligation mixture was

added to it (the mixture was given a very short spin prior to use).

. The tube was gently tapped 4-5 times and kept on ice for 30 min.

The cells were given a heat shock at 42°C for 40s.

The cells were immediately transferred to ice for 2-3 min.

1.0 ml of SOC (Hanahan, 1983; Sambrook et al., 1989) medium previously
incubated at 37°C was added to the transformed cells.

The transformed cells were incubated at 37°C in a shaking incubator at 20
rpm for 1h.

The cells were harvested by centrifugation at 2000g at 25°C for 3 min.

1.0 ml supernatant was discarded and the cell pellet was then resuspended iy,

remaining 100 pl supernatant.

9. The cells were spread on LB agar plates as described in Section 2.2.11 )

supplemented with kanamycin at a final concentration 50 pg/ml.

10. The LB agar plates were incubated at 37°C for overnight.

1

1. The transformation efficiency was calculated using the following equation,

Transformation '
efficiency - No. of colonies on LB agar plate x1000

ng of insert DNA

= cfu/pg
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The colonies were picked at random from LB agar plates and inoculated in 5

ml LB medium supplemented with 50 pg/ml kanamycin and incubated at 37°C, 180

rpm for 12h for isolation of plasmid DNA to check for positive clones.

2.2.14 Isolation of recombinant plasmid DNA

The recombinant plasmid DNAs of CtManf and truncated derivatives CrManT
and CrCBM35 were isolated from E. coli (DH5a) cells using alkaline lysis method
(Sambrook er al., 1989) and eluted in 30 pl of sterile DNAse free water pH 8.0
(Sigma-Aldrich Co. LLC, USA.). Plasmid DNA was also isolated using plasmid
miniprep kit (Sigma-Aldrich Co. LLC, USA) following manufacturer’s protocol. The
plasmid DNA was isolated by alkaline lysis and with plasmid miniprep kit as

described in Sections 2.2.14.1 and 2.2.14.2, respectively.

2.2.14.1 Plasmid miniprep (alkaline lysis) protocol

1. The colonies were randomly picked from LB agar plates and each colony was
inoculated into 5.0 ml of LB medium supplemented with 50 pg/ml kanamycin and
incubated at 37°C with shaking at 180 rpm for 12h.

2. 1.5 ml culture was taken in micro-centrifuge tubes and centrifuged at 16,000g for
1 min. The supernatant was removed and the above step was repeated twice with
fresh 1.5 ml culture so as to process a total of 3.0 ml for plasmid isolation and rest
was kept for glycerol stock preparation.

3. The cell pellet was resuspended in 200 pl of GTE solution (50 mM Glucose, 25
mM Tris-HCI, 10 mM EDTA, pH 8.0) containing RNAse at a final concentration

of 20 pg/ml.
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4. Then 200 pl of lysis solution (0.2 M NaOH, 1% SDS) was added to it and the

tubes were inverted gently 5-6 times.

5. 300 pl of ice chilled 5 M potassium acetate solution (pH 4.8) was added
immediately and the tubes were gently inverted again 5-6 times. This solution
neutralizes NaOH added in the previous lysis step, while precipitating the
genomic DNA and SDS in an insoluble white, rubbery precipitate. The tubes were
kept on ice for 3-5 min.

6. The mixture was then spun at 16,000g and at 4°C for 5 min.

7. The supernatant was transferred to new tube (2.0 ml micro-centrifuge tube), while
taking care not to pick up any white precipitate.

8. The plasmid DNA was extracted with 1 volume of PCI (phenol/chloroform/
isoamyl alcohol; 25:24:1) removing the protein contaminations. The mixture was
mixed on vortex for 30s and then centrifuged at 16000g and at 4°C for 10 mip_
The organic PCI layer stayed at the bottom of tube after the spin.

9. The upper aqueous layer containing the plasmid DNA was carefully transferred tq
fresh microcentrifuge tube (2.0 ml), avoiding the white precipitated protein layer
above the organic PCI layer.

10. The plasmid DNA was precipitated by adding 2 volumes of absolute ethanol at
25°C. The solution was mixed well and kept again at 25°C for 2 min. Thereafter,
the plasmid DNA was centrifuged at 16,000g and 4°C for 5 min.

11. Ethanol was removed by micropipette. The plasmid DNA was washed with 700 pl
of 70% (v/v) ethanol and DNA pellet was made by spinning at 16,000g and 4°C
for 5 min. Ethanol was removed again by micropipette and the microcentrifuge

tube containing plasmid DNA was air dried for 5 min.
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12. The plasmid DNA was resuspended in 30 pl Tris buffer (10 mM Tris-Cl, pH 8.0)

or DNase free Sigma water (pH 8.0). 10 pl of RNase A solution was added (20
ng/ml final concentration) and the plasmid DNA was mixed well and stored at -

20°C.

2.2.14.2 Plasmid isolation protocol (Sigma-Aldrich Co. LLC, USA)

1.

1.5 ml from the each of the grown recombinant culture was taken and was
transferred to 1.5 ml microcentrifuge tube aseptically.
The cells were then centrifuged at 13000g for 1 min and the process was repeated
twice with another 1.5 ml of grown culture.

The resulting cell pellets of each recombinant derivative were resuspended in 200
ul resuspension solution by vortex. RNAse at final concentration of 20 pg/ml, was
added to the re-suspension solution prior to use.

200 pl of lysis solution was added to each tube and the tubes were gently inverted
5-6 times. The tube was allowed to stand for 2-5 min.

350 pl of neutralization solution was added to the mixture and the tubes were
inverted again for 4—6 times to mix properly.

The mixture was then centrifuged at 16,000g for 10 min.

The DNA binding columns were prepared or activated by adding 500 pl of column

preparation solution to binding column and centrifuging at 13,000g for 1 min. The

flow through accumulated in collection tube was discarded.

The clear lysate was then transferred to activated DNA binding column and
centrifuged at 13,000g for 1 min and the flow through in the collection tube was

discarded again.
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9. The plasmid DNA bound to column were washed with wash solution and spun at
13,000g for 1 min. The flow through was discarded and the column was given
another 1 min spin at 13,000g for removing the wash solution completely.

10. The DNA binding column was transferred to a fresh sterile microcentrifuge tube
and 30 pl of DNase free water (Sigma-Aldrich Co. LLC, USA) was added at the
centre of binding column. The microcentrifuge tube was allowed to stand for 2
min at room temperature and then plasmid DNA was eluted by centrifugation at
13,000g for 1 min. The plasmid DNA then got collected in the sterile
microcentrifuge tube.

11. The eluted plasmid DNA in sterile microcentrifuge tube was stored at -20°C.

2.2.15 Screening of recombinant plasmid DNA for identification of positive
clones

10 pl of each recombinant plasmid DNA of all the derivatives viz. CtfManf and
truncated CtManT and CtCBM35, isolated by alkaline lysis method as described in
Section 2.2.14, were taken separately, in a fresh sterile microcentrifuge tube for
restriction enzyme digestion analysis. The recombinant DNA of each of the aboye
mentioned derivatives was digested with restriction enzymes, Nhel and X%ol, to check
for positive clones following the reaction set up as given in the Table 2.2.12. The
reaction mixtures for each recombinant derivative were incubated at 37°C in a water
bath (Julabo, GmbH) for 90 min. The digested products were run on 1% agarose gel
as described in Section 2.2.5. The digested fragments viz. pPET-28a(+) vector and the
insert DNA of above mentioned recombinant derivatives were visualized under UV
transilluminator. The digested fragments (insert and vector) were analyzed to check

whether the size of insert DNA and vector pET-28a(+), were same as determined
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earlier in Sections 2.2.7 and 2.2.8. Based on this observation, the positive clones for
the respective recombinant derivatives were identified. Glycerol stocks of E. coli
(DH5a) cells harbouring the recombinant plasmids of each of the above mentioned
derivatives were prepared by keeping final concentration of glycerol to 20-25% (v/v).
The glycerol stocks in cryo vials of 2 ml were stored at -80°C. The positive clones for
each of the recombinant derivatives viz. CtManf, CtManT and CrCBM35 were

identified and were preserved.

Table 2.2.12 Restriction enzyme digestion set up of recombinant DNA.

Digestion set up 1x (uh)
10x buffer 2.0
DNAse free water 6.0
Recombinant plasmid DNA (approx. 100 ng) 10.0
Nhel (10 U/ul) 1.0
Xhol (10 U/ul) 1.0
Total 20.0

2.2.18 Transformation of recombinant plasmids in E. coli BL-21 (DE3) cells for
protein expression

10 pl of from each of the recombinant plasmid DNA isolated by Sigma
miniprep method, was transformed in E. coli BL-21 cells for expression of CtManf ,
truncated CtManT and CtCBM35. 100 pl of E. coli BL-21(DE3) competent cells
(preparation described in the section 2.2.10). The protocol for transformation
followed was same as described in Section 2.2.13. The cells harboring recombinant
plasmids were spread on LB agar plates with 50 pg/ml kanamycin and grown at 37°C
for 12h. The colonies were randomly picked from LB agar plates recombinant cells
after 12h of and inoculated into 5.0 ml LB medium supplemented with 50 pg/ml

kanamycin as mentioned in Section 2.2.13. The cells containing recombinant
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plasmids were grown at 37°C in shaking incubator at 180 rpm for expression analysis

of protein as described in Section 2.2.19.

2.2.19 Hyper-expression of recombinant proteins

The E. coli BL-21 (DE3) cells harbouring recombinant plasmids of CtManf,
truncated CtManT and CtCBM35 as described in Section 2.2.18 were analyzed for
protein expression. The protocol for protein expression was followed as described by
Taylor et al., (2005). The colonies grown on LB agar plates supplemented with
kanamycin were picked and inoculated in 5 ml LB medium as stated in Section 2.2.13
containing kanamycin (50 pg/ml) and incubated in 2 shaking incubator at 37°C and
180 rpm. The cells were allowed to .grow up to mid-exponential phase till cell
absorbance at 600 nm (Asoo) reached ~0.6. 1.0 ml of this grown culture containing
uninduced cells were taken out for making glycerol stocks (after expression analysis)
and for the sample preparation for analysis by SDS-PAGE. The remaining 4.0 m)
culture was then induced with isopropyl-l-thiO-ﬁ'D'galaCtopyranoside (IPTG) at 1.0
mM final concentration for hyper-exlfn'esSion of recombinant proteins and further
incubated at 24°C (for all recombinant derivatives viz. CtManf, truncated CAManT ang
C:CBM35) with shaking at 200 rpm for 24h. The expression of recombinant protein
was checked by loading respective uninduced and - induceq cell samples ¢p
polyacrylamide gel (SDS-PAGE) as described in the Section 23 50, These g ¢, );
BL-21 containing recombinant proteins viz. CtManf, CtManT and CiICBM35 were
preserved at -80°C as glycerol stocks by keeping the final glycero concentration 2.

15% (v/V) as described in Section 2.2.15.
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2.2.20 Sodium dodecyl sulphate-Polyacrylamide gel electrophoresis (SDS-PAGE)
analysis of recombinant proteins

2.2.20.1 Preparation of SDS-PAGE gel

The components of a SDS-PAGE gel are acrylamide 30% (w/v), resolving gel
(Tris-HCI, pH 8.8), a stacking gel (Tris-HCI, pH 6.8), SDS 10 % (w/v), APS 10%
(w/v), TEMED, sample loading buffer (pH 6.8) and electrophoretic running or tank
buffer (pH 8.3-8.5). The composition of each component of SDS-PAGE gels and

buffers are described below in Sections 2.2.20.2 to 2.2.20.5.

2.2.20.2 Preparation of acrylamide 30% (w/v) solution

0.8 g of bis-acrylamide was weighed and transferred into an amber colour
bottle and dissolved in 50 ml of ultra-pure deionized water collected at 18 MQcm
(Millipore, Milli-Q water purification system) using a magnetic stirrer (IKA, C-MAG
HS7). After completely dissolving bis-acrylamide, 29.2 g of acrylamide was added to
and stirred on a magnetic stirrer till the solution was clear. The final volume was
adjusted to 100 ml with ultra-pure water by keeping the measuring cylinder (100 ml)
wrapped in aluminium foil as acrylamide is light sensitive. The acrylamide solution

was then filtered (Whatman No. 1) under dark condition and stored at 4°C.

2.2.20.3 Polymerization of SDS-PAGE gel

The resolving gel and stacking gels were prepared by following the protocols
from Sambrook er al. (1989) using the composition as described in Tables 2.2.13 and
2.2.14. The resolving gel was prepared by adding the all the components in the order
as mentioned in Table 2.2.13, in a 25 ml beaker, by keeping acrylamide concentration
at 13% (w/v). Similarly, the stacking gel (4%, w/v) was prepared by dissolving all the

components mentioned in Table 2.2.13.
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Table 2.2.13 Composition of SDS-PAGE for preparation of resolving gel.

13% gel

Components volume (ml)
Acrylamide solution (30%, w/v) 4.33
Deionized water 0.36
SDS (10%, w/v) 1.0
Glycerol (50%, v/v) 1.0

1.5 M Tris-HCI (pH 8.8) 3.3
Amonium per sulphate (10%, w/v) 0.1
TEMED 0.01

Table 2.2.14 Composition of SDS-PAGE components for preparation of stacking gel.

4% gel

Components volume (ml)
Acrylamide solution (30%, w/v) 0.7
Deionized water 2.8

SDS (10%,w/v) 0.5

0.5 M Tris-HCl (pH 6.8) 1.0
Amonium per sulphate (10%, w/v) 0.05
TEMED 0.005

2.2.20.4 Preparation of SDS-PAGE running buffer

The SDS-PAGE gels were run using a 1x running or tank buffer prepared
from the 5x stock solution as described in Table 2.2.15. 15.14 g of Tris free base and
94 g of glycine were dissolved in 800 ml of deionized water. To this 50 ml of 10%
(w/v) SDS was added and the final volume was adjusted to 1 litre. The final pH of the

buffer was adjusted to 8.3. The 5x buffer was filtered (Whatman, Filter No. 1) and

stored at 4°C.

Table 2.2.15 Composition of 5x Tris-Glycine, running or tank buffer.

Components Final concentration (5x buffer)
Tris base 0.125M

Glycine 1.25M

SDS 0.5 % (w/v)
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2.2.20.5 Preparation of sample buffer

5x sample loading buffer was prepared by dissolving the components while
keeping the concentration of components as described in Table 2.2.16 and the pH of
the buffer was adjusted to 6.8. The components were dissolved in the order as
mentioned in Table 2.2.16 to make 5X sample buffer. However, the final
concentration while loading to a SDS-PAGE gel was always kept to 1X by mixing 4
volumes of sample (protein) with 1 volume of 5x sample buffer.

Table 2.2.16 Composition of 5x sample loading buffer (Laemmli, 1970).

Components Final concentration (5X buffer)
Tris-HCI (pH 6.8) 62.5 mM

Glycerol 20.0 (%, v/v)

SDS 2.0 (%, w/v)
Bromophenol Blue 0.025 (%, w/v)
-mercaptoethanol 5.0 (%, w/v)

2.2.20.6 Preparation of staining and destaining solutions

The staining solution (100 ml) was prepared by dissolving 250 mg or 0.25%
(w/v), of Coomassie Brilliant Blue (CBB R-250) dye in 50 ml of deionized water in
an amber colour bottle by keeping on a magnetic stirrer for overnight. The solution
was filtered (Whatman, Filter No. 1), then 40 ml of methanol and 10 ml of glacial
acetic acid were added to finally make the ratio 5:4:1 (deionized
water:methanol:glacial acetic acid). The destaining solution was prepared by
dissolving deionized water: methanol: glacial acetic in 5:4:1 ratio. The gels were
destained by immersing it in destaining solution under gentle shaking condition with

change of destaining solution every 30 min, until the protein bands were clear.
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2.2.21 Purification of recombinant proteins

The E. coli BL-21(DE3) cells harbouring recombinant plasmids were grown
in 100 ml LB medium in 250 ml flask with kanamycin as mentioned in Section
2.2.10.2. The recombinant proteins contained a Hise tag at N-terminal in pET-28a(+)
vector. A single step purification method based on immobilized metal-ion affinity
chromatography (IMAC) for Hise-tag containing proteins was employed using 1.0 ml
sepharose columns (GE Healthcare, HiTrap chelating HP). The compositions of
binding as well as elution buffers used for affinity column purification of recombinant
proteins are mentioned Table 2.2.16. All the buffers (binding, elution and cleaning
buffer), 0.1M NiSO4 solution and water was filtered through 0.45 pum filter and

degassed to avoid back pressure due to clogging of column.

Table 2.2.17 Composition of buffers required for purification recombinant proteins
by immobilized metal ion affinity chromatography (IMAC).

Buffers Composition

Equilibration buffer 20 mM sodium phosphate, pH 7.4
500 mM NaCl, 60 mM Imidazole

Elution buffer 20 mM sodium phosphate, pH 7.4
500 mM NacCl, 300 mM Imidazole

Cleaning buffer 20 mM sodium phosphate, pH 7.4
500 mM NaCl, 50 mM EDTA

The bacterial cells (100 ml culture) were harvested by centrifugation at 9,000g
using a centrifuge (Sigma, 4K15) and the resulting cell pellets were re-suspended in 5
ml of 20 mM sodium phosphate buffer pH 7.4 containing 1 mM
phenylmethanesulfonyl fluoride (PMSF). The cells were sonicated (Sonics, Vibra
cell) on ice for 16 min (9s on/off pulse; 30% amplitude) and again centrifuged at

19,000g at 4°C for 20 min to get the crude cell free extract. The cell free extract was
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passed through a 0.45 um filter membrane before loading on HiTrap chelating HP
column (GE Healthcare, USA). Initially the column was washed with S volumes of
filtered and degassed water to remove the alcohol. The column was activated using 2-
3 ml of 0.1 M NiSO; solution and the unbound nickel was washed away with 5
volumes of water. The:n the column was equilibrated with 5 volumes of equilibration
buffer (Table 2.2.17). The filtered cell free extract (4-4.5) ml of recombinant protein
was loaded on to the column using a peristaltic pump (P1, GE Healthcare) at a flow
rate of 1 ml/min. The column was then washed with 50-60 column volumes of
equilibration buffer to remove the unbound proteins. The retained proteins were then
eluted with elution buffer and 1 ml fractions were collected (Carvalho er al, 2004;
Taylor et al., 2005). The column was cleaned using cleaning buffer as mentioned in
Table 2.2.17, washed with 2-5 volumes of water and incubated in 1N NaOH at 4°C
for 2h. The column was then washed with 20 volumes of water to remove NaOH, and
finally stored in 20% (v/v) ethanol at 4°C. The collected fractions were analyzed for
protein content by taking 20 pl of purified protein and 80 pl of Bradford’s reagent in
a microcentrifuge tube. Development of blue colour complex indicated the presence
of protein and usually the purified protein was eluted in third fraction as 1 ml HiTrap
column was used. The purified recombinant proteins CtManf, CrManT and CrCBM35
were dialyzed (14 kDa Mol wt cut off membrane) against 50 mM sodium phosphate
buffer pH 7.0. The purity and molecular mass of recombinant proteins were verified
by SDS-PAGE as described in Section 2.2.14. The purified clostridial recombinant
proteins were quantified using Bradford reagent (Bradford, 1976) as described in

Section 2.2.22.
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2.2.22 Protein estimation by Bradford method

The concentrations of the recombinant proteins were determined using the
Bradford’s method of estimating proteins at a wavelength of 595 nm (Bradford,
1976). Bovine serum albumin (BSA) purchased from Sigma-Aldrich Co. LLC, USA.
was used as standard protein. A standard plot of OD at 595 nm versus different

concentration of BSA in 10-100 pg/ml was prepared.

2.2.22.1 Preparation of Bradford’s reagent

The Bradford assay estimates the amount of protein in a solution by using the
spectral properties of Coomassie Brilliant Blue G-250 (Bradford, 1976). 100 mg
0.01% (w/v) Coomassie Brilliant Blue G-250 was weighed and dissolved in 50 m]
95% ethanol (in an amber colour bottle). 100 ml 85% (w/v) phosphoric acid was
added to it. A magnetic bead was placed inside the bottle and the contents were Mmixed
properly by keeping on magnetic stirrer until the dye completely dissolved. The dye
was finally diluted to 1 liter with deionized water, filtered (Whatman, No. 1 Paper)
under dark conditions and stored at 4°C.

Commercial Bradford reagent (Sigma-Aldrich Co. LLC, USA) was also used

for protein content determination. The amount of recombinant protein was estimateq

using the following equation,

AA5Q5XV x C
Vv

[Protein] =

Where,
Asos = change in absorbance of the sample
V' = volume of the protein-buffer mixture (ml)
C =1 0D equivalent of BSA from standard plot (mg/ml)
v = volume of the enzyme used for assay (ml)
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2.3 Results and Discussion

2.3.1 PCR amplification of full length family 26 glycoside hydrolase (CrfManf)
and its truncated derivatives CrManT and CrfCBM35

The molecular architecture of full length family 26 glycoside hydrolase
mannanase CtManf (1449 bp) displayed a family 35 carbohydrate binding module
(CrCBM35) (420 bp) at its N-terminal and the truncated derivative the catalytic
CrManT (1029 bp) at its C terminal (Fig. 2.3.1). Two mannanase genes (locus name:
Cthe_0032 and Cthe_2811) (http://www.cazy.org/GH26_bacteria.html) belonging to
family 26 glycoside hydrolase (GH26), are available in the native host Clostridium
thermocellum ATCC 27405 (16S rDNA sequence ID: CP000568). In the present
study mannanase encoding ORF region was identified using the protein sequence
(gene bank protein accession ABN51273.1, locus name: Cthe_0032) of Clostridium
thermocellum ATCC 27405 in tBLASTn (http://blast.ncbi.nlm.nih.gov/Blast.cgi) tool.
This sequence was used to design the desired oligonucleotide primers for PCR
amplification and cloning of full length CtManf (CtCBM35-CtManT), truncated
catalytic module CtManT and family 35 carbohydrate binding module CtCBM35

(nucleotide accession: CP000568.1).

N-terminal C-terminal

1 421 1449
B T o T b e e e P R R

CtcBM35 | ...
|

|
1 420 1445

Fig. 2.3.1 Molecular architecture of family 26 glycoside hydrolase (CtManf) from
Clostridium thermocellum.
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The DNA sequences for CtManf, CfManT and CtCBM35 of 1449 bp, 1029 bp

and 420 bp, respectively, were PCR amplified from genomic DNA of Clostridium
thermocellum using the conditions as mentioned in Section 2.2.3. The PCR fragments
detected on 0.8% agarose gel were CrManf (Fig. 2.3.2, lane 2), CrManT (Fig. 2.3.3,
lane 2) and CtCBM35 (Fig. 2.3.4, lane 2). The PCR products were purified from gel
using gel extraction kit (Qiagen) as mentioned in Section 2.2.6 and were stored at -

20°C for subsequent cloning experiments.

1449 bp, CtManT

Fig. 2.3.2 Agarose gel (0.8%) showing amplified fragment of CfManf. Lane 1: DNA
marker (Hyperladder I, Bioline), Lane 2: C/Manf (1449 pyp).
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1029 bp, CtManT

Fig. 2.3.3 Agarose gel (0.8%) showing amplified fragment of C/ManT. Lane 1: DNA
marker (Hyperladder I, Bioline), Lane 2: CrManT (1029 bp).

10000
8000
6000
5000
4000 |
3000 8
2500

2000 B

1500

1000
800 [

600

420 bp, CtCBM35

400

200 B

Fig. 2.3.4 Agarose gel (0.8%) showing amplified fragment of (7CBM35. Lane 1:
DNA marker (Hyperladder 1. Bioline), Lane 2: CrCBM35 (420 bp).
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2.3.2 Restriction enzyme digestion of PCR amplified fragments

The amplified fragments of CrManf, CtManT and C/CBM35 were digested
with Nhel and Xhol restriction enzymes to prepare them for cloning into pET-28a(+)
expression vector. Simultaneously, pET-28a(+) vector was also digested using the
same restriction enzymes. Nhel-Xhol digested CtManf (Fig. 2.3.5, lane 2), CrManT
(Fig. 2.3.5, lane 3) and CtCBM35 (Fig. 2.3.5, lane 4) fragments were visualized on
1.0 % agarose gel. The restriction enzyme digested fragments of C7Manf, C/ManT
and CtCBM35 were further used for cloning into pET-28a(+) vector. The Nhel-Xho]
digested pET-28a(+) depicted. The displayed digested pET-28a(+) (5.369 kb) vector

in 1.0 % agarose gel (Fig. 2.3.6, lane 2).

Fig. 2.3.5 Agarose gel (1.0%) showing Nhel-Xhol digested PCR fragments of
CtManf and CtManT and C1CBM35. Lane 1: DNA marker (Hyperladder I,

Bioline), Lane 2: digested (tManf, Lane 3: C/ManT and Lane 4-
CrCBM35

TH-1871_09610615



Chapter 2 81

1 2

bp |
10000
8000 | L
6000 — > 5369 bp, pET-28a(+)
5000 .
4000
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2500 |

2000
1500

1000 |
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Fig. 2.3.6 Agarose gel (1.0%) showing Nhel-Xhol-digested pET-28a(+) .vector. Lane
1: DNA marker (Hyper ladder 1. Bioline), Lane 2: 5.369 kb, digested pET-
28a(+) vector.

2.3.3 Cloning, expression and purification of recombinant proteins CrfManf,
CtManT and CrCBM35

2.3.3.1 Ligation of Nhel-Xhol digested fragments to pET-28a(+) expression vector
The ligation of CfManf, CtManT and CtCBM35 into the pET-28a(+) vector
resulted recombinant plasmids and were confirmed after transformation and digestion

with Nhel and Xhol restriction enzymes.
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2.3.3.2 Transformation of E. coli (DH5a) competent cells with recombinant
plasmid DNA

E. coli (DH5a) competent cells were transformed with recombinant plasmid
DNA of each derivative viz. CtManf, CfManT and CtCBM35 as described in Section
2.2.13. The transformed cells were grown on LB agar plates incubated at 37°C for 12-
16h. The number of colonies observed on LB agar plates was counted and the
transformation efficiency was calculated using the formula described in Section

2.2.13 and the results are displayed in Table 2.3.1.

Table 2.3.1 Transformation efficiency of E. coli (DH5a) cells.

Clone insert DNA No. of Transformation
(ng) colonies Efficiency
(cfu/pg)
Positive Control (pUC18) 1.0 279 2.8x10°
CrManf 1.5 175 1.1x10°
CtManT 1.9 273 1.4%10°
CtCBM35 2.0 150 7.5%10*

2.3.3.3 Isolation of plasmid DNA

The plasmid DNA of each recombinant derivative was isolated from 5.0 m]|
LB medium supplemented with kanamycin, using the plasmid miniprep kit as
described in Section 2.2.14.2. The isolated plasmid DNA for each of the above
mentioned recombinant derivatives viz. CfManf, CtManT and CtCBM35 shown in Fi g
2.3.7. The figures displayed recombinant plasmids of CtManf (Fig. 2.3.7, lane 2),

CtCBM35 (Fig. 2.3.7, lane 3) and CManT (Fig. 2.3.7, lane 4) as analyzed by 1.0%

agarose gel.
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Fig. 2.3.7 Agarose gel (0.8%) showing recombinant plasmids CrManf, CtCBM35
and CrManT. Lane 1: DNA marker (Hyperladder I, Bioline), Lane 2:
recombinant plasmid of CrManf, Lane 3: recombinant plasmid of
CtCBM35, Lane 4: recombinant plasmid of CfManT.

2.3.3.4 Screening of recombinant plasmid DNA for identification of positive
clones

The positive clones were identified by restriction digestion analysis of the
recombinant plasmids as shown Fig. 2.3.8A-C. The confirmation of recombinant
plasmid containing CfManf by Nhel-Xhol restriction enzymes digestion is displayed
in Fig 2.3.8A, lane 2. The Nhel-Xhol digested plasmid DNA of CfManf showed two
distinct bands of the 5.369 kb pET-28a (+) vector and 1.449 kb insert (CrManf). It
was concluded from the result that the clone harbours the desired recombinant
plasmid (CtManf). Similarly, the recombinant plasmid of C/ManT was also digested
using Nhel-Xhol, which resulted in two fragments (Fig. 2.3.8B, lane 2) detected on
1.0 % agarose gel. The fragments obtained were 5.369 kb pET-28a (+) vector and

1029 bp insert of C/ManT. Similarly, Nhel-Xhol digestion of CtCBM35 resulted in
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two fragments, one was 5.369 kb pET-28a(+) vector and the others was insert of
CtCBM35 (420 bp) (Fig. 2.3.8C, lane 2). The positive clones of CrManf and CtManT
and CtCBM35 were further confirmed by sequencing from Eurofin India (Bangalore,

India) and the results are incorporated in Annexure [.

5369 bp, pET28a(+) 5369 bp. pET-28a(+

1449 bp, CtManf
1029 bp, CtManT

420 bp. CICBM35

C

Fig. 2.3.8 Agar(.)sc-e gel (1.0%) showing Nhel-Xhol digested recombinant plasmids
containing CfManf and CrManT and CfCBM35 fragment. (A) Lane 1:
Hyper ladder 1 (Bioline), Lane 2: digested 1.449 kb fragment of C/Manf
(insert) and vector (5.369 kb, pET-28a). (B) Lane 1: Hyper ladder |
(Bioline), Lane 2: digested 1.029 kb fragment of CtManT (insert) ang
vector (5.369 kb, pET-28a). (C) Lane 1: Hyper ladder I (Bioline), Lane 2.
digested 420 bp fragment of CtCBM35 (insert) and vector (5.369 kb,
pET-28a).

2.3.3.5 Hyper-expression analysis and purification of recombinant proteins
Hyper-expression of recombinant CtManf. CtManT and C/CBM35 wag
analyzed on SDS-PAGE, by loading uninduced as well as the induced cells of
recombin"‘mt protein on adjacent wells, as depicted in Fig. 2.3.9 ¢, Fig. 2.3.11. The
expression of CfManf is shown in Fig. 2.3.9, CtManT in Fig. 2.3.10 and the

hypel‘-
expression of is displayed in C/CBM35 in Fig. 2.3.11.
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Fig. 2.3.9

Fig. 2.3.10

.5 53kDa, CtManf

-

30
25

20
15

-
10 *

SDS-PAGE (13.0%) gel showing expression and purification of
recombinant CtManf in E. coli BL-21(DE3) cells. Lane 1: Page Ruler
protein marker (Fermentas). Lane 2: Uninduced C7Manf cells, Lane 3:
Induced CrManf cells, Lane 4: Cell free extract (CrManf). Lane 5: cell
pellet of CtManf after sonication, Lane 6: CrManf affinity column
purified (53 kDa).
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25

38 kDa, CtManT

20
15

SDS-PAGE (13.0%) gel showing expression and purification of
recombinant CtManT in E. coli BL-21(DE3) cells. Lane 1: Page Ruler
protein marker (Fermentas), Lane 2: Uninduced C/ManT cells, Lane 3:
Induced CrManT cells, Lane 4: Cell free extract (CtManT), Lane 5: cell
pellet of C/ManT after sonication, Lane 6: CrManT affinity column

purified (53 kDa).
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Fig. 2.3.11 SDS-PAGE (13.0%) gel showing expression and purification of
recombinant C/CBM35 in E. coli BL-21(DE3) cells. Lane 1: Page Ruler
protein marker (Fermentas), Lane 2: Uninduced C/CBM35 cells. Lane 3-
Induced CtCBM35 cells, Lane 4: Cell free extract (CICBME,S); Leis 5

cell pellet of CrtCBM35 after sonication, Lane 6: ¢ .
column puriﬁed (15 kDa) % tCBM35 aiﬁnliy

The hyper-expressed recombinant proteins were purified by immobilized
metal ion affinity chromatography as described in Section 2.2.21 and then dialyzed
against 50 mM sodium phosphate buffer overnight for the removal of imidazole and
NaCl. All the proteins were expressed as soluble proteins, as can be seen in cell free
extracts (Fig. 2.3.9, Fig. 2.3.10 and Fig. 2.3.11). The purified C/Manf, CManT and

(1CBM35 showed homogenous bands of molecular sizes approximately, 53 kDa, 38

kDa and 15 kDa, respectively.
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The proteins of all the three recombinant proteins were eluted in 2x1 ml
fractions obtained from 100 ml culture. After dialysis the concentration of CrMantf,
CtManT and CrCBM35 were 0.16 mg/ml, 0.15 mg/ml and 1.2 mg/ml, respectively, as

determined by Bradford method (Table 2.3.2).

Table 2.3.2 Amount of purified recombinant proteins obtained from 100 ml cultures.

Recombinant Protein Volume of purified Total amount
derivative concentration protein - of purified protein
(mg/ml) (ml) (mg)
CtManf 0.16+0.10 2.0 0.321+0.2
CtManT 0.150.12 2.0 0.30+0.2
CiCBM35 1.2+0.05 2.0 2.40+ 0.1
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2.4 Conclusions

-

The full length CfManf and its truncated derivatives CtManT and CtCBM35
sequences were extracted from the genomic library of Clostridium thermocellum ATCC
27405 (nucleotide accession: CP000568.1). Molecular architecture revealed an N-
terminus non catalytic family 35 carbohydrate binding module (C:CBM35, 420 bp)
followed by glycoside hydrolase module (CtManT, 1029 bp) at the C-terminus. PCR
amplified fragments of full length CtManf, truncated catalytic module CfManT and
CtCBM35 displayed 1449 bp, 1029 bp and 420 bp, respectively. PCR amplified products
were digested with Nhel-Xhol enzymes and cloned into pET-28a(+) vector. Each Plasmid
DNA of the positive clone was transformed using E. coli (DHSa) competent cells.
Positive clones of CfManf and its truncated derivatives CtfManT and CtCBM35 were
confirmed by restriction digestion analysis of their recombinant plasmid DNAs. E. coli
BL-21 competent cells were used for transformation of each of the recombinant plasmid
DNA for their expression. Over expression of recombinant proteins was achieved by
using IPTG as inducer at a final concentration of 1 mM. Hyperexpression of the
recombinant proteins were checked and confirmed by SDS-PAGE gel analysis. After
confirming the successful expression, recombinant proteins were purified from their
respective cell free extracts by immobilized metal ion chromatography (IMAC) using
HiTrap chelating columns. Degree of purification obtained after this purification step was
higher than 90%, and therefore these proteins were considered as suitable for further
piochemical analysis. Recombinant proteins purified by IMAC displayed molecular sizes
of 53 kDa (CManf), 38 kDa (C:ManT) and 15 kDa (C/CBM35) on SDS-PAGE. The
amount of protein obtained from 100 ml of cultures CfManf, CfManT and CtCBM35 after
[MAC purification were 0.16 mg/ml, 0.15 mg/ml and 1.2 mg/ml, respectively. These

puriﬁed proteins were used for further biochemical and functional characterization.
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Biochemical, functional and structure characterization of catalytic
modules CtManf and CftManT from Clostridium thermocellum
ATCC 27405

3.1 Introduction

The benefit of employing novel enzymes for specific industrial processes is
well recognized with the discovery of f-mannanases. B-Mannanases (EC 3.2.1.78)
hydrolyze mannan based hemicelluloses and liberate short f-(1—4)-manno-
oligosaccharides, which can be further hydrolyzed to mannose by B-mannosidases
(EC 3.2.1.25). There are currently around 50 gene sequences of B-mannanase in
families 5 and 26 glycoside hydrolases from various microbial origins. The family 26
Glycoside Hydrolase (GH26) enzymes have narrow substrate specificity hydrolyzing
(1—4)-B-D-linkages in  mannans, galacto-mannans,  glucomannans  and
galactoglucomannans but do not show activity against B-glycan chain of soluble
cellulose derivatives (Halstead et al., 1999). Several studies exhibited the presence of
distinct types of mannanases (GH5A, GH3B, GHS5C, GH26A, GH26B, GH26C)
expressed on the cell surface of Cellvibrio japonicas having different substrate
specificity (Cartmell et al., 2008). There are distinct differences in the topology of

substrate binding cleft and substrate specificity among three mannnases viz. Man26A,
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Man26B and Man26C within GH26 family (Bolam ef al., 1996). Man26A displays a

typical endo-B-(1—4)-bond cleavage activity against small manno-oligosaccharides,
hydrolyzing mannotriose approximately, 10000 times more efficiently than Man26B
(Cartmell et al., 2008). Man26B of Cellvibrio japonicas displays endo-mannanase
activity and is linked to the cell membrane via a 70 residue linker sequence (Cartmell
et al., 2008). Therefore, this linker sequence will facilitate Man26B to get enough
space for accommodating the natural substrates galactomannan and glucomannan.
Man26B rapidly generates large amounts of mannose even in the early stages of
hydrolysis of galactomannan or manno-oligosaccharide.

Clostridium thermocellum expresses a large number of hemicellulases in its
multienzyme complex targeting various hemicellulosic components such as mannans
and xylans removes the hemicellulosic polysaccharides exposing the cellulose
microfibrils uses it as primary carbon and energy source and releases soluble sugars
(Fontes and Gilbert, 2010). The carbohydrate binding modules (CBMs) are the non-
catalytic modules known to help or bring the catalytic modules in close proximity to
its substrates and also some CBMs are known to stabilize the enzyme (Catalytic
module) structure and increase its thermostability (Boraston ef al., 2004; Dvortsoy o,
al., 2009). The majority of C. thermocellum cellulosomal enzymes display rathe,
complex multi-modular architectures containing CBMs either at N- or C- terminal
domain. These CBMs potentiate the interaction of the multifunctional complex with
the diversity of polysaccharides in the plant cell wall by directing the appended
catalytic domains to their target substrates (Fierobe er al., 2005). A family 35
carbohydrate binding module (CBM35) often appended with mannanase that binds to

the galactose-decorated mannanas and facilitates their efficient hydrolysis (Couturier
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et al., 2013). There are few reports of Man26B functions are explored earlier from
Paenibacillus sp BME14 (Xiaoyu et al., 2010), Cellvibrio japonicas (Hogg et al.,
2003), Clostridium thermocellum strain F1 (Kurokawa er al., 2001), Bacillus
licheniformis DSM 13 (Songsiriritthigul et al., 2010).

The biochemical characterization of full length CtManf and truncated CtrManT
and the structural characterization of a family 26 glycoside hydrolase (GH26)
mannanase B (CtManT) from Clostridium thermocellum ATCC 27405 were studied.
In addition to that, the enzyme is studied structurally by homology modelling,

docking study for active site prediction and subsite mapping.
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3.2 Materials and Methods
3.2.1 Substrates and reagents

Carob galactomannan, konjac glucomannan, locust bean galactomannan, rye
arabinoxylan, wheat arabinoxylan (soluble and insoluble), xyloglucan,
arabinogalactan, sugar beet arabinan, pectic galactan, lupin galactan, pustulan,
curdlan, rhamnogalactouronan, mannobiose and mannotriose were purchased from
Megazyme International (Ireland). Oat spelt xylan, birchwood xylan, beechwood
xylan; barley f-D-glucan, carboxy methylcellulose (CMC), carboxy ethylcellulose
(CEC) and synthetic pNP-glycosides like pNP-B-D-mannopyranoside and pNP- o-D-
mannopyranoside, were purchased from Sigma-Aldrich Co. LLC., USA. D-mannose,
sodium hydroxide (NaOH) solution (50%, w/v) and B‘radford’s reagent were procured

from Sigma-Aldrich Co. LLC., USA. Coomassie brilliant blue G-250 was purchased
from Amresco LLC, USA. Disodium 2-[2-

carboxylatomethyl(carboxymethyl)amino]ethyl (carboxymethyl)amino]  acetate

(disodium EDTA), sodium carbonate, sodium potassium tartarate, sodium

bicarbonate, sodium sulphate, sodium phosphate (monobasic), sodium phosphate
(dibasic) and salts of metal ions viz. Ca®* Mg®", Ni**, Zn*', Mn*, Cu®*, Co® and A"
were procured from HiMedia Laboratories Pvt. Ltd., India. Sodium arsenate,
ammonium molybdate, sulphuric acid, hydrochloric acid, acetone, acetonitrile, acetic

acid were purchased from Merck Limited, India. The TLC plate was purchased from

Merck KGaA, Darmstadt, Germany.
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3.2.2 Enzyme activity assay

Initially, the enzyme assays of CfManf and CtManT were carried out in 100 pl
of a reaction mixture in 50 mM sodium phosphate buffer pH 7.0 containing 1% (w/v)
substrate (described in Section 3.2.3) using 10 pl of purified enzyme (CrManf 0.16
mg/ml or CtManT 0.15 mg/ml), and incubating at S0°C for 15 min. However, after the
optimization of pH the assays for CtrManf and CtManT were carried out in 50 mM
sodium phosphate buffer pH 6.9 and pH 6.5, respectively. After temperature
optimization the assays of CtfManf and CtManT were carried out at 60°C and 50°C,
respectively, for 15 min. The enzyme activity was measured by estimating the
liberated reducing sugar by Nelson-Somogyi method as described in Section 3.2.2.4.
To 100 pl of reaction mixture containing the reducing sugar, 100 pl of reagent D was
added (Section 3.2.2.1). The solution was mixed and heated for 20 min in the boiling
water bath. After 20 min of boiling, the solution was ice cooled and 100 pl of reagent
C (Section 3.2.2.1) was added. The colour developed rapidly and completed after the
evolution of carbon dioxide stopped. The mixture was diluted by adding water to
make up the volume to 1 ml and the absorbance at 500 nm (Aso0) was measured by a
UV-Visible spectrophotometer (Varian, Cary 100 Bio). D-Mannose in the range of

10-500 pg/ml was used for generating the standard plot. as described in Section

3.2.2.2.
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3.2.2.1 Preparation of reagents for reducing sugar estimation

Reagent A
Sodium carbonate anhydrous 625¢g
Sodium potassium tatarate 6.25¢g
Sodium bicarbonate 50g
Sodium sulphate anhydrous 500¢g

The above mentioned components were dissolved in 100 ml of deionized

water and the final volume was adjusted to 250 ml. The solution was filtered

(Whatman No. 1) and stored at 30°C.

Reagent B
Reagent B was prepared by dissolving 15 g of copper sulfate (CuSOy) in 50 ml

deionized water and one or two drops of concentrated sulphuric acid was added to it.

The final volume was made up to 100 ml with deionized water and the solution was

filtered (Whatman No. 1) and stored at 30°C.

Reagent C

Reagent C was prepared in two steps under dark. First, 2.5 g of ammonjum
molybdate was dissolved in 45 ml of deionized water in 100 ml beaker and 2.1 m] of

concentrated sulphuric acid was added to it. In another beaker 0.3 g of sodium

arsenate was dissolved in 2.5 ml of deionized water. Now, this solution was added to

ammonium molybdate solution and the contents were mixed (total volume was

around 50 ml). The solution was filtered (Whatman No. 1) under dark conditions and
stored at 37°C. The solution was used after 24h incubation.

Reagent D

Reagent D was prepared by mixing reagent A and reagent B in the ratio 25:1.
Reagent D was freshly prepared for the assay.
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3.2.2.2 Generation of standard plot of D-mannose

The standard plot using of D-mannose was prepared by varying the
concentration from 10-500 pg/ml. 100 pl reaction mixture contained 50 mM sodium
phosphate buffer pH 7.0 and in a 1.5 ml microcentrifuge tube D-mannose was
incubated at 50°C for 15 min and then 100 pl of solution D (Section 3.2.2.1) was
added to it. The reaction mixture was then heated in boiling water bath for 20 min and
cooled. 100 pl of solution C (Section 3.2.2.1) was added and the contents were mixed.
Then 700 pl of deionized water was added to make the final volume to 1 ml. The
absorbance at 500 nm (Asgy) was measured using UV-Visible spectrophotometer
(Varian, Cary 100 Bio) against a buffer blank. A standard plot of Aspo versus D-
mannose concentration (pug/ml) was generated and 1 Aseo equivalent of D-mannose
(ng/ml) was calculated. 1 Asgo equivalent of D-mannose (ng/ml) was converted into

mg/ml for calculation of enzyme activity.

3.2.2.3 Calculation of enzyme activity of CtManf and CtManT

The activity of the enzyme was expressed as U/ml and the specific activity
as U/mg of protein. One unit (U) of enzyme activity is defined as the amount of
enzyme that liberates 1 pmole of reducing sugar per min. The enzyme activities of

CtManf and CrManT were calculated as described below,
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AAso()XCXV

Enzyme activity (U/ml) = ={u mole/min/ml)
180xtxv

where,
AAsg = change in absorbance of the sample at 500 nm
C =1 OD equivalent L-arabinose concentration from standard plot
V = volume of the reaction mixture (ml)
t = time of reaction (min)
180 = molecular weight of D-mannose

v = volume of the enzyme taken in assay (ml) for reducing sugar estimation.

3.2.3 Substrate specificity of CfManf and CfManT

The enzyme activity of CtManf and CtManT was determined by using natural
substrates such as carob galactomannan, locust bean galactomannan, konjac
glucomannan, guar galactomannan, ivory nut mannan, B-(1—4)-mannan, barley B-
glucan, lichenan, carboxymethyl cellulose, hydroxyethyl cellulose, avicel, rye
arabinoxylan, glucuronoxylan, arabinogalactan and polygalactouronic acid (PGA) at
1% (w/v) in 50 mM sodium phosphate buffer (pH 7.0) and by measuring the reducing
sugar released, as described in the Section 3.2.2. The -(1—4)-mannan (an insoluble
polysaccharide prepared from carob galactomannan pretreated with Aspergillus niger
mannanase and subsequently de branched to a high extent containing mannose (97%)
and galactose (3%) according to manufacturer Megazyme International, Ireland). In
both cases 100 pl reaction mixture contained 1% (w/v) substrate, 10 ul of enzyme
(CtManf, 0.16 mg/ml and CManT, 0.15 mg/ml). 100 pL reaction mixtures were

incubated for both the enzymes at 50°C for 10 min separately with polysaccharides. In
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the case of avicel the reaction mixture was incubated for 60 min under shaking

condition. The assays were carried out in triplicate.

3.2.4 Determination of optimum pH and temperature of CfManf and CtManT
The pH profiles of CtManf and CtManT were determined by performing
enzyme assay in 50 mM sodium phosphate buffer with pH varying between 4.0 and
8.0. The reaction mixtures (100 ul) containing 1% (w/v) carob galactomannan were
incubated at 50°C for 15 min. A wide range of pH was chosen ranging from pH 4.0 to
pH 8.0 as f-mannanse display optimum range within this range Huang ef al., (2012).
Sodium phosphate buffer was prepared as per the protocols described by Gomori
(2010). The optimum temperature for enzyme activity of CiManf and CrManT was
determined by incubating the reaction mixture at varying temperatures from 10°C to
100°C, using 50 mM sodium phosphate buffer, pH 6.9 and 6.5, respectively. The

enzyme activity was calculated by estimating the liberated sugar as described in

Section 3.2.2.

3.2.5 pH stability of Cf-Manf and CfManT

100 pl of CManf (0.16 mg/ml) or CrManT (0.15 mg/ml) was taken and
lyophilized using a lyophillizer (Christ Griertrocknumgsanlagen GmbH, ALPHA 1-
4). The protein was then dissolved in 50 pl of 50 mM sodium phosphate buffer in 1.5
ml microcentrifuge tube and incubated at different pH varying from 4 to 8 for 1h. The
lyophilized protein was dissolved in same volume of buffer in order to keep the
protein concentration same in all tubes. The enzyme solutions were then centrifuged

at 10,000g at 4°C for 5 min. 10 pl of supernatant was taken for determination of the

TH-1871_09610615



Chapter 3 102

enzyme activity, which was calculated as described in Section 3.2.2. The assays were

carried out in triplicate by taking total 10 pl of enzyme in 100 pl reaction mixture.

3.2.6 Thermal stability of CfManf and CfManT

100 pl each of CfManf (0.16 mg/ml) in 50 mM sodium phosphate buffer pH
6.9 and CtManT (0.15 mg/ml) in 50 mM sodium acetate buffer pH 6.5 were incubated
at various temperatures in the range 10-100°C for 30 min. The enzymes were then
centrifuged at 10,000g at 4°C for 5 min. 10 pl of supernatant was taken for estimation
of the enzyme activity that was calculated as per description given in Section 3.2.2.

The assays were carried out in triplicate by taking total 10 ul of enzyme in 100 pl
reaction mixture.

3.2.7 Substrate specificity of CfManf and CfManT against natural and synthetic
polysaccharides

The enzyme activity of CtManf and CtManT was determined by using 50 mMm
sodium phosphate buffer of pH 6.9 and pH 6.5, respectively. The 100 pl reaction
mixture contained 1.0% (w/v) substrate, 10 pl of enzyme (CtManf, 0.16 mg/m] o
CtManT, 0.15 mg/ml). The reaction mixtures of CtManf and CtManT were incubate(
at 60 °C and 50°C, respectively, for 15 min. The assays were performed in triplicate.
The concentration of reducing sugar was estimated using a standard curve of mannose
(Section 3.2.2.2) as both CtManf and CtManT predominantly showed endo-B-D-
mannan;else activity. 100 pl of reaction mixture was taken for estimation of enzyme
activity which was calculated as per the description given in Section 3.2.2. After
analysis of substrate specificity the enzyme assays for C/Manf and CtManT were
perforrned using 50 mM sodium phosphate buffer at their optimum pH and

temperature to analyze the kinetic parameters viz. Km, Vmax, Kcar and kea/ K. One unit
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of enzyme activity was determined as the release of 1 pmole of mannose per minute.
The Kkinetic parameters of CtManf and CtManT were determined using various
soluble substrates such carob galactomannan, locust bean galactomannan, konjac

glucomannan, guar galactomannan, insoluble ivoru nut mannan and mannan under

above mentioned reaction conditions.

3.2.8 Substrate specificity of C/Manf and CfManT against synthetic p-
nitrophenyl-glycosides (pNP-glycosides)

The assays of CfManf and CfManT with synthetic substrates p-nitrophenyl
glycoside (pNP-glycosides) viz., p-nitrophenyl-f-D-mannopyranoside and p-
nitrophenyl-a-D-mannopyranoside were carried out by estimating the release of 4-
nitrophenol (pNP) at 405 nm using a UV-Visible spectrophotometer (Varian, Cary
100 Bio). 2 mM stock solutions were prepared by taking 5.42 mg of p-nitrophenyl-f3-
D-mannopyranoside and p-nitrophenyl-o-D-mannopyranoside and by first dissolving
in 50-75 ul of dimethyl sulphoxide (DMSO) and then making up the final volume to
10 ml with 50 mM sodium phosphate buffer (pH 6.0) for both CrManf and CfManT.
The solutions were kept on ice.

1.0 ml reaction mixture containing p-nitrophenyl—B-D-mannopyranoside and p-
nitrophenyl-a-D-mannopyranoside in 50 mM sodium phosphate buffer (pH 6.0), 20 ul
of enzyme (CfManf 0.16 mg/ml or CManT 0.15 mg/ml) was incubated at 50°C for 15
min in a peltier temperature controller (V arian, Cary 100 Bio). The kinetic parameters
of CManf and CfManT with p-nitrophenyl-B-D-mannopyranoside and p-nitrophenyl-
o-D-mannopyranoside were determined by varying their concentrations from 20 to
500 uM. The reaction was stopped by adding 0.5 M sodium carbonate to make the

reaction mixture highly alkaline (~pH 11.0). The assays were performed in triplicate.
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The released pNP was quantified by using the molar extinction coefficient of 24150

M cm™ as reported by Cartmell et al. (2011).

3.2.9 Zymogram study and activity staining of CfManf and CfManT

Zymogram study of recombinant CfManf and CtManT was performed by
using 0.5% (w/v) carob galactomannan as substrate incorporated in 12% (w/v) SDS-
PAGE. 10 pg of each of purified C/Manf and CtManT was mixed with 1x sample
buffer (62.5 mM Tris-Cl pH 6.8, 20%, v/v glycerol, 2%, w/v SDS, 0.005% w/v
bromophenol blue) (Laemmli, 1970), without B-mercaptoethanol (Aboul-Enein ef al.,
2010) were loaded on the gel. The non denaturing SDS-PAGE was carried out using
gel apparatus (Biorad, Mini Protean III cell, Germany) at a constant 20 mA. After the
completion of electrophoresis, the gels were incubated in 2.5% (v/v) Triton-X100 at
25°C for 1 h followed by 1 h incubation in 50 mM sodium phosphate buffer, pH 7.0.
Then the gels were incubated in preheated 50 mM sodium phosphate buffer (pH 6.5)
at 55°C for 30 min and stained with 0.1% (w/v) congo red for 45 min as described by

Aboul-Enein et al., (2010). After congo red staining the gels were counter staineq

with IN HCl as described elsewhere (Ruijssennars ef al., 2001).

3.2.10 Effect of metal ions, chaotropic agents and detergent on enzyme activity
of CtManf and CfManT

The effects of different metal cations, chaotropic agents and detergent on the
activity of CtManf and CfManT were determined. Enzyme activity of both C/Manf
and CfManT was determined in the presence of various metal salts such as Nj2*
(NiSO4.6H;0), Zn™ (ZnS04.7H,0), Cu®* (CuS04.5H;0), Co®* (CoCl,.6H;0), Mn2*
(MnCl,.4H20), AP* (AIC1;.6H,0) or Ca®* (CaCl,.2H,0), chelating agent such as

disodium EDTA, EGTA and chaotropic agents, urea or guanidine hydrochloride and
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detergent such as SDS. The assays of CtManf and CtManT were performed at 60°C
and 50°C, respectively, using 50 mM sodium phosphate buffer, of pH 6.9 and pH 6.5,
respectively. 100 pl reaction mixture containing carob galactomannan 1% (w/v) and
metal salt at concentrations (up to 80 mM) or SDS (up to 20 mM) or EDTA (10 mM)
or urea (4M) were incubated for 10 min and a control sample in absence of the
additive was also run. All these assays were performed in triplicates. Both the
enzymes were incubated with EDTA and urea for 1 h before measuring the residual

activity. The enzyme activity was determined as per the description given in Section

3.2.2.

3.2.11 Production of CfManf and CfManT in different media

Media screening was performed in order to obtain higher production of
recombinant CfManf and CfManT. Four different medium viz. Luria Bertani (LB),
5XLB, Terrific Broth (TB) and Tryptone Yeast extract (TY) medium were prepared as
previously described by Tripathi et al., (2009). The description of the above
mentioned media are given in the Table 3.2.1 Initially, the seed culture was prepared
by inoculating respective E. coli BL21 cells harboring recombinant plasmids CtManf
and CfManT in 50 mL LB medium supplemented with 50 pg/ml kanamycin and
incubated at 37°C and 180 rpm for overnight. 250 ml culture flask of each of four
media containing 100 ml medium supplemented with 50 pg/ml kanamycin were
inoculated with 1 mL seed culture. The cells were grown at 37°C, 180 rpm till mid
exponential phase (Agoonm = 0.6) followed by induction with 1.0 mM isopropyl-1-thio-
B-D-galactopyranoside (IPTG) for hyper-expression of recombinant proteins at 24°C
with 200 rpm for 24 h. Dry cell weight of bacterial cell was measured as described by

Black (1996). The 100 mL broth was centrifuged at 9,000 g for 15 min and the
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supernatant was discarded. The resulting pellet was washed with distilled water 3
times followed by centrifugation at 9,000g for 15 min after each wash. The cell pellet
was dried at 60°C for 16 h and the dry cell weight was measured (Black, 1996). The
cells were harvested as described in Chapter 2, Section 2.2.20. The recombinant

proteins CtManf and CfManT were purified as mentioned earlier in Chapter 2, Section
2.2.21.

Table 3.2.1 Preparation of 100 ml LB, 5xLB, TB and TY medium for production of
CtManf and C:ManT.

Medium Components Final concentration (%, w/v)

Tryptone 1.0
LB Yeast Extract 0.5
NaCl 1.0
Tryptone 5.0
Yeast Extract 25
XLB - Nac 2.5
Glycerol 1.0
Pancreatic digest of casein 1.2
Yeast extract 2.4
TB Di-potassium phosphate 0.94
Mono-potassium phosphate 0.22
Glycerol 0.4
Tryptone 2.68
Yeast extract 2.14
Di-ammonium hydrogen phosphate 0.16
TY Mono-potassium phosphate 0.54
Magnesium sulphate 0.12
NaCl 0.85
Glycerol 0.1

3.2.12 Protein-melting study of CtManf and CfManT

The protein melting curves were generated by subjecting CfManf and CfManT
to various temperatures and measuring the change in the absorbance at 280 nm by a
UV-Visible spectrophotometer (Varian, Cary 100-Bio) following the method of

Dvortsov ef al,.(2009). The purified CfManf and CtManT at protein concentration of
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0.3 mg/ml in 50 mM MES [2-(N-morpholino) ethanesulfonic acid] buffer, pH 7.0

were used. The absorbance at 280 nm was measured at different temperatures varying
from 40 to 115°C using a peltier temperature controller. The protein solutions (1 ml,
0.3 mg/ml) of CtManf and CfManT were kept at the particular temperature for 10 min
to attain the equilibrium. Similar experiment was carried out with the addition of 10
mM CaCl, in the 1 ml enzyme (0.3 mg/ml) solution and the temperature was then
varied. The experiment was repeated with the addition of CaCl, and EDTA to 1 ml
enzyme solution (0.3 mg /ml) containing equimolar concentrations of 10 mM, and
finally the change in absorbance at 280 nm was measured. A curve of relative
derivative absorption coefficient (first derivative coefficient) versus temperature was

plotted as described earlier by Dvortsov et al., (2009).

3.2.13 Structure and substrate binding analysis of CtManT by in silico prediction
3.2.13.1 Retrieval of protein sequence and phylogenetic analysis of CtManT

The full length derivative protein sequence of CtManT (CtManf) was retrieved
from the NCBI protein sequence database (accession number ABN51273.1, Uniprot
ID: A3DJS9) (http://www.ncbi.nlm.nih.gov/protein). The domain boundary of
modular full length protein was assigned by analyzing the result of PSI-Blast
(http://blast.ncbi.nlm.nih.gov/) and InterProScan (http://www.ebi.ac.uk/interpro/). The
protein sequence of CrManT was analyzed for the type of enzyme synthesized using
multiple sequence alignment and by generating phylogenetic tree. Multiple sequence
alignment (MSA) is used to assess sequence conservation of protein domains, tertiary
and secondary structures, and even individual amino acids or nucleotides (Thompson

et al., (1994). To draw the phylogenetic tree, first multiple sequence alignment was
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performed using the mannanase (Man26A and Man26B) sequences of glycoside

hydrolase family 26 (GH26) from Paenibacillus sp BME14, Cellvibrio japonicas,
Clostridium thermocellum strain F1, Bacillus licheniformis DSM13, Cellulomonas
fimi, Rhodothermus marinus, Bacillus sp JAMB750 and Paenibacillus polymyxa
GS01. The protein sequences of the above mentioned representative members of
GH26 mannanase saved in FASTA format in a text file and uploaded in
CLUSTALX2 (www.clustal.org/clustal2/). The generated alignment file (.aln) from
CLUSTALX2 was fed in MEGA 5.1 tool (http://www.megasoftware.net/mega.php)
to generate the phylogenetic tree. The alignment file was also used to generate the
multiple sequence alignment (MSA) in ESpript
(http://espript.ibcp.fr/ESPript/ESPript/). The phylogenetic analysis of above proteins
will reveal information about the common ancestors’ they have evolved from. The
input set of query sequences were assumed to have an evolutionary relationship by
which they share a lineage and are descended from a common ancestor.

3.2.13.2 Homology modeling, model refinement and quality assessment of modelleq
- CtManT

A three dimensional model structure was deduced using Modeller 9v§ by

ho mology modeling based on closest structural homologues from Podospora anserine

(PDB ID: 3ZM8), Cellvibrio japonicas (PDB ID: 2VX4) and Cellulomanas fimi
(pDB ID: 2BVT) withrm.s.d. of 1.2, 2.3 and 2.6 A, respectively, over the 300 amino
Jcids of C* main chain. Modeller 9v8 is an in silico tool that derives the restraints
from the known related structures and their alignment with the target sequence,
re to find a closest structural homologs templates to modeled the protein was

therefo

achieved by using ‘BLASTp’ program against Protein Data Bank (PDB) database
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(http://www.ncbi.nlm.nih.gov/blast/Blast.cgi). An alignment file was prepared for
having multiple templates along with the query sequence used as an input in modeller.
Initial twenty independent models were generated and ranked by molecular probable
density functions score (MOLPDF). The loop regions of top model were again refined
selectively by using the loopmodel class of moduler as described earlier by Fiser er
al., (2000). After each cycle of loop refinement, discrete optimized protein energy
(DOPE) score was generated and the best model having reasonable DOPE and
MOLPDF scores was chosen for further refinement. Energy minimization of
modelled CfManT was performed in YASARA energy minimization server
(Www.YASARA .org/minimizationserver), where new and partly knowledge-based all
atom force field derived from Amber was used to run the molecular dynamics
simulations of protein molecules in explicit solvent as described earlier by Henrissat
et al., (1996). The quality of final modeled CfManT was validated using various
parameters available at NIH structural analysis and validation server
(http://nihserver.mbi.ucla.edw/SAVES/) as well as PROSA web server (Yan et al.,
2008).
3.2.13.3 Multiple sequence alignment and active site prediction of CtManT

The sequence of closest homolog proteins of known structure were retrieved
from PDB (http://www.rcsb.org/pdb/), saved in .pdb file and FASTA format.
Sequence analysis of CfManT was performed by multiple sequence alignment to
identify the key conserved residues. Alignment was done using Clustal X program
and final figure output designed using ESpript (http://espript.ibcp.fr). Subsite mapping

and active site residues of CtManT were determined by structure superimposition
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over all known available structures within the family. Structure comparison analysis

study was done using PyMOL1.3 tool.

3.2.13.4 Molecular docking study of modelled CtManT

Molecular docking study was carried out using Autodock 4.2.1 to understand
the active site and the energy of ligand binding of CrManT. In Autodock 4.2.1, novel
and robust docking methodology of inbuilt Lamarckian Genetic Algorithm (LGA) and
empirical free energy scoring function were used to reproduce the docking results for
ligands (Le-Nours ef al., 2005). All the ligand molecules (as mentioned in the Section
3.3.9, Table 3.3.8) were retrieved either from PDB files or PubChem
(https://pubchem.ncbi.nlm.nih.gov). Input files of ligand were prepared by adding
hydrogen atoms and assigning Gasteiger-Marsili charges followed by removing all
non-polar hydrogens and merging their charges to the carbon atoms. Grid maps were
assigned to each atom type present in protein as well as ligand molecule accompanieq
by electrostatic and desolvation maps using the AutoGrid (Huey et al., 2007). Grid box
was set at 66, 60, 58 (x.y,z) coordinate points with 0.375 A grid spacing whijch
covered the entire active site pocket of modelled CtManT. Docking simulations were
performed with an initial population size of 300 and 30 independent LGA runs. Best

docked confirmation from the largest cluster having a minimum lowest free energy of

binding (AG), were saved. Results were analyzed using PyMOLfor possible polar and

hydrophobic interaction.
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3.3 Results and Discussion

3.3.1 Substrate specificity of CtManf and CtManT with natural polysaccharides

The enzyme assays with natural substrates were carried out using the
optimized assay conditions as described in Section 3.2.7. The substrate specificities of
CtManf and CfManT with natural substrates were determined at optimized pH and
temperature. The enzyme activities with natural substrates are displayed in Table
3.3.1. It is evident from the Table 3.3.1 that both CtManf and CrManT have
specificity for galactomannan and the highest enzyme activity was achieved with
carob galactomannan 97.0 + 5.0 U/mg and 91.0 * 4.0 U/mg, respectively. Both
CtManf and CtManT, respectively, the displayed activity in decreasing order with
locust bean galactomannan (85.4 + 6.0 and 83.1 5.0 U/mg), konjac glucomannan
(81.0 = 3.0 and 79.8 + 4.0 U/mg) and guar galactomannan (47.6 £+ 3.0 and 38.7 + 4.0
U/mg). CtManf and CrfManT a biphasic hydrolysis pattern against insoluble
polysaccharide ivory nut mannan displayed, where rapid hydrolysis of the substrate
occurred till 15 min of incubation followed by slower hydrolysis (Fig. 3.3.1). These
enzyme.s perhaps acted on the amorphous sites (hydrolysable region) of the substrate
during rapid hydrolysis (in first phase) and then accessed the crystalline sites (tougher
region) in the second phase. Similar results were reported by Mizutani ef al., (2012).
The enzyme activities of both the enzymes with insoluble ivory nut mannan and B-
(1—4)-mannan from the first phase was calculated (Table 3.3.1). CtManf displayed
approximately, two folds higher activity than CManT against both the substrates
(Table 3.3.1). The specific activity of CtManf was 50.0 U/mg, whereas, of CtManT
was 26.5 U/mg with ivory nut mannan and with B-(1—4)-mannan the enzyme

activities were 40.0 U/mg and 21.2 U/mg, respectively (Table 3.3.1).
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Table 3.3.1 Substrate specificity of CrManf and CrManT from Clostridium
thermocellum ATCC 27405.

Substrates (1%, w/v) Specific Activity Specific Activity
“CfManf (U/mg)* *CtManT (U/mg)*
Carob galactomannan 97.0+£5.0 91.0+4.0
Locust bean galactomannan 85.4+6.0 83.1£5.0
Konjac glucomannan 81.0+3.0 79.8+4.0
Guar galactomannan 47.6+3.0 38.7+4.0
Ivory nut mannan 50.0£2.0 26.5+ 0.9
Mannan 40.0+1.0 21.2+£2.0
Barley-B-glucan 2.94+0.2 1.74+0.1
Lichnan 1.92+0.8 1.22+0.2
Carboxymethyl cellulose 1.09+0.5 0.9+0.05
Hydroxyethyl cellulose 0.87+0.03 0.47+0.03
Avicel 0.39+0.02 0.26+0.03
Xyloglucan 1.5+£0.5 1.0+0.3
Rye arabinoxylan NA NA
Glucuronoxylan NA NA
Arabinogalactan NA NA
Polygalactouronic acid NA NA

“Values are in Mean + SD (n=3)

NA = No Activity.
All the assays were performed at 50°C using 50 mM sodium phosphate (pH 6.9)

buffer for “CtManf and 50 mM sodium acetate (pH 6.5) buffer for bCtManT.

The assays were performed in triplicates. The incubation time and other conditions

Jor reducing sugar estimation were same as described in the Section 3.2.7.

Therefore, the above results indicated that Cf+CBM35 plays role in potentiating

the enzyme activity of the full length enzyme CtManf in hydrolyzing the insoluble
substrates. Similar comment was stated earlier by Mizutani et al., (2012) for CBM32
appended to GHS mannanase from Clostridium thermocellum. Both CtManf and
CtManT displayed significantly low but observable activity against barley B-glucan,

lichenan, carboxymethyl cellulose, hydroxyethyl cellulose, avicel and xyloglucan,
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whereas, no activity was observed with arabinogalactan, rye arabinoxylan,

glucuronoxylan and polygalactouronic acid (Table 3.3.1).

250 1
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Fig. 3.3.1 Biphasic hydrolysis pattern of insoluble ivory nut mannan by (e) CrManf
and (A) CManT. CtManf and CtManT (0.16 mg/ml and 0.15 mg/ml) was
incubated with carob galactomannan (1%, w/v) at 50°C for 30 min and the

liberated sugar was estimated using Nelson and Somogyi’s method as
described in Section 3.2.7. .

3.3.2 Substrate specificity and kinetic parameters of CtManf and CfManT with
natural and synthetic substrates

The Kkinetic properties and catalytic efficiency of both the enzymes were
determined with the natural substrates (Table 3.3.2). CtManf and CtManT displayed
turnover number (Kcy) 698 min" and 684 min”, respectively and the catalytic
efficiency (Kca/Km) 4.1x10* and 3.9x10° ml/min/mg respectively, with carob
galactomannan. The enzymes CtManf and CtManT acted on insoluble ivory nut
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mannan and showed catalytic efficiencies (kca/Km) 3.4 X 10% and 2.4 x 10? ml/min/mg,
respectively and with B-(1—4)-mannan 3.1 x 10® and 2.2 x 10*> ml/min/mg
respectively (Table 3.3.2).

The present results showed that CrManf gave approximately, 1.1 fold higher
activity against carob galactomannan and approximately, 2 fold higher activity against
insoluble ivory nut mannan and B-(1—4)-mannan than the catalytic CtManT. Similar
results were reported earlier where enhanced activity in presence of a carbohydrate
binding domain (CBD) in Man26A (Mannanase A from family GH26) was observed
by Halstead et al., (1999). The presence of CBD at the N-terminal of Man26A
enhanced turnover of carob galactomannan by 1.1 fold and 2 fold against insoluble
jvory nut mannan (Halstead et al., 1999).

Both CrManf and CtManT did not show any activity against PNP-B-D.-
mannopyranoside and with pNP-a-D-mannopyranoside. Based on the enzyme activity
of CtManf and CfManT against natural as well as synthetic substrates, it was evident
that both these enzymes are predominantly endo-B-D-mannanase. The enzZymeg

speciﬁcally cleaved the B-(1—4)-glycosidic linkages between mannopyranosy|

residues.
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Table 3.3.2. Kinetic properties and catalytic efficiencies of CfManf and CtManT from
Clostridium thermocellum ATCC 27405

Substrate K, (mg/ml)* Keat (min")* Kea K (min"mg"ml)*
CtManf CManT CiManf CtManT CrtManf CitManT

*Natural

substrates

Carob

1.8£0.2 1.6£0.2 73748 634+7 4.1 x10%:40 3.9 x 10°+35
galactromannan

Locust bean 1.5£0.1  1.4£04 5906 52010 3.9x 10’460 3.7 x 10°+25

galactomannan

Konjac 1.5+03 14402 51010  462+6 3.4x 1033 3.3 x 10%:30
glucomannan

Guar 12402 1.1£02 32027 28328 2.6x 10235 2.5x 10°t40
galactomannan

Ivory nut mannan  0.9+0.1 0.8+02 3104 19945  3.4x 1040 2.4 x 10°+£25
Mannanan 0.9+0.2 0.740.1  283%6 15943  3.1x10%30 2.2 x 10%£30
hSynthetic

substrates

pNP-B-D-manno- 1\ NA NA NA NA NA
pyranoside

pNP-o-D-manno- NA NA NA NA NA

pyranoside

“Values are in Mean += SD (n=3)

NA = No Activity.

All the assays were performed at 50°C using 50 mM sodium phosphate (pH 6.9)
buffer for °CtManf and 50 mM sodium acetate (pH 6.5) buffer for *CtManT.

The assays were performed in triplicate. The incubation time and other conditions for
reducing sugar estimation were same as described in the Section 3.2.7.

“Assays with synthetic pNP-glycosides were carried out in 50 mM sodium phosphate
buffer pH 6.0.

3.3.3 Effect of pH on the enzyme activity of CfManf and CfManT

The enzyme activity of CtManf and CfManT displayed significant dependence
on the pH of the buffer and the temperature at which the enzyme-substrate mixture
was incubated. Initially, with rising pH, the specific activity of CfManf and CtfManT

increased to a maximum pH 6.9 and 6.5, respectively and then dropped to almost 10%
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activity in the alkaline pH region (pH 8.0).Both CtfManf and C:ManT displayed bell-

shaped pH profile (Fig. 3.3.2). The full length catalytic module CtManf showed
maximum enzyme activity at pH 6.9 (91.0+2.0U/mg) where as truncated module

CtManT showed maximum enzyme activity at pH 6.5 (78.0+4.0U/mg) (Fig. 3.2.2)

100

o0
Q
L
-
"

Specific Activity (U/mg)

Fig.3.3.2 Effect of pH on (--e--) CfManf and (-A-) CrManT activity. CfManf and
CManT (0.16 mg/ml and 0.15 mg/ml) was incubated with carob
galactomannan (1%, w/v) at 50°C for 15 min and the liberated sugar was
estimated using Nelson and Somogyi’s method as described in Section
3.2.7.
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3.3.4 Effect of temperature on the enzyme activity of CfManf and CfManT

The enzyme activity of CrManf and CrManT displayed significant
dependence on the temperature to overcome of activation energy barrier and covert
the substrates into reducing sugars. Increase in incubation temperature from 10°C to
100°C, the enzyme activity of CrManf displayed an elevation profile till 60°C
(maximum activity observed 83.1+4.0U/mg) and where as CrManT showed

maximum activity till 50°C (maximum activity observed 79.1+2.0U/mg) (Fig. 3.3.3).
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Fig. 3.3.3 Effect of temperature on (-A-) C:Manf and (--e--) CtManT activity.
CtManf and CfManT (0.16 mg/ml and 0.15 mg/ml) was incubated with
carob galactomannan (1%, w/v) in 50 mM sodium phosphate buffer, pH
6.9 and 6.5, respectively, for 15 min and the liberated sugar was

estimated using Nelson and Somogyi’s method as described in Section
3.2.7.
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3.3.5 pH stability of CfManf and CtManT

Both CtManf and CtManT were found to be stable in the pH range of 6.0-7.5
and retained 40% relative activity (Fig. 3.3.4). The pH stability of an enzyme is
governed by mainly two factors, i) type of enzyme and direct involvement of ionic
groups in the catalytic mechanism and ii) participation of charged groups in the
stabilization of the protein structure (Branden and Tooze, 1991). Ionic groups are
often involved in enzymatic catalysis, and the state of these groups protonation is
essential for the reaction. Deviations from the optimum pH value of CrManf and
CManT may alter the state of protonation of the groups involved and perturb their
involvement in the catalytic process. Both CrManf and CfManT showed almost
similar pH stability profile to that of optimum pH profile and this is because in both

case, the same charged groups (similar amino acids) may be involved for stabilization

of protein structure.
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Fig. 3.3.4 pH sability analysis of CfManf. (A) and CtManT (e). 100 pul CrManf.
(0.16 mg/ml) and CfManT (0.15 mg/ml) was incubated at different pH (4-
50°C) for 30 min. After centrifugation, 40 pl aliquot of CrManf and
CtManT was incubated with carob galactomannan (1%, w/v) in a 100 ul
reaction mixture at 50°C for 15 min. The liberated sugar was estimated
using Nelson and Somogyi method as described in Section 3.2.7

3.3.6 Thermal stability of CfManf and CfManT

CrManf was stable in temperature range of 10-60°C (Fig. 3.3.5). However, at a
temperature higher than 60°C, the enzyme stability decreased to 20% at 100°C (Fig.
3.3.5). CtManT was thermally stable observed between 10-50°C (Fig. 3.3.5). The
enzyme activity significantly lost beyond 50°C and residual activity was 10% at
100°C (Fig. 3.3.5). The most accepted explanation for the loss of enzyme activity at
high temperature is the opening or uncoiling of the protein architecture, which results

in decreased stability and consequently lower activity (Branden and Tooze, 1991.
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Creighton, 1992). The opening of protein tertiary structure changes the conformation

of protein architecture that directly affects the velocity of enzyme catalyzed reaction.
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Thermal stability analysis of CtManf. (A) and C/ManT (e). 100 pJ
CManf. (0.16 mg/ml) and CtManT (0.15 mg/ml) was incubated gzt
different temperature (10-110°C) for 30 min. After centrifugation, 40 ]
aliquot of CtManf and C/ManT was incubated with carob galactomannan
(1%, w/v) in a 100 pl reaction mixture at 50°C for 15 min. The liberateq
sugar was estimated using Nelson and Somogyi’s method as described ip

Section 3.2.7

Fig. 3.3.5

Protein stability while functioning at higher temperature is a major concern in
industry. Temperature stability study of C/Manf and C/ManT showed that after 1 h of
 cubation at 60°C and 50°C, respectively retained 100% activity. But they retained
around 10% of enzymatic activity at 100°C. Comparing with recombinant ManB from
Bacillus licheniforms DSM13 which reported no activity within 80-100°C at pH 6.0

(SongSiriritthigul el al., 2010) the recombinant Man26B from Clostridium

h ermocellum ATCC 27405 was thermally more stable at higher temperatures.
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3.3.7 Activity staining of CtManf and CtManT

Separate SDS-PAGE gels were used in the zymogram study to show the active
bands of CtrManf and CtManT against carob galactomannan (Fig. 3.3.6A and 3.3.6B).
CtManf displayed an activity band around 53 kDa and CtManT around 38 kDa, after
congo red staining and counter staining with 1IN HCI (Fig. 3.3.6A and 3.3.6B). Both
the enzymes displayed single homogeneous bands and a clear zone of activity with
carob galactomannan. Mannan endo-B-(1—4)-mannanase activity was detected as
clear zones against red (after staining with congo red) and blue background (after
counter stained with 1 N HCI). The results clearly indicated that both of these

enzymes have specificity of manno-configured substrates.
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Fig. 3.3.6 Zymogram study using 12% SDS-PAGE (A) CtManf (panel 1 : purified
protein, 2 : congo red staining, 3 : 1 N HCI counter staining, (B) CtrManT
(panel 1 : purified protein, 2 : congo red staining, 3 : 1 N HCI counter
staining. A clear zone of activity of CtManf and CtManT (53 kDa and 38
kDa) bands were observed against 0.5% (w/v) carb galactomannan.
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3.3.8 Effects of metal ions and chemical agents on enzyme activity of CtfManf and
CtManT

Effects of metal ions and chemical agents on enzyme activity of CtManf and
CtManT were shown in Table 3.3.3. The enz‘-yme activity of CtManf and CtManT
significantly increased by (1.5 fold) in presence of low concentrations of ca?* (10
mM) (Fig. 3.3.7A) or Mg?* (15 mM) (Table 3.3.3, Fig. 3.3.7B). Both CrManf and
CtManT retained moderate activities in presence of 10 mM Mn?* (80% and 60%)
(Fig. 3.3.7C), 8 mM Ni** (80% and 80%) (Fig. 3.3.7D), 30 mM Co** (70% and 70%)
(Fig. 3.3.7E), 10 mM Zn** salts (70% and 60%), respectively (Fig. 3.3.7F). The
enzyme activities were adversely affected by low concentrations of Cu®* (5 mM) (Fig.
3.3.7G) and AI** (6 mM) (Fig. 3.3.7H) salts and CfManf lost 80% and CtManT lost
90% of activity at the mentioned concentrations of Cu®* and AI** salts (Table 3.3.4).
The enzyme activity of both the catalytic modules decreased to more than 80% in
presence of 8M EDTA (Fig. 3.3.71) or 10 mM EGTA (Table 3.3.4, Fig. 3.3.7J). In the
presence of SDS (10 mM) CfManf lost 94% enzyme activity (Fig. 3.3.7K) while,
CManT lost almost completely the activity. The decrease in activity in presence of
EDTA indicated that Ca®* ions may be essential for enzyme activity as EDTA and
specifically binds and chelates the calcium ions in 1:1 molar ratio.’® The enzyme
activity drastically reduced with chaotropic agents such as guanidine hydrochloride
(GnHCI) and urea at higher concentrations. The enzyme activity of CfManf decreased
by 90% at 100 mM GnHCI, whereas, CtManT lost 95% activity at the same
concentration (Fig.3.3.7L). In contrast much higher concentration of urea (4 M) was
required for complete diminution (98% - 99%) of enzyme activities of CtManf and

CiManT (Fig. 3.3.7TM).
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Table 3.3.4 Effects of metal ions and other agents on CtManf and CrManT
from Clostridium thermocellum ATCC 27405

Ions/ Reagents Concentration Relative activity (%)
(mM) CrManf CManT
*Control -- 100 100
Ca** 10 150 150
Mg** 15 150 150
Mn?* 10 80 60
NiZ* 8 80 80
Co** 30 70 70
Zn** 10 70 60
Cu® 5 20 10
AP 6 20 10
EDTA 8 20 20
EGTA 10 20 20
SDS 8 6 2
Urea 4x10° (4 M) 10 5
GnHCl 100 2 1

*No additive was added in control and the activity was taken as 100%
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Fig. 3.3.7A Effect of Ca®* ion on enzyme activity of C:Manf (- A=) and C:ManT
(--e--) from Clostridium thermocellum.
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Fig. 3.3.7B Effect of Mg?* ion on enzyme activity of CtManf (~ A -) and CtManT
(--e--) from Clostridium thermocellum.
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Fig. 3.3.7C  Effect of Mn** ion on enzyme activity of CrManf (- A =) and CrManT
(--®--) from Clostridium thermocellum.
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Fig. 3.3.7D Effect of Mn>* ion on enzyme activity of CtManf (- A=) and CtManT
(--®--) from Clostridium thermocellum.

TH-1871_09610615



Chagter 3 126

H N
o

X

Relative Activity (%)
N
o

N
o

0 ' ' . ' . .
0 10 20 30 40 50 60
Co? (mM)

Fig. 3.3.7E Effect of Co?* ion on enzyme activity of C/Manf (- A -) and C:ManT
(--®--) from Clostridium thermocellum.
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Fig. 3.3.7F Effect of Zn** ion on enzyme activity of CtManf (- A=) and CtManT
(--®--) from Clostridium thermocellum.

TH-1871_09610615




Chapter 3 127

120 1

~ 100

X

2 80 -

=

< 60

S

£ 40

o

x 20
0 - ] ‘
0 10 20 30 4(

cu? (mM)

Fig. 3.3.7G Effect of Mn** ion on enzyme activity of CrManf (- A =) and CrManT
(--o--) from Clostridium thermocellum.
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Fig. 3.3.7H Effect of Mn?* ion on enzyme activity of CfManf (- A =) and CrManT
(--e--) from Clostridium thermocellum.
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Fig. 3.3.71 Effect of EDTA on enzyme activity of CfManf (- A-) and CfManT
(--®--) from Clostridium thermocellum.
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Fig. 3.3.70 Effect of EGTA on enzyme activity of CtManf (- A=) and CfManT
(--®--) from Clostridium thermocellum.
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Fig. 3.3.7K Effect of Mn*" ion on enzyme activity of CfManf (- A-) and CfManT
(--e--) from Clostridium thermocellum.
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Fig. 3.3.7L Effect of urea on enzyme activity of CfManf (- A=) and CrManT
(--o--) from Clostridium thermocellum.
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Fig. 3.3.™M Effect of GnHCI on enzyme activity of C/fManf (- A=) and CtManT
(--e--) from Clostridium thermocellum.

Therefore, from the above observations it can be suggested that the enzyme

activities of CfManf and CtManT increased significantly by 1.5 fold in the presence of

Ca?* and Mg?* salts, which suggested that these ions are required as cofactors

However, the enzyme activity was unaffected by lower concentrations of Mn2+, Niz",

Co". Zn®* and were able to retain their moderate activities. The enzyme activities of

CManf and CfManT were inhibited by lower concentrations of Cu®* and AI**. Similar
observation Was reported earlier by Yoshikawa et al., (2009), where a non-
competitive type of inhibition was imposed by Cu?* ions by binding at sites other than

the a-glucosidase active center. In the presence of low concentration of chelating

agents such as EDTA or EGTA, the enzyme activity sharply decreased. The enzyme

activity of CtManf and CfManT was adversely affected by low concentration of SDS.
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The higher concentration of urea and lower concentration of guanidine hydrochloride

was required to denature the enzymes.

3.3.9 Production of C/Manf and CtManT in different media

The highest concentration of recombinant proteins were obtained from 100
mL flask containing TY medium followed by TB, LB and 5XLB media after 24 h of
incubation as shown in Table 3.3.5. TY medium achieved highest cell density 31 g/
and 30 g/l dry cell weight, respectively for CtManf and C:ManT. The protein
concentration of CfManf and CfManT after sonication and purification by IMAC was
910 mg/l and 880 mg/l, (yield 0.91 and 0.88 mg) respectively. Similarly Tripathi et
al., (2009) reported that the TY medium gave the highest cell density of E. coli cells
1.12 g/l and expressing the recombinant dengue protein at concentration 10.37 mg/ml
(Tripathi et al., 2009). CtManf and CtManT gave lesser DCW with TB medium 28 g/1
and 26.9 g/l, respectively as compared with TY medium. The purified protein
concentrations from TB medium obtained were 500 mg/ml and 410 mg/ml, (yield 0.5
and 0.41 mg) respectively for CtManf and CManT. The dry cell weight (DCW) from
100 mL LB medium obtained 21 g/l and 20 g/l for CtManf and CfManT, respectively.
The concentrations of purified protein obtained from LB medium were 160 mg/ml for
CManf and 150 mg/ml for CfManT (yield 0.16 and 0.15 mg). These results are
similar to those of the earlier report of Tripathi ef al., (2009). The lowest growth of
cell mass of E. coli BL21 (DE3) cells were observed for both enzymes in 5xXLB
medium. The cell densities obtained were 12.0 g/l and 10 g/l, respectively, for CtManf
and CfManT. The recombinant CManf and CfManT proteins after purification were

300 mg/l and 280 mg/l, (0.3 and 0.28 mg) respectively in 5XLB medium,. Therefore,
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it can be suggested that the production of recombinant mannanase and cell biomass

can be improved by altering and optimizing medium components.

Table 3.3.5 Effect of different media on production of recombinant CtManf and

CtManT.
Medium  E. coli biomass Protein Protein Yield
(g Concentration purified (mg)
(mg/1) (mD)
CiManf CtManT CiManf CtManT CtManf CtManT

LB 21.0 20.0 160 150 1 0.16 0.15
5xLB 12.0 10.0 300 280 1 0.30 0.28
TB 28.0 26.9 500 410 1 0.50 0.41
TY 31.0 30.0 910 880 1 0.91 0.88

The use of chemically defined medium is a common practice in producing
recombinant proteins (Lim and Jung, 1998; Cserjan-Puschmann et al., 1999; Zhang,
1999). The recombinant CfManf and CfManT showed highest cell biomass and
concentration of protein in TY medium. The TB medium showed less cell E. coy;
biomass and CfManf and CfManT as compared with TY medium. Although in LR
medium moderate cell density was achieved but the lower protein concentrations were
depicted as compared with TY and TB medium. The 5xLB medium did not support
the growth due to higher concentrations of yeast extract, tryptone and sodium chloride
and as a result lowest protein concentration was achieved. Similar effects of media
were stated earlier while producing recombinant dengue protein from E. coli (Tripathi
¢t al., 2009). The rich source of tryptone, yeast extract and phosphate salts facilitated
10 achieve highest cell densities in TY media as compared to other chemically defined
media used. Yeast extract is a known source of trace components (viz. Cd**, Co?*,

4+ A2+ pLét . + .
', Ga>*, Mo", Ni”", Pb™, Sn* Ti®* and Zn’") and can relieve cellular stress

responses such as the production of proteases during synthesis of recombinant protein
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in E. coli (Tripathi et al., 2009). Higher concentration of phosphate in TY medium is
- important for attaining high cell densities of E. coli, as the lower concentrations of
phosphate limits the growth (Tripathi et al., 2009). The.phosphate salts in the medium
perhaps provided the buffering capacity against pH fluctuations which adversely
affects the metabolic activity of cells. The low cell densities and lower production of
recombinant proteins in LB and 5x LB medium were due to lack of buffering

capacity.

3.2.10 Protein-melting study of CfManf and CftManT

The melting phenomenon of recombinant CfManf and CtManT was studied to
analyze their thermostability. The full-length CtManf showed two separate melting
peaks at 50°C and 80°C (Fig. 3.3.8A), whereas, CtManT displayed a single melting
peak at 80°C (Fig. 3.3.8B). This suggested that the peak at 50°C corresponds to non-
catalytic CtCBM35 and the peak at 80°C to the catalytic module CtManT and that the
two modules are melting independently (Fig. 3.3.8B). The presence of Ca®* ions (10
mM) caused significant changes in C:Manf as well as in CfManT protein-melting
profiles. The peak for CtManT shifted towards higher temperature i.e. from 80°C to
100°C, but the peak corresponding to CtCBM35 in CfManf was masked in the
presence of Ca** ions (Fig. 3.3.8A and 3.3.8B). On addition of EDTA (10 mM) to the
enzyme-substrate reaction mixture containing Ca?* (10 mM), the melting peaks
shifted back to the original temperature of 80°C of catalytic C/ManT and to 50°C, of

CtCBM35 (Fig. 3.3.8A and 3.3.8B, small dotted lines).
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Fig. 3.3-8 Protein-melting analysis of displaying normal melting curve (—e—),
melting curve in presence of 10 mM Ca®" ions (--e--), and melting curve
in presence of 10 mM Ca®" ions and 10 mM EDTA (---e---). Melting-
profile (A) CtManf and (B) CManT.
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Protein-melting curves of full length CrManf showed that the catalytic module
CrManT and carbohydrate binding module CtCBM35 melt independently of each
other. The protein-melting peaks of CtMénT and CrCBM35 shifted to higher
temperature in the presence of Ca®* ions. However, on addition of equimolar
concentration of EDTA to the solutions of CtManf and CtManT, the melting
temperature peaks shifted back to the original positions. The shift of peak to a higher
temperature in the presence of Ca®' ions might be due to the reason that they are
providing stability to the protein structure by inducing electrostatic interactions with
amino acids, as reported by Noorbatcha et al., (2012). The electrostatic interactions
imparted by Ca®" ions in bound protein resulted in less hydrogen bonds and higher
number of salt bridges as compared to non bonded proteins (Noorbatcha ez al., 2012).
Because of the higher fluctuations in the backbone of protein at higher temperature
the number of hydrogen bonds will be destabilized which will allow the residues that
are in close proximity to calcium ions to form more numbers of salt bridges in Ca®"
ion bound state as compared with Ca®* jon-free state (Noorbatcha et al., 2012). Thus
the binding by Ca®" ion makes protein more conformationally stable at higher
temperature (Zhang et al., 1999). The shifting back of melting peaks in the presence
of EDTA was due to chelation of calcium ions making them not available for the
enzyme. Therefore, from both thermostability (described in the Section 3.3.6) and
protein melting study of CfManf and CrManT, it could be concluded that both these

enzymes are thermostable and Ca®" ions provided significant thermal stability.
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3.3.11 In silco structure prediction of CfManT
3.3.11.1 Protein sequence and phylogenetic analysis of CfManT

The molecular architecture of full length derivative CtManf displayed a family
35 carbohydrate binding module (CtCBM35) at N-terminal associated to the catalytic
module CiManT (Man26B) at C-terminal. Amino acid sequence analysis using
InterProScan revealed that CfManf has two distinct modules from region 1 to 134 a
non catalytic carbohydrate binding module family 35 (CBM35) and from 135 to 478.
a catalytic module belonging to family 26 glycoside hydrolase (GH26). CtManT
showed 50% sequence homology with GH26B mannanase of Clostridium
thermocellum strain F1 (CtFIMan26B) (UniProt ID: Q9F1T9), 33% with Baciljus
licheniformis DSM13 (BIMan26B) (UniProt id: Q65MP4), 37% with Paenibacijz,g
sp. BME-14 (PsMan26B) (UniProt ID: C6KL35), 35% with Cellvibrio Japonicqg
(CjMan26B) (UniProt ID: Q840B9), 28% with GH26A mannanase of Cel/ulomonas
fimi (CfMan26A) (UniProt id: Q9XCV5) and 26% with Bacillus sp. JAMB75
(BsMan26A) (UniProt id: Q2ACI1). Phylogenetic tree analysis showed that CtMapT
was found closely related to Man26B of Clostridium thermocellum strain F] (Fig.
3.3.9). Multiple sequence alignment of CrManT displayed a unique identifier
sequence that was highly conserved aromatic amino-acid-rich region with the
consensus sequence WFWWG  within all the ManGH26 family (Fig. 3.3.10.

highlighted in a black box), as also similarly stated by Xiaoyu et al., (2010).
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C. thermoacellum ATCC 24705. (CtManT)

C. thermocellum Strain F1. (CtFIManGH26B)

Paenibacillus sp. (PsManGH26B)

Paenibacillus polymyxa (PpManGH26A)

Rhodothermus marinus (RmManGH26A)

Cellvibrio japonicus (CjManGH26B)

Bacillus licheniformis (BManGH26B)

Cellulomonas fimi (CfManGH26A)

0.1

Bacillus sp. (BsManGH26A)

Fig. 3.3.9 Phylogenetic tree showing the comparative study of CtManT (highlighted

in red box) with two different types of GH26 mannanase (Man26A and
Man26B) of representative members Clostridium thermocellum strain F1
(CtFIMan26B), Bacillus licheniformis DSM13 (B/Man26B),
Paenibacillus  sp. BME-14 (PsMan26B), Cellvibrio japonicas
(CjMan26B), Cellulomonas fimi (CfMan26A) and Bacillus sp. JAMB750
(BsMan26A) and their appearance during evolution based on sequence
similarity.
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Fig. 3.3.10 Multiple sequence alignment of CtManT with the representative members
having mannanase activity such as Man26A from Cellulomonas fim;

(C/Man26A) (UniProt ID: Q9XCV5) and Bacillus sp. JAMB750
(BsMan26A)  (UniProt  ID: Q2ACII),  Paenibacillus  polymyxa
(PpManGH26A) (UniProt ID Q1A2D0), Rhodothermus marinys
(RmManGH26A) (UniProt ID: P49425) and Man26B from Clostridium
thermocellum strain F1 (CtF'IMan26B) (UniProt ID: Q9F1T9), Bacillus
licheniformis DSM13 (BIMan26B) (UniProt ID: Q65MP4), Paenibacillus
sp. BME-14 (PsMan26B) (UniProt ID: C6KL35) and Cellvibrio
Jjaponicas (CjMan26B) (UniProt ID: Q840B9). The highlighted sequence
displayed in the black box represents the signature sequence (WFWWG)

of GH26 family.
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3.3.11.2 Homology modeling and structure validation of CtManT
The top of closest structural hit of homolog protein was obtained from
BLASTp (http://blast.ncbi.nlm.nih.gov/)against the PDB database. The total query
coverage and maximum identity recommended a crystal structure of Podospora
anserina (PDB ID: 3ZMS8) (99% query coverage, 36% identity) was the best template
for homology modelling. Structure similarity search in DALI server
(http://ekhidna.biocenter.helsinki.fi/dali_server/start) displayed that the model
structure of CrManT is close to Podospora anserine (PDB ID: 3ZM8), Cellvibrio
Jjaponicas (PDB ID:2VX4) and Cellulomanas fimi (PDB ID: 2BVT) with root mean
square deviation (R.M.S.D) of 1.2, 2.3 and 2.6 A, respectively, over the 300 amino
acids of C® main chain. The structural validation of final modelled CfManT using
Ramachandran plot (Fig. 3.3.11A) displayed 84.3% amino acid residues lying in the
most favourable region, 13.7% in additionally allowed, 1.7% in generously allowed
and single amino acid residue in disallowed regions. This implies that the structure-
backbone dihedral angles, phi (¢) and psi (w) were occupied in the acceptable region.
PROSA web indicated that the modelled CAManT was error free and inhabited within
the acceptable NMR zone with Z-score of -6.17 (Fig. 3.3.11B). Errat plot analysis
showed most of the residues lie below 95% and overall structure quality factor was
more than 96% (Fig. 3.3.11C). Furthermore, native protein fold evaluation of
modelled CfManT using the knowledge-based energy profile of PROSAII program
showed all the residues came below the zero baseline of energy profile (Fig. 3.3.12A).
Verity3D result depicted that more than 90% amino acid residues have average 3D-
1D profile score greater than 0.22 assuring the good quality of modeled structure (Fig.

3.3.1Z8).
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Fig. 3.3.11 Structure validation and quality assessment of CtMan26A by (A)
Ramachandran plot (B) ProSA web server (C) Errat plot.

TH-1871_09610615




Chapter 3 141

Knowledge-based energy

Sequence position

S 3 T il T i .
S 067 -

"

% 0.57 - ‘\W

@ 0.48 -

Q

Z 039 -

a

< 0.29 -

a

0 15 30 45 60 75 90 105 120 135 150 165 180 195 210 225 240 255 270 285 300 315 330
Residue Number

Fig. 3.3.12 (A) PROSAII energy profile showing the amino acid residues of the
predicted CtManT lying predominantly under zero base line. (B)
CtManT was verified using verify 3D server showed more than 90%
amino acid residues have average 3D-1D profile score greater than 0.22
indicating that the residues are reasonably folded.

TH-1871_09610615



Chapter 3 142

3.3.11.3 Substrate binding pocket and active site residues of CtManT

Three dimensional structure of CrManT showed the common (B/a)s “TIM"™ barrel
folding motif characteristic of GH-A clan of glycoside hydrolase families. The
modelled structure of CtManT contained 8 encircled B-stands (B,-fBs) surrounded by 8
a-helixes (Fig. 3.3.13A). Topology diagram displayed the overall 2D arrangement of
secondary structure of CtManT which comprised of 8 loops assigned as loop1 (Ile44-
Glu54), loop2 (Met76-Gly87), loop3 (His108-Asnl38), loop4 (Prol78-Trpl197),
loop5 (11e226-Try232), loop6 (Asp253-Ala266), loop7 (Lys286-11€292) and loop8
(Lys306-Tyr321) (Fig. 3.3.13B). CtManT clearly showed remarkable structural
differences from the other structurally characterized bacterial origin GH26
mannanase. It showed more similarity towards the fungal mannanase in terms of
structure and folds. The structure showed the loops connecting a side of active site of
binding pocket (loop 2,34 and 5) were relatively longer (especially loop3) as
compared with loops present on the other site (loop 1, 6, 7 and 8) of binding cavity,
rolonged loops certainly provide flexibility and subtleties to the active site

These p

binding pocket which might influence the function and helps enzyme to accommodate

polymeric substrate of variable degrees of polymerization and length. The available

sequences of mannanases of GH26 from PDB database such as Podospora anserine

(PDB ID: 3ZM8), B. subtilis, (PDB ID: 2WHK), B. subtilis (PDB ID: 2QHA), C,
fimi (PDB ID: 2BVT), C. japonicus (PDB ID: 1GVY) and C. japonicus (PDB ID:
IV X4) were aligned with CtManT sequence using multiple sequence alignment
(MSA). The MSA of f-mannanase and exo-B-mannanase of GH26 showed that the
acid/base catalytic residues Ala and Glu (marked as star) were conserved (except in C.
japOﬂicus), while the catalytic nucleophiles were not conserved within the family, and
TH-1871_09610615
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Iyti . ;
the catalytic fucleophijes Were not conserved within the family, and were located at

different places (Fig. 334 4). The MSA showed a signature sequence WEFWWG
conserved Within GH26 Mannanase. CfManT contains 8 a-helices and 8 [-sheets and

8 small Incomplete pej;y like structures (11- n8) which might be involved in the loop

formation (Fig. 3.3.14)_

ézﬂqftf

Fig. 3.3.13 The overall structural representation of C/ManT by (A) Cartoon
representation of 3-D modeled CManT shows “TIM barrel™ (f/a)s
barrel fold structure with encircled B-sheets (yellow color) surrounded
by a-helix (green color). (B) Topology diagram of C/ManT depicting
the organization of secondary structure elements.
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4 Multiple sequence alignment of target (CtrManT with representative
member of family GH26 mannanase viz. PaMan26A (PDB id: 3ZMS8),
BsMan26 (PDB id: 2QHA), BsMan26 (PDB ID: 2WHK), C/Man26
(PDB ID: 2BVT), Man26 (PDB ID: 1GVY) and CjMan26C (PDB ID:
2VX4). The relative surface accessibility at the bottom of sequence
alignment displayed with white, cyan and blue colour bands are for
buried, intermediate and accessible amino acid residues, respectively.
This figure was produced using ESPript3. The catalytic residues are
marked with star symbol.

Fig. 3.3.1
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To identify the key active site residues, CtManT was superimposed with closely
related structure of PaMan26A (PDB ID 3ZMS8). The results showed that the active
site residue Glul81 of CtManT act as acid/base and corresponds to Glu300 of
PaMan26A. The residue Glu288 of CtManT matched with Glu390 of PaMan26A
which acts as a nucleophile (Fig. 3.3.15A and 3.3.15B). The catalytic residue Glul81
situated at the center core in the middle of loop 4 whereas, Glu288 is positioned in the
catalytic core, loop 7, and both these residues were 5.8 A apart (Fig. 3.3.15B). The
overall reaction mechanism of CfManT follows the retention of anomeric

configuration through a covalent glycosyl intermediate (Fig. 3.3.15C).

Glu 181

Glu 300

Glu 288

Acid/Base

© A

Oj : 0. o D_.\\/Df
NIIII 2',::“ ceafigeration ot the ead

Fig. 3.3.15 (A) Superimposed 3-D structure of CtManT (purple) With PaManZéA
of Podospora anserine, PDB id: 3ZMS8 (blue) proteins showmg the
similarity and differences in the structure and folds along with _the
position of active site residues at the catalytic core. (B) Enlarged view
of overlayed catalytic residues (stick view) Glu181 (catalytic acid/base)
corresponding to Glu300 and Glu288 (catalytic nucleophile) to Glu390
of PaMan26A. (C) Schematic depiction of proposed catalytic
mechanism for CtManT which follows net retention of anomeric

configuration of active site residues through covalent glycosyl-enzyme
intermediate.
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3.3.11.4 Docking analysis with manno-configured ligands and subsite mapping of
CtManT

Molecular docking of different manno-configured ligands (from mannobiose
to mannohexose as well as galactomannan) into the active site of CtManT was carried
out in order to understand the role of aromatic and hydrophobic residues in the
binding site cavity. The results of docking are summarized in Table 3.3.6. The results
showed that free energy of binding (-AG) increased concomitantly with the increase in
molecular size of ligand (mannobiose to mannopentose). This represented the stable
nature of substrate binding subsites present across the active site region of CtManT.
The ability to accommodate larger ligand molecule in the active site of CrManT is
probably due to the long loops enclosing the active site'and providing the depth to the

cavity. The solvent accessible surface view of CtManT complex with ligang
mannopentaose showed broad saddle-shaped, open active center core (Fig. 3.3.16A),
This allows the interaction with internal region of sugar rings of oligosaccharides
(endo-acting), reported also for other endo-p-mannanases from family 26 GH (Le ¢¢
4l., 2005; Cartmell et al., 2008). In contrast, BeMan displayed shallow-disc shaped
pinding pocket (Yan et al., 2008). CsManT in association with ligand mannopentaose
displayed significant polar and hydrophobic interactions with active site residues
along with aromatic and hydrophobic residues (Fig. 3.3.16B). The aromatic residues

created the overall binding site cavity as well as stabilizing the mannopyranose ring of

oligosaccharides,
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Fig. 3.3.16 (A) Top view of solvent-accessible surface of the substratg bindipg
region of CfManT showing broad saddle-shaped, open active site cavity
along with ligand mannopentaose (B) Docked view 0f" ligand
mannopentaose interacting with active site amino acid residues . of
CtManT. Residues present at the active site of CfManT are making
hydrophobic interaction (surface view) with mannopentaose and residues
involved in hydrogen bonding are represented in magenta colour.

TH-1871_09610615



Chapter 3 148

Table 3.3.6 Amino acid residue interactions of CtManT with manno-configured

ligands.
’ (AG) ; 5 Residue
Ligand (kealfmel) Polar interactions within 4A repion
Tyr312,Trp311,
Tyr131, Glul81, .
Mannobiose -6.84  Thrl30, Asnl28, ?1?51735 ;1};.172688 Hislotk
Thr127,Tyr82, ’ )
His108.
Tyr312, Glul8l, Phe315, Tyr255, Phel95,
Mannotriose -3.17 Trp311, Thr130, Asnl28, Met76, Hisl08,
Tyrl31, Thr127. Tyr82.
115?1)3’21522&21585’5 Tyr312, Phe315, Lys254,
Mannotetraose -7.97 : : Tyr252, Glul83, Glyl84,
(elsl, Tyrl 3L, Phe195, Met76
Thr130, His108. ’ '
Tyr82, Met76, Tyrdl2,
Trp311, Phe315, HislO08,
368 iﬁ%gg’ "(133123;(13, Asp253, Lys254, Leu270,
Mannopentaose Tyr255? d Tyrl85, Glul8l, Trpl97,
Phel95, Asnl28, Thrl127,
Tyr255
Tyr252, Tyr312, Trp311, Phe315, Met76,
-3.60 Asp253,His108, Lys254, Glul83, Glyl&4,
Mannohexaose ' Tyr185, Asnl28, Glul81, Trpl94, Phel95,
Thrl27. Thr130, Tyr131.
Tyr255, Glu288, Trpl85, Glyl84, Trpl94,
Orlactomannan 385  Trp3ll, Glul8l, Phe315, Tyri31, Tyr312,
His108. Phe315, Hisl80.

The analysis of ligand bound complex of CtManT obtained from the docking
and the structure superimposition with the ligand bound homolog protein are shown in
Fig. 3.3.17A. The products obtained from the hydrolysis of galactomannan are shown
in Fig. 3.3.17B. CtManT contains six galactomannan binding subsite that comprises
two aglycone site (reducing end, +1 and +2) and four glycone site (-1 to -4) with
pinding energy -3.85 kcal/mol. The structure superimposition of galactomannan
(GalZMan4) bound CtManT with galactomannan (Gal2Man4) bound CjMan26C

(PDB [D: 2VX6) were used to map the subsite positions and nearby key residues.
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Subsite mapping displayed many hydrophobic and aromatic residues along with acid
residues at the catalytic core of CtManT (in purple) viz. Trp311, His108, Glu228,
His180, Phel95, Glul8l1, Tyr255, Trpl94 occupied the invariant position which
corresponded with Trp373, His156, Glu338, His220, Phe227, Glu221, Tyr297 and

Trp226, respectively of CjMan26C (in blue) (Fig. 3.3.17A).

Tyr252 & 255 , Trp194 Tyr.131 W Trp311 Thr12:8. 130‘Ty.r312As:n42 1
) . "k":_ . Om. (}—{'\ ; o) | ] Cra |
= | ‘ 2 S { 1 | * i
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¥ e | 6, | Y 970
Cye L " C Cre oM, e
. v '] v v v

Tyr185 Asp253 Phe195Glu183 His180 Glu1 81Phe315 His108 Met76 Asn28 Asp7a

Fig. 3.3.17 (A) Superimposed structure of galactomannan bound CiManT with
galactomannan bound CjMan26C (PDB ID: 2VX6) showing sub-siteg.
Ligand in stick view (gray-red) occupied +2 to -2 sub-sites of CManT
and CjMan26C. The key conserved residues of CrManT (magenta
colour) and CjMan26C (blue colour), are forming the sub-site and
showing significant interaction with galactomannan. (B) Schematie
presentation of amino acid residues of CtManT involved in formation of
substrate binding sub-sites.
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The proposed key residues which constitute a different subsite of CtManT are

shown in the Fig. 3.3.17B. Furthermore, all these residues were found to be involved
in hydrogen bonding or in the hydrophobic interaction during the docking analysis.
Molecular docking study with manno-configured ligands suggested wide binding site
pocket accommodating larger oligosaccharides with higher affinity. This might be

facilitating in the release of oligosaccharides after the cleavage of B-(1—4)-linkage of

galactomannan.
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3.4 Conclusions

The modules CManf and CrManT showed mannan specific substrate
specificity. Both displayed maximum activity against carob galactomannan followed
by locust bean galactomannan, guar galactomannan, ivory nut mannan and mannan.
Interestingly, both CfManf and C:ManT displayed low but observable activity against
barley B-glucan, lichenan, carboxymethyl cellulose, hydroxyethyl cellulose, avicel
and xyloglucan signifying their multisubstrate specificity. The catalytic modules were
unable to act upon synthetic substrates such as pNP-B-D-mannopyranoside and pNP-
a-D-mannopyranoside which ruled out any exo-activity. Therefore, it was concluded
that both CfManf and CfManT act as endo-f-mannanases. In addition the zymogram
study of both the recombinant enzymes against carob galactomannan confirmed their
endo acting nature. CtfManf and CrManT exhibited maximum activity at pH 6.9 and
6.5 and at 60°C and 50°C, respectively. CManf and CtManT displayed similar pH
and thermal stability profiles. Both CtManf and CtManT were stable over a pH range
5.0-7.5 and 50-60°C.

The enzyme activity of CtManf and CrManT increased significantly by 1.5
fold by Ca®>" and Mg?" ions. CfManf and CManT retained observable activity at
moderate concentrations of Mn2*, Co?" and Zn®" ions. However, the enzyme activity
was inhibited significantly by Cu®*, AP* and Ni** ions and SDS at lower
concentrations. The enzyme activity of CtManf and CtManT was sharply decreased
by EGTA and EDTA. Urea and GnHCI at higher concentrations also inactivated
significantly the enzyme activity of both enzymes.

Media composition played a significant role in production of recombinant

CtManf and CfManT. Both CtManf and CtManT containing E. coli cells showed
TH-1871_09610615
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maximum cell density and maximum protein concentration in TY medium as
compared with TB, 5x LB and LB media. The rich source of tryptone, yeast extract
and phosphate salts might have facilitated to achieve high cell densities in TY
medium.

The protein-melting curves of full length protein CrManf showed that the
catalytic module CrManT and carbohydrate binding module, CBM35 melt
independently. The protein-melting peaks of CtManT and CBM35 shifted to higher
temperature in the presence of Ca** ions. However, the addition of equimolar
concentration of EDTA to the Ca?" ion containing CtfManf and CrManT, shifted back
the melting temperature peaks to the original positions. This displayed that Ca®* ions

impart thermal stability to the protein structure.

The structure and functional aspects of CtManT was examined by generating
a model by homology modelling and validated. The modelled CtManT displayed
(B/a)s“TIM” barrel fold with extended loops around the active center that constructeq
the broader saddle-shaped, open active site cavity. The structure analysis showed that
structure of CrManT is closer to the fungal mannanase as against other bacteria]
mannanases. CtManT is involved in retention mechanism where amino acid residue
Glul81 act as a catalytic acid/base, while Glu288 act as a catalytic nucleophile.
Molecular docking study with manno-configured ligands suggested a wide binding
site pocket accommodating larger oligosaccharides with higher affinity. 3-D structure
imposition of modelled CtManT with (jMan26A mannanase showed six

super

potential subsite having two subsite towards a glycone whereas four subsite to glycon

side for galactomannan.
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Chapter 4

In vitro and in silico analysis of ligand binding and stability of CtCBM35
from Clostridium thermocellum ATCC 27405

4.1 Introduction

A major portion of plant carbohydrates is composed of hemicelluloses such as
the polymer and oligomer of xylose, mannose, arabinose etc. apart from celluloses.
Polysaccharide recognition, binding and enhanced catalysis of hydrolytic enzymes are
truly facilitated by non catalytic modular carbohydrate binding modules (Mizutani et
al., 2012). The non catalytic carbohydrate binding module appended to a catalytic
module either at their N- or C- terminals often are involved in enhancing the activity
of the catalytic module and often have the same specificity for substrate as that of the
catalytic module. Carbohydrate binding modules (CBMs) are classified into 67
distinguish families based on sequence similarity (http://www.cazy.org/Carbohydrate-
Binding-Module). Family 35 carbohydrate binding module is often appended to
glycoside hydrolase family 26 (GH26) and GH5 mannanases (Taylor et al., 2011;
Sunna, 2011; Bolam et al., 2004), xylanases (GH30) (Valenzuela ef al., 2012) which
significantly alter the polysaccharide specificity for plant cell wall polysaccharides

such as galactomannan, glucomannan, mannan and glucouronoxylan. Three
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dimensional structures of CBM35 family generally have the dominance of B-sheet
secondary structures with a jelly roll topology (Valenzuela et al., 2012). CBM35
usually accommodates the polysaccharides utilizing a planer surface of aromatic side
chains which interact with the flat chains of manno-configured carbohydrate residues.
This form of conformation is known as type B module (Valenzuela et al., 2012).
Polysaccharide binding significantly alters the conformation of CBM35 by changing
the loop orientation containing amino acid residues which facilitate to create a
suitable binding space for polysaccharide accommodation (Tunnicliffe et al., 2005)
Refinement of the CBM classification was improvised recently where Type A CBMs
are those which can recognize the surface of the crystalline polysaccharides and Type
B CBMs are classified according to their endo acting mode of action internally to
glycan chains (Gilbert et al., 2013). Type C CBMs are attributed by their exo-type
binding either at the side chain or at the polysaccharide termini (Gilbert ef al. 2013),
Usually Type B CBMs are abundant in cellulases, xylanases and mannanases that
bind to cellulose, xylan and mannan, respectively. Thus CBMs maintain the target
substrate within the close proximity of their complete protein structures (Boraston es
al., 2004). Since the binding specificity depends on the polysaccharide complexity
and side chain interactions of monosaccharide a variety of diverted binding may be
observed. Thus the polysaccharide specificity varies due to chain substitution and
orientation of monosaccharides (Mizutani et al., 2012). In earlier study, it was
qttributed 10 role of divalent cations in alteration of the domain conformation of
cBMs that enhance the higher polysaccharide specificity and thermostability
(Hachem et al., 2002). Thermostability one of the major concern of most of the
e stability and activity during industrial process and thus this binding module

enzym
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may restore the potentialities of the hydrolytic enzymes. Moreover, carbohydrate
binding modules are used in various analytical processes. Thermostable CBMs were
explored to separate cello- and xylo-oligosaccharides based on their affinity towards
these carbohydrates (Johansson et al., 2006). CBM microarray technique is more
effective which replaced the conventional DNA microarray (Ofir et al., 2005). CBM
microarrays were developed due to the limitations of using DNA microarrays for
determining gene expression levels in proteomics. The quantity of mRNA in the cell
often doesn’t reflect the expression levels of the proteins they correspond to. Since it
is usually the protein, rather than the mRNA, that has the functional role in cell

response, a novel approach was needed. Additionally post-translational modiﬁcatiohs,

which are often critical for determining protein function, are not visible on DNA

microarrays (Ofir et al., 2005). This method is simple, effective and an alternative to

various conventional microarray technologies (Ofir et al, 2005). Moreover,

substantial rise in effective enzyme catalysis process may induce by this carbohydrate

binding module will meet the requirement for carbohydrate fermentation to most

demanding biofuel (Jorgensen et al., 2010).

The present study involves the functional and conformational properties of
CBM35 from Clostridium thermocellum ATCC 27405 termed as CrCBM35.
CtCBM35 wusually displays the specificity towards manno-configured
polysaccharides. The affinity electrophoresis, fluorescence measurements and
dynamic light scattering were employed to analyze both qualitative and quantitative
binding of C/BM35 with manno-configured polysaccharides. The structural

characterization of CfCBM35 by model prediction and ligand binding by docking

analysis were also studied.
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4.2 Materials and Methods

4.2.1 Reagents, chemicals and substrates

The ingredients for polyacrylamide gel electrophoresis viz. acrylamide,
bisacrylamide, tris free base, glycine, bromophenol blue, B-mercaptoethanol and
Coomassie Brilliant Blue R250 were obtained from Sigma-Aldrich Co. LLC, USA.
Glycerol, methanol, concentrated hydrochloric acid and glacial acetic acid were
supplied by Merck, India. Bradford reagent was purchased from Sigma-Aldrich Co.
LLC, USA. Tween 20 and CaCl, were procured from Merck Limited, India. Oat spelt
xylan was purchased from Sigma-Aldrich Co. LLC, USA. Carob galactomannan,
konjac glucomannan, locust bean galactomannan, oligosaccharide mannotriose, , rye
arabinoxylan, birchwood xylan, oatspelt xylan and glucouronoxylan, birchwood

xylan and arabinan were obtained from Megazyme International, Ireland.
4.2.2 Expression and purification of recombinant CtCBM35

The recombinant CtCBM35 production was initiated by inoculating 50 pl of
the E. coli BL21 (DE3) culture from glycerol stock into 5 ml of LB medium (pH 7.2)
supplemented with 50 pg/ml kanamycin and incubated at 37°C and 180 rpm for 12 h,
The expression and purification of CtCBM35 was carried out as described in Chapter

2, Section 2.2.21.

4.2.3 Quantitative binding analysis of C/*CBM3S against soluble polysaccharides
4.2.3.1 Binding assay of family 35 Carbohydrate Binding Module (CtCBM35)

The polysaccharide binding capability of non-catalytic C:/CBM35 was
determined by visualizing the retardation of migration of protein in soluble
polysaccharides containing native polyacrylamide gels against no retardation of

protein in the gel without the polysaccharide (Takeo, 1984). The purified C:+CBM35
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(18 pg) was run with 1% (w/v) soluble polysaccharides such as carob galactomannan,
konjac glucomannan, carboxymethyl cellulose, rye arabinoxylan, birchwood xylan,
oatspelt xylan, glucuronoxylan and oligosaccharide mannotriose in the native gels for
qualitative binding analysis. The polysaccharide samples were prepared as described
in the following Section 4.2.3.2. Binding study of C:rCBM35 with carob
galactomannan and konjac glucomannan was carried out in absence and presence of
Ca’" ions. 10 mM Ca®" ion was incorporated in 7.5% native polyacrylamide gel
before CtCBM35 electrophoresis. In absence of Ca® ions 7.5% native gels were

prepared as control and the relative mobilities of Ct:CBM35 were calculated.

4.2.3.2 Preparation and running of native-PAGE with soluble polysaccharides
Binding of CrCBM35 to soluble polysaccharides was evaluated by affinity
electrophoresis following the protocol of Takeo, (1984) on native-PAGE in absence
and presence of varying amount of polysaccharide. The native gel was prepared
using stock solutions viz. 30% (w/v) acrylamide solution, 1.0 % (W/V)
polysaccharide, 1M Tris-HCI (pH 8.8), 50% (v/v) glycerol, 10% (w/v) ammonium
per sulfate and TEMED as described for SDS-PAGE in Chapter 2, Section 2.2.20.
The only difference in native-PAGE was the absence of SDS in resolving gel and
running buffer. So, 7.5% resolving (native) gel was prepared by following the
protocol described in Chapter 2, Section 2.2.20 without SDS. 1.0% (w/v) stock
solution of polysaccharides was made by dissolving in sterile deionized water by
slightly warming until a clear solution was obtained. Thereafter, necessary aliquot of
ligand solution (from 1.0 %, w/v stock) was added to the resolving gel prior to the
polymerization to make gels containing varying concentration of polysaccharides.

The remaining components of native-PAGE, described above were added and the gel
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was polymerized. Bovine serum albumin (BSA) (10 pg) was loaded on the gels as an
internal standard for reference. Electrophoresis was carried out for 2-4h at 4°C in a
Mini PROTEAN Tetra pack (Bio-Rad, USA) at a constant current of 20 mA. The
gels were stained with Coomassie Brilliant Blue R250 (Sigma) and destained as
described in Chapter 2, Section 2.2.20.6 to detect the protein. Qualitative binding of
the CtCBM35 was assessed visually on 7.5% native-PAGE. Quantitative analysis of
polysaccharide binding was assessed by measuring the migration distance of
CtCBM35 for calculating the equilibrium association constant (K,) as described in
Section 4.2.3.5. Relative mobility for CtCBM35 was calculated as the migration

distance of native protein divided by the migration distance of bromophenol blue dye

front as described earlier by Takeo, (1984).

4.2.3.3 Preparation of native-PAGE running buffer

The native-PAGE buffer was prepared using components as described in
Table 4.2.1. The native-PAGE running buffer did not contain SDS as a component
unlike SDS-PAGE running buffer but the final pH was same (pH 8.3). A 5X stock of

running buffer was prepared and diluted to 1x before use (Table 4.2.1).

Table 4.2.1 Composition of 5x native-PAGE running buffer.

Components Final concentration (5x buffer)
Tris base 0.125 M
Glycine 1.25M

4.2.3.4 Preparation of sample buffer

A 5x sample loading buffer was prepared by dissolving the components
maintaining the concentration of components as described in Table 4.2.2 and pH of

the buffer was adjusted to 6.8. The components were dissolved in the order as
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mentioned in Table 4.2.2 to make 5x sample buffer. However, the final concentration
while loading to a native-PAGE gel was always kept to 1X by mixing 4 volumes of

sample (protein) with 1 volume of 5x sample buffer.

Table 4.2.2 Composition of 5x sample loading buffer (Laemmli, 1970).

Components Final concentration (5x buffer)
Tris-HCI (pH 6.8) 62.5 mM

Glycerol 20.0 (%,v/v)
Bromophenol Blue 0.025 (%, w/v)

4.2.3.5 Calculation of equilibrium association constant from affinity
electrophoresis

The equilibrium association constant values were calculated by method
described earlier by Tomme et al. (2000). The interaction of CBM with a

polysaccharide can be expressed in Eq. (1) and (2):

P+L < PL 1)

K, = [PL)/[P][L] )

where, P and L are free CBM and polysaccharide (ligand), respectively, PL is the
complex and [P], [L], and [PL] are their respective concentrations. K, is the
equilibrium association constant for the interaction. The expressions for the mole
fractions of the CCBM35 in the free (Xp) and complexed form (Xpr ) are given as:
XeL = Ka [LY[Q] (3)
Where, [Q] is the partition function, given as
Q=1+Ka.[Q] @
The mobility of a CrCBM35 relative to the standard can be expressed as:

R = XpRp + XpLRpL (3)
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where, R is the relative mobility of C:CBM35 at a given concentration of
polysaccharide (R= mobility of the polypeptide (mm)/mobility of the reference
(mm), Rp is the relative mobility of CxCBM35 in the absence of the polysaccharide,
and Rpp is the relative mobility of CxCBM35 in the presence of polysaccharide.

Substitution of Eq. (3a), (3b), and (4) into Eq. (5) gives:

R=(Re +Rp K [LJ/(1 + Ka[L] (6)
Eq. (6) can be used to regression analysis K, and Rpp. from affinity data plotted as the
relative mobility of CtCBM35 vs. the polysaccharide concentration. Rp is set as a
constant equal to the relative mobility of CfCBM3S5 in the absence of polysaccharide.
Normalizing the initial relative mobility in the absence of polysaccharide to 1.0,
changes the Eq. (6) to

R= él +RmKa[L]D /(1 + K4 [L]) (7
where, Rr (Rr = R/Rp) is the relative mobility normalized to the initial relative
mobility in the absence of polysaccharide. Rm (Rm = Rp/Rp) is the relative mobility
of CtCBM35 fully complexed with polysaccharide normalized to the relative
mobility in the absence of polysaccharide. Eq. 7 can be used for regression analysis
using K, and Ry from affinity data plotted as Rr of CtCBM35 against the

polysaccharide concentration.

4.2.4 Binding analysis of C/CBM35 with insoluble polysaccharide

Qualitative binding analysis of CfCBM35 with insoluble polysaccharide was
carried out by taking 30.0 pg of protein in 50 mM Tris-HCI buffer (pH 7.5)
containing 0.05% (v/v) Tween 20 and 5.0 mM CaCl, and mixed with 1.0 mg of

insoluble mannan or ivory nut mannan and keeping the final reaction volume 200 pnl

TH-1871_09610615



Chapter 4 167

(Carvalho er al.. 2004). This reaction mixture was shaken on a vortex (Vibrax VXR
B, IKA) continuously at 4°C for 2h. The mixture was centrifuged at 13000g and at
4°C for 5 min. The supernatant containing the unbound fraction was removed and its

protein content was determined by Bradford method as described in Chapter 2,

polysaccharide and the bound protein was washed three times with 200 pl of buffer
(50.0 mM Tris-HCI, pH 7.5). It was re-suspended in 200 pl of 10% (w/v) SDS
containing 10% (w/v) B-mercaptoethanol and boiled for 10 min. The protein samples
were dissolved in denaturing 1x sample buffer (Chapter 2, Section 2.2.20.5) and
boiled the samples in a water bath for 5 min before loading into the SDS-PAGE gel.
The bound protein fractions from the pellet and unbound protein in supernatant were
analyzed by SDS-PAGE on 13.0% acrylamide gel using the protocol as described in
Chapter 2. Section 2.2.20. The controls containing recombinant CfCBM35 without
insoluble polysaccharide were also run in parallel to ensure that no protein
precipitation occurred during reaction. A BSA (1 mg/ml) with the polysaccharide
control was run in parallel to check for any non-specific binding.

The quantitative analysis of ligand binding by adsorption isotherm was
carried out by incubating 5 mg/ml of insoluble ivory nut mannan or mannan with
varying protein concentrations 1, 2, 4, 6, 8. 12 and 18 uM and. Two hundred
microliters of C7CBM35 and polysaccharide mixtures were prepared in 50 mM
sodium phosphate buffer pH 7.0 and incubated at 4°C for 2 h. The protein at the
same concentration without any polysaccharide was also kept as control for each set
of reaction mixture. The experiment was carried out in triplicate. The reaction

mixture was centrifuged at 13000g and 4°C for 10 min. The supernatant containing
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the unbound protein was removed and analysed for protein content by Bradford
method (Bradford, 1976). The concentration of bound protein was estimated by
subtracting the unbound protein concentration from supernatant from initial protein

concentration and the binding isotherm was generated as described in Section

4.24.1.

4.2.4.1 Binding isotherm of CtCBM335 with insoluble polysaccharides

When a ligand (polysaccharide) interacts with a protein, the binding follows
the law of mass action and at equilibrium the rate of forward reaction is equal to rate
of backward reaction Gilkes er al. (1992). Based on this, equilibrium association
constants (Ka) were obtained from the depletion isotherms (plot of [B] versus [F])
after fitting (nonlinear regression) of the raw data to a equilibrium binding type or
adsorption model. The equation 1 for adsorption reaction given below was modified

from Din et al. (1994) as described by Gilkes ef al. (1992) and represented as,
[B]
[N][F]

where, N is the concentration of available binding sites on the ligand (the

K, = (1)

number of polysaccharide lattice units) [moles/g of CtCBM35], [B] is the
concentration of bound C+CBM35 (mol/g of ligand), [F] is the molar concentration of
free CBM and K, is the equilibrium association constant [M™]. Now, when a single
CBM interacts with only one lattice unit of polysaccharide and there are no positive

or negative co-operative effects,

[N] = [No] - [B] (2)
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where, N is the total concentration of binding sites of ligand in the absence of

CBM. Substitution of Equation 2 into Equation 1 and rearrangement gives Langmuir
equation (Gilkes er al., 1992),
[No] Ka [F]

(B] = (3)
(1+K, [F])

Equation 4 is the widely used for non-linear regression analysis of one
binding site model, following the previous reports of Gilkes et al. (1992) and Creagh
et al. (1996). However, if binding involves CBM occupying several lattice units of
ligands, then the surface is considered as an array of overlapping potential binding
sites. Under these conditions N, is considered as a probability function which

depends on bound protein [B] and its configuration (Pilz et al., 1990; Shen er al.,

1991). Under these conditions Equation 2 can be expressed as,
[N] = [No] — a[B] C))

where, a is the number of lattice unit occupied by a single CBM molecule.

Substituting Equation 4 into Equation 1 gives,

[No] Ka [F]
[B] = ()
(1 +ak, [F])

Rearragement of Equation 5 yields Euation 6,

1 1 1 a

= x = (6)
[B] Ka[No]  [F] [No]

The slope (1/Ka[No]) and intercept (a/[No]) of a plot of 1/[B] versus 1/[F] were
calculated by fitting the straight line for low values of [B]. Now the relative

equilibrium association constant, K (litres/g of ligand) was calculated as,
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K, = Ka[No] (7

The equation 7 can be used for comparing affinities of CtCBM35 for a given
ligand. GraphPad Prism 5.0 software was used for calculating binding constants,
binding capacity and generating graphs using single binding site model (McLean et

al., 2000).

4.2.5 Polysaccharide binding study of C+CBM3S5 by fluorescence spectroscopy
On binding to polysaccharides, carbohydrate binding modules undergo
conformational changes and behave differently than in its unbound native form
(Royer, 2006). To compare the results with affinity electrophoresis, 160 pM of
CtCBM35 was incubated with polysaccharides viz., carob galactomannan and konjac
glucomannan of varying concentrations. Polysaccharide concentrations (0.01%,
0.04%, 0.06%, 0.08%, 0.15% and 0.2%, w/v) from 0.5% (W/v) stock solution in 100
ul reaction mixture were prepared in 50 mM sodium phosphate buffer, pH 7.0. The
samples were incubated at 4°C for 2 h. The fluorescence intensity measurement was
carried out using a fluorimeter (Fluoromax 3, Horiba Scientific, USA). Emission and
excitation slits were kept at 3.00 and 1.00, respectively, with 0.5 s integration time.
Three scans were taken per sample along with a control to reduce the noise created by
puffer and polysaccharide. All the samples were excited at Ap,, = 295 nm (to
selectively excite Tryptophan residues) and the emission spectra were recorded
petween wavelength 320-400 npy,_ Tryptophan having the indole ring with intrinsic
fluorescence property with higher quantum yield, displays fluorescence emission
petween 320-400 nm (Royer, 2006). The emission spectra of all the solutions were

corrected against buffer and polysaccharide solution without CtCBM35 before setting
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the interaction study. Relative fluorescence intensities (Fo/F, where F, is initial
fluorescence intensity of CrCBM35 and F is final fluorescence intensity of
polysaccharide CrCBM35 conjugate) were plotted against polysaccharide
concentration. The association constants K, (M™') of CtCBM35 complex with carob
galactomannan and konjac glucomannan were derived using modified Stern Volmer

equation (Belatik er al., 2012) as follows

Log (Fo-F)/F = log K, + n log [Polysaccharide]

4.2.6 Study of size of CtCBM35 on binding with polysaccharide and Ca®" by
dynamic light scattering

Polysaccharide binding greatly influences the protein conformational changes.
These changes may lead to more dispersion in the dynamic environment leading to
higher hydrodynamic area. The binding of polysaccharide with CrCBM35 was
studied by dynamic light scattering (DLS). In a dynamic environment, the particles of
ligand and protein molecules diffuse randomly. DLS essentially measures fluctuation
in scattered light intensity due to diffusion of particles, the diffusion coefficient of the
particles can be determined. The diffusion coefficient D is then related to the radius R
of the particles by means of the Stokes-Einstein Equation [19]:

D =kT/6nRn
where, k = Boltzmann-constant, T = temperature and n = viscosity.
The hydrodynamic diameters (Ry) of CtCBM35 in presence of 0.1% (w/v)
polysaccharides such as carob galactomannan and konjac glucomannan Wwere
m\easured using spectrophotometer (Malvern, Zetasizer Nano Zs, UK)

spectrophotometer. Refractive index and viscosity of 50 mM sodium phosphate

buffer (pH 7.0) were adjusted to 1.3206 and 8.945x107 g/(cm.s), respectively by
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using SEDNTERP tool package (http:/www. jphilo.mailway.com). The

hydrodynamic radius of CtCBM35 was also studied in presence and absence of 10
mM Ca®* ions. CtCBM35 was incubated at 25 °C for 2 h and the extra unbound Ca**
was removed by dialysis against water. The hydrodynamic radius of CrCBM35 bound
with Ca®" conjugate was measured and compared against Ca®" free CfCBM35. The
instrument was set to measure the absorbance at a fixed angle (6 = 90°). All the
measurements were derived by deconvolution of intensity and sample autocorrelation
function. Deconvolution of measured intensity was obtained using non negative least
square analysis (NNLS) (Morrison et al., 1992; Provencher et al., 1979) algorithm
e.g. CONTIN (Ostrowsky et al., 1981), Regularization and Multiple Narrow Mode
algorithms (Provencher et al, 1982; Shiba et al., 2010). These algorithms of fitting

the data were included as inbuilt functions of Zetasizer Nano software package..

4.2.7 Protein melting and stability study of C/CBM35

The stability of C+*CBM35 was studied by protein melting curves using Uvy.
absorption spectrophotometer (Varian, Cary 100-Bio) at 280 nm following the
method of Dvortsov ef ], (2009). The temperature was varied from 40 to 100°C using
the peltier temperature controjler (Varian, Cary 100-Bio) and the solutions were kept
at the particular temperatyre for sufficient time (10 min) to attain equilibrium.
CtCBM35 was incubated in 50 mM sodium phosphate buffer (pH 7.0) with and
without 10 mM CaCl, at 250¢ £, 5 h. The mixture containing Ca®* ions was dialyzed
against WAler 10 remove additional Ca2* jons. The melting curve analysis of both
C1CBM35 with and withoyt Ca®* jons was generated by UV spectroscopy. Equimolar

concentration of Chelaﬁng agent EDTA (10 mM) was added to C:CBM35 and
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CrCBM35-Ca®" solutions to investigate the structural stability of C:*CBM35 at higher

temperatures.

- 4.2.8 Effect of thermal denaturation on CtCBM3S ligand binding with
polysaccharide

Ligand binding ability of CrCBM35 was investigated under melting
temperatures as described earlier Dvortsov et al. (2009). Fluorescence spectroscopy
was employed to understand the ligand binding of C*CBM35 at higher temperatures.
18 pg of CtCBM35 was incubated with 0.3% (w/v, 1.8 mM) carob galactomannan,
locust bean galactomannan and konjac glucomannan separately at 45°C, 50°C and 55°
for 1h. The fluorescence intensity measurements were carried out using a fluorimeter

(Horiba Scientific, Fluoromax 3) as described in the Section 4.2.5.

4.2.9 Isothermal titration calorimetry of CtCBM35 binding to soluble
polysaccharides

Isothermal titration calorimetry (ITC) was employed to study the
thermodynamic parameters viz. Gibb’s free energy (AG), enthalpy (AH), entropy
(AS), and stoichiometry (n) of CtCBM35 upon ligand binding and carried out as
described previously (Carvalho ef al., 2007; Pinheiro ef al, 2008). The titrations were
carried out at 55°C where total melting of CftCBM35 was observed (Ghosh ef al.,
2013) to understand the ligand binding ability at higher temperature. The samples for
ITC study contained C+CBM35 in 50 mM Na-HEPES buffer, pH 7.5, 2 mM CaCl,.
During titration CtCBM35 (60 pM) was stirred at 300 rev/min in the reaction cell,
which was injected with 28 successive 2 pl aliquots of ligands at (1.8 mM) at 180 s
intervals. Integrated heat effects, after correction for heats of dilution, were analysed

by non-linear regression using a single site-binding model (Microcal ORIGIN.
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Version 5.0; Microcal Software). The fitted data yielded the association constant (Ka)
and the enthalpy of binding (AH). Other thermodynamic parameters were calculated
by using the standard thermodynamic equation, -RTInK, = AG = AH — TAS (Luis ef
al., 2013). Np is the number of binding sites. ITC analysis of CzCBM35 carried out

with carob galactomannan, locust bean galactomannan and konjac glucomannan.

4.2.10 Unfolding transition of C-CBM35 in guanidine hydrochloride and urea

The structural stability of recombinant CtCBM35 in guanidine hydrochloride
and urea was studied at 25°C. Initially 30 pg of CtCBM35 was incubated with
varying concentrations of guanidine hydrochloride (GnHCI) or urea at 25°C for 24 h.
One milliliter of reaction mixture was prepared by the addition of 50 ﬁl CrCBM35
(0.6 mg/ml) and varying concentrations of GnHCI or urea (1-8 M) prepared in 50 mM
TrisHCI buffer, pH 7.0. The unfolding transition of C!CBM35 was monitored by the
change in fluorescence intensity of tryptophan (Trp) by recording the emissiop
spectra between wavelengths 320-400 nm by exciting the samples at 295 nm using g
fluorimeter (Horiba Scientific, Fluoromax 3). A sample without C:CBM35 was kept
as control (buffer and denaturant).

The free energy of denaturation (AG) of C*CBM35 in presence of GnHCI and
urea was determined at Ayg using a spectrophotometer (Varian, Cary Bio-100). 30 pg
of C1CBM35 was incubated with varying concentrations of guanidine hydrochloride
(GnHCI) or urea at 25°C for 24 h. One milliliter of reaction mixture was prepared by
the addition of 50 ul C/CBM35 (0.6 mg/ml) and varying concentrations of GnHCI or
area (1-8 M) prepared in 50 mM TrisHCI buffer, pH 7.0. The free energy of

denaturation (AG) of CfCBM35 was deduced as described by Ahmad er al. (1992).
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Where, K.q = equilibrium constant, f3 = Azgy of CtCBM35 in presence of varying
concentrations of GnHCI and urea
AG=-RTIn [fg/ (1-f5)]

Where, AG = Gibb’s free energy of denaturation, R = gas constant kJ/mole, T =

temperature in Kelvin.

4.2.11 Secondary structure analysis of Cf*CBM35 by circular dichroism

Far-UV Circular dichroism (CD) spectra of CfrCBM35 at 25°C was recorded
on a spectropolarimeter (JASCO, J-815, Jasco Corporation, Tokyo, Japan), equipped
with a peltier system for temperature control using a cell with a path length of 0.1 cm.
Typical spectral accumulation parameters were set: a scanning rate of 50 nm min™’
with a 1 nm bandwidth over the wavelength range 195 to 250 nm with six scans
averaged for each far-UV spectrum. The CD data are presented in terms of mean
residue ellipticity (MRE, expressed as deg cm? dmol™) as a function of wavelength,
calculated according to the procedure described earlier (Kelly et al., 2005) using a
protein concentration of 10-15 uM in 10 mM Tris-HCI, pH 7.5. All CD spectra were
corrected for buffer contributions and secondary structures were calculated by using

web based K2d neural network software package (kal-el.ugr.es/k2d/spectra.html)
(Andrade et al., 1993).

4.2.11.1 Circular dichroism data evaluation

The CD data are recorded either as differences in the absorbance of left (AL)

or right (AR) handed polarized light gives molar extinction coefficient (Ag) as given

earlier by Andrade et al., (1993).

Ae = AL- AR (D
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or they can be expressed in terms of molar ellipticity [6],
[6] = 3300 x Ae. (2)

Applying Beer-Lambert law to equation 1 yields,

Ae=¢g-er= .ﬁ (3)
cx/
where, c is the concentration of protein in moles/litre and 1 is the path length in

cm. Molar extinction coefficient of CtCBM35 in left hand polarized light (g1) and

right hand light (er).
So, [6] can be calculated as

_ 6x100x M, 4
[6] %7

where, M, is the protein molecular weight.

Now if the protein concentration is in mg/ml, the concentration of amino acids

can be calculated by assuming a mean residue weight (MRW) of 118 amino acid

residue (Creighton, 1997).

The mean molar ellipticity [f]ure can be calculated as,

- ©x100x M, 5
[6] mre = T Tx N, (%)

where, Na is the number of amino acids per protein. The molar ellipticity was
expressed in terms of deg cm® dmol™ (Greenfield et al., 2006). The factor 100 is

added in the above equations for converting the molar concentration to dmol/cm?

concentration units.

TH-1871_09610615




Chapter 4 177

4.2.12 In silico structure prediction and ligand binding of CfCBM35
4.2.12.1 Molecular modeling of family 35 carbohydrate binding module

The protein sequence of family 35 carbohydrate binding module (CfCBM35)
was retrieved from the NCBI protein sequence database with accession number
ABNS51273 (nucleotide accession number: CP000568) and uniprot ID A3DBE4. The
molecular architecture deduced from amino acid sequence showed that CrtCBM35
(134 aa) is located at the N-terminal, sandwiched between a 32 amino acid signal
peptide and catalytic module CtManT (373 aa) at C-terminus followed by a dockerin
type 1 module. Modeller9v8 was used to build the 3-D model of CtCBM35. Modeller
is a computer program used for comparative protein structure modeling by
satisfaction of the spatial restraints (http://salilab.org/modeller/). In the first step target
query sequence was aligned with template sequences and this alignment file was used
as an input to generate models of CfCBM35. Loop refinement was performed using
the loop model class program in Modeller. The model with the lowest discrete

optimized protein energy (DOPE) was chosen for further refinements.

4.2.12.2 Structure refinement and quality assessment

The structure of CtCBM35 with the least DOPE score, obtained from the
modeller was further improved by energy minimization at YASARA Energy
Minimization Server (www.YASARA org/minimizationserver), in which molecular
dynamics simulations of models were carried out in explicit solvent. It uses a new
partly knowledge-based all atom force field derived from Amber (Krieger e/ al.,
2009). Final structure after energy minimization was subjected to structure validation
using verification server (SAVES) at NIH-MBI (http://nihserver.mbi.ucla.edu).

Protein secondary structure prediction tool (PredictProtein) from ExPasy SIB tool site
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at Columbia University server (http://cubic.bioc.columbia.edu/predictprotein/) was
used to calculate the presence of a-helix, B-sheet, turns and coils.
4.2.12.3 Multiple Sequence Analysis

Generally the amino acid residues involved in ligand binding are conserved
within the family CBM35. To investigate these conserved amino acid residues,
multiple sequence alignment was performed with representative members of CBM35
having different substrate specificities whose X-ray crystal or NMR structures were
known. The protein sequence was retrieved from PDB (http://www.rcsb.org/pdby).
saved in FASTA format. Alignment was performed using CLUSTALW program
(Thompson et al., 1994) and final alignment was generated by ESpript

(http:// espript.ibep. ), for better understanding of conserved residues and structure.

4.2.12.4 Docking study of modelled CtCBM35

Docking study was carried out with the help of Autodock version 4.2 1.
Ligands (mannotriose and galactomannan) for docking study were obtained from
pubchem (http://pubchem.ncbi.nlm.nih.gov) in 3D SDF format, which were converted
and saved in Mol2 format using OpenBabel 223 (O'Boyle er ai. 2011).
Galactomannan having a mannan backbone is decorated with a-(1—6)-galactosyl
moiety (Man-Gal-Man). Therefore, this tri-saccharide moiety was considered as
galactomannan ligand. The two other ligands, mannopentaose and mannohexose in
their pdb format were retrieved from the crystal structures of . polysaccharolyticus
CBM16 bound to mannopentaose (PDB ID: 30EB) and CBM29 complex with
mannohexaose (PDB ID: 1GWL), respectively for docking study of CrCBM35.

Ligand preparation was done by assigning Gastegier partial charges, merging non-

polar hydrogens and finally saved as extended PDBQT file format using AutoDock
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Tools (ADT) 1.5.4. CrCBM35 modelled protein was also saved as a PDBQT file
format after removing non-polar hydrogen atoms and adding their charges with the
carbon atoms. Address for ligands where to dock, was fixed in a grid parameter file.
The grid map dimensions were set in such a way that it fully covers active site cavity
and gives enough space for ligand molecule to rotate freely. For different
conformation search of ligand molecule Lamarckian Genetic Algorithm (LGA) was
implemented and number of LGA runs was set to 30. Rest all other parameters were
set to default values such as initial population size (150), maximum energy evaluation
per run (2500000) and maximum number of generation (27000). After 30 independent
successful docking runs protein-ligand complex for each ligand having auto generated
lowest free energy of binding (AG) confirmation were saved. Docking results were
analyzed using PyMOL (www.pymol.org) (0.99) for possible polar and hydrophobic
interactions and final figure was generated with the help of PyMOL and
YASARAView (12.2.22). For better understanding of protein-ligand interaction in

2D, Ligplot were generated (http://www.ebi.ac.uk/pdbsum/).

4.2.12.5 Molecular dynamics study of CtCBM3S5 in presence of Ca’* ion

To investigate the role of Ca®" ion in altering protein conformations a model
of CtCBM35 from Clostridium thermocellum was generated in presence of Ca®" ion
based on the crystal structure of closest homolog of CBM35 from Amycolaptosis
orientalis (PDB ID: 2VZPA) by Modeller9v8 program. The homolog was identified
using Blast PDB (http://www.ncbi.nlm.nih.gov/blast/Blast.cgi). The structure was
energy minimized with GROMACS4.0.7 package (http://www.gromacs.org/) using
steepest descent algorithm with GROMOS96 43al force field and simple point charge

(SPC) water model (Berendsen et al., 1995; Van der Spoel ef al., 2005; Hess er al..
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2008). Molecular dynamics (MD) simulation on the energy minimized CrCBM35
model was carried out with the periodic boundary conditions applied in three
dimensions to analyse the stability of the protein model. The net charge of system was
neutralized by the addition of eleven sodium ions by replacing water molecules that
are at least 3.50 A from the protein surface (Saravanan ef al., 2012). The stable model

was further visualized and analyzed in PyMOL tool.
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4.3 Results and Discussion
4.3.1. Binding assay of CtCBMB3S5 with soluble polysaccharides

To investigate the polysaccharide binding specificity of CtCBM3S5 the protein
was expressed and purified to electrophoretic homogeneity (as described in Chapter 2,
Section 2.3.3.5). The initial screening with 0.1% (w/v) polysaccharide binding using
affinity electrophoresis, CtCBM35 displayed preferential binding with carob
galactomannan, konjac glucomannan, locust bean galactomannan and oligosaccharide
mannotriose (Table 4.3.3). However, no significant binding of CtCBM35 was
observed with carboxymethyl cellulose, hydroxyethyl cellulose, barley B-glucan, rye

arabinoxylan, oatspelt xylan, glucuronoxylan, birchwood xylan and arabinan (Table

4.3.3). These results showed that C+tCBM35 is mannan specific binding CBM.

Table 4.3.3 Ligand screening using affinity gel electrophoresis of CtCBM35.

Ligand (1%, w/v) : Affinity Binding
Carob galactomannan ++
Konjac glucomannan ++
Locust bean galactomannan ++
Mannotriose ++

Carboxymethyl cellulose
Hydroxyethyl cellulose -
Barley B-glucan -
Rye arabinoxylan
Oatspelt xylan
Glucuronoxylan
Birchwood xylan
Arabinan

+++ = Maximum binding, ++ = Moderate binding, -- = No binding

The relative mobility of C:CBM35 was determined by running the protein in
the native PAGE with gel containing varying concéntration of carob galactomannan,

konjac glucomannan, locust bean galactomannan and oligosaccharide mannotriose
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against a reference with no polysaccharide (Fig 4.3.1A, Fig. 4.3.2A, Fig. 4.3.3A and
Fig. 4.3.4A, respectively).

The CrCBM35 displayed higher binding affinity with mannotriose and konjac
glucomannan as compared to carob galactomannan and locust bean galactomannan.
The association constants (K,) were found to be 3.2 x 10° M™ and 1.43 x 10° M with
mannotriose and konjac glucomannan, respectively. Whereas association constant
(Ka) was 1.24 x 10° M with carob galactomannan and 1.23 x 10° M~ with locust
bean galactomannan (Table 4.3.2).

To assess the Ca*" induced affinity the binding of CrCBM35 with varying
concentrations polysaccharides was carried out by affinity electrophoresis. In the
presence of 10 mM Ca®* jons the affinity of CfFCBM35 for manno-configured ligand
was increased to approximately, 2.5 fold and the equilibrium association constant (Ka)
was obtained as 7.21 x 10° M, 4.1 x 10° M, 3.0 x 10° M, 2.9 x 10° M"' with
mannotriose, konjac glucomannan, carob galactomannan and locust bean
galactomannan (Table 4.3.2, Fig. 4.3.1B, Fig. 4.3.2B, Fig. 4.3.3B and Fig. 4.3.4B,
respectively). A linear regression plot was generated between relative migration of
CtCBM35  against varying concentrations of carob galactomannan, konjac
glucomannan, locust bean galactomannan and mannotriose to calculate the association

constant (K,) (Fig 4.3.1C, Fig. 4.3.2C, Fig. 4.3.3C and Fig. 4.3.4C, respectively).
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Table 4.3.2 Binding analysis of C+CBM35 with polysaccharides and oligosaccharide
by affinity electrophoresis and in presence of 10 mM Ca”* ions.

Substrates Without Ca”* ions With Ca” ions
K, K,
(10° M) (10°Mh
Locust bean galactomannan 1.23 2.91
Carob galactomannan 1.24 3.03
Konjac glucomannan 1.43 4.10
Mannotriose 3.20 7.21

Family 35 CBM from Clostridium thermocellum and Cellvibrio japonicus
showed affinity toward ligands other than manno-configured polysaccharides
containing f-(1—4)-mannose chain, such as A-4,5-anhydrogalacturonic acid and
glucuronic acid (Correia et al., 2010). CtCBM35 showed higher affinity with
mannotriose and konjac glucomannanan than carob galactomannan and locust bean
galactomannan. The rationale behind this selective affinity is due to the galactose unit
in locust bean galactomannan which probably interferes with the CfCBM35 binding.
Locust bean galactomannan is composed of a f-(1—4)-linked D-mannan backbone to
which single D-galactosyl units are attached to C-6 of D-mannosyl residues. Whereas,
mannotriose is a linear trisaccharide comprising B-(1—4)-linked D-mannosyl
residues. However, no significant binding of CtCBM35 with carboxymethyl cellulose,
rye arabinoxylan, birchwood xylan, oat spelt xylan and glucouronoxylan showed that
it is a mannan specific binding CBM. Therefore, the results showed that CtCBM35
was able to distinguish the simpler structural organization of mannotriose and highly

galactosylated locust bean galactomannan.

TH-1871_09610615



Chapter 4 184

BSA CBM35 BSA CBM35 BSA CBM35 BSA CBM35 BSA CBM35

v v "

(- 4 .3 y
0.0% 0.02% 0.06% 0.1% 0.15%
A
BSA CBM35 BSA CBM35 BSA CBM35 BSA CBM35BSA CBM35BSA CBM35
| Wy T -
3 . -
v & b ® -
4
@ “ “ . H
0.0% 0.02% 0.04% 0.06% 0.08% 0.1%
B
C
0.2 -0.1 0 0.1 0.2
Carob galactomannan (%, w/v)
Fig. 4.3.1 Affinity electrophoresis of CfCBM35 using 7.5% native-PAGE gel in

presence of varying concentrations of (A) carob galactomannan (B) 10
mM Ca’* incorporated with carob galactomannan (C) A linear regression
plot of inverse relative migration of CfCBM35 (1/r) against carob
galactomannan concentration (%, W/v).

TH-1871_09610615




Chapter 4 185

BSA CBM35 BSA CBM35 BSA CBM35 BSA CBM35 BSA CBM35

w ., Y *

-

- . -

N

* = @ @ W 2
0.0% 0.02% 0.06% 0.1% 0.15%

BSA CBM35 BSACBM35 BSA CBM35 BSA CBM35BSA CBM35 BSA CBM35

] * —— RSN

CHEE

el
- E S B - i
. w w g U i o
0.0% 0.02% 0.04% 0.06% 0.08% 0.1%
9 - B C
8 A A
7 -
| = 6 i
= 5 -
4 -
3 "
2 .
¥ /5 L] L}
-0.1 0 0.1 0.2

Konjac glucomannan (%, w/v)

Fig. 4.3.2 Affinity electrophoresis of CtCBM35 using 7.5% native-PAGE gel in
presence of varying concentrations of (A) konjac glucomannan (B) 10
mM Ca®" incorporated with konjac glucomannan (C) A linear regression
plot of inverse relative migration of CtCBM35 (1/r) against konjac
glucomannan concentration (%, w/v).
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Fig. 4.3-3 Affinity electrophoresis of CtCBM35 using 7.5% native-PAGE gel in
presence of varying concentrations of (A) locus bean galactomannan (B)
10 mM Ca’" incorporated with locus bean galactomannan (C) A linear
regression plot of inverse relative migration of CfCBM35 (1/r) against
locus bean galactomannan concentration (%, w/v).
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Fig. 4.3.4 Affinity electrophoresis of CtCBM35 using 7.5% native-PAGE gel in
presence of varying concentrations of (A) mannotriose (B) 10 mM Ca**
incorporated with mannotriose (C) A linear regression plot of inverse

relative migration of CfCBM35 (1/r) against mannotriose concentration
(%, w/v).
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4.3.2 Binding analysis of CfCBM35 with insoluble polysaccharides

The qualitative and quantitative binding of CtCBM35 with insoluble
polysaccharides was assessed by adsorption isotherm analysis. Quantitative binding
analysis revealed that CtCBM35 displays low binding with insoluble mannan and
ivory nut mannan as analysed by SDS-PAGE when compared with the protein in free
(unbound to ligand) form and the total protein (Fig. 4.3.5A and Fig. 4.3.6A,
respectively). CftCBM35 displayed no binding with avicel and wheat arabinoxylan.
The quantitative binding assessment showed that the equilibrium association
constants (Kz) of CtCBM35 with insoluble mannan and ivory nut mannan were, 12
uM and 2.5 pM", respectively (Table 4.3.3). The relative equilibrium association
constant K; and the concentration of binding sites in mannan surface [N,] were
calculated from a linear regression plot between bound CtCBM35 versus free
CtCBM35. The data were analyzed by GraphPad (Prism 2.0.1) software using linear
regression analysis (the inset) based on one binding site equation (Fig. 4.3.5B and Fig.
4.3.6B). The estimated values of relative equilibrium constant X, and concentration of
pinding sites [No] were 0.49 & 0.2 /g and 0.04 + 0.002 Mmole/g with mannan and 0.35
+ 0.5 Vg and 0.14 % 0.004 pmole/g (Table 4.3.3). These results suggested that
CtCBM35 bind to insoluble mannan and ivory nut mannan less effectively as the
qvailability of protein binding site on the polysaccharide was less (<1). This may be

due to binding of protein to the non reducing end of the polysaccharide.
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Fig. 4.3.5 (A) Qualitative binding of CtCBM35 with insoluble mannan using 12%
SDS-PAGE. Lane M: Mid range unstained molecular weight marker (97
kDa - 14 kDa), lane 1: Purified CtxCBM35, lane 2: unbound CtCBM35,
lane 3: bound CfCBM35, lane 4: Bovine serum albumin (BSA) as control,
lane 5: unbound BSA, lane 7: bound BSA. (B) Quantitative analysis of
binding of C:CBM35 to insoluble mannan. The main panel shows the
equilibrium adsorption isotherm ([B] versus [F]) for CtCBM35.
Adsorption assay was done at 4°C, as described under methods section.
Initial protein concentrations of CtCBM35 were 0.2-9 pM. The inset

shows the linear regression plot of 1/[B] versus 1/[F] concentrations to
derive the association constant (Kj).
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(A) Qualitative binding of CtCBM35 with insoluble mannan using 12%
SDS-PAGE. Lane M: Mid range unstained molecular weight marker (97
kDa - 14 kDa), lane 1: Purified Cf*CBM35, lane 2: unbound CtCBM35,
lane 3: bound C:CBM35, lane 4: Bovine serum albumin (BSA) as
control, lane 5: unbound BSA, lane 7: bound BSA. (B) Quantitative
analysis of binding of CfCBM35 to insoluble mannan. The main panel
shows the equilibrium adsorption isotherm ([B] versus [F]) for
CiCBM35.  Adsorption assay was done at 4°C, as described under
methods section. Initial protein concentrations of C:xCBM35 were 0.2-20
uM. The .inset shows the linear regression plot of 1/[B] versus 1/[F]
concentrations to derive the association constant (X,).

Fig, 4.3.6
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Table 4.3.3 Kinetic parameters of CtCBM35 binding with insoluble polysaccharides
from adsorption isotherm analysis.

Polysaccharide K: (I/g) K. (uM™) N, (umole/g)
Mannan 0.49 + 0.02 12 0.04 + 0.002
Ivory nut mannan 0.35+0.05 2.5 0.14 £ 0.004
Avicel nb nb nb
Wheat arabinoxylan nb nb nb

values are mean = SD (n=3)
nb = no binding observed

The recombinant CtCBM35 preferred binding manno-configured
polysaccharides. CfCBM35 discriminated during carbohydrate selection showing its

affinity only with manno-configured ligands when tested against diverse

polysaccharides.

4.3.3 Polysaccharide binding study of C+fCBM35 by fluorescence spectroscopy
Among the three aromatic amino acids tryptophan shows highest quantum
yield and better stability which facilitates use as a probe for fluorescence detection
during polysaccharide binding with protein (Royer, 2006). In presence of
polysaccharides such as carob galactomannan, konjac glucomannan, locust bean
galactomannan or mannotriose and with their increase in concentrations CrCBM35
displayed significant blue shifts. Binding of carob galactomannan, konjac
glucomannan, locust bean galactomannan or mannotriose with CtCBM35 displayed
21 nm peak shift towards shorter wavelength from Amax 350 nm to 329 nm of
tryptophan on excitation at 295 nm (Fig. 4.3.7A, Fig. 4.3.8A, Fig. 4.3.9A and Fig.
4.3.10A, respectively). The association constant (K,) of CtCBM35 with carob
galactomannan, konjac glucomannan, locust bean galactomannan and mannotriose
were derived from Hill plots (Fig. 4.3.7B, Fig. 4.3.8B, Fig. 4.3.9B and Fig. 4.3.10B,

respectively). From Hill plot of polysaccharide or oligosaccharide concentrations and
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relative fluorescence intensities, the calculated K, values of CtCBM35 were 1.14 X
10° M"! for carob galactomannan, 1.43 x 10° M for konjac glucomannan, 1.01 x 10°
M for locust bean galactomannan and 3.1 x 10> M for mannotriose (Table 4.3.4).
The K, values were similar to those derived from affinity electrophoresis (Table
4.3.2). Therefore, the fluorescence studies of polysaccharide binding of CrCBM35
confirmed the results of affinity electrophoresis. The number of binding site
concentrations (n) were derived from Stern Volmer equation and were found n = 0.79
for carob galactomannan, n= 0.80 for konjac glucomannan, n = 0.67 for locust bean
galactomannan and n = 0.98 for mannotriose (Table 4.3.4). This shows that
CtCBM35 has a single binding site for all the polysaccharides and mannotriose.
Since, CtCBM35 displayed significant affinity for mannose derived ligands, from the
derived affinity constants the Gibb’s free energy of binding was calculated using the
equation:
AG=-RTIn K,

where, AG = Gibb’s free energy, R = gas constant (Joule/K/mole), T =
Temperature in Kelvin, K, = association constant (M™). The free energy of binding of
CiCBM35 was -30.0 kJ/mole with mannotriose, -27.0 kJ/mole with carob
galactomannan, -28.0 kJ/mole with konjac glucomannan and -26.53 kJ/mole with
locust bean galactomannan (Table 4.3.4). The higher binding affinity and free energy
of CtCBM35 binding to small oligosaccharide mannotriose and linear p(1—4) linked
konjac glucomannan suggested that their simple molecular structure made an easy
accessible platform for CtCBM35 than complex structured carob galactomannan and

Jocust bean galactomannan.

TH-1871_09610615




Chapter 4 193

Table 4.3.4 Association constants (K,) and free energy of binding of CfCBM35 from
relative fluorescence intensities.

Ligand K, Binding site  Gibb’s free energy (AG)
(10° MY (n) (kJ mole™)

Carob galactomannan 1.14 0.79 -27.00

Konjac glucomannan 1.43 0.80 -28.00

Locust bean galactomannan 1.01 0.67 -26.53

Mannotriose 3.10 0.98 -30.00
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Fig. 4.3.8 Tryptoptophan fluorescence emission spectrum of CfCBM35 in presence
of (A) carob galactomannan (%, w/v), represented in lines: (I) without
polysaccharide, (II) 0.01, (III) 0.04, (IV) 0.06, (V) 0.08. (B) Hill plot of

log [(Fo-F)/F] vs log [carob galactomannan] used to derive association
constant (K,).

TH-1871_09610615




Chapter 4

195

Fluorescence Intensity (arbitary units)

10 ' ' '
320 340 360 380 400
Wavelength (nm)
0.0 -
B
0.2 -
iy
= 04
o
w
o -0.6 d
A=}
0.8
-1.0 ‘ , . , .
& | 5.4 -5.2 5.0 4.8 4.6 4.4
/ log [ Konjac giucomannan]

Fig. 4.3.9 Tryptoptophan fluorescence emission spectrum of CtCBM35 in presence
of (A) konjac glucomannan (I) without polysaccharide, (II) 0.01, (11D
0.04, (IV) 0.06, (V) 0.08, (VI) 0.1. (B) Hill plot of log [(Fo-F)/F] vs log
[konjac glucomannan] used to derive association constant (Ka).
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.. 4.3.10 Tryptoptophan fluorescence emission spectrum of C:CBM35 in presence
Fig- of (A) locust bean galactomannan (I) without polysaccharide, (II) 0.01,
(111) 0.04, (IV) 0.06, (V) 0.08, (VI) 0.1. (B) Hill plot of log [(Fo-F)/F] vs

log [locust bean galactomannan] used to derive association constant (Ka).
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Fig. 4.3.11 Tryptoptophan fluorescence emission spectrum of CtCBM35 in presence
of (A) mannotriose (I) without oligosaccharide, (IT) 0.01, (I1II) 0.04. (IV)

0.06, (V) 0.08, (VD) 0.1. (B) Hill plot of log [(F,-F)/F] vs log
[mannotriose] used to derive association constant (K,).
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4.3.4 Study of size of CtrCBM35 on binding with polysaccharide and Ca** by
DLS

Polysaccharide binding greatly influences and causes the alterations in the
dynamic environment of a protein. The hydrodynamic radius (Ry) of CrfCBM35 as
measured from dynamic light scattering (DLS) was 4.25 nm which was in the
acceptable range as this value is higher than theoretical Ry, 2 nm for a 15 kDa protein.
The Ry value augmentation from 4.25 nm to 6 nm was observed for CrCBM35 in
presence of 0.1% (w/v) carob galactomannan (Fig. 4.3.12A). In contrast, konjac
glucomannan binding (0.1 %, w/V) exhibited much broader Ry of 8 nm (Fig.

4.3.12B). The augmentation in size was due (0 stong binding with konjac

Jucomannan leading to a stiffer structur® and low random diffusion of the particles of
giue

tein and polysaccharides in the dynamic environment. Random diffusion of the
pro

articles measured in terms of random diffusion coefficient and ig inversely
P 1

2+
portional to R In the presence of 10 mM Ca™ ions, the hydrodynamic radius of
pro

CBM35 was remarkably increased from 4.25 nm in absence of Ca?* jops 1o 4.52 nm
Ct

Fig 4.3.12C). In this case Ca’" ions might be binding with the amipq acid residues of
( ¢+ structure than usual.

M35 and imparting a stiffe Therefore, the random

C!CB

gusion of the protein system reduced and as 2 result the dynamic radjus op
di S1

5.Ca”* complex mcreased.

(;tCBM3
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Fig. 4.3.12 Dynamic light scattering of CtCBM3S5 in conjugation with 0.1% (w/v)

(A) carob galactomannan, (B) konjac glucomannan and (C) 10 mM Ca®
ions.
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4.3.5 Protein melting and stability study of C:FCBM35

The melting of CrCBM35 was studied to investigate the protein stability
which perhaps plays a major role in polysaccharide binding at higher temperature and
improves the catalytic properties of the appended catalytic module. CtCBM35
displayed a single melting peak at 55°C, which shifted towards higher temperature
(75°C) in the presence of 10 mM Ca’" (Fig. 4.3.13). However, when EDTA was
added in equimolar concentration as Ca®* (10 mM) to the C+CBM35 and the melting
peak shifted back to the original temperature of 55°C (Fig. 4.3.13). The presence of
EDTA imparted detrimental effect on thermostability of CtCBM3S5 as the peak shifted
5° lower to 50°C, coupled with significant loss in peak absorbance (Fig. 4.3.13).
Therefore, it could be concluded that Ca’* ions provide thermal stability to the
CICBM35 structure. Similar observations were reported with CBM6 from C.
thermocellum ATCC 27405 by Ahmed et al. (2013).

Protein stability while functioning at higher temperature is a major concern ip
industry. The protein melting phenomenon of recombinant CftCBM35 was analyzed to
study its thermostability. The protein-melting peaks of CtCBM35 shifted to higher
temperature in the presence of Ca?* ions. However, on addition of equimolar
concentration of EDTA to the solutions of CtCBM35, the melting temperature peaks
shifted back to the original positions. EDTA chelates any divalent cation such as Ca®*
and thus imparted lower thermostability to C!CBM35.The shift of peak to a higher
temperature might be due to the reason that Ca®* ions provided stability to the protein
structure assembled either by coordinate bonds or by hydrogen bonds with amino

acids, as reported earlier (Henshaw et al. 2006, Montanier ef al. 2009, Ghosh et al.
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2009, Ghosh et al. 2013). The ionic interactions of Ca** ions in the bound protein

resulted in stability of ligand binding Tyr residues (Henshaw et al. 2006).
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Fig. 4.3.13 Protein melting curves of CtCBM35 with no additive (—e—), in the
presence of 10 mM Ca** (-- A--), in the presence of 10 mM Ca’" and 10
mM EDTA (---m---).and in presence of 10 mM EDTA (-- ¥ -).
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4.3.6 Thermal denaturation study of C£CBM3S5 by fluorescence spectroscopy
C1CBM35 displayed only 2 nm shift (blue shift) of fluorescence peak from its
initial peak wavelength 350 nm on increasing the temperature from 45°C to 50°C, in
the presence of 0.3% (w/v) konjac glucomannan, locust bean galactomannan and
carob galactomannan coupled with significant fall in peak intensity displaying partial
denaturation of CtCBM35 in bound state (Fig. 4.3.14). CtCBM35 undergoes thermal
denaturation and loses its polysaccharide binding ability at higher temperature.
CtCBM35 showed the thermal denaturation in its polysaccharide bound state on
increasing the temperature from 45°C to 55°C (Fig. 4.3.14). The complete
denaturation of CrCBM35 occurred at 55°C, due to structural deformity and
displaying binding affinity in increasing order with polysaccharides, konjac
glucomannan < locust bean galactomannan < carob galactomannan. This result
corroborates with the protein melting of CtCBM35 displaying complete unfolding at

55°C as described earlier in the Section 4.3.5.
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Fig. 4.3.14 Thermal denaturation analysis of CtrCBM35 by tryptophan fluorescence
emission spectrum at 45, 50 and 55°C. CrCBM35 without
polysaccharide (I) and in presence of 0.3% (w/v) carob galactomannan
(ID), locust bean galactomannan (III) and konjac glucomannan (IV).
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4.3.7 Isothermal titration calorimetry of ligand binding at higher temperature
The titrations of CrCBM35 against carob galactomannan, locust bean
galactomannan and konjac glucomannan are displayed in Fig. 4.3.15A, Fig. 4.3.15B
and Fig. 4.3.15C, respectively. The quantitative assessment and thermodynamics of
ligand binding by CtCBM35 were determined by ITC at 55°C and are displayed in
Table 4.3.5. CtCBM35 displayed higher binding affinity as association constant (K,)
with carob galactomannan was 1.8 X 10°£105 M followed by locust bean
galactomannan, 1.7 X 10°+144 M and konjac glucomannan 1.5 x 10°+155 M in
ITC study (Table 4.3.5). The ITC analysis at 55°C displayed 100 fold reduced ligand
binding affinity of C:CBM35 as compared to the affinity electrophoresis (Section
4.3.1) where, K, values of CtCBM35 at 25°C against carob galactomannan and
konjac glucomannan were 1.24 x 10° M and 1.43 x 10° M respectively (Ghosh et
al., 2013). Similarly, the K, values of CtCBM35 upon binding with these substrates
on analysis by fluorescence spectroscopy (Section 4.3.3) at 25°C were 100 fold
higher than those of ITC studied at 55°C. The lowering of affinity for ligands might
be due to the reduced entropy (AS) at higher temperatures as stated in earlier reports
(Kinoshita and Yoshidome, 2009; Luis et al., 2013) The cause of reduced entropy
may be due to the decrease in entropy of the polar amino acids residues of disordered
CtCBM35 at high temperature. The polar amino acid residues of the disordered
protein are able to re-establish the hydration shells in even more disordered
environment by lowering the entropy at higher temperatures (Kinoshita and
Yy oshidome, 2009). The free energy of binding (AG) against carob galactomannan,
jocust bean galactomannan énd konjac glucomannan were 4.9 kcal/mole, 4.8

kcal/mole and 4.7 kcal/mole, respectively by ITC (Table 4.3.5). The reduction in AG
TH-1871_09610615
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in ITC was also lower than those as compared with fluorescence spectroscopy
(Section 4.3.3) where CtCBM3S5 displayed higher free energy (AG) -6.0 kcal/mole
against konjac glucomannan and -5.26 kcal/ mole against carob galactomannan,

(Ghosh er al., 2013). Thus, the temperature is an important factor in ligand binding by

the carbohydrate binding modules.
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Fig. 4.3.15 Isothermal titration calorimetry of CtCBM35 in presence of 0.3% (w/v)

(a) carob galactomannan, (b) locust bean galactomannan and (c)
konjacglucomannan at 55°C.

Table 4.3.5 Affinity and thermodynamic binding parameters of CtCBM35 with
polysaccharide ligands derived by ITC at 55°C.

Ligand Ka -AG -AH -TAS n
M (kcal mole™) (cal mole™) (cal mole™)

Carob

gz?il;:tomannan 1.8x10°£105 4.9 6.16x10*  5.67x10*  0.8+0.3

[gfli‘i?f)&e;?m 1.7x10%+144 4.8 1.8x10*  132x10*  1.53x0.4

Igﬁi?oflannan 1.5x10%155 4.7 6.96x10°  6.49x10*  1.02+0.7
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4.3.8 Unfolding transition of CfCBM3S in guanidine hydrochloride and urea

The unfolding transition of CtCBM35 was investigated in presence of GnHCI
and urea. The addition of GnHCI (1-6M) and urea (1-7M) to CtCBM35 displayed
decrease in the peak intensity as denaturant concentration increased (Fig. 4.3.16A and
Fig. 4.3.16B). The maximum fall in fluorescence peak intensity of CrCBM35 was
observed at 6M GnHCI and 7M urea (Fig. 4.3.16A and Fig. 4.3.16B, respectively).
The lowering of peak intensities was coupled with a bathochromic shift (red shift,
shift towards longer wavelength) of the fluorescence maxima from 355 nm (native
form) to 370 nm (denatured form) in presence of GnHCI (6M) and from 355 nm to
360 nm in presence of urea (7M). This was perhaps due to the Trp residue, which is
otherwise buried in the native form, became exposed on the surface in the denatured
C1CBM35. A similar unfolding mechanism of recombinant human interferon y was
described earlier (Christova et al., 2003).

The unfolding curves were obtained by deducing the unfolded fractions
(Section 4.2.9) at pH 7.0 for GnHCI and urea, are shown in Fig. 4.3.16C. In both the
he curves displayed a sigmoid pattern signifying that the unfolding of

cases, ¢

CtCBM35 in presence of GnHCI and urea was a two-stage process, where low

unfolded fractions of CfCBM35 were obtained till 4 M and 5 M, respectively. The
unfolding of CtCBM35 increased up to 5.5 M of GnHCI and 6.5 M of urea thereafter
o saturation phase was observed upto 8 M. The results also indicated that the

unfolding of CtCBM335 was more effective in presence of GnHCI than urea. It was

erved in Fig. 4.3.16C, that the midpoint value of unfolding of CtCBM35 was 5M

obs
for GnHCI and 6.25M for urea. The free energies AG of C:CBM35 unfolding
Calculated from these curves by linear extrapolation method at pH 7.0 were AG = 2.19
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kJ/mole with GnHCI] and AG = 1.97 kJ/mole with urea. The free energies clearly
indicated that higher energy is required by both denaturants to destabilize the
electrostatic interactions within CtCBM35. These results are contrary to those with
the unfolding phenomenon of human interferon y in presence of GnHCIl and urea

which required lower energies to unfold as described by Christova et al. (2003).
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Fig. 4.3.16 Tryptophan fluorescence emission spectrum of CtCBM35 in presence of
(A) Guanidium hydrochloride (GnHCI), (I) Control, (Il) 1 M, (IID) 2 M.
(V) 3 M, (V) 4 M, (V) 5 M, (VI) 5.5 M, (VIII) 6 M, (B) Urea, (1)
Control, IN) 1 M, (IIN) 2 M, (IV) 3 M, (V) 4 M, (V) 5 M, (VII) 6 M.
(VIID) 6.5 M, (IX) 7 M.
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Fig. 4.3.16 Fraction of C/CBM35 unfolded as a function of (e) GnHCl and (&)
Urea concentrations as determined by UV absorbance at A2go-

4.3.9 Secondary structure analysis of CtCBM35 by circular dichroism

The protein solution (15 pM) in 10 mM Tris-HCI, pH 7.5 was analyzed on a
spectropolarimeter at 25°C and the percentage of a-helices, B-sheets and random coils
present in CtCBM35 structure were calculated using K2d software, The analysis of
CD spectra of CtCBM35 for detecting the secondary structural elements was based on
the previous reports of CD spectra of proteins by Kelly et al. (2005). The comparison
of CD spectra of CfCBM35 with the reports of Kelly er al. (2005) showed that it
predominanlly contained B-sheets and coils (Fig. 4.3.17). The CD spectra (tCBM35
analyzed K2d as described by Andrade ef al. (1993) revealed that it contains 45% PB-
sheets, 52% random coils and only 3% a-helices (Table 4.3.5). Therefore. it could be
deduced that the number of secondary structures available ip C1CBM35 are 12 B-

sheets, 15 random coils and 2 alpha helices (Table 4.3.5)
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Fig. 4.3.17 Circular dichroism (CD) spectrum of CtCBM35 for the determination of
secondary structures.

Table 4.3.5 Secondary structure analysis of Ct:CBM35 by far-UV CD spectrum.

Secondary CD Spectra (%) Numbers of secondary structures
structure content (by CD Spectra)

a-helix 03 2

B-sheet 45 12

Random coil 52 15

4.1.10 In silico structure prediction and ligand binding of C+CBM35

4.3.10.1 Structure characterization and quality assessment of modelled protein
BLAST (Basic Local Alignment Search Tool) search for sequence similarity

with default parameter in NCBI against PDB database retrieved the number of hits of

CrCBM35 belongs to the family 35 carbohydrate binding module. Top hit X-ray

crystallography structure of CBM35 from Amycolaptosis orientalis (PDB ID: 2VZP)

which covered full query and displayed 34% similarity (score of 39.7 and Evalue

0.001) was acquired as a template to model the structure of CfCBM35. The overall
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3D structure of CtCBM35 showed that it is rich in f—sheets, consisting of a pair of six
stranded antiparallel B—sheets having B-jelly-roll fold which is quite common in many
CBMs (Fig. 4.3.18A). Topology diagram displayed 12 B-strands (dark grey), only 2
small a-helix (black) and 15 random coil (arrow lines) formed a B-jelly roll topology
(Fig. 4.3.18B). Secondary structure prediction by PredictProtein showed a pair of a-
helices (<5%) but apart from this, the dominance of a pair of six extended [B-sheets
(>42%) and fifteen numbers of random coils (<53%) were also observed in the 3-D
model CrCBM35 substantiating the the results of CD spectra of CrCBM35.
Therefore, CD spectrum analysis validated the prediction of secondary structure of
CrCBM35. The presence of high percentage of B-sheets and random coils are in
agreement with the in silico prediction of CtCBM35 3-D model, which also revealed

B-jelly roll architecture.
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Fig. 4.3.18 (A) Overall 3-D representation of modelled carbohydrate binding module
family 35 from Clostridium thermocellum showing B-jelly-roll fold (B)
Topology diagram of CtCBM35 showing B-jelly roll topology.
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Structure similarity search of modelled protein in DaliLite server
(www.ebi.ac.uk/Tools/dalilite/) showed similarity with native structure of a family 35
CBM from C. thermocellum (2W1W chain B) and CBM35 from  A4. orientalis
(2VZP chain B) with RMSD of 1.7A and 1.8A, respectively. Modelled C/CBM35
after energy minimization was validated by Ramachandran plot analysis. Out of total
of 134 residues, 93% residues lie in most favored regions, 7% residues lie in
additional allowed region and there was no residue in generously allowed or
disallowed regions (Fig. 4.3.19A). This indicated that amino acid residues in the
modelled C:CBM35 occupied favorable phi (@) and psi (y) backbone dihedral angles.
Overall quality factor of CfCBM35 was 88% in the ERRAT plot analysis (Fig.
4.3.19B). ERRAT plot displayed the value of the error function vs position of a 9-
residue sliding window. By comparison with statistics from highly refined structures,
the error values have been calibrated to give confidence limits in percentage
(http://nihserver.mbi.ucla.edu/ERRATv2/). Merely 12% amino acid residues of
modelled CtCBM35 fall over 95% level of significance error rate. This signified the
good quality 3-D structure of CtCBM35. Verify 3D score was obtﬁined 95%, i.e. 95%
of the residues had ap averaged 3D-1D score 0.35 which is > 0.2. It determined a
compatibility of an atomic model (3D) with its own amino acid sequence (1D) (Fig.
4.3.19C). First it categorized each residue into structural class based on its location
and environment (alpha, beta, loop, polar, non polar etc.) then it generates a score by

comparin - : :
baring each residue with 4 collection of good structures, as a reference (Pace et

al., 1989),
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Fig. 4.3.19 Structure validation and quality assessment of CtCBM35 by (A) Ramachandran
plot (B) ERRAT Plot (C) Verify 3D.
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4.3.10.2 Ligand binding site analysis of CtCBM35

CBMs play a critical role in substrate recognition and binding. It is very
important to investigate the key amino acid residues playing significant role in
recognition and binding with the substrate and whether they are conserved within the
family. Multiple sequence alignment (MSA) was performed by taking representative
members of CBM35 family having different substrate specificity. MSA result showed
many amino acid residues are conserved within the family 35 CBMs (Fig. 4.3.20).
The Trp-Gly-Phe motif was identified as conserved and is also present in CtCBM35
(highlighted in yellow) (Fig. 4.3.20). Moreover, Trp-Gly-Tyr motif which is probably
involved in the substrate specificity towards mannans, was conserved within the
manann specific CBMs (Pinheiro et al., 2008). It was demonstrated earlier by NMR
solution structure of mannan-specific CBM35 from C. japonicas that it bound to
mannopentose involving amino acid residues Tyr60, Lys63, Trpl109, Glyl10 and
Tyrl11 showing maximum chemical shifts on ligand binding (Colovos and Yeates,
1993). While, the involvement of aromatic amino acid residues Tyr22-Tyr53-Tyr129
in B-(1—4) linked glucomannan recognition by CBM11 was reported earlier by
Carvalho et al. (2004). It was found that the above mentioned key amino acid residues
were present in C/{CBM35, except Tyr60. The others amino acid residues like Arg76,

Trpl23, Gly124 and Phe125 were conserved within CZCBM35 (highlighted in yellow,
Fig. 4.3.20).
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Fig. 4.3.20 Multiple sequence alignment of CBM35 having different substrate
specificity with their respective PDB:IDs of Amycolaptosis orientalis
(2VZP), Cellvibrio japonicus Abf62 (2W46), uncultured bacterium from
environmental isolate (2W3J), Clostridium thermocellum (2W1W),
Clostridium thermocellum (2W47) and Cellvibrio japonicus (2BGO)
were aligned with CtCBM35. The residues which are conserved and
probably involved in substrate specificity and binding (Man-CBM35) are
shown in yellow color. Sequences in red color are fully conserved while
amino acids in blue color rectangular box are conserved but not all the residues
are identical. Line above the sequence represents secondary structure of
CrCBM35. Line below the sequence represents the relative hydrophobicity

of the residues, cyan color for hydrophilic, pink for hydrophobic and grey
for intermediate.

4.3.11 Docking analysis of ligand binding interaction with CfCBM35

The molecular docking analysis of modelled CtCBM35 with various manno-
configured ligands viz. oligosaccharides and galactomannan provided a better
understanding of the key amino acid residues involved in strong hydrophobic
interactions. There are plenty of evidences which show how hydrophobic stacking
interactions and hydrogen bonds play an important role in ligand binding in case of
family 35 CBMs (Bowie et al., 1991). The docking results of CfCBM35 with
mannopentose (Fig. 4.3.21A and Fig. 4.3.21B) and galactomannan (man-gal-man,

moiety) (Fig. 4.3.22A and Fig. 4.3.22B) showed that the residues Tyr26, GIn29,
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Asn43, Trp66, Tyr68, Leu69, Arg76 and Leul27 are participating in making polar
interaction with galactomannan, while residues Tyr30, Trp40, Val41, Ala42, Met67,

Trp-123, Phel25 and Ile126 are making a hydrophobic pocket around the binding site

cavity.

Fig. 4.3-21 (A) Showing binding site surface cavity with labelled regjdues forming
hydr(?phobic groove to accommodate mannopentose (B) Best pose of
docklpg of CtCBM35 with mannopentose bound conformation shows
Polar 1n.teraction (dash line) and residues probably involve in hydrophobic
Interaction present within 4 A.
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Fig. 4.3.22 (A) Showing binding site surface cavity with labelled residues forming
hydrophobic groove to accommodate mannotriose (B) Best pose of
docking of CtCBM35 with mannotriose bound conformation shows polar
interaction (dash line) and residues probably involve in hydrophobic
interaction present within 4 A.
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The docking results of CtCBM35 with oligosaccharides and galactomannan

are summarised in Table 4.3.6. Mannotriose showed higher binding affinity for
CtCBM35, K, = 3.0 x 10° M as compared to mannotriose, K, = 1.8 x 10° M and
galactomannan, K, = 1.22 x 10° M! (Table 4.3.6). The free energy of binding (AG) of
mannotriose was maximum -6.57 kcal/mole, followed by mannopentaose -5.29
kcal/mole galactomannan -4.8 kcal/mole (Table 4.3.6) while mannohexose displayed
positive free binding energy on docking with C:<CBM35 (not included the data). This
was possibly due to the size of binding site pocket, which is not large enough to
accommodate bulkier mannohexose as compared to mannotriose. Putative protein-
ligand binding site shown by CBMs having B-sandwich fold, is mainly situated on
either concave surface made by the anti-parallel B-sheets or at the top cavity made by
the loop that connects the two B-sheets (Fanutti ez al., 1995). Analysis of binding site
topography of the CtCBM35 showed that it was made up by the amino acid residues
present in loops connecting anti-parallel p-sheets (Fig. 4.3.23A). First loop started
from Ser120 to Phel25 (between 11-12 B-strand) making a base of the cavity,
creating a flat hydrophobic platform involving two conserved aromatic amino acids
Trp-123 and Phel25. The second loop started from Cys65 to Arg76 (6-7 B-strand) and
¢hird loop from Val21 to Tyr33 (3-4 B-sheets) formed the side surface of the cavity
and provided the soluble accessible surface for the ligands (Fig. 4.3.23A). Here,
amino acid residues Trp66, Tyr68, Leu69 and Arg76 (from loop second) and Tyr26
and Glu29 (from loop third) were also present and made polar contact with the ligand

molecule (Fig. 4.3.23B).
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Table 4.3.6 Amino acid residue interactions of CtCBM35 with manno-configured

ligand
Ligand Association Free Polar Hydrophobic residue
constant binding interactions in 4A region

(XKa) energy (AG)
(x 10° M")  (kcal/mol)

Tyr26, Glu29, Tyr30, Trp40, Val41,

. Asn43, Trp66, Ala42, Met67, Tyr68,
Mannotriose 3.0 -6.57 Arg76, Leu69, Phel25,
Leul27 Nel26
Tyr26, GIn29, Tyr30,Trp40, Val41,
Mannopentaose 1.8 -5.29 Asn43, Ala42,Leu69 ,

Trp66,Tyr68, Arg76,Trpl23,Phel25
Tle126, Leul27,
Asn43, Tyr26, Trp40, Val41,
Trp66,Tyr68, Met67,Ser122, Trp-
Galactomannan  1.22 480y 69, Arg76 123, Phel25, lle126,
Leul27,
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Fig- 4.3.23 (A) Ribbon representation of C:CBM35 using PyMOL complex wi.th
galactomannan (ball-stick view) shows position of substrate binding site
(shown in circle). Residues making polar contact with galactomannan
are positioned mainly in loop region (showed by dashed lines) (B)
Schematic 2D depiction of galactomannan binding site residues of
CtCBM35. Dashed lines shows hydrogen bonds and connected atoms
are shown with spokes radiating back. The amino acid residues
displayed in arc with spokes involved in hydrophobic interactions.
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4.3.12 Molecular dynamics (MD) study of CtCBM35 in presence of Ca** ion

The Ca’" ion played a key role in providing higher stability to CtCBM35 at
higher melting temperature (described in Section 4.3.5). This analysis was further
analyzed using PyMOL tool from the generated model of CrtCBM35. In order to
check the stability of C+CBM35 model in presence of Ca®" ion, RMSD of backbone
atoms from MD production run was plotted as time dependent function in Fig. 4.3.23.
The graph clearly indicated that there was little change in RMSD for the initial 1 ns
and the system converged with fluctuations less than 0.3 A. Furthermore, structural
comparison of energy minimized structure with structures generated throughout the

MD production run indicates that the energy minimized CtCBM35 model represents a

stable conformation.
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Fig. 4.3.23 MD simulation of modelled CtCBM35 shows that the energy-minimized
structure is energetically stable.
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There was one Ca’" ion binding pocket interacting with 7 amino acid residues
viz. Glu 9, Glu 11, Ser 34, Gly 37, Asp 129. It was observed that negatively charged
residues were predominant except Ser and Gly which interacted strongly with
positively charged Ca’" ions. These amino acid residues made coordinate bonds with
Ca”" ion and their orientation was changed remarkably. The comparative study of two
CtCBM35 models with unbound and bound Ca®" ion (Fig. 4.3.24A and Fig. 4.3.24B)
displayed orientation of amino acid residues within the binding pocket. When both the
models were superimposed (Fig. 4.3.24C), it was observed that the residues changed
their orientations at their similar positions with Ca®" ion bound state than the unbound
structure. The bound state residues have less root mean square deviation (RMSD)
value of 1.08 A as compared to unbound state of 1.8 A. This reduced RMSD value

due to the stiffer binding with Ca*' ion prevented less free movement in their bound

state (Noorbatcha et al., 2012).
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Fig. 4.3.24 Amino acid residues of CtCBM35 in the modelled structure (A) without
Ca?* ion (B) with Ca®" ion (C) superimposed structure of both (A) and (B)
showing the Ca®" ion binding pocket to compare the %t;red positions of
the amino acid residues in absence and presence of Ca™ 1on.
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4.4 Conclusions

Polysaccharide binding and structure analyses of CtCBM35 from Clostridium
thermocellum were carried out. The cloned family 35 Carbohydrate binding ‘module
(CtCBM35) from Clostridium thermocellum preferred binding with manno-
configured polysaccharides. CtCBM35 discriminated during carbohydrate selection
showing its affinity only with manno-configured ligands among the manno-, cello-
and xylo-configured polysaccharides. The binding analysis of C:*CBM35 to soluble
polysaccharides was evaluated using affinity gel electrophoresis. The equilibrium
association constant (K,) of the CrCBM35 was determined for mannotriose, konjac
glucomannan, carob galactomannan and locust bean galactomannan by measuring
the relative migration distance of proteins on native PAGE gels in the presence of
above ligands. Both CfCBM3S5 showed lesser affinity for carob galactomannan (for
which the catalytic modules showed maximum activity) as compared to konjac
glucomannan which was clear from greater retardation of C:CBM35 at lower
concentration  of konjac  glucomannan during affinity electrophoresis.
Oligosaccharide and polysaccharide binding studies were also corroborated the
findings of affinity electrophoresis where ligand binding was observed higher with
mannotriose and konjac glucomannan as compared with carob and locust bean
ga]a\ctomannan. Ligand binding with CtCBM35 was evidenced from the fluorescence
peack shift of 21 nm. In dynamic light scattering, the larger particle size Of
CtCBM35 is due to the polysaccharide binding. The cationic interaction of aromatic
residues with carob galactomannan and konjac glucomannan insists CtfCBM35
domain alteration to more compact form reducing the random diffusion of the

) articles between polysaccharide and amino acid residues. Due to simpler structure
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of oligosaccharide (mannotriose) and the polysaccharide ligand konjac glucomannan,
the interaction with aromatic residues in the binding pocket of CfCBM35 uphold
strong binding as compared to carob galactomannan with substituted galactose side
chain.

Instances of Ca’" ion induced stability of CtCBM35 was evident from protein
melting study where the low melting temperature of the protein was shifted to higher
temperature. The metal ion (Ca™) chelation by EDTA revealed the protein stability
lost at very low temperature but the structure could be restored while Ca”" was added
to minimize the effects of EDTA. Therefore, divalent metal cation Ca** plays
significant role in holding the structure that is sensitive against temperature.

Higher temperature invoked lesser stability to CtCBM35 and was evidenced
from fluorescence spectrum at different temperatures. The loss in structural stability
attributed to higher temperature was also hampered the ligand binding capacity of
C!CBM35 and isothermal titration calorimetry revealed that at the melting
temperature CtCBM35 lost its 100 fold ligand binding capacity. The highly
substituted o-(1—6)-galactose on P-(1—4)-mannose backbone in locust bean
galactomannan might be another reason for lower binding by CZCBM35. CrCBM35
is sensitive towards thermal exposure and shows weak binding ability of ligands at
its melting temperature. Titrations against polysaccharides at 55°C, CrCBM35
exhibited ~100 fold lower binding affinity against konjac glucomannan, locust bean
galactomannan and carob galactomannan as compared to binding at 25°C. The
interpretation of unfolding transition in presence of GnHCI and urea revealed that

CtCBM35 holds a significant structural stability and can resist denaturation at higher

concentrations of these denaturants.
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The 3-dimensional model of CtCBM35 from Clostridium thermocellum
generated by Modeller9v8 displayed predominance of f-sheets arranéed as B-jelly-roll
fold. The secondary structure of CtCBM35 by PredictProtein showed presence of two
a-helices (3%), twelve B-sheets (45%) and fifteen random coils (52%). Secondary
structural element analysis of cloned, expressed and purified recombinant C+CBM35
by Circular dichroism also corroborated the in-silico predicted secondary structure.
Multiple sequence alignment of CrCBM35 showed conserved residues (Tyrl23,
Gly124 and Phel25), which are commonly observed in mannan specific CBMs. The
docking analysis of C/CBM35 with manno-oligosaccharide displayed the involvement
of Tyr26, GIn29, Asn43, Trp66, Tyr68, Leu69, Arg76 and Leul27 residues, making
polar contact with the ligand molecules. Ligand docking analysis of CrCBM35
exhibited higher binding affinity with mannotriose and galactomannan (Man-Gal-
Man, moiety) substantiated the affinity binding and fluorescence results, displaying

similar values of K.
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Chapter 5

Purification and characterization of manno-oligosaccharides produced
from commercial substrates and from agro-waste copra meal

by CtManf and their prebiotic and anticancer properties

5.1 Introduction

Galactomannan is a natural and water-soluble polysaccharide consisting of B-
(1—4)-linked D-mannose backbone, randomly substituted with single unit of a-
(1—6)-linked D-galactose residues (Ramesh et al., 2001; Cerqueira et al., 2009). The
commercially available polysaccharides viz. carob galactomannan, locust bean
galactomannan and guar galactomannan are rich sources of galactomannan. The
functional properties of polysaccharide hydrocolloids are directly related with their
structure. Polysaccharides could be depolymerized through various methods, such as
y-irradiation (Prawitwong er al., 2007), ionizing radiation (Al-Assaf et al., 2007).
microwave irradiation (Singh and Tiwari, 2007) chemical (Ganter et al., 1995: Cheng
et al.. 2002) and enzymatic hydrolysis (Lama-Mu™noz et al., 2012; Mudgil et al.
2012; Shobha et al.. 2005). In general, enzymatic hydrolysis can be kinetically
controlled to produce desired end products. Degraded galactomannan with reduced

molecular weight and viscosity could be applied as soluble dietary fiber in functional
foods (Bilgicli ef al., 2001).
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Copra meal is dry coconut flesh (kernel) generally regarded as agricultural
waste without any nutritional value. It is a byproduct, prepared after water decantation
and oil extraction. It contains a large amount of hemicellulose viz. mannan and
galactomannan (Mulimani and Naganagouda, 2010; Hossain, 1996). Though copra
meal is nutritionally poor but it contains a large amount of hemicellulose viz. mannan
and galactomannan (Mulimani and Naganagouda, 2010). The abundance of
galactomannan 65% galactomannan in copra meal thrives its way as a suitable source
of manno-oligosaccharides (MOS) (Hossain, 1996). MOSs have potential immune-
modulator as reported earlier by Kovacs-Nolan ef al. (2013), where the of B-(1—4)-
mannobiose as one of the components of MOS induces Toll-like receptor (TLR)
mediated macrophage activation. More reports on the exploration of MOS as
antiallergenic agent was deciphered in Balb/c mice (Yang ef al., 2013). The prebiotic
effect of MOS was also reported as it beneficially affect on human health by
selectively stimulating growth of the intestinal microflora such as Bifidobacterium
Spp- and Lactobacillus spp., where in contrast limiting the growth of pathogenic
bacteria in the colon (Gibson, 2001). The impaired growth of pathogenic bacteria
might be due to production of increased in  short-chain fatty acid (SCFA) by
probiotic bacteria, resulting in lower pH and inhibition of undesirable microorganisms
in the colon (Hongpattarakere, 2013).

The inhibitory effects of oligosaccharides on pathogens are due to the direct
interaction with human mucosal receptors and hence blocking of the bacterial binding
sites. Therefore, this process improved the elimination of these bacteria during
excretion rather than their binding to mucosal receptors (Ishihara er al., 2000; Spring
et al., 2000). It has been reported that the fructo-oligosaccharides have potential role
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as antitumorigenic agent, for example; fructo-oligosaccharides isolated from apple
showed induced apoptosis to colon cancer cells and cell cycle arrest in S phase (Lin
and Chen, 2004). Oligosaccharides from apple induced apoptosis in HT29 cells by
modulating Bax, Bcl-2 and Bcl-xl protein expression. The cell cycle arrest in the S
phase in HT29 cells was due to the inhibition of the formation of the Cdk2-cyclin Al
complex by decreasing Cdk2 expression. There is only one report on MOS having
anti-tumorigenic potential (Cole and Jayson, 2008) where sulfonated MOS from
Pichia pastoris inhibited angiogenesis resulting in delayed tumor cell invasion and
tumorigenesis (Cole and Jayson, 2008). Therefore, several investigations are required
to study the effect of MOS from other sources on tumorigenesis.

Endo-B-annanases catalyze the random cleavage of B-(1—4)-mannosidic
linkages within the backbones of mannan, galactomannan, glucomannan and
galactoglucomannan resulting in production of various manno-oligosaccharides
(Naughton et al., 2001). We describe here, the production of manno-oligosaccharides
from commercial substrates and defatted copra meal, a by-product from coconut, by a
recombinant endo-B-(1—4)-mannanase (CfManf). The manno-oligosaccharides
produced were purified, characterized and their role as prebiotics and as anti-

tumorigenic agents was studied.
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5.2 Materials and Methods
5.2.1 Reagents, chemicals and ligands

Copra powder was procured from local market in Guwahati, Assam, India.
The components for MRS medium, Tryptone Glucose Yeast extract (TGY) medium.,
the reagents for reducing sugar and total carbohydrate estimation and inulin were
purchased from HiMedia Laboratories, India. a-Amylase, trypsin and guar
galactomannan were obtained from Sigma Aldrich Co. LLC, USA. Deuterium oxide
(D20) was procured from Merck, Darmstadt, Germany. Locust bean galactomannan
and konjac glucomannan were procured from Megazyme Int., Ireland. The probiotic
bacteria Lactobacillus acidophilus NRRL B-4495 and Bifidobacterium infantis NRRL,
B-41661 were procured from Agricultural Research Service Culture Collection
(Peoria, USA). The enteric pathogen strain Enterobacter aerogenes MTCC 3030 was
prOCUrcd from Microbial Type Culture Collection and Gene Bank (MTCC ). Institute

of Microbial Technology, Chandigarh, India.

5.2.2 Production of oligosaccharides from commercial substrates
5.2.2.1 Thin-layer chromatography of hydrolyzed products by CtManf

The qualitative analysis of hydrolyzed products by the reaction of (' tManf on
carob galactomannan was performed by thin-layer chromatography (TLC) on silica
gel-coatcd aluminium foil (TLC Silica gel 60 Fasq 20%20 cm, Merck) for detecting
sugars. The enzyme CiManf (10 pl and 0.16 mg/ml) with 1% (w/v) carob
galactomannan in 100 pl reaction mixtures were incubated at optimized temperature
60°C and optimized pH 6.9, for time intervals of 1 h, 4 h. 8 h, 16 h and 24 h. The

reaction products were boiled for 2 min to stop enzymatic hydrolysis and then

centrifuged 13,000g for 5 min. Then 0.2 nl of sample as well as of standard solutions
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(1.0 mg/ml) were loaded on the TLC plate and kept in the developing chamber
saturated with the developing solution (mobile phase) which consisted of acetic acid-
n-propanol-water-acetonitrile ~ (4:10:11:14). Mannose and oligosaccharides
(mannobiose and mannotriose) were used as standards. At the end of the run,
migrated sugars were visualized by immersing the TLC plate in a visualizing solution
(sulphuric acid/methanol 5:95, v v a-napthol 5.0 %, w/v). The TLC plates were then

dried at 80°C for 20 min. The migrated reaction products (sugars) appeared as spots

on the TLC plate.

5.2.2.2 HPAEC analysis of polysaccharide hydrolysis by CtManf

CrManf (10 pl and 0.16 mg/ml) with 1% (w/v) carob galactomannan in 100 pl
reaction mixtures were incubated, at optimal conditions of 60°C and pH 6.9 for 1 h.4
h, 8 h 16 h and 24 h. These reaction mixtures were treated with 2 volumes (200 ul) of
absolute ethanol to precipitate the remaining non reacted polysaccharides (substrates)
and then centrifuged at 13,000g for 10 min at 4°C. The supernatant containing the
liberated sugar was transferred to another micro-centrifuge tube and the ethanol was
removed by evaporation. The supernatant (50 pl) was diluted to 500 ul by adding
ultra-pure (MilliQ, Millipore, USA) water and filtered through syringe filter using 0.2
um membrane. The liberated sugars were analyzed by high pressure anion exchange
chromatography (HPAEC) using ion chromatography system (Dionex. ICS-3000).
From the filtered 500 pl, 25 pl of sample (liberated sugars) was run oOn
CARBOPACK™ PA-200 column (150 x 3 mm, Dionex), attached with CarboPac™
PA200 guard column (30 x 3 mm, Dionex) with borate and amino trap columns which
removed impurities and provided high resolution. The instrument (Dionex. ICS-3000)

was kept at constant temperature, 30°C during the analysis and the flow rate was
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maintained at 0.3 ml/min. The elution of liberated sugars released due to enzyme
reaction was carried out with 100 mM sodium hydroxide using pulsed amperometric
detector (PAD). 10 pg/ml of D-mannose, mannobiose and mannotriose were used as
standards. The solutions of standards were also filtered through 0.2 pm membrane
before loading to the column. A standard curve was prepared by using mixture of
standards (mannose, mannobiose and mannotriose) from 10 mg/ml stock solutions.
Quantitative analysis enzyme catalyzed hydrolysis products were determined from the

peak intensity of the released products.

5.2.3 Production of oligosaccharides from natural substrate copra meal
5.2.3.1 Pretreatment of copra meal powder

The unprocessed copra powder (100 g) was washed thrice with 500 ml
distilled water to remove any suspended particles and dried in hot air oven at 60°C,
overnight. The dried copra powder 100 g was finely ground using grinder for 10 min
and sieved through 1 mm mesh. The copra powder was designated as CO. The oil
content from CO was partially reduced by following the method of Lin er al., (2004).
The partially oil free CO was boiled with 2 volumes of distilled water for 2 h. This
step was carried out three times and after each step the water containing oil was
removed by decantation and then stored at 4°C for overnight to allow the oil for
solidification and finally be removed. Then the suspension was dried in oven at 60°C
for 12 h. The partially oil free dried copra powder was designated as FCO. After oil
removal step and solidification the possibility any leftover oil chunks were finally
removed by solvent extraction using n-hexane for 24h. In solvent extraction process
FCO was suspended in 1 | of n-hexane, in a beaker and mixed thoroughly and left
overnight. The suspension of FCO was filtered through filter paper (Whatman no. 1)
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and dried in an oven and sieved through 1 mm mesh for further study. The completely
oil free (defatted) copra meal was designated as dFCO. The structural carbohydrates
like hemicellulose and ash were estimated by standardized methods of NREL, USA
(Shuiter et al., 2008). 0.3g of dry substrate (dFCO) was mixed with 3 ml of 27 N
H,SO4 and incubated at 30°C for 1h. Then 54 ml of distilled water was added to
normalize H,SO4 concentration to 1.5N. The sample was autoclaved at 121°C and 15
psi for 1h. The substrate was cooled to 25°C and the treated dFCO was filtered using a
vacuum filtration unit. The residue was weighed which was ash contenf. The filtrate
was collected and pH was neutralized by addition of 1M CaCO;. The protein
extraction and total protein content was determined by the method described
elsewhere (Samson er al., 1971; Bradford, 1976). The component extracted during the

preprocessing steps of copra meal was recognized as lipid after hemicellulase, ash and

protein estimation.

5.2.3.2 Structural analysis of copra meal powder
5.2.3.2.1 FESEM analysis of untreated CO and pretreated dFCO

Thirty micoliter of each untreated CO or pretreated dFCO (0.04 g L") was
placed over a glass slide, subsequently dried and coated with gold film using a
SC7620 “Mini”, Polaron Sputter Coater (Quorum Technologies, Newhaven, England)
and analyzed under the field emission scanning electron microscope (FESEM-Carl

Zeiss, SIGMA VP instrument). The images were acquired for both CO and dFCO.

5.2.3.2.2 FT-IR spectroscopy analysis of untreated CO and pretreated dFCO
Fourier transform infrared (FT-IR) spectroscopy (Spectrum Two, Perkin

Elmer, USA) was used for analysis of available functional groups in untreated CO and
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pretreated dFCO, respectively. One mg each of dried CO and dFCO (45°C for 18 h)

was ground with 3 mg potassium bromide powder (Sigma, USA) in 1:3 ratio and
made into pellet. Three samples of each were prepared to increase the reproducibility
of the analysis and 30 scans were recorded per sample at a resolution of 4 cm™ and

0.1 cm’! data interval.

5.2.3.2.3 'H and >C NMR of pretreated dFCO

Nuclear magnetic resonance (NMR) of dFCO was performed using a Varian
AS400 spectrometer (Agilent Technologies, Palo Alto, CA, USA). The soluble
fractions of dFCO were collected after pre-treatment were dissolved in 0.5 ml
deuterium oxide D,O (Merck, Germany). The solution was lyophilized and 30 mg and
50 mg of dFCO dissolved in 0.5 ml of D,O for 'H NMR analysis 13C NMR,

respectively. Tetramethyl silane (TMS) was used as an internal reference.

5.2.3.2.4 Production and purification of recombinant endo-mannanase (CtManf)
Production and purification of recombinant CtManf was followed as described

in Chapter 2, Section 2.2.21.

5.2.3.2.5 Analysis of enzyme hydrolyzed products of dFCO by TLC and HPAEC
The enzyme activity of CrManf was determined against 2.0% (W/V)
commercial natural substrates such as, carob galactomannan, locust bean
galactomannan, konjac glucomannan and pretreated copra meal powder (dFCO)
dissolved in 50 mM sodium phosphate buffer pH 6.9 as described in Chapter 3,
gection 3.2.7. One hundred microliter of reaction mixture contained 2.0% (W/v)
substrate, 10 ul of enzyme (CManf, 0.16 mg/ml) and the reaction was incubated at

60°C for 10 min. The resulting reducing sugar concentration was measured at 500 nm
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using spectrophotometer (Varian, Cary 100-Bio) as described earlier (Ghosh et al.,
2013). All these assays were carried out in triplicates. Qualitative analysis of
hydrolyzed products of dFCO was performed by thin-layer chromatography (TLC) on
silica gel-coated aluminium foil (TLC Silica gel 60 Fas4 20x20 cm, Merck) to identify
the released sugars. Hydrolysis of dFCO by recombinant endo-mannanase (CtManf)
was carried out under optimum conditions (as described in Chapter 3, Section 3.2.7)
at different time intervals of 1 h, 4 h, 8 h, 16 h and 24 h. After each incubation
period, the reaction mixtures were boiled for 2 min to stop enzymatic hydrolysis and

then centrifuged 13,000g for 5 min. Then 0.2 pl of reaction mixture and standard

solutions of mannose, mannobiose and mannotriose (1.0 mg/ml) were loaded on the

TLC plate and kept in the developing chamber saturated with the developing solution

(mobile phase) consisting of acetic acid-n-propanol-water-acetonitrile (4:10:11:14).

At the end of the run, migrated sugar spots were investigated by immersing the TLC

plate in a visualizing solution (sulphuric acid/methanol 5:95, v/v; a-naphthol 5.0%,

Ww/v) and followed by drying at 80°C for 20 min. The migrated reaction products

(sugars) appeared as spots on the TLC plate.

The samples for high pressure anion exchange chromatography (HPAEC)
were prepared from the reaction mixtures after definite time intervals (as mentioned in
TLC) were treated with 2 volume (200 pl) of absolute ethanol to precipitate the
remaining non reacted polysaccharides and then centrifuged at 13,000g for 10 min at
4°C. The supernatant containing the liberated sugar was transferred to another micro-
centrifuge tube and the ethanol was removed by evaporation. The supernatant (50 ub)
was diluted to 500 ul by adding ultra-pure (MilliQ, Millipore, USA) water and filtered

through syringe filter using 0.2 pm membrane. The liberated sugars were analyzed
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using ion chromatography system (Dionex, ICS-3000). From the filtered 500 pl, 25 pl
of sample (liberated sugars) was run on CARBOPACK™ PA-200 column (150 x 3
mm, Dionex), attached with CARBOPACK™ PA200 guard column (30 x 3 mm,
Dionex) with borate and amino trap columns which removed impurities and provided
high resolution. The instrument (Dionex, ICS-3000) was kept at constant temperature
of 30°C during the analysis and the flow rate was maintained at 0.3 ml/ min. The
liberated sugars were eluted by 300 mM sodium hydroxide using pulsed
amperometric detector (PAD). Quantitative analysis of enzyme catalyzed hydrolysis

products was carried determined from the peak intensity of the released products.

5.2.3.2.6 Purification of manno-oligosaccharides from enzymatic hydrolyzed
products of dFCO

Purification of manno-oligosaccharides from enzymatic hydrolyzed products
of dFCO was carried out 25°C temperature by using FPLC system (AKTA Prime, GE
Healthcare, USA). The components of hydrolyzed products of dFCO were separated
and isolated using polyacrylamide bead matrix Bio-Gel P2 (45-90 um) packet in 50
ml Econo-Pack column (Bio-Gel, USA). Two ml samp[e of enzymatic hydrolyzed
product of dFCO was injected in 2 ml sample loop of FPLC system and the
oligosaccharide samples were eluted with isocratic elution by deionized water at 0.2
ml/min flow rate. Sixty fractions of 1 ml each were collected using a fraction
collector. The total carbohydrate content of fractions was estimated by phenol sulfuric
acid method (Dubios er al., 1956) and qualitatively analyzed by thin layer
were analyzed using mass a spectrophotometer (Agilent 6550 iFunnel Q-TOF LC/MS

system, Agilent 1200 series, USA). Each fraction was diluted to 5 ppm in methanol
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and filtered through 0.45 pum membrane. ESI-MS were carried out for specific
fractions in positive ionization mode and analyzed by TOF detector.

5.2.4 In vitro prebiotic analyses of MOS

5.2.4.1 Effect of artificial human gastric juice hydrolysis on manno-oligo-
saccharides

The prebiotic potential of mixed oligosaccharide was examined and compared
with inulin, a commercial prebiotic as reference. The dried sample of mixed manno-
oligosaccharides was dissolved in autoclaved MilliQ water to produce 1.0% (w/v)
solution. Artificial human gaétric juice was prepared by using phosphate buffer saline
(PBS) containing (in g/1): NaCl, 8; KCl, 0.2; Na,HPO4.2H,0, 8.25; NaHPO,, 14.35;
CaCl,.2H,0, 0.1; MgCl,.6H,0, 0.18 (Korakli et al. 2002). The pH of the buffer was
adjusted to 1, 2, 3, 4 and 5 using 5 M HCI (Korakli ez al. 2002). Artificial gastric juice
(6 ml) at each pH was added to the 1% (w/v) MOS and the reaction mixture was
incubated in a water bath 37 °C for 6 h. Sample (1 ml) was taken periodically at O, 1,
2, 4, 5 and 6 h. Reducing sugar content of the sample was determined by the method
as described earlier in Chapter 3, Section 3.2.2.3 and total sugar was determined by
phenol—sulphuric acid method (Dubois et al., 1956). Percentage hydrolysis of MOS

was calculated based on reducing sugar liberated and total sugar content of the MOS

(Korakli et al., 2002):

Reducing sugar released x 100
Hydrolysis (%) =

Total sugar content — Initial sugar content
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5.2.4.2 Effect of intestinal fluid on mixed manno-oligosaccharides

The intestinal fluid was prepared in PBS with 0.5% (w/v) bile salt (Sigma
Aldrich, USA) and 1000 U/ml of trypsin solution (Sigma Aldrich Co. LLC, USA).
The pH of the buffer was adjusted to 8.0 with 2N NaOH (Fernandez, ef al., 2003). 5
mg mixed manno-oligosaccharides or inulin was dissolved in 5 ml of simulated
intestinal fluid to produce final concentration of 1.0% (w/v) solution and incubated at
for 37°C for 6 h. The reaction mixture (500 pl) was collected at regular time intervals
of 0, 1,2, 3,4, 5 and 6 h to determine the reducing and total sugar content by phenol-

sulphuric acid method (Dubois et al., 1956) for calculating the percentage hydrolysis

as described in the previous Section 5.2.4.2.

5.2.4.3 Effect of a-amylase on mixed manno-oligosaccharides

Effect of a-amylase on mixed manno-oligosaccharides was examined by the
method as described earlier (Wichienchot et al., 2010). a-Amylase (100 U/ml) was
prepared in 50 mM phosphate buffer saline (PBS) and the pH of the buffer was
adjusted to 5, 6, 7 or 8 to a final volume of 5 ml. To each of these solutions 1.0%
(WIV) of mixed manno-oligosaccharides or inulin was added and the reaction was set
in duplicate and incubated at 37°C for 6 h. The reaction mixture (500 pl) was
collected at regular time interval of at 0, 1, 2, 3, 4, 5 and 6 h and the reducing and

total sugar content were determined for calculating the percentage hydrolysis of MOS

as described in previous Section 5.2.4.2.

5.2.5 Effect of MOS on growth of probiotic bacteria
The growth of probiotic bacteria, Bifidobacterium infantis NRRL B-41661 and

Lactobacillus acidophilus NRRL B-4495 as well as non probiotic enteric bacteria E.
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coli DH5a. and E. aerogenes MTCC 3030 was mentioned in the presence of mixed
manno-oligosaccharides and inulin as standard prebioticc. The manno-
oligosaccharides, mannobiose and mannotriose were pooled after purification and
subsequently freeze-dried. The growth of probiotic bacteria was evaluated in basal
MRS medium (pH 6.4) supplemented with 0.5 g/l cysteine as described earlier by
Hongpattarakere et al., (2013). The overnight grown probiotic cultures of
Bifidobacteria (~1 x 107 cells/ml) and Lactobacillus (~12 x 107 cells/ml) were
separately inoculated to 100 ml MRS basal medium containing filter sterilized 1%
(w/v) glucose (as positive control), inulin and incubated under anaerobic condition, at
37°C for 24 h. The growth of non probiotic enteric bacteria was estimated in TGY
medium (pH 7.0) containing 5 g/l of tryptone, 5 g/l of yeast extract, 1 g/l di-potassium
hydrogen phosphate (K;HPOy) and 1 g/l glucose. The non probiotic E. coil and E.
aerogenes were separately inoculated in TGY medium supplemented with filter
sterilized 1% (w/v) of mixed-oligosaccharides or inulin in place of glucose and also
incubated at 37°C for 48 h under anaerobic condition. The growth of the bacterial
culture was determined as cells/ml, by counting colonies that appeared after spreading
100 pL of culture following 12 h and 24 h of incubation on an MRS agar plate (20 g/l
agar) (in case of probiotic bacteria) and TGY agar plate (20 g/l) (in case of non

probiotic bacteria) and the plates were incubated at 37°C for 18 h.

5.2.6 In vitro analysis of effect of MOS on mammalian cells

Mixed MOS from copra meal was used for in vitro cytotoxicity assay. The
effects of manno-oligosaccharides on human colon cancer cell line (HT29) or Human
colon normal cells (FHC ATCC CRL-1831) were studied using the colorimetric 3-

(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) assay as described
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earlier (Mosmann, 1983). HT29 carcinoma cell lines and Human colon normal cells
(FHC ATCC CRL-1831) were seeded in 96-well plates at density approximately, 1.2
x 10* cells/well and 2.1 and x 10* cells/well, respectively, incubated at 37°C for 16 h
in 5% CO, atmosphere for surface attachment. After incubation the media were
removed and the manno-oligosaccharides at different concentrations were added. A
concentration range (1 pg/ml to 500 pg/ml) of mixed MOS was used. The media
without oligosaccharides were used as negative control. The plates were again
incubated at 37° C in 5% CO, atmosphere for 48h. After 48 h the media were removed
and 100 ul MTT (500 pg/ml) was added to each well and further incubated at 37°C
for further 4 h. The supernatant was removed and 100 ul dimethylsulfoxide (DMSO)

was added to each well. The absorbance at 570 nm was monitored on a 96-well

microplate reader (Tecan, Infinite 200 Pro).
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5.3 Results and Discussion

5.3.1 Thin-layer chromatography of hydrolyzed products by CtManf

The analysis of recombinant CtManf hydrolyzed products of carob
galactomannan by TLC is displayed in Fig. 5.3.1. Time dependent hydrolysis of carob
galactomannan displayed the release of mannose (dp 1) after 10 min, but after 1 h of
h&drolysis little release of mannobiose (dp2) and mannotriose (dp3) was observed
(Fig. 5.3.1A). Standards of mono and oligosaccharides (M1: mannose, M2:
mannobiose and M3: mannotriose) were run in parallel to compare the released sugars
(Fig. 5.3.1A). The complete hydrolysis of carob galactomannan was achieved after 24
h of incubation where maximum mannose, mannobiose and mannotriose release could
be observed (Fig. 5.3.1A). Apart from the appearance of dp 1, dp 2 and dp 3, there
were two other higher oligosaccharides (dp4 and dpS) spots which were observed
throughout the hydrolysis (Fig. 5.3.1A). The mannobiose and mannotriose hydrolysis
by CrManf released principally mannose and mannobiose (Fig. 5.3.1B and Fig.
5.3.1C, respectively) displaying its endo-acting nature. CfManf was unable to
hydrolyze mannobiose till 1 h but after 4 h, complete hydrolysis of mannobiose
occurred, leaving only the mannose spot on TLC plate (Fig. 5.3.1B). Whereas, the
hydrolysis of mannotriose by CtManf released, predominantly mannose and trace
amount of mannobiose after 4 h. The mannobiose spot disappeared completely after 8

h, leaving only the mannose spot (Fig. 5.3.1C). Thus CfManf cleaved B-(1—4) bonds

of these manno-oligosaccharides.
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10 30 1h 2h 4h 8h

min  min
Fig. 531 Thin layer chromatography analysis of hydrolyis products from (A) carob
galactomannan (B) mannobiose and (C) mannotriose by (/Manf. (A)
carob galactomannan (1%, w/v) was incubated with CManf for 10 min to
24 h, (B) mannobiose (1 mg/ml) was incubated with CfManf for 10 min to
4 h and (C) mannotriose (1 mg/ml) was incubated with CfManf for 10 min
to 8 h. Samples were taken in intervals and the hydrolysed products

analyzed by TLC (standards used M1: mannose, M2: mannobiose M3
mannotriose).
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5.3.2 HPAEC analysis of enzyme reaction products

Qualitative and quantitative analysis of CtManf hydrolyzed products of carob
galactomannan were carried out by HPAEC-PAD. Time dependent hydrolysis of
carob galactomannan by CrManf is displayed in (Fig. 5.3.2). The peak intensities of
standards are displayed in (Fig. 5.3.2A). After 1 h of C/Manf treatment of carob
galactomannan, the prominent peaks of mannose at 3.4 min, mannobiose at 4.06 min
and mannotriose at 4.96 min were observed with concentrations 2.12 mg/ml, 0.73
mg/ml, 0.76 mg/ml. respectively (Fig. 5.3.2B). The mannobiose peak was more
prominent than mannotriose after 4 h of carob galactomannan hydrolysis while
mannose intensity increased continuously with time (Fig. 5.3.2C). The concentrations
of mannose were determined as 2.23 mg/ml, mannobiose 1.12 mg/ml and mannotriose
0.80 mg/ml after 4 h of incubation. CtManf was able to hydrolyze carob
galactomannan to a greater extent after 8 h and the products obtained were, mannose
(3.16 mg/ml), mannobiose (1.81 mg/ml) and mannotriose (0.90 mg/ml) with much
higher peak intensities (Fig. 5.3.2D). After 16 h incubation, the mannobiose and
mannotriose concentrations increased to 2.1 mg/ml and 1.1 mg/ml, respectively. This
increase was approximately, 1.17 fold and 1.3 fold, respectively, for mannobiose and
mannotriose (Fig. 5.3.2E) as compared with that obtained after 8 h hydrolysis of carob
galactomannan. The complete hydrolysis of carob galactomannan by CrManf was
observed after 24 h of enzymatic reaction where the concentrations of mannose,
mannobiose and mannotriose were 3.6 mg/ml, 2.3 mg/ml and 1.4 mg/ml, respectively
(Fig. 5.3.2F). All the concentrations were determined from the regression equation of
mannose, mannobiose and mannotriose standard curves. Therefore, CtMant quite
effectively hydrolyzed 10 mg/ml (1%, w/v) carob galactomannan and released
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maximum after 24 h yielding 36% mannose, 23% mannobiose and 14% mannotriose.

The overall results quite interestingly described the performance of CrManf in

releasing of the manno-oligosaccharides from carob galactomannan which can be

scaled up for commercial production.
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Fig. 5-3.2 HPAEC-PAD analysis of hydrolyzed products of carob galactomannan by
CtManf. (A) Elution patterns of standards used, mannose (3.4 min),
mannobiose (4.06 min) and mannotriose (4.96 min). Elution pattern of
mannose, mannobiose and mannotriose from CrManf treated carob

galactomannan (1%, w/v) after; 1 h (B), 4h (C), 8h (D), 16h (E) and 24h
(F) at 60°C.
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5.3.3 Production of oligosaccharides from copra meal
5.3.3.1 Pretreatment of copra meal powder

The pretreatment of defatted coprameal (dFCO) (described in Section 5.2.3.1)
resulted in (w/v) 74% hemicellulose, 23.8% protein, 2% ash and 0.2% lipid which
were comparable with the previous report of Lin, 2004. The dry matter of copra meal
containing 61% galactomannan was reported (Balasubramanium, 1976). Therefore,
the pretreatment process was efficient to release the important hemicellulosic
materials such as mannan and galactomannan from copra meal for enhanced enzyme

accessibility and higher production of mannooligosaccharides.

5.3.3.2 Structural analysis of carbohydrate of defatted copra meal (dFCO)
5.3.3.2.1 FESEM analysis of untreated CO and pretreated dFCO

The FESEM images of pretreated copra meal (dFCO) showed significantly
more porous and destabilized structure of the copra meal complex as compared with
the untreated copra meal (CO) (Fig. 5.3.3A and Fig. 5.3.3B). Therefore, the structural
deformity of the coprameal (dFCO) after the effective pretreatment will pave the way

for better enzyme attachment and catalysis which will help the release of mono- and

oligosaccharides.
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Fig. 5.3.3 FESEM analysis of (A) untreated and (B) pretreated of dried copra meal
(dFCO). Topological changes associated with pretreatment are clearly

detectable (Arrow). Inset I and II represent the dried copra powder before
and after pretreatment, respectively.

5.3.3. 2.2 FT-IR spectroscopy analysis of untreated CO and pretreated dFCO
The FT-IR spectral analysis of both untreated and pretreated copra meal

samples (dFCO) are illustrated in Fig. 5.3.4. The assignments of functional groups

recol“ded by FT-IR are listed in Table 5.3.1.
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Table 5.3.1 FT-IR analysis of pretreated copra meal and assignment of functional

groups.
Name of characteristic group Wavenumber (cm™)
OH 3384
C-H methyl and methylene groups 2930
Aromatic ring stretch of lignin ' 1642
Aromatic skeletal vibration plus C=0 stretch of lignin 1506
C-H (Crystalline cellulose) 1430
Anti-symmetric bridge stretching of C—O—C groups in 1152
galactomannan
CH> group of mannan 1064
C-O stretch vibration of glucomannan 1030, 870, 810
90
80 -
;5' 70 A
©
[ %]
=
£ 60 -
£
@
c
o
— 50 -
40 -
3384 2930
30 1 . g
4000 3000 2000 1000

Wavenumber (cm™1)

Fig. 5.3.4 FT-IR analysis of untreated copra meal (CO) (red line) and defatted copra
meal (dFCO) (blue line) displaying the functional group appeared after
pretreatment.

The absorption at 3384 cm™ was attributed to the hydroxyl stretching

vibrations, and the band at 2930 cm™ was due to the C-H stretching of methyl groups.

Similar identification of hydroxyl stretching vibrations and C-H stretching of methyl
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groups of polysaccharide were previously reported (Sun et al., 2012). Small peak
shifts and more pronounced peaks at 3384 cm™ and 2930 cm™ was observed in case
of treated sample while comparing with untreated copra meal. The band at 1642 cm’!
was probably due to the bending mode of water since the hemicelluloses have a strong
affinity for water as these macromolecules in the solid state may have disordered
structures that could be easily hydrated (Sun et al. 2012). The band at 1506 cm’ was

due to the aromatic skeletal vibration plus C=C stretch of lignin and the band at 1430
1

cm” was due to C-H deformation of crystalline cellulose as also reported earlier
(Figueirc’) et al., 2004). The higher transmittance at 1152 cm’ appeared due to anti-
symmetric bridge stretching of C-O-C groups in galactomannan (Figueir6 ef al.,
2004; Prashanth et al, 2006). In addition to a glucose band at 1034 cm’ of
glucomannan an extra band at 1064 cm™ appeared due to the mannose units similar to
an earlier report on galactomannan (Prashanth et al., 2006). In the anomeric region
(950-700 cm™"), pretreated dFCO exhibited the characteristic transmittance at 870 and
810 cm’ suggesting the existence of mannose as reported elsewhere (Kacurakova ef

al., 2000; Zhang et al., 1995). The absorption peak at 870 cm represented the B-

glycosidic bond in dFCO as reported in the hemicelluloses from pectic

po1ysaccharides (Kacurakova et al., 2000).

5.3.3.2.3 'H and °C NMR spectroscopy analysis of pretreated dFCO

Analysis of the positions and fine structure of correlation peaks in the 'H
NMR and "°C spectrum of dFCO are shown in Fig. 53.5A and Fig. 5-3.5B,
respectively. The two signals at 4.75 ppm and 5.03 ppm observed in the 'H NMR
were attributed to the presence of a H-1 protons of B-D-mannopyranose ring [(—4)-B-

D_manp-(l"’)] and  branched q-p-galactopyranose ring [q-D-galp-(1—6)],
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respectively (Table 5.3.2). Other 8H shifts of D-manp at 4.16, 3.82, 3.87, 3.59 and
3.95 ppm were attributed to H-2, H-3, H-4, H-5 and H-6 peaks, respectively. Whereas
the peaks of D-galp at 3.87, 3.95, 3.93 and 3.79 ppm arose from H-2, H-3, H-4, H-5
and H-6, respectively, (Table 5.3.2). Well resolved 13C NMR peaks were observed in
Fig. 5.3.5B, where they corresponded to anomeric carbon of linear PB-D-
mannopyranose at 103.0 ppm, branched at the 6-HO position of B-D- mannopyranose
at 103.3 ppm and branched a-D-galactopyranose at 101.7 ppm. Other chemical shifts
are summarized in Table 5.3.2. The deciphered structure of dFCO displayed the
resemblance with the structure of mannan and galactomannan from Delonix regia |

(Tamaki et al., 2012) and Gleditsia delavayi (Rakhmanberdyeva and Shashkov,
2005).

Table 5.3.2 'H and '°C NMR chemical shifts of dFCO.

TH NMR - -
NS
(—4)-B-D-manp-(1—)  4.75 4.16 3.82 S 390 30
a-D-galp-(1—06) 5.03 3.87 3.95 .

C NMR -
Unit c3  cCc2_C3 ¢4 C-5 C-6

723 722 741 64.0
2 743 793 719 644
79.4 76.3 63.4

Linear (—4)-B-D-manp-(1—)  103.0
Branch (—4)-B-D-manp-(1—) 103.3 729 43
o-D-galp-(1—6) 101.7 713 :
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Fig. 5.3.5 NMR spectra of dFCO polysaccharide (A) 'H and (B) °C, M1/G1, M2/G2,
M3/G3, M4/G4, M5/GS5, M6/G6 represents C1, C2, C3, C4, C5 and C6,
respectively, of D-mannose/D-galactose (M/G).

TH-1871_09610615




Chapter 5 259

5.3.4 Production and purification of recombinant endo-mannanase (CfManf)

The endo-mannanase (CtManf) that was cloned and expressed in E. coli BL21
(DE3) cells as described earlier in Chapter 2, Section 2.2.21. The recombinant
CtManf was purified as described in the Chapter 2, Section 2.3.3.5. The purified

endo-B-(1—4)-mannanase (CfManf) was used for hydrolysis of copra meal to produce

mannooligosaccharides (MOS).

5.3.5 Analysis of enzymatic hydrolysis of defatted copra meal by TLC and
HPAEC

5.3.5.1 Enzyme assay

The manno-configured substrate specificity of CfManf was determined as
described in the Chapter 3, Section 3.3.2). Under optimal pH and temperature
(Chapter 3, Section 3.3.3 and Section 3.3.4), CtManf displayed highest enzyme
activity against commercial soluble substrates viz. guar galactomannan (15.20 = 0.8
U/ml), locust bean galactomannan (27.20 + 0.5 U/ml) and konjac glucomannan (26.8
+ 0.8 U/ml) (Table 5.3.3). The enzyme activity of CfManf was determined against
untreated copra meal (CO) and pretreated dFCO was 2.12 + 0.3 U/ml and 26.0 £ 0.2
U/ml, respectively (Table 5.3.3). Earlier reports exhibited similar mannanase activity
27.4 %+ 0.6, 26.1 + 1.3 U/ml from Aspergillus niger NCH-189 and Aspergillus niger,
respectively, against dFCO (Lin, 2004; Naganagouda et al., 2009). In contrast, the
mannanase isolated from Aspergillus niger NCH-189 and Aspergillus niger showed
similar activity, 2.6 + 0.8 and 2.0 = 0.1 U/ml, respectively, against CO (Lin, 2004;
Naganagouda et al., 2009) (Table 5.3.3). Therefore, it was concluded from our study

that the recombinant CfManf was able to effectively access and hydrolyse the pre-
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treated defatted copra meal (dFCO) and helped in a subsequent release of higher

mannose and MOS.

Table 5.3.3 Comparison of Clostridium thermocellum endo-mannanase (C/Manf)

with other mannanases.

Substrate (2%, Enzyme Source of mannanase References
w/v) activity
(U/ml)*
i 152+0.8 C. thermocellum Present study
fsict 11.4+0.7 Aspergillus niger Chen et al., (2003)
galactomannan 43+0.2 A. niger, A. flavus Naganagouda ez al. (2009)
Locust bean 27.2%0.5 C. thermocellum Present study
lactomannan 7.8+0.8 Aspergillus niger Chen et al., (2003)
ga ann 6.0+0.3 A. niger, A. flavus Naganagouda ef al. (2009)
Konjac 26.8+0.8 C. thermocellum In this study
glucomannan 50+0.5 A. niger, A. flavus Chen er al., (2003)
2.1+0.3 C. thermocellum In this study
CO 2.6+0.8 Aspergillus niger Chen et al., (2003)
20101 A. niger, A. flavus Naganagouda ef al. (2009)
26.0+0.2 C. thermocellum Present study
dFCO 27.4+£0.6 Aspergillus niger Chen et al., (2003)
26.1+1.3 A. niger, A. flavus Naganagouda ef al. (2009)

*Values are in Mean + SD (n=3)

5.3.5.2 Analysis of CtManf hydrolyzed products of dFCO by TLC

Time dependent hydrolysis of dFCO by recombinant endo-B-mannanase

(CtManf) using TLC is displayed in Fig. 5.3.6A. The hydrolysis after 10 min and 1 h
of reaction displayed the release of mannose (dpl) and mannobiose (dp2) (Figure
3A). Standards of mono- and oligosaccharides (M1: mannose, M2: mannobiose and
M3: mannotriose) were run in parallel to compare the released sugars (Fig. 5.3.6A).
Till 4 h of incubation with C/Manf, dFCO was not completely hydrolyzed, but during
g-16 h large amounts of mannobiose and significant amounts of mannose and
mannoiriose Were released (Fig. 5.3.6A). Complete hydrolysis of carob
galactomannan was achieved after 24 h of incubation where the maximum amount of

nannobiose mannose and mannotriose were produced (Fig. 5.3.6A).

TH-1871_09610615




+ESI Scan (24 5 s0c) Frag=175 0V OLIGOSACCHARID d o
385.1214 B
1
i
é 203.0619
e i
Q H
c
(v} |
ﬁ i
c
3 |
o |
© i
v 1
z2 {
= ‘
a i
7] ! |
14 | !
|
: |
: 527.1744
{ i _ gt ;
j L i o, | R Ll Wd

360380 400 420 440 460 480500 520 540
Mass to charge (m/z)

200 220 240 260 280 300 320340

Fig. 5.3.6 Time dependent hydrolysis of copra meal by endo B-mannanase CrManf
(A) TLC analysis displayed the release of mannose (dpl). mannobiose
(dp2) and mannotriose (dp3). M1: Mannose, M2: Mannobiose and M3
Mannotriose are standards used. (B) ESI-MOS-TOF of hydrolysis
products of copra meal by endo B-mannanase isolated after 24 h. In
positive ionization mode the peak displayed mannose (m/z 203.0619),
mannobiose (m/z 365.1214) and mannotriose (m/z 527.1744).
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However, two other higher dp oligosaccharides (dp4 and dp5) were also
observed after 16 h of hydrolysis (Fig. 5.3.6A). The release of mannobiose and
mannotriose was attributed to the endo mannanse activity of CrManf enabling the
cleavage of B-(1—4) bond between the mannose residues of dFCO. Mass
spectroscopy analysis of dFCO hydrolyzed products by CtManf was carried out in
positive ionization mode (Fig. 5.3.6B). The hydrolyzed fragments appeared as
mannose [M+Na]® (m/z 203, dpl), mannobiose [2M+Na]* (m/z 365, dp2) and

mannotriose [3M+Na]" (m/z 527, dp3).

5.3.5.3 HPAEC-PAD analysis of hydrolyzed products of dFCO by enzymatic
hydrolysis

Qualitative and quantitative analyses of CfManf hydrolyzed products of dFCO
were also monitored by HPAEC-PAD. Time dependent hydrolysis of dFCO by
CrManf is displayed in Fig. 5.3.7. The peak intensities of standards are displayed in
Fig. 5.3.7A. After 1 h of CtManf treatment of dFCO, the prominent peaks of mannose
at 3.4 min, mannobiose at 4.06 min and mannotriose at 4.96 min were observed with
concentrations 0.9 mg/ml, 1.1 mg/ml and 0.6 mg/ml, respectively (Fig. 5.3.7B).
Mannobiose peak was most prominent as compared with mannose and mannotriose
peaks after 1, 8 and 24 h of dFCO hydrolysis (Fig. 5.3.7B, C, D). CtManf was able to
hydrolyze dFCO to a greater extent after 8 h and the complete hydrolysis was
achieved at 24 h where mannose, mannobiose and mannotriose concentrations
obtained were 2.8 mg/ml, 3.4 mg/ml and 1.2 mg/ml, respectively (Fig. 5.3.7D). All
the concentrations were determined from the regression equation of mannose,
mannobiose and mannotriose standard curves. Therefore, CrManf effectively

hydrolyzed (1.0%, w/v) dFCO yielding 28% mannose, 34% mannobiose and 12%
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mannotriose. The overall results interestingly described the performance of CtManf in

releasing manno-oligosaccharides from dFCO which can be scaled up for large scale

production.
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Fig 5.3.7 HPAEC-PAD analysis of hydrolysis products of dFCO by C:rManf. (A)
Elution patterns of standards used, mannose (3.4 min), mannobiose (4.06
min) and mannotriose (4.96 min). (B) to (D) elution patterns of mannose,

mannobiose and mannotriose from dFCO (1%, w/v) after incubation from
1h to 24 h with CtManf.

5.3.5.4 Purification of manno-oligosaccharides produced from dFCO by CtManf
The endo-mannanase (CfManf) hydrolyzed products of dFCO were purified
by size exclusion chromatography. The elution profile of oligosaccharides and
monosaccharide displayed three individual peaks (Fig. 5.3.8A). Out of 60 fractions (1
ml) collected, the carbohydrate content was found in fractions from 28 t056. Thesge
fractions were analyzed by TLC (Fig. 5.3.8B) which showed separation of
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carbohydrate components in fractions 52-56, mannose; 42-48, mannobiose and 38-40,
mannotriose with a yield of 33%, 40% and 18%, respectively. The overlapping
fractions of mannose-mannobiose were also observed in fraction 52 and mannobiose-
mannotriose in fraction 34 (Fig. 5.3.8B). The separated fractions were pooled and
analyzed by mass spectrometry. In positive ionization mode ESI-MS-TOF analysis of
the separated carbohydrate components in fraction 52-56 displayed mannose [M+Na]"
(m/z 203) (Fig. 5.3.8C [I]); 42-48, mannobiose [2M+Na]” (m/z 365) (Fig. 5.3.8C [1I])
and 38-40, mannotriose [3M+Na]" (m/z 527) (Fig. 5.3.8C [III]). The 41° fraction
displayed an overlapping mannobiose and mannotriose peaks at m/z 365 and 527,
respectively (Fig. 5.3.8C [IV]). The fractions 50-51, displayed overlapping peaks of
mannose and mannobiose at m/z 203 and 365, respectively, (Fig. 5.3.8C [VD.
Therefore, it was evident from mass spectral analysis that the individual factions

separated by the SEC were effectively purified into mannose, mannobiose and

mannotriose.
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analysis of fractions under three major peaks with mannose (52. -56).
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[IV] mannobiose-mannotriose, (50-51) [V] mannose-mannobiose eluted
from Size exclusion chromatography (BioGel P2).
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5.3.6. In vitro prebiotic analyses of MOS
5.3.6.1 Effect of artificial human gastric juice on MOS
The mixed MOS obtained from the defatted copra meal (dFCO) showed high

resistance towards artificial gastric juice of pH 1-4 after 6 h of incubation at 37°C
(Fig. 5.3.9A). The percent hydrolysis of mixed manno-oligosaccharides decreased
with increase in the pH of the artificial gastric juice. The hydrolysis at pH 1, 2, 3 and
4 was 2.1%, 1.2%, 0.8% and 0.7%, respectively, after 6 h of incubation (Fig. 5.3.9A).
The percent hydrolysis of inulin significantly decreased with increasing the pH as the
hydrolysis of inulin at pH 1, 2, 3 and 4 was 30.2%, 24.2%, 14.0% and 8.3%,
respectively, after 6 h of incubation (Fig. 5.3.9B). The results showed that the mixed
manno-oligosaccharides (MOS) are at least 10 fold higher resistant to hydrolysis by
human simulated gastric juice as compared with commercial insulin. The result
indicated that the mixed manno-oligosaccharides from dFCO will be easily accessible
by probiotic bacteria present in the gastrointestinal tract of human as it was not
digested by artificial gastric juice till 6h. The current results are better as compared
with the previous findings where oligosaccharides were reported to be resistant to

acidic conditions in the artificial human gastric juice for only 2 h (Wichienchot et al.,

2010).
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5.3.6.2 Effect of intestinal fluid and a-amylase on mixed manno-oligosaccharides

The mixed MOS from defatted copra meal (dFCO) demonstrated high
resistance in intestinal fluid containing 1000 U/ml of trypsin and 0.5% bile salt at pH
8. The maximum hydrolysis was 1.8% as compared with the standard prebiotic inulin,
which gave maximum hydrolysis of 6.2% after 6 h of incubation at 37°C (Fig. 5.3.10).
These results suggested that 98% of consumed mixed manno-oligosaccharides from
defatted copra meal (dFCO) are expected to reach the jejunal portion of small
intestine. This finding is more significant as compared with the earlier report, where
60% of oligosaccharides isolated from dragon fruit were able to reach lower portion
of small intestine after 2h (Wichienchot et al., 2010).

Hydrolysis of mixed manno-oligoéaccharides from defatted copra meal
(dFCO) and inulin by o-amylase at pH 5-8 displayed that higher pH resulted in
significantly higher degree of hydrolysis. The degree of hydrolysis of mixed manno-
oligosaccharides after 6 h of incubation at pH of 5, 6, 7 and 8 was 1.3%, 2.1%, 2.3%
and 3.5%, respectively (Fig. 5.3.11A). Whereas, the hydrolysis of inulin by a-amylase
showed 9.0%, 14.2%, 16.7% and 21.0% hydrolysis at pH 5, 6, 7 and 8, respectively,
yielding higher extent of hydrolysis (Fig. 5.3.11B). The mixed MOS exhibited
maximum hydrolysis of 3.5% after 6 h of incubation at 37°C, whereas the standard
prebiotic inulin showed maximum hydrolysis of 21.0% at pH 8 after 6 h of incubation
at 37°C, suggesting that the mixed manno-oligosaccharides had significantly higher
enzymatic resistance as compared with inulin. It has been reported that the 88% of
inulin and oligofructose reach the colon (Cummings and Macfarlane, 2002), whereas,
the present results suggested that 97% mixed manno-oligosaccharides may reach the

colon in intact form. Therefore, the isolated mixed MOS used in present study are
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highly resistant to a-amylase hydrolysis. It is evident from this study that the mixed
MOS has higher resistance to extreme conditions of the human gastrointestinal tract
as compared to the standard inulin. In addition, mixed MOS also served as an
alternative carbon source for probiotic bacteria. Thus, prebiotic mixed manno-
oligosaccharides, alone or in combination with probiotic bacteria in the form of
synbiotics, have the ability to influence and improve the gastrointestinal health of

humans.
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Fig. 5.3.10 Effect of simulated intestinal juice on hydrolysis of mixed manno-

oligosaccharides (A ) and reference commercial prebiotic inulin (@) at pH
8 for 6h,
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5.3.7 Effect of MOS on growth of probiotic bacteria

The increment in population of two probiotic bacterial strains Lactobacillus
acidophilus NRRL B-4496 and Bifidobacterium infantis known for colonizing human
colon, in the presence of 1% (w/v) mixed mannooligosaccharides (MOS), inulin and
glucose are shown in Table 5.3.4. It was found that the mixed MOS stimulated higher
growth of Lactobacillus acidophilus and Bifidobacteria infantis by increasing their
number from 1.0x107 to 17x10” cells/ml and from 12x107 to 165x10’ cells/ml,
respectively, within 24 h (Table 5.3.4). Whereas, inulin promoted to a lesser extent
the growth of Lactobacillus acidophilus and Bifidobacteria infantis from 12 x 107 to
99x107 cells/ml and 1.0x107 to 8.7x10” cells/ml after 24 h, respectively (Table 5.3.4).
Therefore, 1.8 fold higher growth of Lactobacillus and Bifidobacteria were observed
in the presence of manno-oligosaccharides as compared with commercial prebiotic
inulin. However, MOS did not support the growth of E. coli or E. aerogenes like
commercial prebiotic inulin as shown in Table 5.3.4. The lowering of pH was from
6.4 to 4.1 after 24 h during the growth of both Lactobacillus acidophilus and
Bifidobacteria infantis. It has been reported that both Lactobacillus and
Bifidobacteria can grow at low pH 2.0 till 2 h (Gibson er al., 2000; Pereira and
Gibson, 2012). It has been reported earlier that short chain fatty acids (SCFA) and
lactate are generated from anaerobic fermentation in the presence of prebiotics which
cause the suppression of growth of pathogenic intestinal bacteria and modulation of
cholesterol and lipid metabolism (Hongpattarakere, 2013). Therefore, the lowering of
pH did not hinder the normal process of cell growth of probiotic bacteria. In contrast,
the low growth profiles were observed as in case of E. coli and E. gerogenes after 24

h which was perhaps due to the pH lowering to 6.4 and 6.1, respectively, and also due
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to the exhaustion of carbon source after 24 h. Similar results were reported where
lowering of pH inhibited the growth of E. coli and this effect was further relieved by
addition of methionine which gave tolerance against the acetate formation as well as
lowering the pH (Roe et al., 2002).

Table 5.3.4. Effect of mixed manno-oligosaccharides, inulin and glucose on growth
of probiotic and non probiotic bacteria.

Bacteria Mixed manno- Inulin Glucose
oligosaccharides (x107 cells/ml) (x107 cells/ml)
(x107 cells/ml)

Oh 12h 24h |(Oh 12h 24h |Oh 12h 24 h
Lactobacillus

acidophilus 4495 12+4.0 95+2.0 165+8 12+4.0 62+5.0 99+9.0 12+4.0 60 =2.0 94+7.0
Bifidobacterium

infantis 41661 1.0£0.2 9.0+0.2 17405 | 1.0:0.1 7.0£03 8.7:0.6 | 1.0:02  82+0.3 9.7+0.5
E. coli DHS5a 0.2+0.02 0.8+0.6 1.2+03 | 0.230.02 0.7:0.6 1.1+03 | 0.2+0.01 1.0+0.02 1.5+0.6
E. aerogenes

3030 0.7+0.02 1.0x04 1.420.6 | 0.7:0.2 0.8+0.3 13+0.2 | 0.7:0.2 0.65:0.2 1.1+x0.3

5.3.8 In vitro analysis of effect of MOS on mammalian cells

The concentration dependent effects of mixed manno-oligosaccharides on
HT29 cell line and on normal human colon cell (FHC ATCC CRL-1831) are
displayed in Fig. 5.3.12A and Fig. 5.3.12B, respectively. In the MTT assay, the
decrease in viability of HT29 cells was observed when the concentration of mixed
MOS increased from 1 to 500 pg/ml (Fig. 5.3.12A). In contrast no cytotoxic effect of
MOS on normal cell FHC ATCC CRL-1831 was observed while increasing the
concentrations of MOS from 1 to 1000 pg/ml till 48h (Fig. 5.3.12B). At highest
concentration of manno-oligosaccharides (500 pg/ml) the percent survival of HT29
cells was only 50.0 + 3.2% after 24 h of incubation while the percent survival of
HT29 cells after 48 h of incubation displayed 40.0 = 0.9% at 500 p.g/ml manno-
oligosaccharides concentration (Fig. 5.3.12A). These results showed that the manno-

oligosaccharides (MOS) significantly inhibited growth of the human colon carcinoma
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cells. The potential effects of oligosaccharides from apple on human colon carcinoma
cell line HT29 via cell cycle arrest at S phase resulting in apoptosis was reported (Li
et al., 2013). The growth reduction by isolated manno-oligosaccharides from defatted

copra meal may open new arena of chemotheraputic agents for colon cancer

treatment.
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Fig. 5.3.12 Effect of mixed manno-oligosaccharides, (A) 1-500 (pg/ml) on viability
of human colon carcinoma HT29 cells and (B) 1-1000 (pg/ml) on
viability of human colon normal (FHC ATCC CRL-1831) cells by MTT
assay. The data are expressed as mean + SD of three independent
experiments and each analysis was carried out in triplicate.
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5.4 Conclusions

CtManf catalyzed substrate hydrolysis products were analyzed by TLC and
HPAEC. It was apparent from TLC that CtManf released mannotriose, mannobiose
and mannose in prolonged hydrolysis of carob galactomannan. After complete
hydrolysis of carob galactomannan CfManf was able to release mannose, mannobiose
and mannotriose. The salient feature of C/Manf catalysis involved only B-(1—4)-bond
cleavage when mannobiose and mannotriose were used as substrate and liberated
mainly mannose as main product. The release of large amount of mannose at early
stage of enzymatic reaction by CiManf was commonly seen against carob
galactomannan and manno-oligosaccharides. HPAEC analysis corroborated the
results of TLC analysis of hydrolysis of carob galactomannan products released by
CtManf. The results of HPAEC showed that CfManf exclusively cleaves carob
galactomannan into mannotriose, mannobiose and mannose. It was apparent from
TLC and HPAEC analyses CfManf was able to hydrolyze only B-(1—4) bond
cleavage and had potential to produce manno-oligosaccharides from carob
galactomannan.

The structure analysis of the pretreated copra meal by FESEM revealed the
efficiency of the pretreatment process that led to good structural deformity. The FT-
IR analysis showed the easy accessibility of the major functional groups of the
abundant galactomannan for CtManf. Both 'H and ’C NMR revealed that the
polysaccharide content of the copra meal contains predominantly galactomannan with
a-(1—6)-linked galactose substituted in the B-(1—4)-linked mannose main chain.
Time dependent C:Manf catalyzed hydrolysis of the galactomannan of copra meal

confirmed the presence of mannose, mannobiose and mannotriose on analysis by
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TLC, HPAEC and mass spectra. The released manno-oligosaccharides were purified
using size exclusion chromatography with significant yield. The mixed manno-
oligosaccharides enhanced the growth of probiotic bacteria holding potential as
competent prebiotic agent as compared with commercial inulin. The mixed manno-
oligosaccharides are highly resistant against hydrolysis by simulated gastric juice,
intestinal fluid and a-amylase proving to be a stable prebiotic over inulin. In vitro
cytotoxicity assay of manno-oligosaccharide (500 pg/ml) on human epithelial
colorectal adenocarcinoma cell line (HT-29) demonstrated 60% decreased viability of
cells after 48h displaying anti-tumorigenic property. In contrast the MOS did not

show any cytotoxic effect on the normal colon cell. Therefore, it can be suggested that

MOSs are biocompatible.
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The positive clones of recombinant CfManf, CfManT and CtCBM35 were sequenced
from Eurofin India (Bangalore, India). The sequences are listed below, which were
further analyzed using BLAST (www.ncbi.nlm.nih/Blastn).

CtManf (Glycoside Hydrolase 26 catalytic module from Clostridium thermocellum ATCC

27405)

TTACTTTTGTGTAACGGGAAATTTTGTAATTGCTTTCATTATAAATCTTITTAATATTGTCAAATCGGTTGAATTGAT
TGAACCGTCACCGTTTAAATCTGCTGCTTTTTCAGGGACATTCATTCTTTCAAGAACTTTTAAAATATATTTCTTCA
GTATCATATAATCGGTTGAGTTTATATTTCCGTCATTGTTCAAATCGCCGTAGTTGATATCCGGTATTTCACCATCA
TATTCATAAAGGTTTTCCGGAAGTTCATCCAAGGTGATTACATATTCACTGTTGTAGATAGTGTTCAAAAGTACGG
GGTCGTTGTATCTGGGACTCATAAGGAAATCACCGTACCATGGGCAGAAATACAGCCACCAGGCTTCCTCATTAAC
TATATTTTGAATATCGGGAATAACGTCATTTTCAGTCAATGCAACCATCTTTGTGTCGTTTGTGTAATTTACAAGTG
TAAGGAATAATGATGATGCGGCGCTTGTGCCCCAGGTATTGGGTGAACCTTCATATTTGTCGTATCCGATAATGTC
CACATACTCATCGCCGGGATACCATTCATAAGAATTGGCATATGTATAAAGGTTTACTTCCCATATCAAATTATGA
ATGCCGTATTTTTCGGTAAGAGTTTTATAAAGAAGTTTCCAGAGTTCCTTGTAAACTTCAGCACCTGCAGAACCCC
ACCAGAACCATGCGCCGGAGCCGTCGGTGTTGTTGTAGCCTTCAGCTTCATGGAACGGACGGAAAAGTATAGGAA
TGTTTTGCTCCTGAAGAATTAAAAGCTGCTCTGCAAGGTCTTCAATTGCCATCATCAGGTAAGCATGTTCTTTTGTT
GTTTCATCAAGGCAGTTTGCGGTATTAAAGCTGCTTGTCGGTTTGTATGTACAGTTTGTCCAATCCACCGGCTCACC
GAGTTTATAACTTGCAAAATCCCTGGGAATATTTATATGCCAGCATGCTGTTGCAATACCGCCGCGATTTTTTACCC
AGTCGATTATACGTGCCGTTGTACCGTCTTCCCATCCGTACAGAGGATTGTAGTTCATGAAATCAAAGCCTCTGAT
TGCAGGATATTTGCCTGTCTTCTCATAAATATAATCGAATTCAAGTTCATAATTGCCGTCGTTTCCGTTTCCGTAAA
TCTCCTGCTGGCCGGAAATAACATATTTTCCGTACACGCTGGTAAGGTATTTCATAAGAGCTCTTGTTTCAGGAGTT
GCATTTGGATCACACGGAGTCGGGTCAATTATATGATCGGGCATGTCAGCATGGTCAAAGTATATTTTGTCGTACA
GTATAAAGCCCCAGCTTCCGGAGGAACCTATCTCAATAGTTGCTTTACCGGCCTCAAGATAGAAGAATCCGAAACT
GTAATCAATCCATTGGCCTTTGTTTGGAATAAAATAGTTGCTGTGTGATTTTCCGTTGATGCTTATAACCTGCATTC
TGGTCTCATCTTCTTTGCCAAGATACATCCAGCATCTTGTGGAAAGCTCATACATACCGTTTTCAGGAATGGTGACT
TCCAATGTTATCGTTCCCGAGTTGGCC ACCCATACGAATCCGTCGCCGGAATATCCGGGATATTGAGTTCCGTATA
CATTGGTGGTAACAACGGCACCGTTGCCAAGAGTGCAATCTTCTGCTT! CAACGTCCACAGGAAGGGAATATGCAG
CATAAGTTGAAACGGGCATGACTAAAAGAACGGAAAACACCATTGCAAATGTTACCAGCAGACTCAGTGTCCTGC

CAAAAATTTTCCCCAT

CtManT (Glycoside Hydrolase 26 catalytic module from Clostridium thermocellum
ATCC 27405)

CATGCGGATATGCCGGATCATA'ITATTGATCCGACCCCGTGCGATCCGAACGCGACCCCGGAAACCCGCGCGCT G
ATGAAATATCTGACCAGC GTGTATGGCAAATATGTGATTAGCGGCCAGCAGGAAATTTATGGCAACGGCAACGAT
GGCAACTATG AACTGGAATTTGATTATATTTATGAAAAAACCGGCAAATATCCGGCGATTCGCGGCTTTGATTTTA
TGAACTATAACCCGC TGTATGGCTGGGAAGATGGCACCACCGCGCGCATTATTGATTGGGTGAAAAACCGCGGCG
GCATTGCGACCGCGTGCTGGCATATTAACATTCCGCGC GATTTTGCGAGCTATAAACTGGGCGAACCGGTGGATTG
GACCAACTGCACCTATAAACCGACCAGCAGCTTTAACACCGCGAACTGCCT GGATGAAACCACCAAAGAACATGC
GTATCTGATGATGGCGATTGAAGATCTGGC GGAACAGCTGCTGATTCTGCAGGAACAGAACATTCCGATTCTGTTT
CGCCCGTTTCATGAAGCGGAAGGCTATAACAAC ACCGATGGCAGCGGCGCGTGGTTTTGGTGGGGCAGCGCGGGC
GCGGAAGTGTATAAAGAACTGTGGAAACTGCTGTATAAAACCCT GACCGAAAAATATGGCATTCATAACCTGATT
TGGGAAGTGAACCTGTATACCTATGCGAACAGCT ATGAATGGTATCCGGGCGATGAATATGTGGATATTATTGGCT
ATGATAAATATGAAGGCAGCC CGAACACCTGGGGCACCAGCGCGGCGAGCAGCCTGTTTCTGACCCTGGTGAACT
ATACCAACGATACCAAAATGGTGGCGCTGACCGAAAAC GATGTGATTCCGGATATTCAGAACATTGTGAACGAAG
AAGCGTGGTGGCTGTATTTTTGC CCGTGGTATGGCGATTTTCTGATGAGCCCGCGCTATAACGATCCGGTGCTGCT
GAACACCATTTATAACAGCGAATATGTGATTACCCTGGATGAACTG

CtCBM35 (Carbohydrate Binding Module 35 from Clostridium thermocellum ATCC
27405)

GCGTATAGCCTGCCGGTGGATGTGGAAGC GGAAGATTGCACCCTGGGCAACGGCGCGGTGGTGACCACCAACGTG
TATGGCACCCAGTATCCGGGCTATAGCGGC GATGGCTTTGTGTGGGTGGCGAACAGCGGCACCATTACCCTGGAA

GTGACCATTCCGGAAAACGGCATGTATGAACTGAGCACCCGCTGCTGGATGTATCT GGGCAAAGAAGATGAAACC
CGCATGCAGGTGATTAGCATTAACGGC AAAAGCCATAGCAACTATTTTATTCCGAACAAAGGCCAGTGGATTGAT

TATAGCTTTGGCTTTTTTTATCTGGAAGC GGGCAAAGCGACCATTGAAATTGGCAGCCATGGCAGCTGGGGCTTTA
TTCTGTATGATAAAATTTATTTTGAT
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Abstract Production of manno-oligosaccharides (MOSs)
from pretreated and defatted copra meal (dFCO) hydrolysis
was achieved by endo-mannanase. Structural character-
ization of dFCO by FT-IR and NMR exhibited resemblance
with galactomannan. The time-dependent hydrolysis of
dFCO by recombinant endo-B-(I — 4)-mannanase of
Clostridium thermocellum by TLC and HPAEC displayed
the release of mannose and MOSs mannobiose and
mannotriose. Purified MOSs yielded 40 % mannobiose
and 18 % mannotriose confirmed by mass spectroscopy
which showed mannobiose (m/z = 365) and mannotriose
(m/z = 527). The homology based structural analysis of
catalytic endo-mannanase (CrManT) showed the catalytic
core composed of Glul81 and Glu300 acting as acid/base
and Glu288 as a nucleophile during galactomannan
hydrolysis. Sub-site mapping of CtManT exhibited two
aglycone and four glycone sites at cleavage sites existing
on either side of B-(1 — 4)-linkage of galactomannan,
Isolated MOSs displayed potential prebiotic characteristics
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and supported higher growth of probiotic Lactobacillus
acidophilus and Bifidobacterium infantis than with stan-
dard inulin. Moreover, MOSs displayed over 97 % toler-
ance to simulated gastric juice, intestinal fluid, and
o-amylase proving its potential as a stable prebiotic over
inulin. In vitro cytotoxicity assay of MOSs (500 pg/mL) on
human epithelial colorectal adenocarcinoma cell line (HT-
29) demonstrated 60 % decreased viability of cells after
48 h displaying anti-tumorigenic property.

Keywords Copra meal - Mass spectrometry - Catalytic
core - Sub-site - Prebiotics - Anti-tumor

Introduction

Copra meal is dry coconut flesh (kernel) generally regarded
as agricultural waste without any nutritional value. It is a
by-product, prepared after water decantation and oil
extraction. It contains a large amount of hemicellulose viz.
mannan and galactomannan [1, 2]. The abundance of 65 %
galactomannan in copra meal is a suitable source of MOSs
[2]. The galactomannan is usually composed of repeating
B-(1 - 4)-mannose units and a few o-(1 — 6)-galactose
units attached to the B-(1 — 4)-mannose backbone [2].
The enzymatic hydrolysis of galactomannan by endo-
mannanase releases MOSs [2]. MOSs have been shown to
exhibit immune-modulatory effect as one of the compo-
nents of toll-like receptor (TLR) mediated macrophage
activation [3]. More reports on the exploration of MOSs as
antiallergenic agent was discovered in Balb/c mice [4]. The
prebiotic effect of MOSs was also reported as it benefi-
cially affects human health by selectively stimulating
growth of the intestinal microflora such as Bifidobacterium
spp. and Lactobacillus spp., while in contrast limiting the
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growth of pathogenic bacteria in the colon [5]. The
impaired growth of pathogenic bacteria might be due to
increase production of short-chain fatty acid (SCFA) by
probiotic bacteria, resulting in lower pH and inhibition of
undesirable microorganisms in the colon [6].

MOSs can also directly inhibit pathogenic microorgan-
isms besides promoting the growth of probiotic microor-
ganisms [7]. The inhibitory effects of oligosaccharides on
pathogens are due to the direct interaction with human
mucosal receptors and hence blocking of the bacterial
binding sites. Therefore, this process improved the elimi-
nation of these bacteria during excretion rather than their
binding to mucosal receptors [7, 8]. It has been reported that
the fructo-oligosaccharides have a potential role as anti-
tumorigenic agents; for example, fructo-oligosaccharides
isolated from apple showed induced apoptosis in colon
cancer cells and cell cycle arrest in S phase [9]. Oligosac-
charides from apple induced apoptosis in HT29 cells by
modulating Bax, Bcl-2, and Bcl-xl protein expression. The
cell cycle arrest in the S phase in HT29 cells was due to the
inhibition of the formation of the Cdk2-cyclin A1 complex
by decreasing Cdk2 expression. There is only one report on
MOSs having anti-tumorigenic potential [10] where sulfo-
nated MOSs from Pichia pastoris inhibited angiogenesis
resulting in delayed tumor cell invasion and tumorigenesis
[10]. Therefore, further investigations are essential to dis-
cover the potential of MOSs for delaying tumorigenesis.

In an earlier study, we reported the production of MOSs
from carob galactomannan by endo-p-(I — 4)-mannanase
(CtManf) of Clostridium thermocellum and a family 26
glycoside hydrolase (GH26) containing a non-catalytic car-
bohydrate binding module CBM35 [11]. Endo-B-mannan-
ases catalyze the random cleavage of B-(1 — 4)-mannosidic
linkages within the backbones of mannan, galactomannan,
glucomannan, and galactoglucomannan resulting in pro-
duction of various MOSs [12]. We describe here the pro-
duction of MOSs from defatted copra meal, a by-product
from coconut, by the same recombinant endo-B-(1 — 4)-
mannanase (CtManf). The structure of endo-B-(1 — 4)-
mannanase was characterized by in silico methods, and sub-
site mapping for substrate binding was carried out. The
molecular mechanism involved in galactomannan hydroly-
sis was investigated. The MOSs produced were purified and
characterized, and their role as prebiotic and anti-tumori-
genic agents was studied.

Materials and Methods
Chemicals, Media, and Microorganisms

Copra powder was procured from the local market in Gu-
wahati, Assam, India. The components for MRS medium

@ Springer
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tryptone glucose yeast extract (TGY) medium and the
chemicals for reducing sugar and total carbohydrate esti-
mation and inulin were purchased from Hi-Media Pvt. Ltd,
India. a-Amylase, trypsin, and guar galactomannan were
obtained from Sigma Aldrich, USA. Deuterium oxide (D,0)
was procured from Merck, Darmstadt, Germany. Locust
bean galactomannan and konjac glucomannan were pro-
cured from Megazyme Int., Ireland. The recombinant endo-
mannanase CtManf from C. thermocellum ATCC 27405 was
clonedin pET-28a(+) and expressed in E. colicells [11). The
probiotic bacteria Lactobacillus acidophilus NRRL B-4495
and B. infantis NRRL B-41661 were procured from Agri-
cultural Research Service Culture Collection (Peoria, USA).
The enteric pathogen strain Enterobacter aerogenes MTCC
3030 was procured from Microbial Type Culture Collection
and Gene Bank (MTCC), Institute of Microbial Technology,
Chandigarh, India.

Pretreatment of Copra Meal Powder

The unprocessed copra powder (100 g) was washed three
times with 500 mL distilled water to remove any sus-
pended particles and dried in a hot air oven at 60 °C,
overnight. The dried copra powder 100 g was finely ground
for 10 min and sieved through 1-mm mesh. Initially, this
copra powder was designated as CO. The oil content from
CO was partially reduced by following the method of by
Lin and Chen [9]. The partially oil-free CO was boiled
three times with two volumes of distilled water for 2 h and
stored at 4 °C overnight to allow the oil to solidify and be
finally removed. Then the suspension was dried in oven at
60 °C for 12 h. The partially oil-free dried copra powder
was designated as FCO. After solidification and subsequent
removal step, any possible left over oil chunks were finally
removed by solvent extraction using n-hexane for 24 h. In
solvent extraction process, FCO was suspended in 1 L of n-
hexane, in a beaker and mixed thoroughly and left over-
night. The suspension of copra powder was filtered through
Whatman No. 1 filter paper and dried in an oven and sieved
through 1-mm mesh for further study. The completely oil-
free (defatted) copra meal was designated as dFCO. The
structural carbohydrates like hemicellulose and ash were
estimated by standardized methods of NREL, USA [13].
0.3 g of dry substrate (dFCO) was mixed with 3 mL of
27 N H,S0, and incubated at 30 °C for 1 h. Then 54 mL
of distilled water was added to normalize H,SO, concen-
tration to 1.5 N. The sample was autoclaved at 121 °C and
15 psi for 1 h. The substrate was cooled to 25 °C, and the
treated biomass was filtered using a vacuum filtration unit,
The residue was weighed which gave ash content. The
filtrate was collected and pH was neutralized by addition of
1 M CaCOs. The protein extraction and total protein con-
tent were determined by the method described elsewhere



Mol Biotechnol

[14, 15]. The component extracted during the preprocess-

ing steps of copra meal was recognized as lipid after
hemicellulase, ash, and protein estimation.

Structural Analysis of Copra Meal Powder
FESEM Analysis of Untreated and Pretreated dFCO

Thirty microliter of each untreated CO or pretreated dFCO
(0.04 g/L) was placed over a glass slide, subsequently dried
and coated with gold film using a SC7620 “Mini”, Polaron
Sputter Coater (Quorum Technologies, Newhaven, Eng-
land) and analyzed under the field emission scanning
electron microscope (FESEM-Carl Zeiss, SIGMA VP

instrument). The images were acquired for both CO and
dFCO.

FT-IR Spectroscopy Analysis of Untreated CO
and Pretreated dFCO

Fourier transform infrared (FT-IR) spectroscopy (Spectrum
Two, Perkin Elmer, USA) was used for analysis of avail-
able functional groups in untreated CO and pretreated
dFCO, respectively. One mg each of dried CO and dFCO
(45 °C for 18 h) was ground with 3 mg potassium bromide
powder (Sigma, USA) in 1:3 ratio and made into a pellet.
Three samples of each were prepared to increase the
reproducibility of the analysis, and 30 scans were recorded
per sample at a resolution of 4 and 0.1/cm data interval.

'H and '*C NMR of Pretreated dFCO

Nuclear magnetic resonance (NMR) of dFCO was per-
formed using a spectrometer (Varian AS400, Agilent
Technologies, Palo Alto, CA, USA). The soluble fractions
of dFCO were collected after pretreatment were dissolved
in 0.5 mL deuterium oxide D,O (Merck, Germany). The
solution was lyophilized and 30 and 50 mg of dFCO dis-
solved in 0.5 mL of D,O for 'H NMR analysis '*C NMR,
respectively. Tetramethyl silane (TMS) was used as an
internal reference.

Production and Purification of Recombinant Endo-
mannanase (CrManf)

In our earlier study, we cloned, hyper-expressed, and bio-
chemically characterized family 26 glycoside hydrolase
endo-mannanase (CtManf) from C. thermocellum ATCC
27405 [11]. The production and purification of recombi-
nant endo-mannanase (CrManf) were carried out by fol-
lowing the methods described elsewhere [11].
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Analysis of Enzyme Hydrolyzed Products of dFCO
by TLC and HPAEC

The enzyme activity of CrManf was determined against
2.0 % (w/v) unprocessed and pretreated copra meal powder
(dFCO) dissolved in 50 mM sodium phosphate buffer pH
6.9. One hundred microliter of reaction mixture contained
2.0 % (w/v) substrate and 10 pL. of enzyme (CrManf,
0.16 mg/mL), and the reaction was incubated at 60 °C for
10 min. The resulting reducing sugar concentration was
measured at 500 nm using spectrophotometer (Varian,
Cary 100 Bio) as described earlier [16, 17]. All these
assays were carried out in triplicates.

Qualitative analysis of hydrolyzed products of dFCO
was performed by thin-layer chromatography (TLC) on
silica gel-coated aluminum foil (TLC Silica gel 60 Fs,4
20 x 20 cm, Merck) to identify the released sugars.
Hydrolysis of dFCO by recombinant endo-mannanase
(CtManf) was carried out under optimum conditions as
described previously [11] at different time intervals of 1, 4,
8, 16, and 24 h. After each incubation period, the reaction
mixtures were boiled for 2 min to stop enzymatic hydro-
lysis and then centrifuged at 13,000xg for 5 min. Then
0.2 pL. of reaction mixture and standard solutions of
mannose, mannobiose, and mannotriose (1.0 mg/mL) were
loaded on the TLC plate and kept in the developing
chamber saturated with the developing solution (mobile
phase) consisting of acetic acid-n-propanol-water—aceto-
nitrile (4:10:11:14). At the end of the run, migrated sugar
spots were investigated by immersing the TLC plate in a
visualizing solution (sulfuric acid/methanol 5:95, v/v; o-
naphthol 5.0 %, w/v) and followed by drying at 80 °C for
20 min. The migrated reaction products (sugars) appeared
as spots on the TLC plate.

The samples for high-pressure anion exchange chro-
matography (HPAEC) prepared from the reaction mixtures
after definite time intervals (as mentioned in TLC) were
treated with two volume (200 pL) of absolute ethanol to
precipitate the remaining non-reacted polysaccharides and
then centrifuged at 13,000xg for 10 min at 4 °C. The
supernatant containing the liberated sugar was transferred
to another micro-centrifuge tube, and the ethanol was
removed by evaporation. The supernatant (50 pL) was
diluted to 500 pL by adding ultra-pure (MilliQ, Millipore,
USA) water and filtered through a syringe filter using
0.2 pm membrane. The liberated sugars were analyzed
using ion exchange chromatography system (Dionex, ICS-
3000). From the filtered 500, 25 pL of sample (liberated
sugars) was run on CARBOPACK™ PA-200 column
(150 x 3 mm, Dionex), attached with CARBOPACK™
PA200 guard column (30 x 3 mm, Dionex) with borate
and amino trap columns which removed impurities and
provided high resolution, The instrument (Dionex, ICS-3000)

@ Springer
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was kept at constant temperature of 30 °C during the
analysis and the flow rate was maintained at 0.3 mL/min.
The liberated sugars were eluted by 300 mM sodium
hydroxide using pulsed amperometric detector (PAD).
Quantitative analysis of enzyme catalyzed hydrolysis pro-
ducts was determined from the peak intensity of the
released products as described earlier [11].

Mechanism of Oligosaccharide Synthesis by Endo-f-
mannanase

Two approaches were followed to decipher the mechanism
of oligosaccharide synthesis from copra meal, first by
homology modeling of endo-mannanase since no X-ray
crystal structure 1is availa!.)le for family 26 glycoside
hydrolase (Man26B) catalytic segment (CtManT) of endo-
B-(1 — 4)-mannanase from C. the_rmoce.ll.um ATCC 27405
and second by structure superimposition of modeled
C:ManT with substrate boqnd. template to understand the
mechanism of substrat.e blnfilng, catalysis, and sub-site
mapping. A three dimensional model structure was
deduced using Modeller 9v8 by homo}ogy modeling based
on closest structural homologs having 36 % maximum
cequence identity from Podospo'ra anserine (pdb id:
3ZM8), Cellvibrio japonicas (de id: 2VX4) and Cellulo-
was fimi (pdb id: 2BVT) with rms.d. of 1.2, 2.3, and
m 6 A respectively, over the 300 amino acids of C* main
2. 'n’ The loop regions of best model were refined selec-
c{hall .by using the 1oop model class of modeler and after
tive yc <le of loop refinement discrete optimized protein
each )’(D OPE) score was generated [18). The best model
energy reasonable DOPE and MOLPDF scores was chosen
havl:ugrth or refinement. Energy minimization of modeled
for T was perfol‘med in YASARA energy minimization
cMa (www.Y ASARA .org/minimizationserver), where a
server . partly knowledge-based all atom force field
new ‘L from Amber was used to run the molecular
derive s simulations of protein molecules in explicit sol-
dynam19] The quality of final modeled CtManT was val-
vent [ i.ng various parameters available at NIH structural
idated.us and validation server (http:/nihserver.mbi.ucla.
analySISvgg/) [20], as well as PROSA web server [21]. A
edu/SA . ‘do cking study was carried out using Autodock
molecula derstand the binding site of the ligands in the
a42.11t0Y <ub-site mapping. In Autodock 4.2.1, novel and
da  ing meth0d°1°g?' pf inbuilt Lamarckian Genetic
robust Y LGA) and empirical free energy scoring func-

Algorit T sed 10 reproduce the docking results for ligands
tion wi " the ligand Vviz. mannobiose, mannotriose,
[ 27] nannopentose, mannohexose, and galacto-

mannotetrosz’retrieved eithe'r from PDB files or PubChem
mannan Wl Chcm_ncbi.nlm.mh.gm'). Input files of ligands
(hnps://pu;red by adding hydrogen atoms and assigning
were preP
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Gasteiger—Marsili charges followed by deleting all non-
polar hydrogens and merging their charges on the carbon
atoms. Grid maps were assigned to each atom type present
in the protein as well as ligand molecule accompanied by
electrostatic and desolvation maps using the AutoGrid [23].
Grid boxes were set to be 66, 60, and 58 (x, y, and z) points
with 0.375 A and the grid spacing covering the entire
active site pocket of modeled CtrManT. Docking simula-
tions were performed with an initial population size of 300
and 30 independent LGA runs were carried out. Best
docked conformations from the largest cluster, having a
minimum lowest free energy of binding (AG), were saved.
Results were analyzed using PyYMOL for possible polar and
hydrophobic interaction.

Purification of Manno-Oligosaccharides
from Enzymatic Hydrolyzed Products of dFCO

Purification of MOSs from enzymatic hydrolyzed products
of dFCO was carried out at 25 °C by using FPLC system
(AKTA Prime, GE Healthcare, USA). The components of
hydrolyzed products of dFCO were separated and isolated
using polyacrylamide bead matrix Bio-Gel P2 (45-90 yum)
packet in 50 mL Econo-Pack column (Bio-Gel, USA). Two
milliliters of crude sample of enzymatic hydrolyzed prod-
uct of dFCO was injected in the 2 mL sample loop of the
FPLC system and the oligosaccharide samples were eluted
with isocratic elution by deionized water at 0.2 mL/min
flow rate. Sixty fractions of 1 mL each were collected
using a fraction collector. The total carbohydrate content of
fractions was estimated by phenol sulfuric acid method
[24] and qualitatively analyzed by TLC as reported earlier
[11]). The fractions were analyzed using a mass spectro-
photometer (Agilent 6550 iFunnel Q-TOF LC/MS system,
Agilent 1200 series, USA). Each fraction was diluted to
5 ppm in methanol and filtered through a 0.45 pm mem-
brane. ESI-MS were carried out for specific fractions in
positive ionization mode and analyzed by TOF detector,

In Vitro Analysis of Mixed Manno-Oligosaccharides
as Prebiotics

Growth Profile of Probiotic Bacteria in the Presence
of Manno-Oligosaccharides

The growth of probiotic bacteria, B. infantis NRRL
B-41661 and L. acidophilus NRRL B-4495 as well as pgop-
probiotic enteric bacteria E. coli DH5% and E. aerogenes
MTCC 3030 was monitored in the presence of mjxed
MOSs and inulin as standard prebiotic. The MOgs,
mannobiose, and mannotriose were pooled after purifica.
tion and subsequently freeze-dried. The growth of probjotjc
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bacteria was evaluated in basal MRS medium (pH-6.4)
supplemented with 0.5 g/L cysteine as described earlier by
Hongpattarakere [6]. The overnight grown probiotic cul-
tures of Bifidobacterium (~1 x 107 cells/mL) and Lacto-
bacillus (~12 x 107 cells/mL) cultures were separately
inoculated to 100 mL MRS basal medium containing filter
sterilized 1 % (w/v) glucose (as positive control), mixed-
oligosaccharides or inulin and incubated under anaerobic
conditions, at 37 °C for 24 h. The growth of non-probiotic
enteric bacteria was estimated in TGY medium (pH-7.0)
containing 5 g/L of tryptone, 5 g/L of yeast extract, 1 g/L
di-potassium hydrogen phosphate (K.HPO,), and 1 g/L
glucose. The non-probiotic E. coli and E. aerogenes were
separately inoculated in TGY medium supplemented with
filter sterilized 1 % (w/v) of mixed-oligosaccharides or
inulin in place of glucose and also incubated at 37 °C for
48 h under anaerobic condition. The growth of the bacterial
culture was determined as cells/mL, by counting colonies
that appeared after spreading 100 pL of culture following
12 and 24 h of incubation on an MRS agar plate (20 g/L
agar) (in case of probiotic bacteria) and a TGY agar plate
(20 g/L) (in case of non-probiotic bacteria) and the plates
were incubated at 37 °C for 18 h.

Effect of Artificial Human Gastric Juice Hydrolysis
on Manno-Oligosaccharides

The prebiotic potential of mixed oligosaccharide was
examined and compared with inulin, a commercial pre-
biotic as reference. The dried sample of mixed MOSs
was dissolved in autoclaved MilliQ water to produce
1.0 % (w/v) solution. Artificial human gastric juice was
prepared by using phosphate buffer saline (PBS) con-
taining (in g/L): NaCl, 8; KCl, 0.2; Na,HPO,-2H,0,
8.25; NaHPO,, 14.35; CaCl,-2H,0, 0.1; and MgCl,.
6H,0, 0.18. The pH of the buffer was adjusted to 1, 2,
3, 4, and 5 using 5 M HCI (Korakli et al. [25]). Artificial
gastric juice (6 mL) at each pH was added to the sample
solution of 1 % (w/v) MOSs, and the reaction mixture
was incubated in a water bath at a controlled temperature
of 37 °C for 6 h. Samples (1 mL) were taken periodi-
cally at 0, 1, 2, 4, 5, and 6 h. Reducing sugar content of
the samples was determined by the method as described
earlier by [16, 17], and total sugar was determined by
phenol—sulfuric acid method [24]. Percentage hydrolysis
of MOSs was calculated based on reducing sugar liber-
ated and total sugar content of the MOSs [25]:

Reducing sugar released x 100

Hydrolysis(%) = )
y ysis(%) Total sugar content — initial sugar content

TH-1871_09610615

Effect of Artificial Human Intestinal Fluid on Mixed
Manno-Oligosaccharides

The artificial human intestinal fluid was prepared in PBS
with 0.5 % (w/v) bile salt (Sigma Aldrich, USA) and
1,000 U/mL of trypsin solution (Sigma Aldrich, USA). The
pH of the buffer was adjusted to 8.0 with 2 N NaOH {[26].
The mixed MOSs or inulin was dissolved in simulated
intestinal fluid to produce final concentration of 1.0 % (w/
v) mixed MOSs and incubated at for 37 °C for 6 h. The
reaction mixture (500 pL) was collected at regular time
intervals of 0, 1, 2, 3, 4, 5, and 6 h to determine the
reducing and total sugar content for calculating the per-
centage hydrolysis as described in the previous section.

The Effect of a-Amylase on Mixed Manno-
Oligosaccharides

Effect of a-amylase on mixed MOSs was examined as
described earlier [27]. a-Amylase (100 U/mL) was pre-
pared in PBS, and the pH of the buffer was adjusted to 5, 6,
7, or 8. To each of these solutions 1.0 % (w/v) of mixed
MOSs or inulin was added and the reactions were set in
duplicate and incubated at 37 °C for 6 h. The reaction
mixture (500 pL) was collected at regular time intervals of
at 0, 1, 2, 3, 4, 5, and 6 h to determine the reducing and
total sugar content for calculating the percentage hydro-
lysis as described in previous section.

In Vitro Anti-tumorigenic Activity of Mixed Manno-
Oligosaccharides

Mixed MOSs from copra meal was used for in vitro anti-
cancer activity assay. The effects of MOSs on human colon
cancer cell line (HT29) were studied using the colorimetric
3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium  bro-
mide (MTT) assay as described earlier [28]. HT29 cell
lines were seeded in 96-well plates at density approxi-
mately 1.2 x 10* cells/well and incubated at 37 °C for
16 h in 5 % CO, atmosphere for surface attachment. After
incubation, the media were removed and the MOSs at
different concentrations were added. A concentration range
(1-500 pg/mL) of mixed MOSs was used. The media
without oligosaccharides were used as negative control.
The plates were again incubated at 37 °C in 5 % CO,
atmosphere for 48 h. After 48 h the media were removed
and 100 pL MTT (500 pg/mL) was added to each well and
further incubated at 37 °C for further 4 h. The supernatant
was removed and 100 pL dimethylsulfoxide (DMSO) was
added to each well. The absorbance at 570 nm was

@ Springer
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<4Fig. 1 FESEM analysis of a untreated and b pretreated of dried
coconut (copra meal). Topological changes associated with pretreat-
ment are clearly detectable (arrow). Inset [ and {I represent the dried
copra powder before and after pretreatment. respectively. ¢ FT-IR
analysis of untreated copra meal (CO) and pretreated defatted copra
meal (dFCO)

Table 1 FT-IR analysis of pretreated copra meal and assignment of
functional groups

Name of characteristic group Wavenumber
(em™ ")

OH 3.384

C-H methyl and methylene groups 2,930

Aromatic ring stretch of lignin 1,642

Aromatic skeletal vibration plus C=0 stretch of 1.506
lignin

C-H (crystalline cellulose) 1,430

Anti-symmetric bridge stretching of C-O-C groups 1,152
in galactomannan

CH, group of mannan 1.064

C-0 stretch vibration of glucomannan 1033, 870, 810

monitored on a 96-well microplate reader (Tecan, Infinite
200 Pro).

Results and Discussion

Structural Analysis of Carbohydrate of Defatted Copra
Meal (dFCO)

The carbohydrate analysis of dFCO after pretreatment
exhibited (w/v) 74 % hemicellulose, 23.8 % protein and in
addition to that 2 % ash and 0.2 % lipid which were com-
parable with the previous report [4]. The FESEM images of
pretreated copra meal (dFCO) showed significantly more
porous and destabilized structure of the copra meal complex
as compared to the untreated copra meal (CO) (Fig. 1a, b).
The FT-IR spectral analysis of both untreated and pretreated
copra meal samples (dFCQO) is illustrated in Fig. lc. The
assignments of functional groups recorded by FT-IR are
listed in Table 1. The absorption at 3,384 cm ' was attrib-
uted to the hydroxyl stretching vibrations, and the band at
2,930 cm ' was due to the C—H stretching of methyl groups.
Similar identification of hydroxyl stretching vibrations and
C-H stretching of methyl group was reported previously
[29]. The small peak shifts and more pronounced peaks at
3,384 and 2,930 ¢cm ' were observed in case of dFCO while
comparing with non-treated copra meal. The band at
1,642 cm ' was probably due to the bending mode of water
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Fig. 2 NMR spectra of dFCO
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since the hemicelluloses have a strong affinity for water as
these macromolecules in the solid state may have disordered
structures that could be easily hydrated as also reported
elsewhere [30]. The band at 1,506 cm~' was due to the
aromatic skeletal vibration plus C=C stretch of lignin and the
band at 1,430 cm™! was due to C—H deformation of crys-
talline cellulose as also reported earlier [30]. The higher
transmittance at 1,152 ¢cm™ ' appeared due to anti-symmetric
bridge stretching of C—O-C groups in galactomannan similar
to the earlier reports [ 30, 31]. In addition to a glucose band at
1,034 cm™! of glucomannan, an extra band at 1,064 cm”!
appeared due to the mannose units similarly reported earlier
[32]. In the anomeric region (950-700 cm™"), pretreated
dFCO exhibited the characteristic transmittance at 870 and
810 cm ! suggesting the existence of mannose as also
reported elsewhere [33, 34]. The absorption peak at
870 cm ! represented the B—glyCOSidiC bond in dFCO [33].

TH-1871_09610615

Analysis of the positions and fine structure of correlation
peaks in the "H NMR and "*C spectrum of dFCO is shown
in Fig. 2a, b, respectively. The two signals at 6H 4.75 and
5.03 ppm are observed in the region for resonance of ano-
meric protons in the "H NMR are attributed to the presence
of a H-1 proton of the B-p-mannopyranose ring [(— 4)-B-p-
manp-(1 —)] and branched o-p-galactopyranose ring [o-p-
galp-(1 — 6)], respectively (Table 2). Other 6H shifts were
attributable to H-2, H-3, H-4, H-5, and H-6 peaks from p-
manp at 4.16, 3.82, 3.87, 3.59, and 3.95 ppm, whereas H-2,
H-3, H-4, H-5, and H-6 peaks arose from p-galp at 3.87,
3.95, 3.93, and 3.79 ppm, respectively (Table 2). Well-
resolved >C NMR peaks are observed in Fig. 2b, where
they corresponded to anomeric carbon of linear B-p-man-
nopyranose at 103.0 ppm, branched at the 6-HO position of
B-p-mannopyranose at 103.3 ppm and b'ranched o-D-
galactopyranose at 101.7 ppm. Other chemical shifts are
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Table 2 'H and '>*C NMR Chemical shifts of dFCO polysaccharide

Unit
H-1 H-2 H-3 H-4 H-5 H-6
"H NMR
(— 4)-B-p-manp-(1 —) 475 4.16 3.82 387 3.59 3.95
z-p-galp-(1 — 6) 5.03 3.87 3.95 393 3.90 379
C-1 C-2 C-3 C-4 C-5 C-6
*C NMR
Linear (—4)-B-p-manp-(1—) 103.0 72.9 723 722 74.1 64.0
Branch (—4)-f-p-manp-(1—) 103.3 729 74.3 79.3 77.9 64.4
¥-p-galp-(1 — 6) 101.7 71.3 74.3 79.4 76.3 63.4

summarized in Table 2. The outcome from the structural
analysis of dFCO showed resemblance with the structure of
mannan from Delonix regia [35] and galactomannan from
Gleditsia delavayi [36]. The above results also showed that
74 % hemicellulose in dFCO is predominantly galacto-
mannan. However, the dry matter of copra meal contained
61 % galactomannan as reported earlier [37] which is lower
than our findings. Therefore, the pretreatment process was
efficient in releasing the important hemicellulosic materials
such as mannan and galactomannan from copra meal for
enhanced enzyme accessibility and higher production of
MOSs.

Production and Purification of Recombinant Endo-
mannanase (CtManf)

The clostridial recombinant Hisg-tagged CrManf was
purified by immobilized metal ion affinity chromatography
(IMAC) from the cell-free extracts to homogeneity. The
SDS-PAGE analysis of purified CtManf displayed molec-
ular size 53 kDa [i1]. The recombinant protein was
expressed as a soluble protein.

Analysis of Enzymatic Hydrolysis of Defatted Copra
Meal by TLC and HPAEC

Enzyme Assay

The manno-configured substrate specificity of CtManf was
determined in our earlier report [11]. The enzyme activity
of CtManf against 2.0 % (w/v) non-processed copra meal
(CO) and pretreated dFCO displayed 13.25 and 162.5 U/
mg, respectively. Therefore, it can be suggested from our
study that the recombinant endo-mannanase was able to
access the preprocessed dFCO and helped in a subsequent
release of higher reducing sugars.
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Analysis of CtManf Hydrolyzed Products of dFCO
by TLC

Time-dependent hydrolysis of dFCO by recombinant endo-
B-mannanase (CtManf) using TLC is displayed in Fig. 3a.
The hydrolysis after 10 min and 1 h of reaction displayed
the release of mannose (dpl) and mannobiose (dp2)
(Fig. 3a). Standards of mono- and oligosaccharides (M1:
mannose, M2: mannobiose, and M3: mannotriose) were run
in parallel to compare the released sugars (Fig. 3a). Till 4 h
of incubation with CrManf, dFCO was not completely
hydrolyzed, but during 816 h large amounts of mannobi-
ose and comparable amounts of mannose and mannotriose
were released (Fig. 3a). Complete hydrolysis of dFCO was
achieved at 24 h of incubation where the maximum amount
of mannobiose, mannose, and mannotriose were produced;
however, two other higher oligosaccharides (dp4 and dp5)
were also observed at 16 and 24 h of hydrolysis (Fig. 3a).
Therefore, the release of mannobiose and mannotriose was
attributed to the endo-mannanse activity of CrManf
enabling the cleavage of the B-(1 — 4) bond between the
mannose residues of dFCO. Mass spectrometry analysis of
dFCO hydrolyzed products by CtManf was carried out in
positive ionization mode (Fig. 3b). The hydrolyzed frag-
ments appeared as mannose [M-+Na]' (m/z 193, dpl),
mannobiose [2M+Na]' (m/z 365, dp2), and mannotriose
[3M+Na]* (m/z 527, dp3).

HPAEC-PAD Analysis of Hydrolyzed Products
of dFCO by Enzymatic Hydrolysis

Qualitative and quantitative analyses of CtManf hydrolyzed
products of dFCO were also monitored by HPAEC-PAD.
Time-dependent hydrolysis of carob galactomannan by
CtManf is displayed in Fig. 4. The peak intensities of
standards are displayed in Fig. 4a. After 1 h of CtManf
treatment of carob galactomannan, the prominent peaks of
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Fig. 3 Time-dependent hydrolysis of copra meal by endo-B-man-
nanase., a TLC analysis displayed the release of mannose (dpl),
mannobiose (dp2), and mannotriose (dp3). M/ Mannose, M2
Mannobiose, and M3 Mannotriose are standards used. b ESI-MS-
TOF of hydrolysis products of copra meal by endo-B-mannanase
isolated after 24 h. In positive ionization mode, the peak displayed
mannose (rn/z 203.0619), mannobiose (m/z 365.1214), and mannotri-
ose (m/z 527.1744)

mannose at 3.4 min, mannobiose at 4.06 min, and manno-
triose at 4.96 min were observed with concentrations 0.88,
1.09, and 0.60 mg/mL, respectively (Fig. 4b). The manno-
biose peak was more prominent than mannotriose after 8 h
of carob galactomannan hydrolysis while mannose intensity
increased continuously (Fig. 4c). CrManf was able to
hydrolyze carob galactomannan to a greater extent after 8 h,
and the products obtained and the complete hydrolysis of
carob galactomannan by CrManf were observed after 24 h
of enzymatic reaction where mannose, mannobiose, and
mannotriose concentrations of 2.8, 3.4 | and 1.2 mg/mL,
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respectively, were obtained (Fig. 4d). All the concentra-
tions were determined from the regression equation of
mannose, mannobiose, and mannotriose standard curves.
Therefore, CtManf quite effectively hydrolyzed 10 mg/mL
(1.0 %, wi/v) carob galactomannan and gave maximum
release after 24 h yielding 28 % mannose, 34 % mannobi-
ose, and 12 % mannotriose. The overall results convinc-
ingly described the performance of CrManf in releasing of
MOSs from dFCO which can be taken for higher scale
production.

Molecular Mechanism of Oligosaccharides Formation
by Endo-f-mannanase

Structure Prediction of Endo--mannanase Catalytic
Core (CtManT)

Three-dimensional structure of C:ManT showed the com-
mon (B/a)g “TIM™ barrel folding motif characteristic of
GH-A clan of glycoside hydrolase families [I8, 19].
CtManT comprised eight loops assigned as loopl (Ile44-
Glu54), loop2 (Met76-Gly87), loop3 (His108-Asnl38),
loop4 (Prol78-Trp197), loopS (1le226-Try232), loop6
(Asp253-Ala266), loop7 (Lys286-11e292), and loop8
(Lys306-Tyr321). CtManT clearly showed remarkable
structure differences from the other structurally character-
ized bacterial origin GH26 mannanase. It showed more
similarity toward the fungal mannanase in terms of struc-
ture and folds. In depth, structure study showed the loops
connecting a side of the active site of binding pocket (loops
2, 3, 4, and 5) relatively longer (especially loop3) as
compared to loops present on the other side (loops 1, §, 7,
and 6) of the binding cavity. These prolonged loops cer-
tainly provide flexibility and subtleties to the active site
binding pocket which might influence the function and help
the enzyme to accommodate polymeric substrate of vari-
able degrees of polymerization and length. To identify the
key active site residues, CtManT was superimposed with
the closely related structure of PaMan26A (PDB id 3ZM8).
The results showed that the active site residue Glul81 of
CitManT acts as acid/base and corresponds to Glu300 of
PaMan26A. The residue Glu288 of CtManT matched with
Glu390 of PaMan26A which acts as a nucleophile
(Fig. 5a). Catalytic residue Glul81 situated at the center
core in the middle of loop4, whereas Glu288 was posi-
tioned in the catalytic core, loop7; both the residues were
58 A apart (Fig. 5b) and are in the agreement of the
retention type of mechanism as reported for mannanase of
family GH26 [38]. The above results support the conten-
tion that the mechanism of CtManT reaction involves the
retention of anomeric configuration through a covalent
glycosyl intermediate (Fig. 5¢).
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Docking Analysis and Sub-site Mapping of C/ManT
Involved in Oligosaccharide Synthesis

Molecular docking study of CrManT with different man-
no-configured ligands (from mannobiose to mannohexose
as well as galactomannan) was carried out in order to
understand the role of aromatic and hydrophobic residues
present in the ligand binding site. The results of docking
are summarized in Table 3. The results showed free
energy of binding increased (—~AG) concomitantly with
the increased size of ligands (up to mannopentose from
mannobiose) and that represented the stable nature of
substrate binding sub-sites’ presence across the active site
region of CiManT. The ability to accommodate larger
ligand molecules in the active site of C/ManT is probably
due to the long loops enclosing the active site that pro-
vided the depth of the cavity. The solvent-accessible sur-
face view of CfManT complex with ligand mannopentose
showed broad saddle-shaped, open active center core
(Fig. 5d). This allows interaction with internal region of
sugar rings of oligosaccharides (endo-acting). reported
also for other endo-B-mannanases from family 26 GH [39,
t0]. In contrast, BeMan displayed shallow-disk shaped
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Retention time (min)

Fig. 5 a Superimposed view of CiManT (gray) over PaMan26A of p

P. anserine, pdb id: 3ZM8 (black) proteins showing the similarity and
differences in the structure and folds along with the position of active
site residues at the catalytic core. b Enlarged view of overlayed
catalytic residues (stick view) Glul81 (catalytic acid/base) corre-
sponding to Glu300 and GIu288 (catalytic nucleophile) to Glu390 of
PaMan26A. ¢ Schematic 2D depiction of proposed catalytic mech-
anism for CtManT which follows net retention of anomeric config-
uration through covalent glycosyl-enzyme intermediate. d Top view
of solvent-accessible surface of the substrate binding region of
CtManT showing broad saddle-shaped, open active site cavity along
with ligand mannopentose. e Docked view of ligand mannopentose
interacting with active site amino acid residues of CtManT. Residues
present at the active site of C/ManT making hydrophobic interaction
(surface view) with mannopentaose and residues involved in hydro-
gen bonding are represented in magenta color. f Superimposed
structures of CtManT with complex of CjMan26C (pdb id: 2VX6)
with galactomannan are used for sub-site mapping. Ligand (in stick
view) occupied +2 to —2 sub-sites of CtManT and CjMan26C. The
key conserved residues of CrManT (Tyr255, Trp311, Glu288. His108,
His180, Glul81, Phel95, and Trpl94) and CjMan26C (Trp373,
Tyr297, Glu338, Hisl56, His220, Phe227. Glu22l, and Trp226)
forming the sub-site and showing significant interaction with
galactomannan. g Schematic presentation of amino acid residues of
CtManT involved in formation of substrate binding sub-sites

binding pocket [41]. CrManT in association with ligand
mannopentose displayed the significant polar and hydro-
phobic interactions with active site residues along with
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aromatic and hydrophobic residues (Fig. Se). The aromatic
residues created the overall binding site cavity as well as
stabilizing the mannopyranose ring of oligosaccharides.
Analysis of ligand bound complex obtained from docking
and structure superimposition study with ligand bound
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homolog protein as well as analysis of hydrolysis products
obtained from degradation of galactomannan to oligosac-
charides as shown in Fig. 3a confirmed that the C/ManT
contains six galactomannan binding sub-site that com-
prise two aglycone site (reducing end, +1 and +2) and
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Table 3 Amino acid residue interactions of CrtManT with manno-configured ligands

Ligand Predicted free energy of Polar interactions Residue within 4 A region
binding by docking (AG)
(kcal/mol)
Mannobiose —6.84 Tyr312, Trp311, Tyrl31, Asp74, Glu288, His180, Phel95, Met76
Glul81, Thrl30, Asnl28,
Thr127, Tyr82, His108
Mannotriose -3.17 Tyr312, Glul81, Trp311, Phe315, Tyr255. Phel195. Asnl28. Met76, His108, Tyr82
Thr130, Tyrl31, Thr127
Mannotetraose  —7.97 Trp311,Tyr255, Asp253,Tyrl185, Tyr312, Phe3l5, Lys254, Tyr252, Glul83, Gly184, Phel95.
Glul81, Tyrl31, Thrl30, Met76
His108
Mannopentaose —8.68 Tyr252, Tyrl31, Thr130, Tyr82, Met76, Tyr312, Trp311. Phe315. His108. Asp253,
Glu256. Tyr255 Lys254, Leu270, Tyr185, Glul81, Trp197. Phel95,
Asnl28, Thr127, Tyr255
Mannohexaose  —8.60 Tyr252, Tyr312, Asp253, Trp311, Phe315, Met76, Lys254. Glul83, Gly184, Glul8l,
His108, Tyr185, Asnl28, Trpl94., Phel95, Thr130. Tyrl31
Thr127
Galactomannan —3.85 Tyr255, Glu288, Trp311, Trpl85, Gly184, Trpl94, Phe315, Tyrl131, Tyr312, Phe3l5.

Glul8l, Hisl08

His180

four glycone site (—1 to —4) with binding energy
—3.85 kcal/mol. Structure superimposition of CrManT
with CjMan26C (pdb id: 2VX6) complexes with ligand
galactomannan (Gal,Man,) was used to map the sub-site
positions and nearby key residues. Sub-site mapping dis-
played many hydrophobic and aromatic residues along
with residues at the catalytic core of CtManT viz. Trp311,
His108, Glu228, HisI80, Phel95, Glul81, Tyr255, and
Trpl194 were occupied the invariant positions corre-
sponding with C/Man26C Trp373, Hisl156, Glu338,
His220, Phe227, Glu221, Tyr297, and Trp226, respec-
tively (Fig. 5f). The proposed key residues which consti-
tute a different sub-site of CtManT were shown in the
Fig. 5g. Furthermore, all these residues were found to be
involved in hydrogen bonding or in the hydrophobic
interaction during the docking analysis. Molecular docking
study with MOSs suggested wide binding site pocket
accommodating larger oligosaccharides with higher affin-
ity and which might facilitate the stabilization and sub-
sequent release of oligosaccharides after the cleavage of B-
(1 — 4)-linkage of galactomannan.

Purification of Manno-Oligosaccharides Produced
from dFCO by CiManf

The endo-mannanase hydrolyzed products of dFCO were
purified by size exclusion chromatography. The elution
profile of oligosaccharides and monosaccharide displayed
three individual peaks (Fig. 6a). Out of 60 fractions (1 mL)
collected, the carbohydrate contents were found in frac-
tions 28-56. These fractions were analyzed by TLC
(Fig. 6b) which showed separation of carbohydrate com-
ponents in fractions 52-56, mannose: 42-48, mannobiose,
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and 38—40, mannotriose with a yield of 33, 40, and 18 %,
respectively. The overlapping fractions of mannose—
mannobiose were also observed in fraction 52 and mann-
obiose—mannotriose in fraction 34 (Fig. 6b). The separated
fractions were pooled and analyzed by mass spectrometry.
In positive ionization mode ESI-MS—TOF analysis of the
separated carbohydrate components in fraction 52-56 dis-
played mannose [M+Na]t (m/z 193) (Fig. 6c [1]); 42-48,
mannobiose [2M+Na]t (m/z 365) (Fig. 6¢ [II]), and
38-40, mannotriose [3M-+Na]* (m/z 527) (Fig. 6c¢ [II]).
The 41st fraction displayed overlapping mannobiose and
mannotriose peaks at m/z 365 and 527, respectively
(Fig. oc [IV]). The fractions 50-51, displayed overlapping
peaks of mannose and mannobiose at m/z 193 and 365,
respectively (Fig. 6¢ [V]). Therefore, it was evident from
mass spectra analysis that the individual factions separated
by the SEC were effectively purified into mannose,
mannobiose, and mannotriose.

In Vitro Prebiotic Application of Mixed Manno-
Oligosaccharides

Growth Profile Probiotic Bacteria in the Presence
of Manno-Oligosaccharides

The increment in bacterial population for two probiotic
strains which are renowned for their colonization in human
coion in the presence of 1 % (w/v) glucose, MOSs, and
inulin are shown in Table 4. The growth of probiotic bac-
teria L. acidophilus NRRL B-4496 and B. infantis in the
presence of mixed MOSs and inulin were comparable with
the growth in the presence of glucose at 37 °C at varying
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Fig. 6 Purification of CrManf hydrolyzed products of dFCO. a Size
exclusion chromatography (Bio-Gel P2) showing abundance of
hydrolyzed products as detected by conductance (black up-pointing
triangle) and by total carbohydrate content (black circle). b Fractions
showing three major peaks with high mannose (52-56), mannobiose

time intervals (Table 4). It was found that the mixed MOSs
stimulated the higher growth of B. infantis and L. aci-
dophilus by increasing its number from 1.0 x 107 to
30 x 107 cells/mL and from 12 x 107 to 280 x 107 cells/
mL, respectively, within 34 h, whereas inulin promoted the
growth of B. infantis and L. acidophilus tfrom 1.0 x 107 to
17 x 107 cells/mL and 12 x 107 to 160 x 107 cells/mL
after 34 h, respectively. Therefore, a ~ 1.76-fold higher
growth of Bifidobacterium and Lactobacillus were observed
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Mass vs Charge (m/z)

(42-48), and mannotriose (38-40) as confirmed by TLC analysis.
¢ ESI-MS-TOF peaks of active fractions [I] mannose, [II] manno-
biose, [1I1] mannotriose, and overlapping fractions [ITI] mannobiose-
mannotriose [IV] mannose-mannobiose

in the presence of MOSs as compared with commercial
prebiotic inulin. However, MOSs did not support the growth
of E. coli or E. aerogenes like commercial prebiotic inulin
as shown in Table 4. It has been reported earlier that SCFAs
and lactate are generated from anaerobic fermentation in the
presence of prebiotics which are involved in suppression of
pathogenic intestinal bacteria and supply energy for colonic
epithelium and modulation of cholesterol and lipid metab-
olism [6]. The lowering of pH was a continuous event
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Effect of Artificial Human Gastric Juice on Mixed
Manno-Oligosaccharides

The mixed MOSs from the dFCO showed elevated resis-
tance toward artificial gastric juice of pH 14 after 6 h of
incubation at 37 °C (Fig. 7). The percentage of hydrolysis
of mixed MOSs decreased with increasing the pH of the
artificial gastric juice. The hydrolysis at pH of 1, 2, 3, and 4
was 2.1, 1.2, 0.80, and 0.70 %, respectively, after 6 h of
incubation (Fig. 7a). The percentage of hydrolysis of inulin
also significantly decreased with increasing the pH as the
hydrolysis of inulin at pH of 1, 2, 3, and 4 was 30.21,
24.23, 14.00, and 5.34 %, respectively, after 6 h of incu-
bation (Fig. 7b). The result indicated that the mixed MOSs
from dFCO are easily accessible by probiotic bacteria
present in the gastrointestinal tract of human as it was
unharmed during exposure to artificial gastric juice for 6 h.
The current results were better as compared with the pre-
vious findings where oligosaccharides were reported to be
resistant to acidic conditions in the artificial human gastric
juice for only 2 h [27].
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Effect of Artificial Human Intestinal Fluid and o-
Amylase on Mixed Manno-Oligosaccharides

The mixed MOSs from dFCO demonstrated high resistance
in artificial human intestinal fluid containing 1,000 U/mL
of trypsin and 0.5 % bile salt at pH 8. The maximum
hydrolysis was 1.8 % as compared with the standard pre-
biotic inulin, which gave maximum hydrolysis of 6.23 %
after 6 h of incubation at 37 °C (Fig. 8a). These results
signified that 98 % of consumed mixed MOSs from dFCO
are expected to reach the jejunal portion of small intestine.
This finding is more significant as compared to the earlier
report, where 60 % of oligosaccharides isolated from dra-
gon fruit were able to reach lower portion of small intestine
after 2 h [27]. Hydrolysis of mixed MOSs from dFCO and
inulin by a-amylase at pH 5-8 displayed that higher pH
resulted in a significantly higher degree of hydrolysis. The
degree of hydrolysis of mixed MOSs after 6 h of incuba-
tion at pH of 5, 6, 7, and 8 was 1.3, 2.1, 2.3, and 3.5 %,
respectively (Fig. 8b). The hydrolysis of inulin by o-
amylase yielded higher extent of hydrolysis as compared
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mixed MOSs. It showed 9.0, 14.24, 16.74, and 21.0 %
hydrolysis at pH 5, 6, 7, and 8, respectively (Fig. 8c). The
mixed MOSs exhibited maximum hydrolysis of 3.5 % after
6 h of incubation at 37 °C, whereas the standard prebiotic
inulin showed maximum hydrolysis of 21.0 % at pH 8 after
6 h of incubation at 37 °C, suggesting that the mixed
MOSs had significantly higher enzymatic resistance as
compared with inulin. It has been reported that 88 % of
inulin and oligofructose reach the colon [44], whereas our
results displayed that 97 % mixed MOSs can reach the
colon in intact form. Therefore, the isolated mixed MOSs
used in our study are highly resistant to a-amylase
hydrolysis. It is evident from this study that the mixed
MOSs has higher resistance to extreme conditions of the
human gastrointestinal tract as compared to the standard
inulin. In addition, mixed MOSs also served as an alter-
native carbon source for probiotic bacteria. Thus, prebiotic
mixed MOSs, alone or combined with probiotic bacteria in
the form of synbiotics, have the ability to influence and
improve the gastrointestinal health of humans.

Study of In Vitro Anti-tumorigenic Activity of Mixed
Manno-o]igosaccharides

Mixed MOSs isolated from dFCO showed anti-tumorigenic

fivity against colon cancer (HT29) cell line. The con-
ae tration dependent effects of mixed MOSs on HT29 cell
oen s are displayed in Fig. 8d. At the highest concentra-
h'ne of MOSs (500 pg/mL) the percent survival of HT29
UOT was only 50.0 £ 3.2 % after 24 h of incubation while
cell® ercent survival of HT29 cells after 48 h of incubation
“?e ri‘ayed 40.0 = 0.9 % at 500 pg/mL. MOSs concentra-
d}SP (Fig. 8). These results showed that the MOSs sig-
u?n antly affect the human colon carcinoma cells inhibiting
mﬁccen proliferation. The potential effects of fructo-oli-
te accharides from apple on human colon carcinoma cell
gos HT29 via cell cycle arrest at S phase resulting in
lin® tosis were reported [45]. The growth reduction by
?po(;‘;ted MOSs from dFCO may open a new arena of
i

.hemotherapeutic agents for colon cancer treatment.
c

C oncluSiO“

ra meal is generally considered as agro-waste after oil
COP™ o, but it has mannan hemicelluloses as high as
extr% of its total carbohydrate content. In this study, the
40 guction and purification of MOSs from copra meal by
r mbinant endo-mannanase (CtManf) is reported first
" The MOSs isolated from copra meal showed potential
tlrﬂC-ag prebiotics resulting in improving the growth of
rO‘ebio'[iC Bifidobacterium and Lactobacillus. The purified
n:iox ed MOSs from copra meal were highly resistant against

recO
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gastric juice, intestinal juice, and «-amylase holding
properties of a prebiotic molecule. The anti-tumorigenic

activity of MOSs paves the way for their potential use as
chemotherapeutic agent.
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Abstract—Functional attributes of recombinant CtCBM35 (family 35 carbohydrate binding module) of B-mannanase of
family 26 Glycoside Hydrolase from Clostridium thermocellum were deduced by biochemical and in silico approaches.
Ligand-binding analysis of expressed CtCBM35 analyzed by affinity-gel electrophoresis and fluorescence spectroscopy
exhibited association constants K, ~ 1.2:10° and 3.0-10° M~! with locust bean galactomannan and mannotriose, respective-
ly. However, CtCBM35 showed low ligand-binding affinity with insoluble ivory nut mannan with K, of 5.0-10~5 M-!,
Unfolding transition analysis by fluorescence spectroscopy explained the conformational changes of CfCBM3S5 in the pres-
ence of guanidine hydrochloride (5 M) and urea (6.25 M). This explained that CrCBM35 has good conformational stabili-~
ty and requires higher free energy of denaturation to invoke unfolding. The three-dimensional (3-D) model of CtrCBM35
from C. thermocellum generated by Modeller9v8 displayed predominance of B-sheets arranged as B-jelly-roll fold. The sec-
ondary structure of CtrCBM 35 by PredictProtein showed the presence of two a-helices (3%), 12 B-sheets (45%), and 15 ran-
dom coils (52%). Secondary structural element analysis of cloned, expressed, and purified recombinant CtCBM35 by cir-
cular dichroism also corroborated the in silico predicted secondary structure. Multiple sequence alignment of CtCBM 35
showed conserved residues (Tyr123, Glyl24, and Phel25), which are commonly observed in mannan specific CBMs,
Docking analysis of CrCBM35 with manno-oligosaccharide displayed the involvement of Tyr26, GIn29, Asn43, Trp66,
Tyr68, Leu69, Arg76, and Leul27 residues, making polar contact with the ligand molecules. Ligand docking analysis of
CrCBM35 exhibiting higher binding affinity with mannotriose and galactomannan (Man-Gal-Man moiety) substantiated
the affinity binding and fluorescence results, displaying similar values of X;.
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transition

Hydrolytic enzymes and their enhanced polysaccha-  enzymes such as cellulase, mannanase, and Xylanase ag
ride specificity are often improved by a noncatalytic car-  scaffoldings and as peptides with noncatalytic functions
bohydrate-binding module appended either at their N-or  [1]. Family 35 carbohydrate binding module is often asso-
C-terminals. Polysaccharide recognition, binding, and ciated with glycoside hydrolase family 26 (GH2g and
enhanced catalysis by hydrolytic enzymes are facilitated GHS mannanases [2-4], xylanases (GH30) [5], and
by noncatalytic modular carbohydrate binding modules. GH39 [6], which significantly alter the DOIYSaccl;aride
Carbohydrate binding modules (CBMs) have been classi-  specificity for galactomannan, glucomannan, m
fied into 67 distinguished families based on sequence sim-  and glucuronoxylan. The solved 3-D structures of famil
ilarity  (http://www.cazy.org/Carbohydrate-Binding- 35 CBMs have shown a dominance of B-sheet organizeg
Module). Usually CBMs are annexed with hydrolytic as jelly rolls [5]. CBM35 usually accommodates the poly-

saccharides utilizing a planer surface of aromat;

annan,

. L. . . ¢ side

? These authors contributed equally. chains, which interact with the flat chains of manno-con-

* To whom correspondence should be addressed. figured carbohydrates [5]. This form of conformation is
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known as type B module [5]. Polysaccharide binding sig-
nificantly alters the conformation of CBM35, which cre-
ates a suitable binding space for polysaccharide accom-
modation [7]. Generally, it has been observed that bacte-
rial CBMs have affinity towards the same or variable sub-
strates other than their substrate-specific cognate catalyt-
ic modules [8]. Affinity gel electrophoresis and fluores-
cence spectroscopy are effective approaches that are pop-
ular for elucidating functional properties of a CBM [9].
It was reported earlier that CBM35 from Clostridium
thermocellum possesses B-sandwich fold, forming a cavity
that specifically accommodates the side chain galactose
of galactomannan and A-4,5-anhydrogalaturonic acid
(10, 11]. The present study describes the ligand binding
properties of over-expressed recombinant CfCBM35 by
affinity gel electrophoresis and fluorescence spectroscopy
and the structural characterization of CtCBM35 by model
prediction and its ligand binding by docking analysis. The
gene encoding CtCBM35 present at the N-terminal of
family GH26 glycoside hydrolase (B-mannanase) was
cloned in pET28a(+) vector expressed in E. coli BL-21
cells [12]. The recombinant CfCBM35 was purified by
immobilized metal jon affinity chromatography (IMAC).
Structural stability and the unfolding transition of
CtCBM35 were investigated in the presence of guanidine
hydrochloride (GnHCI) and urea.

MATERIALS AND METHODS

Bacterial strains, plasmid, and fine chemicals.
Escherichia coli DHS5a cells were used for cloning of
CtCBM35, and E. coli BL-21(DE3) cells were used as
expression host. The plasmid used for cloning and expres-
sion was pET28a(+). All the above-mentioned items were
procured from Novagen (USA). The chemicals required
for polyacrylamide gel electrophoresis (PAGE),
Bradford’s reagent, oat spelt xylan, birchwood xylan, car-
poxymethyl cellulose, and Avicel were purchased from
sigma—Aldrich (USA). Qlycerol, methanol, concentrated
hydrochloric acid, glacial acetic acid, urea, and guani-
dine hydrochloride were procured from Merck (India).
Locust bean galactomannan, rye arabinoxylan and wheat
arabinoxylan (insoluble), ivory nut mannan, glu-
curonoxylan, and 'mannotrrose were purchased from
Megazyme International (Ireland).

Production and purification of recombinant
CtCBM35. In an earller study we cloned, hyper-
expressed, and biochemically characterized CtCBM35
from C. thermocellum ATCC 27405 [12]. For production
of CtCBM35, 100 wl Of: the E. COI.i BL21(DE3) culture
from glycerol stock was inoculated into S ml of LB medi-
um containing 50 pg/ml kanamyclh and incubated at
37°C for 16 hat 180 rpm. A 1% (v/v) inoculum of the cul-
ture was transferred to 200 ml of LB medium in a 500 ml
flask containing 50 pg/ml kanamycin with incubation at

BlocHEMlSTRY {(Moscow) Vol. 79 No. 7 2014

TH-1871_09610615

37°C, 180 rpm till the culture reached mid-ex]
phase (Agonm = 0.6). Isopropyl-B-D-thiogalactopyra-
noside (IPTG) at 1 mM final concentration was added to
this mid-exponential phase culture, and it was further
incubated at 24°C, 200 rpm, for 24 h for protein induction
[12]. The cells were harvested by centrifugation at 9000g
and 4°C for 15 min, and the resulting pellet was resus-
pended in 50 mM sodium phosphate buffer, pH 7.0, con-
taining 1 mM phenylmethanesulfonyl fluoride (PMSF).
Then the cells were subjected to sonication (Sonics, Vibra
cell) on an ice bath for 15 min (9 s on/9 s off pulse, 30%
amplitude) and again centrifuged at 19,000g at 4°C for
20 min. The cell free supernatant containing the soluble
protein was purified by immobilized metal ion chro-
matography (IMAC). The recombinant CfCBM35 con-
taining His, tag was purified by 1 ml HiTrap chelating
column (GE Healthcare, USA) following the protocol
recommended by the manufacturer. The purity and
molecular mass of the recombinant CtCBM335 was veri-
fied by SDS-PAGE [12].

Circular dichroism analysis of Ct*CBM35. The far-
UV circular dichroism (CD) spectra of CtCBM35 were
recorded on a JASCO J-815 spectropolarimeter (Jasco
Corporation, Japan) equipped with a Peltier system for
temperature control at 25°C using a cell with a pathlength
of 0.1 cm. Typical spectral accumulation parameters were
scanning rate of 50 nm/min with a 1 nm bandwidth over
the wavelength range 195 to 250 nm with six scans aver-
aged for each far-UV spectrum. The CD data are pre-
sented in terms of mean residue ellipticity (MRE,
expressed as deg-cm®dmol~') as a function of wavelength,
calculated according to the procedure described earlier
[13] using a protein concentration of 10-15 pM in 10 mM
Tris-HCI, pH 7.5. All CD spectra were corrected for
buffer contributions, and secondary structures were cal-
culated by using the web-based K2d neural network soft-
ware package (kal-el.ugr.es/k2d/spectra.html) [14].

Affinity electrophoresis of CfCBM35 with soluble
polysaccharides. Binding of CfFCBM35 to soluble polysac-
charides was assessed by affinity gel electrophoresis fol-
lowing the protocol of Takeo [15] on 7.5% native poly-
acrylamide gel in the absence and presence of varying
concentration of mannotriose and locust bean galac-
tomannan. Purified Cf*CBM35 (18 pg) was run on native
gels containing soluble polysaccharides such as locust
bean galactomannan, carboxymethyl cellulose, rye arabi-
noxylan, birchwood xylan, oat spelt xylan, and glu-
curonoxylan and oligosaccharide mannotriose. Native
polyacrylamide gels (7.5%) were prepared containing
varying polysaccharide concentrations ranging from 0.0
to 1.5% (w/v). A bovine serum albumin (BSA) sample
(1.0 mg/ml) was run in native gel for assessment of non-
specific binding interaction.

Binding analysis of C+*CBM 35 with insoluble polysac-
charides. Quantitative and qualitative assessment of
CtCBM35 binding was carried out with insoluble polysac-
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charides such as ivory nut mannan, Avicel, and wheat
arabinoxylan. For qualitative binding analysis, 30 pg of
CtCBM35 in 50 mM sodium phosphate buffer, pH 7.0,
was mixed with 1 mg of ivory nut mannan or Avicel or
wheat arabinoxylan (insoluble) in a final reaction volume
of 200 ul. The reaction mixture was incubated for 2 h at
4°C with gentle shaking. After that the insoluble ligand
was precipitated by centrifugation at 13,000g at 4°C for
5 min. The supernatant, containing the unbound protein,
was removed, and the pellet was washed three times with
200 pl of 50 mM sodium phosphate buffer, pH 7.0. The
bound protein from the washed pellet was eluted by boil-
ing the polysaccharides in 200 ul of 10% (w/v) SDS con-
taining 10% (v/v) B-mercaptoethanol for 10 min. The
pellet of bound protein and the supernatant of unbound
protein were analyzed by SDS-PAGE (13%). A BSA
(1 mg/ml) control was set in parallel to check for any
nonspecific binding. For the quantitative analysis of lig-
and binding by adsorption isotherm, the protein concen-
tration was varied as 1, 2, 5, 9, and 15 uM and mixed with
5 mg/ml of insoluble ivory nut mannan. Two hundred
microliters of CrCBM35—ivory nut mannan mixtures
were prepared in 50 mM sodium phosphate buffer,
pH 7.0, and incubated at 4°C for 2 h. Different controls
(native protein without any polysaccharide) were also
kept for each set of reaction mixtures. The experiment
was carried out in duplicate. The reaction mixture was
centrifuged at 13,000g and at 4°C for 10 min. The super-
natant containing the unbound fraction was removed,
and its protein content was determined by Bradford’s
method [16]. The adsorption parameters were calculated
to determine the binding. If we consider [B] the bound
protein concentration, [F] the unbound fraction of pro-
tein, [N] the number of binding site concentration, and
K, the association constant, then at equilibrium adsorp-
tions were calculated as described earlier by Gilkes et al.
[17].

Polysaccharide binding study of C+CBM35 by fluores-
cence spectroscopy. On binding to polysaccharide, carbo-
hydrate-binding modules undergo conformational
changes and behave differently than in its unbound native
form [18]. To compare the results with affinity elec-
trophoresis, 18 pg of CtCBM35 was incubated with poly-
saccharides viz., locust bean galactomannan and man-
notriose at varying concentrations. Polysaccharide con-
centrations (0.01, 0.04, 0.06, 0.08, 0.15, and 0.2%, w/v)
from 0.5% (w/v) stock solution in 100 pl reaction mixture
were prepared in 50 mM Tris-HCI buffer, pH 7.0. The
samples were incubated at 4°C for 2 h. The fluorescence
measurements were carried out using a Fluoromax 3 flu-
orimeter (Horiba Scientific, USA). Emission and excita-
tion slits were kept at 3.00 and 1.00 nm, respectively, with
0.5 s integration time. Three scans were taken per sample
along with a control to reduce the noise created by buffer
and polysaccharide. All the samples were excited at Ay =
295 nm with observance of emission spectra between
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Amax = 320-400 nm. The emission spectra of all

tions were corrected against buffer and polysaccharide
solution without CftCBM35 before setting the interaction
study. The association constants K, (M) of CfCBM35
complex with carob galactomannan and konjac gluco-
mannan were derived using a modified Stern—Volmer
equation as described by Belatik et al. [19].

Unfolding transition of CtCBM35 in guanidine
hydrochloride and urea. The structural stability of recom-
binant CfCBM35 in guanidine hydrochloride and urea
was studied under isothermal condition. Initially 30 pg of
CtCBM35 was incubated with varying concentrations of
guanidine hydrochloride (GnHCI) or urea at 25°C for
24 h. One milliliter of reaction mixture was prepared by
the addition of 50 ul C/FCBM35 (0.6 mg/mi) and varying
concentrations of GnHCI or urea (1-8 M) were prepared
in 50 mM Tris-HCl buffer, pH 7.0. The unfolding transi-
tion of C*CBM35 was monitored by the change in fluo-
rescence intensity of tryptophan (Trp) emission spectra
320-400 nm by exciting the samples at 295 nm using the
Fluoromax 3 fluorimeter. A sample without CtCBM35
was kept as control (buffer and denaturant). The free
energy of denaturation AG was calculated by the method
described by Ahmad et al. [20].

Molecular modeling of family 35 carbohydrate-bind-
ing module. The protein sequence of family 35 carbohy-
drate-binding module (CtCBM35) was retrieved from the
NCBI protein sequence database with accession number
ABN51273 (nucleotide accession number: CP000568)
and UniProt ID A3DBE4. The molecular architecture
deduced from amino acid sequence showed that
CtCBM35 (134 a.a.) is located at the N-terminal, sand-
wiched between a 32-a.a. signal peptide and catalytic
module CAGH26 (373 a.a.) at the C-terminus followed by
a dockerin type 1 module. Modeller9v8 was used to build
the 3-D model of C+CBM35. Modeller is a computer pro-
gram used for comparative protein structure modeling by
satisfaction of the spatial restraints (http://salilab.org/
modeller/). In the first step, target query sequence is
aligned with template sequences, and this alignment file
was used as an input to generate models of CfCBM35.
Loop refinement was done by using the loop model class
in Modeller. The model with the lowest discrete opti-
mized protein energy (DOPE) was chosen for further
refinements.

Structure refinement and quality assessment. The
structure of CtCBM35 with the lowest DOPE score
obtained from the modeler was further improved by ener-
gy minimization at the YASARA Energy Minimization
Server (Wwww.YASARA.org/minimizationserver), in
which molecular dynamics simulations of models were
carried out in explicit solvent. It uses a new partly knowl-
edge-based all atom force field derived from Amber [21].
The final structure after energy minimization was subject-
ed for structure validation on structure analysis and veri-
fication server (SAVES) at NIH-MBI laboratory servers
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(http://nihserver.mbi.ucla.edu). Protein secondary struc-
ture prediction tool (PredictProtein) from the ExPASy
SIB tool site was used to calculate the presence of
o-helix, P-sheet, turns, coils, etc. at the Columbia
University server (http://cubic.bioc.columbia.edu/
predictprotein/).

Multiple sequence analysis. Generally the amino acid
residues involved in ligand binding are conserved within
the CBM35 family. To investigate these conserved amino
acid residues, multiple sequence alignment was per-
formed with representative members of CBM35 having
different substrate specificities whose X-ray, crystal, or
NMR structures were known. The protein sequence was
retrieved from PDB (http://www.rcsb.org/pdb/) saved in
FASTA format. Alignment was performed using the
ClustalW program [22], and final alignment was generat-
ed by ESpript (http://espript.ibcp.fr) for better under-
standing of conserved residues and structure.

Docking study of modeled CrCBM35. Docking was
studied with the help of AutoDock version 4.2.1. Ligands
(mannotriose and galactomannan) for the docking study
were obtained from PubChem (http://pubchem.ncbi.
nlm.nih.gov) in 3D SDF fonjnat, which was converted
and saved in Mol2 format using OpenBabel 2.2.3 [23].
Galactomannan has a mannan backbone which is deco-
rated with highly substituted o-( ¥—>6.)-galactosyl mo%ety
(Man—Gﬂl‘Man)' Therefore, this .trxsaccharide moiety
“;as considered as galactomannan ligand. The two other
ligands, mannopentaose and mannohexose, were

trieved from PDB, crystal structure of Caldanaerobius
rel accharolyticus CBMI16 bound to mannopentaose
pgéSB id: 30EB). and CBM29 complex with mannohex-
( ¢ (PDB id: 1GWL), respectively. Ligand preparation
oS Adone by assigning Gasteiger partial charges, merging
was olar hydrogens, and finally saved in extended
non];?QT file format using AutoDock Tools (ADT) 1.5.4.
EI%BNBS modeled protein was also saved as PDBQT file
removing nonpolar hydrogen atoms and
ding their charges with the carbon atoms. Address for
qd ”:jg where to dock was fixed in a grid parameter file.
ligan S‘;d map dimensions were set in such a way that they
The gr ver the active site cavity and give enough space for
fully co 4 molecule to rotate freely. For different confor-
the l'lgan earch of the ligand molecule, the Lamarckian
mation SAlgorithm (GA) was implemented and the num-
GenetgA runs was set to 30. All other parameters were set
ber Off It values such as initial population size (150),
to d'c aum enerey evaluation per run (2,500,000), and
maX{m”m Jumber of generations (27,000). After 30 inde-
maxlm‘i successful docking runs, the protein—ligand
cndclﬂx for each ligand having auto-generated lowest
compl€ J of binding (AG) confirmation were saved [24].
free ﬁl?erg results were analyzed using PyMOL
DOCkmgMOL org) (0.99) for possible polar and
(WWW. Py ‘teractions, and the final figure was gener-

hic in
hYddrOI;’i;?h the help of PyMOL and YASARAView
ate

format after
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(12.2.22). For better understanding of prote... ..ge--
interaction in 2D, Ligplot was generated (http://
www.ebi.ac.uk/pdbsum/).

RESULTS AND DISCUSSION

Cloning, overexpression and purification of recombi-
nant CtCBM6A. The recombinant CrCBM35 was
expressed as a soluble protein, and after purification it
appeared as a homogenous single band of molecular size
15 kDa on SDS-PAGE [12]. That was close to its theo-
retical molecular mass of 14.74 kDa as calculated from
the amino acid sequence.

Affinity gel electrophoresis of family 35 carbohydrate
binding module. The ligand binding of CtCBM35 was
investigated by affinity gel electrophoresis, and the degree
of association with locust bean galactomannan and man-
notriose was determined as described by the method of
Takeo [15]. The relative mobilities (») of CtCBM35 in the
presence of varying substrate concentrations were calcu-
lated from the polyacrylamide gels (Figs. la and 1b). The
retardation of CrCBM35 was observed from 0.01% (w/v)
with maximum retardation detected at 0.1% (w/v) con-
centration of locust bean galactomannan (Fig. la). In
contrast, the retardation was achieved at much lower con-
centration (0.06%, w/v) of mannotriose (Fig. 1b) owing
to simple and small molecular size (dp = 3). Mannotriose
accesses the binding sites on CrCBM35 more easily than
a galactose-substituted branched polysaccharide like
locust bean galactomannan. This was similarly reported
earlier by Mizutani et al. [25]. However, no significant
binding of CrCBM35 was observed with carboxymethyl-
cellulose, rye arabinoxylan, birchwood xylan, oat spelt
xylan, and glucuronoxylan, showing that CtCBM35 is
mannan-specific CBM (Table 1). The association con-
stants (K,) of CrCBM35 with different ligands were
derived from linear regression plots between the inverse
relative migration (1//) versus substrate concentration
(%, w/v) (Fig. 1¢). CtCBM35 displayed higher associa-
tion constant value with mannotriose (K, = 3.2-103 M-
than with locust bean galactomannan (K, = 1.23-10° M )
(Table 1). The free energy of binding (AG) with man-
notriose was higher (7.0 kcal/mole) than with locust bean
galactomannan (6.2 kcal/mole) (Table 1). While compar-
ing these data with prediction outcome, it Was observed
that the association constant (K,) and free energy of bind-
ing (AG) of CtCBM35 were similar in both cases (Table 1).

The recombinant CrCBM35 preferred binding
manno-configured polysaccharides. CtCBM35 discrimi-
nated during carbohydrate selection, showing its affinity
only with manno-configured ligands among the diverse
polysaccharides tested. Family 35 CBMs often show affin-
ity toward ligands other than manno-configured polysac-
charides containing p-(1—4)-mannose chains, such as A-
4.5-anhydrogalacturonic acid and glucuronic acid [26].
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Fig. 1. Affinity gel electrophoresis using native polyacrylamide gel (7.5%) of CtCBM35 against (a) locust bean galactomannan and (b) man-
notriose. ¢) Plot of 1/r versus polysaccharide concentration, where r is the relative migration distance of CtCBM35 in the presence of locust
bean galactomannan (circles) and mannotriose (triangles) in the gel.
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Table 1. Bihding analysis of CtCBM35 with ligands by in silico prediction,' affinity electrophoresis, and fluorescence
spectroscopy

Prediction Affinity Fluorescence
Substrates outcome electrophoresis spectra
K, —AG K, —AG K, —AG
(10°M™" | (kcal/mole) | (10°M~") | (kcal/mole) [ (10°M™') | (kcal/mole)

Galactomannan® 1.22 6.0 1.23 6.2 1.21 6.1
Mannotriose 3.0 6.8 3.2 7.0 3.03 6.9
CMC - - - - — -
Rye arabinoxylan - - — - - -
Birchwood xylan - - - - - -
Oat spelt xylan - - - - - -
Glucuronoxylan - - - - - -

2 Locust bean; —, no binding observed.

CrCBM35 showed higher affinity with mannotriose than
locust bean galactomannan. The rationale behind this
selective affinity is due to the galactose unit in locust bean
galactomannan, which probably interferes with the
CrCBM35 binding. Locust bean galactomannan is com-
posed of a B-(1—4)-linked D-mannan backbone to which
single D-galactosyl units are attached to C-6 of D-manno-
syl residues, whereas mannotriose is a linear trisaccharide
comprising B-(1—4)-linked D-mannosyl residues.
However, no significant binding of CtCBM35 with car-
boxymethylcellulose, rye arabinoxylan, birchwood xylan,
oat spelt xylan, and glucuronoxylan showing that it is a
mannan specific binding CBM. Recently, we reported
CtCBM35 from C. thermocellum displaying binding affinity
towards both galacto- and glugo—mannan [12]. This find-
ing gives a new insight into family 35 CBM when compared
with other mannan specific CBM35 from Clostridium ther-
mocellum and Cellvibrio japonicus, which were exo and
acting to the D-mannan chain of galactomannan

5.0-107> M~' (Table 2). The relative equilibrium associa-
tion constant K, and the binding capacity (number of
binding site concentration on mannan surface, N,) were
calculated from a nonlinear regression plot between
bound CtCBM35 versus free CrCBM35 (Fig. 2b). The
data were analyzed by GraphPad (Prism 2.0.1) software
using nonlinear regression analysis based on one binding
site equation as described by Gilkes et al. [17]. The esti-
mated values of relative equilibrium constant X, and con-
centration of binding sites [N,] were 1.5 + 0.2 liter/g and
0.45 £ 0.002 umole/g, respectively. This suggested that
CtCBM35 bound less significantly with insoluble ivory
nut mannan. The low affinity against insoluble mannan
has been reported for the inability of “trans” form (as a
separate fold and not appended to a hydrolytic enzyme)
of CBM to disrupt the interchain interactions of the poly-
saccharide [25]. This is in contrast to some CBMs that
have the ability to disintegrate the surface of crystalline
insoluble polysaccharides displaying higher binding to

do . .
e?ﬂy (7, 10]. Therefore, it can be inferred that C/=CBM35  soluble fractions of insoluble polysaccharides [27, 28].
Svas able to distinguish between mannotriose and highly
bean galactomannan by displayin
galactosylated locust g v cisplaying Table 2. Binding parameters of CtCBM35 with insoluble

haracteristics with mannotriose.

inding €
petter bi lysis of CtCBM35 with insoluble polysac-

Binding ana

ligands derived from adsorption isotherm analysis

. . The quantitative and qualitative binding of Polysaccharide K. (liter/g)* K 10-5 M~!
E,h éréd;ls:; 5 with insoluble polysaccharides was assessed by - )
t . .
S analysis. CrCBM35 displayed lower
adsorption isotherm Y pay Ivory nut mannan 0.35+0.02 2.5

. g ith insoluble mannan as analyzed by SDS-
bmdmgu Won comparison of the bound protein fraction,
PAGE dpfracti on, and the purified native protein (Fig.
unbouféBM 35 displayed no binding with Avicel or wheat
za)t',-Ctoxyla“ (insoluble). The association constant K, of
arabin ... :icoluble mannan was observed to be

th insolu
CICBM35 Wi
OCHEMISTRY (Moscow) Vol. 79 No. 7 2014
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Avicel

Wheat arabinoxylan

* Values are mean £ SD (n = 3); —, not determined.



678 GHOSH et al.

kDa

M
97 | ‘g
| - »
4| @8

L

29

Bound CtCBM35 (umole g™')

20

- ) 5 10 15
Free CtCBM35 (uM)

g @ @ = . e

’

Fig. 2 Bindinlg ?flCtCB!VBS with insoluble ivory nut mannan. a) Qualitative binding analysis using 13% SDS-PAGE. Lanes: M, high range
unstained molecular weight marker (14-97 kDa); /) purified C:CBM3S as control; 2) unbound CfCBM35; 3) bound CtCBM3S5; 4) bovine

serum albumin (BSA) as negative control; 5) unbound BSA; 6) bound BSA. b) Adsorption of CtCBM35 to insoluble ivory nut mannan. The

jot shows the equilibrium adsorption isotherm (bound C*CBM3 . i °
gescribed in “Materials and Methods 5 [B] versus free CrCBM35 [F]). Adsorption assay was done at 4°C ag

". Initial protein concentrations of CfCBM35 used were 1-15 pM.

a b
80 1 80}
| |
701 701
Il
5 607 g %0 0
= [=
) >
50 - 50 - \%
= 5 |
éi 40 x 40
z Z Vi
‘2 30" 2 30
2 £
s kS
20 1 201
10 T T T T T T Y 1 10 ' ! . . : R
320 330 340 350 360 370 380 390 400 320 330 340 350 360 370 380 g3gq 400

Wavelength (nm)

ocust bean galactomannan (% w/v) (0.0 0, 0

Fig. 3. Tryptophan fluorescence emission spectrum of C*CBM35 in the presence of (a) llI), 0,02 (111, 0.04 (IV), 0.06 (V), 0,08 Wy

.01 (I,
0.02 (111), 0.04 (IV), 0.06 (V). 0.08 (VI), 0.1 (VII)) and (b) mannotriose (0.0 (1), 0.01 ¢

BIOCHEMISTRY (Moscow) Yol 79 No 7 50

TH-1871_09610615




LIGAND BINDING BY CtCBM35 OF GLYCOSIDE HYDROLASE FROM C. thermocellum

Polysaccharide binding study of C-CBM 235 by fluores-
cence spectroscopy. In the presence of polysaccharide
such as locust bean galactomannan and oligosaccharide
(mannotriose) with their varying concentration from 0.01
to 0.08% (w/v), significant blue shifts were observed.
Binding of locust bean galactomannan and mannotriose
with CrCBM35 displayed 21-nm peak shifts towards
shorter wavelength of tryptophan emission spectra from
Amax 355 to 334 nm (Figs. 3a and 3b). Ligand binding
changes the microenvironment of tryptophan due to con-
formational changes in protein [18, 29]. The higher bind-
ing affinity of CrCBM35 with mannotriose was due to
simpler structure of the trisaccharide composed of B-
(1—>4) linked mannose moieties resulting in reduced flu-
orescence peak intensity, whereas the highly substituted
a-(1->6)-galactose residues in locust bean galactoman-
nan hindered the main chain of B-(1—4)-linked man-
nose residues from binding tryptophan of CrCBM35, thus
causing comparatively higher fluorescence intensity
(Figs. 3a and 3b). The decrease in the fluorescence inten-
sity was also coupled with a peak shift by 21 nm for
CrCBM35 binding mannotriose as well as locust bean
galactomannan (Figs. 3a and 3b).

From the relative fluorescence intensities, the
deduced affinity constant (K,) of CtCBM35 with locust
bean galactomannan was 1.21:10° M~! and with man-
notriose 3.03-10° M~! (Table 1). The K, values were simi-
lar to those determined by affinity electrophoresis.
Therefore, the fluorescence studies of polysaccharide
binding of C+CBM35 also confirmed the same binding
affinity pattern as observed with the affinity electrophore-
sis experiment. The number of binding site concentration
(n) were derived from Stern—Volmer equation, and it was
found to be 0.79 * 0.09 pmol/g with locust bean galac-
tomannan, whereas with mannotriose the binding capac-
ity was observed to be 0.90 + 0.05 pmole/g. It means both
the polysaccharides have a single binding site for
CtCBM35. From the derived affinity constants, the
Gibb’s free energies of binding were calculated using the
equation:

AG=—-RTInK,,

where AG is Gibb’s free energy, R universal gas constant
(J'’K~"mol™"), T temperature in Kelvin, K, association
constant (M), The free energy of binding of CtCBM35
with locust bean galactomannan was —6.1 kcal/mole and
with mannotriose —6.9 kcal/mole (Table 1). The higher
binding affinity (X,) and free energy of binding indicated
that mannotriose made an easier platform for C*CBM35
binding than locust bean galactomannan, although
CtCBM35 has a similar number of binding site concen-
tration for both of these ligands.

Polysaccharide specificity by members of the
CtCBM35 family is probably due to the conserved
hydrophobic aromatic residues that play a major role in
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polysaccharide binding [7]. Tryptophan, beii

such residues having an indole ring with intrinsic fluores-
cence property with higher quantum yield, displays fluo-
rescence emission at 320 to 400 nm [18]. Polysaccharide
binding alters the microenvironment of tryptophan due to
conformational changes in the protein. Usually in CBMs,
the aromatic residues responsible for polysaccharide
binding are lying in the hydrophobic core. Due to poly-
saccharide binding and direct interaction with trypto-
phan, the fluorescence emission is gradually decreased.
Thus, gradual fall in peak intensities were coupled with
peak shifts (~21 nm) due to altered conformation of the
native CrCBM35.

Unfolding transition of CtCBM35 in guanidine
hydrochloride and urea. The unfolding transition of
CrtCBM35 was investigated in the presence of GnHCl and
of urea. The addition of GnHCI (1-6 M) or urea (1-7 M)
to CtCBM35 caused a decrease in the peak intensity as
the denaturant concentration increased (Figs. 4a and 4b).
The maximum fall in peak intensity of CrfCBM35 was
observed at 6 M GnHCI and 7 M urea (Figs. 4a and 4b).
The lowering of peak intensities overlapped with a
bathochromic shift (red shift, shift towards longer wave-
length) of the fluorescence maxima from 355 nm (native
form) to 370 nm (denatured form) in the presence of
GnHCI and from 355 to 360 nm in the presence of urea.
This was perhaps due to the Trp residue, which is other-
wise buried in the native form. being exposed on the sur-
face in the denatured CrCBM35. A similar unfolding
mechanism of recombinant human interferon y was
described earlier [30]. The unfolding curves obtained at
pH 7.0 for GnHCI and urea are shown in Fig. 4c. In both
cases the curves displayed a sigmoid pattern, signifying
that the unfolding of C+CBM35 in the presence of GnHCI
or urea was a two-stage process, where low unfolded frac-
tions of CtCBM35 were obtained till 4 and 5 M, respec-
tively. The unfolding of CrCBM35 increased up to 5.5 M
of GnHCI and 6.5 M of urea with a saturation phase
observed till 8 M. The outcomes also indicated that the
unfolding of CfrCBM35 was more effective in the presence
of GnHCI than of urea. As seen in Fig. 4c, the midpoint
value of unfolding of CtCBM35 was 5 M for GnHCIl and
6.25 M for urea. The free energies AG of CtCBM35
unfolding calculated from these curves by a linear extra-
polation method at pH 7.0 were 2.19 kJ/mole for GnHCI
and 1.97 kJ/mole for urea. The free energies clearly indi-
cated that higher energy is required by both denaturants
to destabilize the electrostatic interactions within
CrCBM35. These results were similar to those with the
unfolding phenomenon of human interferon y as
described by Christova et al. in presence of GnHCI and
urea, which required lower energies to unfold [30].

Structure characterization and quality assessment of
modeled protein. A BLAST (Basic Local Alignment
Search Tool) search for sequence similarity with default
parameter in NCBI against PDB database displayed the
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number of hits of CtCBM35 belonging to the family 35
carbohydrate-binding module. Top hit X-ray crystallog-
raphy structure of CBM35 from Amycolatopsis orientalis
(PDB 2vzp) that covered full query and displayed 34%
similarity (score of 39.7 and E-value 0.001) was acquired
as a template to model the structure. The overall 3-D
structure of CtCBM35 showed that it is rich in B-sheets,
consisting of a pair of six-stranded antiparallel B-sheets
having B-jelly-roll fold, which is quite commen in many
CBMs (Fig. 5a). The topology diagram displayed 12 j3-
strands (dark gray), only two small a-helices (black), and
15 random coils (arrow lines) forming a B-jelly roll topol-
ogy (Fig. 5b). Secondary structure prediction by
PredictProtein showed a pair of a-helices (<5%), but
apart from this the dominance of a pair of six extended f3-
sheets (>42%) and 15 random coils (<53%) were also
observed (Table 3) in the 3-D model of CtCBM35. The
CD spectrum of CrCBM35 (Fig. 5¢) was analyzed using
the K2d neural network algorithm tool as described by
Andrade et al. [14], which revealed that it contains 45%
[-sheets (12 in number), 52% random coils (15 in num-
ber), and only 3% o-helices (2 in number) (Table 3).
Therefore, the CD analysis substantiated that the predic-
tion of secondary structure was acceptable. The presence
of a high percentage of 3-sheets and random coils are in
agreement with the in silico prediction of the CtCBM35
3-D model. which also revealed B-jelly roll architecture.
Structure similarity search of the modeled protein in the
DaliLite server (www.ebi.ac.uk/Tools/dalilite/) showed
similarity with the native structure of a family 35 CBM
from C. thermocellum (2W1W chain B) and CBM35 from
A. orientalis (2VZP chain B) with RMSD of 1.7 and 1.8 A,
respectively. Modeled C+CBM35 after energy minimiza-
tion was validated by Ramachandran plot analysis. Out of
a total of 134 residues, 93% of the residues lie in most
favored regions, 7% of residues lie in additional allowed
region, and there was no residue in generously allowed or
disallowed regions. This indicated that amino acid
residues in the modeled CrCBM35 occupied favorable phi
(¢) and psi (y) backbone dihedral angles. Overall quality
factor of CtCBM35 was 88% in the ERRAT plot analysis
(data not shown). Verify 3D score was obtained as 95%,
i.e. 95% of the residues had an averaged 3D-1D score
>0.2. This determined the compatibility of an atomic

model (3D) with its own amino acid sequence (

it categorized each residue into structural class based on
its location and environment (a, [3, loop, polar, nonpolar,
etc.), then it generates a score by comparing each residue
with a collection of good structures as a reference [31].

Substrate-binding site analysis. CBMs play a critical
role in substrate targeting and substrate binding. It is very
important to investigate the key residues playing signifi-
cant roles in recognition and binding with the substrate
and whether they are conserved within the family or are
substrate-specific. Multiple sequence alignment (MSA)
was performed by taking representative members of the
CBM35 family having different substrate specificities.
The MSA result showed many amino acid residues are
conserved within the family 35 CBMs (Fig. 6a). We have
identified that a Trp-Gly-Phe motif is conserved and is
also present in CtCBM 35 (shown in horizontal black box)
(Fig. 6a). Moreover. a Trp-Gly-Tyr motif that is probably
involved in the substrate specificity towards mannans was
conserved within the mannan-specific CBMs [32]. It was
demonstrated by NMR solution structure of mannan-
specific CBM35 from C. japonicus that it bound to
mannopentaose, involving amino acid residues Tyr60,
Lys63, Trpl09, Glyl10, and Tyrll1l showing maximum
chemical shifts on ligand binding [33]. The involvement
of aromatic amino acid residues Tyr22-Tyr53-Tyrl29 in
B-(1—4)-linked glucomannan recognition by CBMII
was reported earlier by Carvalho et al. [34]. We also found
that the above-mentioned key amino acid residues were
present in CtCBM35, except for Tyr60. The other amino
acid residues like Arg76, Trpl23, Glyl24, and Phel25
were conserved within CrCBM35 (highlighted in black
box in Fig. 6a).

Docking analysis of ligand binding interaction with
CtCBM35. The molecular docking analysis of modeled
CtCBM 35 with various manno-oligosaccharides provided
a better understanding about the key amino acid residues
involved in making strong hydrophobic interactions with
the ligand. There is much evidence that shows how
hydrophobic stacking interactions and hydrogen bonds
play an important role in ligand binding in the case of
family 35 CBMs [35]. Our docking results showed that
residues Tyr26, GIn29, Asn43, Trp66, Tyr68, Leu69,
Arg76, and Leul27 participate in making polar interac-

Table 3. Secondary structure analysis of CtCBM35 by far-UV CD spectrum and the PredictProtein tool

Secondary structure CD spectra PredictProtein (%) Numbers of secondary structures
content (%) (by CD spectrum and PredictProtein analysis)
o-Helix 03 <5 2
[}-Sheet 45 >42 12
Random coil 52 <53 15
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Multiple sequence alignment of CBM35 family members having different substrate specificity with their respective PDB:IDs of
Amycolatopsis orientalis (2VZP), Cellvibrio Japonicus Abf62 (2W46), uncultured bacterium from environmental isolate (2W31J), Clostridium
t_‘hermoc’e-’!um (2QWIW), and Cellvibrio japonicus (2BGO) were aligned with C«CBM35. The residues that are conserved and probably involved
in SUbS‘fa[‘-_’- ?PL’CiﬁCiiy and binding (Man-CBM35) are shown in rectangular boxes. The line below the sequence represents the relative
llydrophlnbu:l‘ty of the residues, dark gray for hydrophilic, black for hydrophobic, and light gray for intermediate. b) Model of binding site sur-
face cavity with labeled residues forming a hydrophobic groove to accommodate mannopentaose. ¢) Best pose of docking of CfCBM3S with
m‘allrpoge;taosc bound conformation shows polar interaction (dashed line) and residues probably involve in hydrophobic interaction present
within 4 A.
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Fig. 6 d) Ribbon representation of CtCBM335 using PyMOL com
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6?; and 6€)- Mannotriose showec‘l higher binding affinity
for CICBM33, K, = 3.0-10° M as compared to galac-
 opannat; K,=12210° M~ (Table 2). The free energy
of binding (AG) of mannotriose was maximum

_6.8 kcal/mole), followed by galactomannan
(—6.0 kcal/mole) (Table 1), while mannohexose dis-
played positive free binding energy on docking with
CtCBM35 (data not shown). T]'llS. is Posmbly due to the
size of the binding site pocket, which is not large enough
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€ractions,

Phel25 (between the 11-12 B-strand) maki
the cavity, creating a flat hydrophobic plattl‘:?ri ?nSase_ of
two conserved aromatic amino acids Trp123 il B li)lvmg
The second loop started from Cys63 to Arg76 (th el2s,
strand), and third loop from Val2] to Tvi33 (the 6-7 B-
sheets) formed the side surface of the cavity ang e 3—{.1, B-
the solvent accessible surface for the ligands (ETOVlded
Here, amino acid residues Trp66, Tyr6s, LeU‘GIg. 6d).
Arg76 (from the loop second) and Tyr2¢ and Giy 9, and
the loop third) were also present and made po; 9 (from
with the ligand molecule (Fig. 6e). ar contact
Therefore, the functional and structura oy | .
of mannan specific CtCBM35 from C, thermoe l;;:ldatmn
be useful to enhance activity by appengj, tﬁ‘o um may
nanase for higher degree of hydrolygig s a map-
manno-configured polysaccharides intq Sin1p1:0mplex
Moreover, these findings might lead o nderStsug?‘rs'
mannan-specific CBM3$ fro‘m C. Ihe””ﬂcellum and}ng
may play a role in prebiotic oligosaccharige Produ, t‘}fhwth
conjunction with mannanase from manngy, rich DOll\(f) o
charides. Vsac-
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Abstract

This study investigated the role of CBM35 from Clostridium thermocellum (CtCBM35) in polysaccharide recognition. CtCBM35
was cloned into pET28a (+) vector with an engineered Hiss tag and expressed in Escherichia coli BL21 (DE3) cells. A
homogenous 15 kDa protein was purified by immobilized metal ion chromatography (IMAC). Ligand binding analysis of
CtCBM35 was carried out by affinity electrophoresis using various soluble ligands. CtCBM35 showed a manno-configured
ligand specific binding displaying significant association with konjac glucomannan (K,=143x10* M™'), carob
galactomannan (K, =12.4x10* M~ ") and negligible association (K, =12 uM™") with insoluble mannan. Binding of CtCBM35
with polysaccharides which was calcium dependent exhibited two fold higher association in presence of 10 mM Ca?* ion
with konjac glucomannan (K, =41x10* M~") and carob galactomannan (K, =30x10* M™"). The polysaccharide binding was
further investigated by fluorescence spectrophotometric studies. On binding with carob galactomannan and konjac
glucomannan the conformation of CtCBM35 changed significantly with regular 21 nm peak shifts towards lower quantum
yield. The degree of association (K,) with konjac glucomannan and carob galactomannan, 14.3x10* M~ "and 11.4x10* M7,
respectively, corroborated the findings from affinity electrophoresis. The association of CtCBM35with konjac glucomannan
led to higher free energy of binding (AG) —25 kJ mole ™' as compared to carob galactomannan (AG) —22 kJ mole™'. On
binding CtCBM35 with konjac glucomannan and carob galactomannan the hydrodynamic radius (Ry) as analysed by
dynamic light scattering (DLS) study, increased to 8 nm and 6 nm, respectively, from 4.25 nm in absence of ligand. The
presence of 10 mM Ca“* ions imparted stiffer orientation of CtCBM35 particles with increased Ry of 4.52 nm. Due to such
stiffer orientation CtCBM35 became more thermostable and its melting temperature was shifted to 70°C from initial 50°C.
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Introduction carbohydrate binding module is often appended to glycoside

hydrolase family 26 (GH26) and GH5 mannanases [2-4],
xylanases (GH30) [5] which significantly alter the polysaccharide
specificity for plant cell wall polysaccharides such as galactoman-
nan, glucomannan, mannan and glucouronoxylan. Three dimen-
sional structures of CBM35 family generally have the dominance
of B-sheet secondary structures with a jelly roll topology [5].
CBM35 usually accommodates the polysaccharides utilizing a
planer surface of aromatic side chains which interact with the flat
chains of manno-configured carbohydrate residues. This form of
conformation is known as type B module [5]. Polysaccharide
binding significantly alters‘ the confoFmation of CBM35 hy
changing the loop orientation cont:_nm_ng amino acid residues
which facilitate to create a suitable binding space for polysaccha-
ride accommodation [6]. Since the binding specificity depends on
the Polysaccharidc complexity and side chain interactions of

Hydrolytic enzymes and their enhanced polysaccharide speci-
ficity often improve by appended non catalytic carbohydrate
binding module either at their N or C terminal ends. A major
portion of plant carbohydrate reservoir is composed of hemicel-
luloses such as the polymer and oligomer of xylose, mannose,
arabinose etc. apart from celluloses. Polysaccharide recognition,
binding and enhanced catalysis of hydrolytic enzymes truly
facilitates by non catalytic modular carbohydrate binding mod-
ules. Carbohydrate binding modules (GBMs) are classified into 67
distinguished families based on sequence similarity (http://www.
cazy.org/ Carbohydrate-Binding-Module). GBMs are found in the
protein both as appended with hydrolytic enzymes such as
cellulase, mannanase, xylanase, as non hydrolytic functions, as
scaffoldings and as peptide with non catalytic functions with
variety of hydrolytic enzyme complex (cellulosome) [1]. Family 35
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monosaccharide a variety of diverted binding may be observed.
Thus the polysaccharide specificity varies due to chain substitution
and orientation of monosaccharides [7]. In earlier study, it was
attributed to role of divalent cations in alteration of the domain
conformation of CBMs that enhance the higher polysaccharide
specificity and thermostability [8]. Thermostability one of the
major concern of most of the enzyme stability and activity during
industrial process and thus this binding module may restore the
potentialities of the hydrolytic enzymes. Moreover, carbohydrate
binding modules are used in various analytical processes.
Thermostable CBMs were explored to separate cello- and xylo-
oligosaccharides based on their affinity towards these carbohy-
drates [9]. CBM microarray technique is more pronounced that
replaced the conventional DNA microarray. This method is
simple, effective and an alternative to various conventional
microarray technologies [10]. Moreover, substantial rise in
cffective enzyme catalysis process may induce by this carbohydrate
binding module will meet the requirement for carbohydrate
fermentation to most demanding biofuel [11].

Our work is focused on the functional and conformational
properties of CBM35 from Clostridium thermocellum ATCC 27405
(CHCBM35) upon polysaccharide and cation binding. CtCBM35
usually display the specificity towards manno-configured polysac-
charides. Mannose has single stercochemical difference from
glucose (at 2'-OH site) in the manno-configured polysaccharides
which made it less rigid structural conformation. C/BM35 has
varying degree of affinity for lesser and higher galactose and
glucose substituted polysaccharides. The affinity electrophoresis,
fluorescence measurements and dynamic light scattering were
cmployed to analyze both qualitative and quantitative binding of
CBM35 with manno-configured polysaccharides. The structural
variations of CBM35 due to Ca®* ion binding and the alterations
of domain conformations were described in this work.

Materials and Methods

Gene amplification and cloning of CtCBM35

The open reading frame (ORF) of CCBM35 was amplified
from the genomic DNA of Clostridium thermocellum ATCC 27405
using a forward primer containing Mel restriction site: CACGC-
TAGCGCATATTCCCTTCCTG and a reverse primer with
Xhol restriction site: CACCTCGAGTTAAAGTTCATCCAAG-
CTG. The PCR conditions were followed as Mg2+ ions (2.5 mM),
dNTPs (2 mM), primers (1.5 pM), 1.0 pl of Tag DNA polymerase
(1 pl of 1Unit u1™") and 1 ul of genomic DNA of C. thermocellum.
The PCR amplification cycles used were: denaturation at 94°C for
4 min followed by 30 cycles of denaturation at 94°C for 30 s,
annealing at 55°C for 60 s and extension at 72°C for 2 min and
final extension at 72°C for 10 min. The amplified products were
run on 0.8% agarose gel and further purified by gel extraction
(Qiagen kit.) The amplified products were then digested with Mel-
Xhol restriction enzymes and cloned into Mel/Xhol restricted
pET-28a (+) expression vectors containing kanamycin as resistant
marker respectively which resulted in cloned plasmids (pCBM35).
Thereafter, E. coli DH5w. cells were transformed with above cloned
plasmids. The transformed cells were grown on LB [12] agar
plates supplemented with kanamycin (50 pg ml™") at 37°C for
growth of recombinant clones. Positive clones were selected by
restriction digestion analysis of the resulting cloned plasmids.

Protein expression and purification

E. coli BL-21(DE3) (Novagen) cells were used for expressing
CHCBM35 as described clsewhere [12]. E. coli BL-21 (DE3) cells
were transformed with pCBM35. The cells were grown similarly
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as described in Section 2.1, with incubation at 37°C ana snaxing at
180 rpm till mid-exponential phase (A600,,=0.6). The cells were
induced with 1.0 mM isopropyl-1-thio-B-D-galactopyranoside
(IPTG) for hyper-expression of recombinant protein at optimized
expression conditions of 24°C at 180 rpm for 16 h. The cells were
harvested at 9,000 £ and the resulting pellet was resuspended in
Sodium phosphate buffer (30 mM, pH 7.0). Then the cells were
sonicated (Vibra cell, Sonics) on ice for 16 min (9 s on/off pulse)
with further centrifugation (19,000 g, 30 min, 4°C) to get the
crude cell free protein in the supernatant. Hybrid protein
containing CACBM35 appended by Hiss tag were purified in a
single step by immobilized metal ion affinity chromatography
(IMAC) using Ni-Sepharose columns (HiTrap Chelating, GE
Healthcare) as rccommended by the manufacturer. The purity
and molecular mass of recombinant proteins were verified by
SDS-PAGE [13].

Binding assay of family 35 Carbohydrate Binding Module

(CtCBM35)

The polysaccharide binding capability of the non-catalytic
modules was determined by visualizing the adsorption to soluble
polysaccharides using gel retardation in native polyacrylamide gel
electrophoresis containing the polysaccharides as described earlier
by Takeo, (1990) [14]. Purified C:CBM35 (18 ng) was assayed with
soluble polysaccharides such as carob galactomannan, konjac
glucomannan, carboxymethyl cellulose, rye arabinoxylan, birch-
wood xylan, oatspelt xylan and glucouronoxylan. The polysac-
charide samples were prepared subsequently by diluting in filtered
water from (0.5%, w v~ ') polysaccharide stock. Native polyacryl-
amide gels (7.5%) were prepared containing varying polysaccha-
ride concentrations ranging from 0.0 to 11.5 (%, w v™"). Bovine
serum albumin (BSA) sample (1.0 mg ml" ") was run in native gel
for non-specific binding interaction. Binding study of C:CBM35
with carob galactomannan and k0112jﬂC glucomannan was carried
out in absence and presence of Ca * ionfi- 10 mM Ca® jon was
incorporated in 7.5% native polyacrylamide gel before CICBM35
clectrophoresis. In absence of Ca™ ions 7.5% native gels were
prepared as control and the relative mobilities of CICBM35 were
calculated.

Binding analysis of CtCBM35 with insoluble
polysaccharides

The quantitative and qualitative assessment of CCBMS35
binding was carried out with insoluble mannan, avicel and wheat
arabinoxylan. Thirty microgram of CCBM35 in 50 mM sodium
phosphate buffer, pH 7.0, was mixed with 1 mg of mannan in a
final reaction volume of 200 pL. The reaction mixture was
incubated for 2 h at 4°C with gentle shaking. After that the
insoluble ligand was precipitated by centrifugation at 13000 g for
5 min. The supernatant, containing the unbound proteins, was
removed and the pellet was washed three times with 200 ul of
50 mM sodium phosphate buffer pH 7.0. The bound protein from
the washed pellet was eluted by boiling the polysaccharides in
200 pl of 10% (w v~ ') SDS containing 10% (v v'') -
mercaptocthanol for 10 min. The pellets of bound protein and
the supernatant of unbound protein were analysed by 12% SDS-
PAGE. A Bovine Serum Albumin (1 mg ml™') control was set in
parallel to check for any non specific binding. All the gels
containing protein and no polysaccharide and the electrophoresis
were performed in parallel to ensure also that no precipitation of
protein occurred. For quantitative analysis the free or unbound
protein concentration in un-bound fraction obtained after
centrifugation was determined by Bradford method [15] and the
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bound protein was estimated by subtracting the free protein from
the initial protein concentration. The adsorption parameters were
calculated to determine the binding. If we consider [B] the bound
protein concentration, [F] the unbound fraction of protein, [N] the
number of binding site concentration and A, is the association
constant then at equilibrium adsorption were calculated as
described carlier by Gilkes et al (1992) [16].

Polysaccharide binding study of CtCBM35 by
fluorescence spectroscopy

On binding to polysaccharides, carbohydrate binding modules
undergo conformational changes and behave differently than in its
unbound native form [17]. To compare the results with affinity
clectrophoresis, 160 uM  of CtCBM35 was incubated with
polysaccharidcs viz., carob galactomannan and konjac glucoman-
nan of varying concentrations. Polysaccharide concentrations
(0.01%, 0.04%, 0.06%, 0.08%, 0.15% and 0.2%, w v_') from
0.5% (w v~ ") stock solution in 100 pl reaction mixture were
prcparcd in 30 mM sodium phosphate buffer, pH 7.0. The
samples were incubated at 4°C for 2 h. The fluorescence
measurcments were carried out using a fluorimeter (Fluoromax
3, Horiba Scientific, USA). Emission and excitation slits were kept
at 3.00 and 1.00, respectively, with 0.5 s integration time. Three
scans were taken per sample along with a control to reduce the
;1015(: created by buffer and polysaccharide. All the samples were
excited at Amax =295 nm with observance of emission spectra
between Amax = 320400 nm. The emission spectra of all the
solutions were con_‘t:ctcd agains.t buffer z-md pol){saccharide solution
without CtCBMS35 before setting the interaction study. Relative
fluorescence intensitics (Fo/F, where F, is initial fluorescence
- censity Of CtCBM35 and F is final fluorescence intensity of
ml - ccharide CCBM35 conjugate) were plotted against poly-

o Yf‘aridc concentration. The association constants Ka(l\(l—l) of
S%CCI;N135 complex with carob galactomannan and konjac
Cfuccomammn were derived using modified Stern Volmer equation
| as follows

gl
(18

Fo—F
log( oF ) =log K, +nx ]og[Polysacchan'de]

study of size of CtCB.M3-5 on bindir?g with polysaccharide
and Ca2" by dynamic light scattering

polysaccharidc binding greatly influences the protein confor-
mational changes. These changes may l.cad to more dispersion in
the dynamiC environment leading to higher hydrodynamic area.
The binding of polysaccharide with CiICBM35 was studied by
dynamic light scattering (DLS). In a dynar‘nic environment, the
particles of ligand and protein molecules diffuse randomly. DLS
essentially measures fluctuation in scattered light intensity due to
diffusion of particles, the diffusion coefficient of the particles can
be determined. The diffusion cocflicient D is then related to the

radius R of the particles by means of the Stokes-Einstein Equation
[19]:

kT
~ 6mRy

D

where, k = Boltzmann-constant, 'T' = temperature and 1 = viscosity.

The hydrodynamic diameters (Ry) of CCCBMS35 in presence of
0.1% (w/v) polysaccharides such as carob galactomannan and
konjac glucomannan were measured by Zetasizer Nano 7S
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(Malvern, UK) spectrophotometer. Refractive index ar

of 50 mM sodium phosphate buffer were adjusted to 1.3206 and
8.945%107> g (cm s)”', respectively by using SEDNTERP tool
package (http://www jphilo.mailway.com). The hydrodynamic
radius of CACBM35 was also studied in presence and absence of
10 mM Ca®" ions. CICBM35 was incubated at 25°C for 2 h and
the extra unbound Ca®* was removed by dialysis against water.
The hydrodynamic radius of bound C!CBMS35 with Ca®*
conjugate was measured and compared against Ca®* free
CtCBM35. The instrument was set to measure the absorbance at
a fixed angle (0=90°). All the measurements were derived by
deconvolution of intensity and sample autocorrelation function.
Deconvolution of measured intensity was obtained using non
ncgative least square analysis (NNLS) [19,20] algorithm e.g.
CONTIN [21], Regularization and Multiple Narrow Mode
algorithms [22,23]. These algorithms of fitting the data were
included as inbuilt functions of Zetasizer Nano software package.

Protein melting and molecular dynamics study of
CtCBM35 in presence of Ca®* ion

Binding assays with soluble polysaccharides showed that an
increase in enzyme affinity could be attributed to the presence of
family 35 carbohydrate binding module. To investigate whether the
presence of Ca*" ion may enhance the stability of CitCBM35, the
stabilizing effect was studied by UV spectroscopy. Protein melting
curves were generated for recombinant CCCBM35 (pH 7.0, sodium
phosphate buffer) by measuring in UV-absorption spectrophotom-
eter (Varian, Cary 100) at 280 nm following the method of
Dvortsov et al. (2009) [24]. The temperature was varied from 40—
100°C using the peltier temperature controller (Cary 100-Bio
Varian) and the solutions were kept at the particular tempcratu_ré

| — T T - -
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100 o >
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Figure 1. Denaturing SDS-PAGE (12%) of
CiICBM35 purified by IMAC,
doi:10.1 371/journal.pone.0080415.9001
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Figure 2. Affinity electrophoresis of CtCBM35 using 7.5% native PAGE in presence of varying concentrations of (A) carob
galactomannan (B) konjac glucomannan (C) 10 mM Ca?" incorporated with carob galactomannan (D) 10 mM Ca?* incorporated
with konjac glucomannan (E) A non linear regression plot of inverse relative migration of CtCBM35 (1/r) against polysaccharide
concentration (%, w v~ '), (e) carob galactomannan (in red), (A) konjac glucomannan (in green) and (e) in presence of 10 mM Ca?*

ion with carob galactomannan (in light blue), (A) in presence of 10 mM Ca*" ion with konjac glucomannan (in dark blue).
doi:10.1371/journal.pone.0080415.9002

Table 1. Association constants (K,) and free energy of binding of CtCBM35 from affinity electrophoresis and relative fluorescence
intensities.
K, from AE K, from AE (10 mM Ca?) K, from fluorescence Gibb’s free energy (AG)
Polysaccharide (10°m ") (10*m ) (10°m ") Binding site (n)  (kJ mole ")
Carob galactomannan 124 30 1.4 0.79 —220
Konjac glucomannan 14.3 41 14.3 0.80 —25.0
AE: Affinity Electrophoresis.
doi:10.1371/journal.pone.0080415.t001
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Figure 4. Tryptoptophan fluorescence emission spectrum of CfCBM35 in presence of (A) carob galactomannan (%, wiv),
represented in lines: (red) without polysaccharide, (in green) 0.01, (light blue) 0.04, (dark green) 0.06, (dark red) 0.08. (B) konjac
glucomannan (red) without polysaccharide, (yellow) 0.01, (deep blue) 0.04, (light blue) 0.06, (dark green) 9.08, (da_rk red) 0.1, (C) Hill
plot of log [(F,—F)/F] vs log [carob galactomannan] (D) Hill plot of Iog(fﬂ;—’) vs log [konjac glucomannan] used to derive association constant (K,).

doi:10.1371/journal.pone.0080415.9g004

1% agarose gel electrophoresis. The transformed E. coli BL21
(DE3) cells by recombinant plasmids of positive clones after IPTG
induction were screened for expression. The expression of
CtCBM35 (15 kDa protein) band was observed on 12% SDS-
PAGE by comparing with long range (10-200 kDa) prestained
molecular  weight marker (Fermentas). The recombinant
CtCBM35 was purified by Ni**-NTA (Immobilized metal ion
chromatography) and the elution was accomplished with 300 mM
Imidazole. A purified homogenous single band 15 kDa of
CHCBM35 appeared on 12% SDS-PAGE (Figure 1).

Binding assay of CtCBM35 with soluble polysaccharides

To investigate the ligand binding specificity of CICBM35 the
protein was expressed and purified to electrophoretic homogene-
ity. 'The affinity of CXCBM35 for carob galactomannan, konjac
glucomannan, rye-arabinoxylan, oat spelt xylan and lichenan was

PLOS ONE | www.plosone.org
TH-1871_09610615

determined by affinity electrophoresis [ 14]. The relative mobilities
of CCBM35 in presence of various soluble polysaccharides were
calculated against a reference with no ligand in the affinity gel
(Figure 2A & 2B). A non linear regression plot was generated
between relative migration of G(CBM35 against varying concen-
trations of ligand to calculate the association constant (Ka)
(Figure 2E). The C/CBM35 displayed higher binding affinity with
konjac glucomannan as compared to carob galactomannan. ‘T'he
association constants (K,) were found to be 14.3%10" M~! with
konjac glucomannan and 12.4x10" M ' with carob galactoman-
nan. No association of C(CBM35 was seen with carboxymethyl
cellulose, rye arabinoxylan, birchwood xylain, oatspelt xylan,
glucouronoxylan (Table 1). To assess the Ca”™ induced affinity
binding of C(CBM35 with polysaccharides at their varying
concentrations a similar approach was carried out by affinity
electrophoresis as described carlier (Takeo et al., 1990) [14]. In

December 2013 | Volume 8 | Issue 12 | e80415
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Figure 5. Dynamic light scattering of CtCBM35 in conjugation with 0.1% (w/v) (A) carob galactomannan, (B) konjac glucomannan

and (€) 10 mM Ca?' ion.
doi:10.1 371/journal.pone.0080415.g005

resence of 10 mM Ca” ion the affinity of CXCBMS35 for carob

Jlactomannan was increased to approximately 2.5 folds and the
‘association constant (K,) wzu;F obt_alincd as 30x10* M~ and with
Konjac glucomannan 41x10" M~ (Table 1) (Figure 2C, 2D and
2E)-

ginding analysis of CtCBM35 with insoluble
polysaccharides

The quantitative and qualitative binding of C:CBM35 with
insoluble polysaccharides was assessed by adsorption isotherm
analysis. CGICBM35 displayed low binding with insoluble mannan
as analysed by SDS-PAGE when compared with the protein in
free (unbound to mannan) form and the total purified protein
(Figure 3A). CtCBM35 displayed no binding with avicel and wheat
arabinoxylan. The saturation of insoluble mannan binding by
CHCBM35 was achieved approachcd but not to the highest protein
concentration used (Figure 3B). The failure to reach saturation was
detected when the same data was plotted in a semi logarithmic

PLOS ONE | www.plosone.org
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graph between ([B] vs log [F]). Scatchard plot of cycppgss
(Figure 3C and Figure 3D) indicated the complex bing;
insoluble mannan. ln- ﬂ'_lls quantitative binding assessment at
equilibrium the association Eolnstant (Ko of CICBM35 i
insoluble mannan was 12 pM" " (Table 2). The relagiye o wilih
rium association constant £ and the concentratiop of bin dinq i
in mannan surface [No] were calculated from 2 non %sncs
regression plot between bound CICBMS5 versus fre ine
The data were analyzed :ly Ql‘zphlziad (Prism 2.0.1)
Tinear regression analysis based on one binding ; 5
e o s, it L A
concentration of binding stes No] were 0,490 9 g ! ;mcl
0.04+0.002 pmole g rCSPCFUde (Table 9), This resylt sug-
gcstcd that ClCBl\f135 bind to insoluble mannan Jegg fflective g

e : ly as
the protein binding site on the polysaccharide was o, This may

be due to binding of protein to: the mon reducing end of the
polysaccharide-

ng with

ar
e CiCBM35.
software using
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Figure 6. Protein melting curve of CtCBM35 (—) in absence of
10 mM Ca?* ion, (— —) in presence of 10 mM Ca®" ion.
doi:10.1371/journal.pone.0080415.g006

Polysaccharide binding study of CtCBM35 by
fluorescence spectroscopy

Among the three aromatic amino acids tryptophan shows
highest quantum yield and better stability facilitates its presence to
utilize as a probe for fluorescence detection during polysaccharide
binding with protein [17]. In presence of polysaccharides such as
carob galactomannan and konjac glucomannan with their varying
concentration from 0.01%-0.08% (w/v) significant blue shifts
were observed. Binding of carob galactomannan and konjac
glucomannan with C{CBM35 displayed 21 nm peak shifts towards
shorter wavelength of tryptophan emission spectra from A,
350 nm to 329 nm (Figure 4A and Figure 4B). The association
constant (£,) of C:CBM35 with caroh galactomannan and konjac
glucomannan were derived from Hill plot (Figure 4C and
Figure 4D). From Hill plot and relative fluorescence intensities
the values of K, with carob galactomannan was found to be
11.4x10* M™" and with konjac glucomannan 14.3x10* M~
(Table 1). It was found that the K, values approximately similar as
derived earlier from affinity electrophoresis. Therefore, the
fluorescence studies of polysaccharide binding of C(CBM35
confirmed the results of affinity electrophoresis. The numbher of
binding site concentrations (n) were derived from Stern Volmer
equation and with carob galactomannan n=0.79 and whercas
with konjac glucomannan n=0.80 (Table 1). It means both the
polysaccharide has single binding site for CtCBM35. Since
CiCBM35 displayed significant affinities for mannose derived
polysaccharide in combination of galactose and glucose in their
side and main chains, form the derived affinity constants the
Gibb’s free energy of binding were calculated using the equation:

AG= —RTInK,

where, AG=Gibb’s free energy, R=gas constant (Joule K
mole"[), T =Temperature in Kelvin, K, =association constant
M™"). The free energy binding of C/CBM35 with carob
galactomannan was —22.0 kJ mole” ' and with konjac glucoman-
nan —25.0 k] mole ™' (Table 1). The higher binding affinity and
free energy of binding suggested that likely due to the simple
molecular architecture of konjac glucomannan made an easy

PLOS ONE | www.plosone.org
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platform for C:CBM35 than carob galactomannan, aluwug vuas
the polysaccharides have similar number of binding sites.

Study of size of CtCBM35 on binding with polysaccharide
and Ca®* by DLS

Polysaccharides binding greatly influence the alterations in the
dynamic environment of a protein. As measured from dynamic
light scattering (DLS) the hydrodynamic radius (Ryy) of CtCBM35
was found to be 4.25 nm which was in the acceptable range as this
value is higher than theoretical Ry, 2 nm for a 15 kDa protein.
The Ry; augmentation of CtCBM35 was scen in presence of 0.1%
(w v™") carob galactomannan from 4.25 nm to 6 nm (Figure 5 A).
In contrast, konjac glucomannan binding (0.1%, w v~ ') exhibited
much broader Ry; of 8 nm (Figure 5 B). The augmentation of size
was due to strong binding with konjac glucomannan leading to a
stiffer structure and low random diffusion of the particles of
protein and polysaccharides in the dynamic environment.
Random diffusion of the particles measured in terms of random
diffusion coefficient and is inversely proportional to Ry. In
presence of 10 mM Ca®* ion, the hydrodynamic radius of
CICBM35 was changed remarkably from 4.25 nm in ahsence of
Ca® ion to 4.52 nm (Figure 5 C). In this case Ca2* jon might bind
with the amino acid residues of C:ICBM35 and imparted a stiffer
orientation than the usual. Therefore, random diffusion of the
system reduced and as a result the dynamic radius of CCBMS35-
Ca®* complex was increased.

Protein melting and molecular dynamics study of
CtCBM35 in presence of Ca?* ion

Melting of C:CBM35 was studied in presence of additive Ca2*
ion to investigate the protein stability which perhaps, play a major
role in polysaccharide recognition at higher temperature and
improve the catalytic properties of catalytic modules, The melting
of CICBM35 at Ay, 280 nm showed an unfolded peak at 50°C
(Figure 6). In the presence of 10 mM CaCl, as additive, the
melting point of C{CBM35 was shifted towards higher temperature
at 70°C and the low melting peak at 50°C disappeared completely
(Figure 6). Thus, Ca®* ion played a key role in providing better
stability of CZCBM35 at higher melting temperature as compared
to lack of additive. This analysis was further analyzed using
PyMOL tool from the generated model of CXCBM35. There was
one Ca®* ion binding pocket interacting with 7 amino acid
residues zz. Glu 9, Glu 11, Ser 34, Gly 37, Asp 129. It was
observed that negatively charged residues were predominant
except Ser and Gly which interacted strongly with positively
charged Ca®* ions. These amino acid residues made coordinate
bonds with Ca®* ion and their orientation was changed
remarkably. The comparative study of two CCBMS35 models
with unbound and bound Ca”* ion (Figure 7 A and 7 B) displayed
orientation of amino acid residues within the binding pocket.
When both the models were superimposed (Figure 7 C), it was
observed that the residues changed their orientations at their
similar positions with Ca** ion bound state than the unbound
structure. ‘The bound state residues have less root mean square
deviation (RMSD) value of 1.08 A as compared to unbound state
of 1.8 A. This reduced RMSD value due to the stiffer binding with

C 2+ .
a”" ion prevented less free movement at their bound state [29].

Discussion

The cloned family 35 Carbohydrate binding module
(CICBM35) from Clostridium thermocellum preferred binding with
manno-configured polysaccharides. CXCBM35 discriminated dur-
ing carhohydrate selection showing its affinity only with manno-
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Amino acid residues of C{CBM35 in the model

Figure 7. 2" ion binding poc

structure of both (A) and (B) showing the Ca
absence and presence of Ca?' ion.
doi:10.1371/journal.pone.0080415.9g007

configured ligands among the manno and Wlo'con'ﬁgured
polysaccharides. Instead of B-1,4-mannose chain affinity the
variance of ligand selection within the manno-configured I_)Olysa.‘;;
charides was often observed. C:CBM35 has higher afﬁnlt}{ WIalt:
konjac glucomannan than carob galactomannan. Ration .
behind this selective affinity was due to the galactmf Elmt. '

carob galactomannan likely interferes with the CICBM35 binding-
Carob galactomannan is composed of a 1,4-p-linked D-manna!}
backbone to which single D-galactosyl units are attached to G-6 ©
D-mannosyl residues. Whereas glucomannan is a linear pOleaci
charide comprising 1,4-B-linked D-glucosyl and D-mannosy
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polysaccharides that potentiates higher binding to some soluble
fractions of insoluble polysaccharides [32,33]. Polysaccharide
specificity by CBM35 family is probably due to the conserved
hydrophobic aromatic residues that play a major role in
polysaccharide binding [30]. Tryptophan being one of such
residues has indole ring with intrinsic fluorescence property with
higher quantum yield, displays fluorescence emission at 320 nm to
400 nm [17]. Polysaccharide binding changes the microenviron-
ment of tryptophan due to conformational changes in protein.
Usually in CBMs, the aromatic residues responsible for polysac-
charide binding are lying in the hydrophobic core. Due to
polysaccharide binding and direct interaction with tryptophan, the
fluorescence emission is gradually decreased. The higher affinity of
CiCBM35 for konjac glucomannan masks the available trypto-
phan for fluorescence emission as compared to carob galacto-
mannan. Thus, gradual fall in peak intensities were coupled with
peak shifts (~21 nm) due to altered conformation of native
C:ICBM35. In dynamic light scattering, the larger particle size of
CiCBM35 is due to the polysaccharide binding. The cationic
interaction of aromatic residues with carob galactomannan and
konjac glucomannan insists CXCBM35 domain alteration to more
compact form reducing the random diffusion of the particles
between polysaccharide and amino acid residues. Due to simpler
structure of konjac glucomannan, the interaction with aromatic
residues in the binding pocket of CACBM35 uphold strong binding
as compared to carob galactomannan with substituted galactose
side chain. The structure of CACBM35 gains its particle size in the
conjunction with polysaccharide and the Brownian motion of light
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physical parameters such as higher temperature, pH change etc
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charged amino acid side chains and do not allow their mobility at
harsh environmental conditions due to which the protein folding
remain intact [29]. Thus a rccombinant thermostable glucoman-
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ABSTRACT: Functional attributes of a thermostable f-(1—4)-mannanase were investigated from Clostridium thermocellum
ATCC 27405. Its sequence comparison the exhibited highest similarity with Man26B of C. thermocellum F1. The full length
CtManf and truncated CtManT were cloned in the pET28a(+) vector and expressed in E. coli BL21(DE3) cells, exhibiting 53
kDa and 38 kDa proteins, respectively. On the basis of the substrate specificity and hydrolyzed product profile, CtManf and
CtManT were classified as #-(1—4)-mannanase. A 1.5 fold higher activity of both enzymes was observed by Ca®* and Mg** salts.
Plausible mannanase activity of CtManf was revealed by the classical hydrolysis pattern of carob galactomannan and the release of
manno-oligosaccharides. Notably highest protein concentrations of CtManf and CtManT were achieved in tryptone yeast extract
(TY) medium, as compared with other defined media. Both CtManf and CtManT displayed stability at 60 and 50 °C,
respectively, and Ca’* ions imparted higher thermostability, resisting their melting up to 100 °C.

KEYWORDS: Man26B, carob galactomannan, manno-oligosaccharides, thermostability

B INTRODUCTION

Plant cell wall is mainly composed of complex structural
polysaccharides like celluloses and hemicelluloses. Polysacchar-
ides of the primary cell wall are cellulose, hemicelluloses such as
xyloglucans, mannans, galactomannans, glucomannans, lami-
narin, glucuronoarabinoxylans, and arabinoxylan, etc. Mannans
are the polysaccharides with a backbone chain of f-(1 — 4)-
linked mannose units. They constitute a major portion of
hemicelluloses in hardwoods. The major distribution o_:f
mannan in combination with galactose and glucose units in
plant hemicellulose reservoir is abundant in nature. C;arob
galactomannan (from the Ceratonia siliqua plant) contain f-
(1—4)-p-mannan backbone (78%) and galactose as a-(1-6)-
linked (22%) single units, where as guar gum (from Endos?in:;
of guar seeds) backbone is a linear chain of ﬂ—(1->4)-h.n e
mannose residues to which galactose residues are (1"6)'11“]“’-‘3}
at every second mannose, forming short side—branchesl.
Glucomannan (from Amorphophallus konjac) is a water-soluble
polysaccharide that is considered a dietary fiber. Thg
component sugars in konjac glucomannan are ﬁ:(l"”"')']mked
D-mannose and D-glucose residues in a molar ratio of 1.6:1 anc
branched chain composed of ﬂ-(l—bé)-linked D-glucosyl units.
f-p-Mannanase [endo f-(1—>4)-mannan mannohytli;;iase;
E.C. 3.2.1.78] hydrolyzes ﬂ.(l—1»4)—D—mannopyl‘al‘-os)’1 linkage
within the main chain of mannans, glucomannans, galacto-
mannans, and galactoglucomannans.3 Mannar.l'«_lses }.uweG E:;g
listed within glycoside hydrolase (GH) families viz. foie
GHS, and GH113 in carbohydrate-active enzyme dat; ao ¢
(http:// www.cazy.org/ Glycoside-HYdmlaseS-hUnl) ‘b'aseCHS
sequence similarity,* f-p-Mannanases belong to families ,t ir:
GH26, GH113 and display a (f/@)s ban*el-shaped_ - .
folding pattern, and the acid—base-assisted catalysis via
© 2013 American Chemical Society
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double displacement mechanism involving a covalent glycosyl-
enzyme intermediate.>® The mechanism of glycosidic bond
cleavage is found conserved within these families. These are the
characteristic patterns of clan GH-A protein families and helped
p-p-mannanases of families GH5, GH26, and GH113 to group
into this clan>® Due to the retaining double-displacement
mechanism, these enzymes can perform transglycosylation.
Transglycosylation may lead to the synthesis of new glycosides
or oligosaccharides longer than the original substrate. GHS and
GHI113 mannanases have been described as able to catalyze
transglycosylation reactions,” while to date no evidence of
transglycosylation has been reported for GH26 mannanases.”
The benefit of employing novel enzymes for specific
industrial processes is well-recognized with the discovery of
p-mannanases. ff-Mannanases (EC 3.2.1.78) hydrolyze man-
nan-based hemicelluloses and liberate short f-(1—4)-manno-
oligosaccharides, which can be further hydrolyzed to mannose
by f-mannosidases (EC 3.2.1.25). There are currently around
50 f-mannanase gene sequences in families 5 and 26 GHs from
various microbial origins. The family 26 Glycoside Hydrolase
(GH26) mannanase has narrow substrate specificity hydro-
lyzing (1—4)-f-p-linkages in mannans, galacto-mannans,
glucomannans, and galactoglucomannans but does not show
activity against f-glycan chain of soluble cellulose derivatives.®
Several studies exhibited the presence of distinct types of
mannanases (GHSA, GHSB, GHSC, GH26A, GH26B, and
GH26C) expressed on the cell surface of Cellvibrio japonicas®
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having different substrate specificity. GHS mannanase exhibits
some activity for cellulosic substrates.'® By contrast, Man26B
displays canonical endomannanase activity and linked to the
cell membrane via ~70 residue linker sequence of C.
japonicas.'® Thus, Man26B gets enough space via the linker
sequence to adsorb on the natural substrates galactomannan
and glucomannan than other surface-expressed mannanases.
Man26B rapidly generates large amounts of mannose, even in
the early stages of galactomannan or manno-oligosaccharide
hydrolysis. But Man26A displayed a typical endo-f-(1—4)-
bond cleavage activity against small manno-oligosaccharides,
hydrolyzing mannotriose approximately, 10000 times more
efficiently than Man26B.'° There are distinct differences in
topology of the substrate-binding cleft and substrate specificity
among the mannnases (Man26A, Man26B, and Man26C)
within GH26 family.®

There are several reports of manno-oligosaccharides syn-
thesis by the utilization of mannanases from manno-configured
substrates.'®'! Though the manno-oligosaccharides are indi-
gestible inside the human gut, their potential role as dietary
fiber and prebiotics were attributed in various studies.'? It was
evident from earlier reports that the efficient prebiotics role of
manno-oligosaccharides that supports the growth of human
intestinal beneficial microflora viz. Bifidobacteria and Lactoba-
cilli.'**'* In addition, manno-oligosaccharides can prevent the
probability of high blood pressure and higher intestinal
absorption of fatty acid substance from a high fat diet."s

Clostridium thermocellum expresses a large number of
hemicellulases in its multienzyme complex, targeting various
hemicellulosic components such as mannans and xylans,
removes the hemicellulosic polysaccharides exposing the
cellulose microfibrils and uses it as primary carbon and energy
sources and releases soluble sugars.'® The carbohydrate binding
modules (CBMs) are the noncatalytic modules known to help
or bring the catalytic modules in close proximity to its
substrates, and also some CBMs are known to stabilize the
enzyme (’catalytic module) structure and increase its thermo-
stability.'"'® The majority of C. thermocellum cellulosomal
enzymes display rather complex multimodular architectures
containing CBMs either at the N- or C- terminal domain.
These CBMs potentiate the interaction of the multifunctional
complex with the diversity of polysaccharides in the plant cell
wall by directing the appended catalytic domains to their target
substrates.'® The CBMs may be found to contain up to 200
amino acids and can be found attached as single, double, or
triple domains in one protein, located at both the C- or N-
terminal within the parental protein.'” A family 35 carbohy-
drate binding module (CBM3S) often appended with
mannanase that binds to the galactose-decorated mannanas
and facilitates their efficient hydrolysis.*® There are few reports
of Man26B functions exflored earlier from Paenibacillus sp.
BME14,> C. japonicas® C. thermocellum strain F1L,* and
Bacillus licheniformis DSM13.** In the present report, we
studied the molecular and biochemical characterization of
family 26 glycoside hydrolase (GH26) mannanase B (Man26B)
from C. thermocellum ATCC 27405. Its potential in manno-
oligosaccharide production by the hydrolysis of the manno-
configured substrate was analyzed.

W MATERIALS AND METHODS

Bacterial Strains and Plasmid. The genomic DNA of C.
thermocellum ATCC 27405 was a gift from Professor Carlos Fontes,
Faculdade de Medicina Veterinaria, Lisbon, Portugal. Escherichia coli

TH-1871_09610615

DHSa cells were used for cloning, and E. coli BL21 (DE3) was used as
the expression host. The plasmids used for cloning and expression
were pET-28a (+). All the above-mentioned items were procured from
Novagen (Madison, WT).

Fine Chemicals and Natural and Synthetic Substrates for
Enzyme Assay. Mannose, xylose, glucose, galactose, EDTA, and
NaOH solution (50%, w/v), lichenan (from Cetraria islandica) were
procured from Sigma Chemical Company (St. Louis, MO). Carob
galactomannan, konjac glucomannan, locust bean galactomannan, guar
galactomannan, ivory nut mannan, A-(1—4)-mannnan, barley f-
glucan, rye arabinoxylan, xyloglucan, mannobiose, and mannotriose
were procured from Megazyme International, Ireland. Carboxy
methylcellulose (CMC), hydroxyethyl cellulose, Avicel (microcrystal-
line cellulose) and synthetic pNP-glycosides like pNP-S-mannopyrano-
side, pNP-a-mannopyranoside, glucuronoxylan, and polygalactouronic
acid were purchased from Sigma Chemical Company.

Sequence Analysis. Two mannanase genes (locus name:
Cthe_0032 and Cthe_2811) (http://www.cazy.org/GH26_bacteria.
html) belonging to family 26 glycoside hydrolase (GH26), were
identified in the native host C. thermocellum ATCC 27405 (16S rDNA
sequence ID: CP000S68, http://www.straininfo.net/strainPassport.
action?page=34&cultureld=40680). Mannanase encoding ORF region
was identified using the protein sequence (gene bank protein accession
ABNS51273.1, locus name: Cthe_0032) of C. thermocellum ATCC
27405 in tBLASTn (http://blast.ncbi.nlm.nih.gov/Blast.cgi) tool. This
sequence was used to design the desired oligonucleotide primers for
amplification of full length CtManf (CBM35-CtManT) and truncated
catalytic module CtManT (nucleotide accession: CP000568.1). The
sequence for amplification was devoid of signal peptide and dockerin
(Doc I). The protein sequence of CtManT was analyzed for the type
of enzyme synthesized using multiple sequence alignment using
MULTALIN (http://multalin.toulouse.inra.fr/multalin/cgi-bin/
multalin.pl) and viewed in the ESPript (http://espript.ibcp.fr/
ESPript/ESPript/) tool. Multiple sequence alignment was performed
using the different types of mannanase (Man26A and Man26B)
sequences of glycoside hydrolase family 26 (GH26) from Paenibacillus
sp BME14,2" Cellvibrio japonicas*> Clostridium thermocellum strain
F1,2 Bacillus licheniformis DSM13,%* Cellulomonas fimi>> Rhodother-
mus marinus,®® Bacillus sp JAMB?SO,” Paenibacillus polymyxa GS01.2
Evaluation of the functional property of this protein sequence was
performed using InterProScan (http://www.ebi.ac.uk/Tools/pfa/
iprscan/), and the molecular architecture of the entire protein
sequence to be cloned was drawn.

Gene Amplification and Cloning. The OREF region encoding full
length CtManf (CBM35-CtManT) containing family 35 carbohydrate
binding module (nucleotide accession: CP000568.1) at the N-terminal
and the family 26 glycoside hydrolase (GH26), a mannanase B
(Man26B) catalytic module, CtManT (nucleotide accession:
CP000568.1) were amplified from the genomic DNA of C.
thermocellum ATCC 27405, using two oligonucleotide primers having
Nhel and Xhol restriction sites. The 50 uL PCR reaction mixture
contained Mg?* ions (2.5 mM), dNTPs (0.2 mM), primers (1.5 M),
1.0 4L of Taq DNA polymerase (1 4L of 1 Unit/uL), and 1 uL of
genomic DNA (10 ng) of C. thermocellum ATCC 2740S and PCR-
grade water (Sigma Chemical Company). The oligonuclecotide
primers used for amplifying CtManT were forward §’-cacgctagcgea-
tattcocttoctg-3’ and reverse §'-cacctcgagttagctaaagtatattttg-3'. The
oligonuclecotide primers for CtManf used were: forward $'-cacgctagc-
geatattecettectg-3” and 5'-cacctcgagttaaagttcatccaagetge-3'. The PCR
amplification cycles used were denaturation at 94 °C for 4 min
followed by 30 cycles of denaturation at 94 °C for 30 s, annealing at 55
°C for 60 s and extension at 72 °C for 2 min, and final extension at 72
°C for 10 min. The amplified products were run on 0.8% agarose gel
and purified by a gel extraction kit (Qiagen). The PCR-amplified
CtManf and catalytic CtManT were cloned into Nhel/Xhol digested
pET-28a (+) expression vector containing kanamycin as a resistant
marker, resulting in cloned plasmids pManf and pManGH26,
respectively. The E. coli DHSa cells were transformed with above
recombinant plasmids. These transformed cells were grown on LB
agar plates,” supplemented with kanamycin (50 pg mL™!) at 37 °C
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for growth of recombinant clones. The positive clones were selected
by restriction digestion analysis of the recombinant plasmids.
Expression and Purification of CtManf and CtManT. E. coli
BL-21(DE3) (Novagen) cells were transformed for expression of
CtManf and CtManT as described elsewhere.?® The cells were grown
in LB medium containing kanamycin (50 ug mL™") at 37 °C with 180
rpm to the midexponential phase (Agg om = 0.6). Then the cells were
induced with 1.0 mM isopropyl-1-thio-5-p opyranoside (IPTG)
and incubated at 24 °C with 180 rpm for 24 h for the hyper-expression
of recombinant proteins. The cells were harvested at 9000g, and the
resulting pellet was resuspended in 50 mM sodium phosphate buffer
pH 7.0, containing 1 mM phenylmethanesulfonyl fluoride (PMSF).
Then the cells were sonicated (Sonics, Vibra cell) on ice for 16 min (9
s on/9 s off pulse, 30% amplitude) and again centrifuged using the
centrifuge (Sigma, 4K15) at 19000g at 4 °C for 20 min. The cell free
supernatant containing the soluble protein was purified by
immobilized metal ion chromatography (IMAC).?” The recombinant
proteins containing CtManf and CtManT appended by the Hiss tag
were purified in a single step using 1 mL HiTrap chelating columns
(GE Healthcare) as recommended by the manufacturer. The purity
and molecular mass of recombinant CtManf and CtManT were verified
by SDS—PAGE.®®
Enzyme Assays of CtManf and CtMant with Natural and

Synthetic Substrates. The enzyme activity of CtManf and CtManT
was determined by using natural substrates, such as carob
galactomannan, locust bean galactomannan, konjac glucomannan,
guar galactomannan, ivory nut mannan, §-(1-»4)-mannan (an
insoluble polysaccharide prepared from carob galactomannan pre-
treated with Aspergillus niger mannanase and subsequently debranched
to a high extent containing mannose (97%) and galactose (3%),
according to the manufacturer Megazyme International, Ireland),
barley f-glucan, lichenan, carboxymethyl cellulose, hydroxyethyl
cellulose, Avicel, rye arabinoxylan, glucuronoxylan, arabinogalactan,
and polygalactouronic acid (PGA) at (1%, w v') in 50 mM sodium
phosphate buffer (pH 7.0) and by measuring the reducing sugar
released, as described previously.>'»? In both cases, 100 4L of reaction
mixture contained 1.0 (%, w v™') substrate, 10 4L of enzyme (CtManf,
0.16 mg mL™! and CtManT, 0.15 mg mL""). One-hundred microliter
reaction mixtures for both the enzymes were incubated at 50 °C for 10
min separately with separate polysaccharides. In the case of Avicel, the
reaction mixture was incubated for 60 min under shaking conditions.
The resulting reducing sugars viz. mannose, xylose, glucose, and
galactose concentrations were measured by the absorbance at Asoonm
using a spectrophotometer (Varian, Cary 100 Bio), and standard
curves were prepared from standard mannose, xylose, glucose, a:{d
galactose (Sigma Chemical Company). The assays were carried out in
triplicate.

A wide range of pH was chosen, ranging from pH 3.0 to 80 as -

X . : i 33 For studying
mannanse displays optimum range within this range y
the optimum pH profile of CtManf and CtManT, SO mM s°d’;:
phosphate buffer, pH 3.0—8.0, was used for the enzyme assays that
employed 1.0 (%, w v™") carob galactomannan at 50 °C. The ophm\:l(‘:‘
temperature study was carried out within the range from lo_tf 100 b
at their respective optimum pH, using 1.0 (%, w v ) caro
galactomannan, fo

After the verification of substrate specificity, the enzyme assayshat;
CtManf and CtManT were performed using S0 mM sodium phosp tic
buffer at their optimum pH and temperature to analyze the kinet
parameters viz. K, V., k_, and k,/Kq. One unit of enzyme actiVIfYThe
was determined as the release of 1 ymole of mannose pet mxmftde- and
assays involving synthetic substrates pNP-f-D-mannopyranost € Bey
PN:::‘;'ZD'ma)naopyranoside were performed as reported earlier by
et 011).

Zymogram Study and Activity Staining. Zymogram sggz (‘:5
recombinant CtManf and CtManT were investigated by using 0.1 /0
v™!) carob galactomannan as the substrate incorporated mlMlanf and
v') SDS—PAGE. Ten micrograms of each of purified CEMan' =

CtManT by IMAC was mixed with 1X the sample buffer (625 v
Tris-Cl, pH 6.8, 20% v v~! glycerol, 2% w v-1 DS, and 0.005% w

bromophenol blue)* without ﬂ.mercaptoethanol“ were loaded o
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the gel After the completion of electrophoresis, the gels were
incubated in 2.5% (v v™') of TritonX 100 at 25 °C for 1 h followed by
1 h incubation in 50 mM sodium phosphate buffer, pH 7.0. Then the
gels were incubated in preheated S0 mM sodium phosphate buffer
(pH 6.5) at 55 °C for 30 min and then stained with 0.1% (w v™!)
congo red for 45 min, as described by Aboul-Enein et al (2010).%
After congo red sta:mngg the gels were counter-stained with 1 N HC],
as described elsewhere.

Effect of Metal lons, Chaotropic Agents, And Detergent on
Enzyme Activity. The effects of different metal cations, chaotropic
agents, and detergent on the activity of CfManf and CtManT were
determined. The enzyme activity of both CtManf and CtManT was
determined in the presence of various metal salts, such as Ni2* (NiSO,-
6H,0), Zn® (ZnSO,TH,0), Cu?* (CuSO¢SH,0), Co** (CoCl,.
6H,0), Mn?* (MnCl4H,0), AP* (AICl;-6H,0), or Ca®* (CaCl,-
2H,0), chaotropic agents like disodium EDTA, EGTA, urea, or
guanidine hydrochloride and detergent such as SDS. The assays of
CtManf and CtManT were performed at 60 and 50 °C, ively,
using S0 mM sodium phosphate buffer, of pH 69 and pH 65,
respectively. One-hundred microliters of the reaction mixture
containing carob galactomannan (1%, w v™') and metal salt at
concentrations (up to 80 mM) or SDS (up to 20 mM) were incubated
for 10 min, and a control sample in the absence of the additive was
alsotun.TheassayswereperformedinuiplimBothenzymam
incubated with EDTA and urea for 1 h, before measuring the residyal
activity. The enzyme activity was determined, as described earlier.

Thin-Layer Chromatography of Hydrolyzed Products
CtManf. The qualitative analysis of hydrolyzed products by the
reaction of CfManf on carob galactomannan was performed by thin-
layer chromatography (TLC) on silica gel-coated aluminum foil (TLC
Sifica gel 60 Fy5, 20 X 20 cm, Merck) for detecting sugars. The o
CtManf (10 pL and 0.16 mg mL™") with 1% (w "_l)mzymromb
galactomannan in 100 &L mctxon mixtures were incubated gt
optimized temperature 60 °C and optimized pH 6.9, for time intervals
of 1,4, 8, 16, and 24 h. The reaction products were boiled for 2 mip, ¢,
stop enzymaﬁc hYdmlys's and dlen centnfuged at 13ONg &;r S min.ﬁ
Then 0.2 pL of sample as well as of standard solutiong (1.0 mg mI -1
were loaded on the TLC plate and kept in the devﬁloping dlﬂ-\'nbel
saturated with the developing solution (mobile phase), which
consisted of acetic z;cid—n-propano;»l—watel-—acet;mh.l
(4:10:11:1 4).¥ Mannose and oligosaccharides (mannobiose i ;
mannotriose) were used as'standards. At the end of the run, oaj an,
sugars were visualized by immersing the TLC plate in g oy Sc9
solution (sulphuric add/metha'nol 5:95, vv™; a-napthol 5.0%, whz“‘_l g
TheTLCPht“mthmdﬂedatso"CforZOmin.Themi o
reaction products (sugars) appeared as spots on the TLC Plate.mted

HPAEC Analysis of Polysaccharide Hydrolysis by cpa
CtManf (10 4L and 016 mg mL™) with 1% (y yoi .

actomannan in 100 pL of reaction mixtures were incuby carob
optimal conditions of 60 °C,and pH 69 for 1, 4,8, 16 anq 54 h.t';"; at
reaction mixtures were treated with 2 volumes (200 ur) o g %
ethanol to precipitate the . remaining nonreacted Po ':lne
(substrates) and then centrifuged at 13000 at 4 og g, ) "0

containing the liberated sugar wag L
another microcentrifuge tube, and the ethanol w“t'::;f:n'e: o
evaporation. The superm'!tnnt (50 L) was diluted to 500 4, byv:d bY
ultrapure (Milli-Q, Millipore) water and fltered through o <oding
lter using a 02 ym membrane. The kberated Syringe
high-pressure anion-exchange d.lI‘Omatog'ap
ion chromatography system (Dioner, ICs-3000)
500 pL, 25 pL of sample (liberated snsars) was

PA-200 column (150 X 3 mm, Dionex), attacheq v
PA200 goard column (30 X 3 mm, Pxonex) with borate ang
trap columns which removed iRpurities and provided gy, o Amino
The instrument (Io)nonex,. 1CS-3000) was kept gt " olutiop,
temperature of 30 °C fi“_f:ng the analysxs, and the figy, Constapt
raintained at 03 mL min™. The el}mon of liberateq suml‘dte was
due to enzyme mch:l!;edwas carried out with 109 mM releaseq
pydroxide using 2 p p amperometric detectoy (PAD;odium
micrograms per milliliter of D-mannose, mannobioge, and mmnt.:tr.iren
ose
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were used as standards. The solutions of standards were also filtered
through a 0.2 ym membrane before loading onto the column. A
standard curve was prepared by using a mixture of standards
(mannose, mannobiose, and mannotriose) from 10 mg mL™! stock
solutions. Quantitative analysis enzyme-catalyzed hydrolysis products
were determined from the peak intensity of the released products.

Production of CtManf and CtManT in Different Media. Media
screening was performed in order to obtain higher production of
recombinant CtManf and CtManT. Four different media were
screened, as listed in Table 4. All four media LB, 5xLB, Terrific
Broth (TB), and TY media were prepared, as previously described by
Tripathi et al. (2009).%® LB medium (100 mL) was prepared in a 250
mL flask by weighing constitutents in (%, w/v) were tryptone, 1.0;
yeast extract, 0.5; and NaCl, 1.0.3®* A 100 mL 5xLB medium was
prepared by using (%, w/v) tryptone, 5.0; yeast extract, 2.5; NaCl, 2.5;
glycerol, 1.0.*® Terrific broth (TB) 100 mL was composed of
constituents i# (%, w/v) pancreatic digest of casein, 1.2; yeast extract,
2.4; dipotassium Jghosphate, 0.94; monopotassium phosphate, 0.22;
and glycerol, 0.4.>" The components of 100 mL TY medium used in
(%, w/v) were tryptone, 2.68; yeast extract, 2.14; monopotassium
phosphate, 0.54; diammonium hydrogen phosphate, 0.16; magnesium
sulfate, 0.12; NaCl, 0.85; and glycerol, 0.1.38 Initially, the seed culture
was prepared by inoculating respective E. coli BL21 cells, harboring
recombinant plasmids CtManf and CtManT in 5§ mL LB medium
supplemented with S0 yg mL™" kanamycin and incubated at 37 °C and
180 rpm for overnight. Each 250 mL culture flasks of four media
containing 100 mL medium supplemented with 50 pg mL™'
kanamycin were inoculated with 1 mL of seed culture. The cells
were grown at 37 °C, 180 rpm up to the mid exponential phase
(Agoo am = 0.6) followed by induction with 1.0 mM isopropyl-1-thio-f-
p-galactopyranoside (IPTG) for hyper-expression of recombinant
proteins at 24 °C with 200 rpm for 24 h. Dry cell weight of the
bacterial cell was measured, as described by Black (1996).>” The 10
mL culture broth was centrifuged at 9000g for 15 min and the
supernatant discarded. The resulting pellet washed with distilled water
3 times followed by centrifugation at 9000g for 15 min in each wash.
The cell pellet was dried at 60 °C for 16 h, and the dry cell weight was
measured by weighing.’> The cells were harvested by centrifuging at
9000g at 4 °C for 20 min, and the resulting cell pellet was resuspended
in 50 mM sodium phosphate buffer pH 7.0 containing 1 mM
phenylmethanesulfonyl fluoride (PMSF). The cell suspensions were
sonicated (Vibra cell, Sonics) on ice for 16 min (9 s on/9 s off pulse,
30% amplitude) and then centrifuged at 19000g at 4 °C for 20 min.
The recombinant proteins were purified by a single step, using
immobilized metal ion affinity chromatography (IMAC) on HiTrap
chelating columns (GE Healthcare), as mentioned earlier.” The
concentration of IMAC-purified recombinant proteins were deter-
mined by the Bradford method.*

Thermostability study and protein melting analysis of
CtManf and CtManT. The ability of CtManf and CtManT to retain
its enzymatic activity at a higher temperature was studied. Both
CtManf and CtManT (30 uL each from the stock of 0.16 mg mL™" and
0.15 mg mL™", respectively) were incubated at temperatures from 10
to 110 °C for 1 h. After the incubation, the enzyme activity was
determined by taking 10 4L of CtManf and CfManT separately in a
100 uL reaction mixture containing 1% (w v™') carob galactomannan
in 50 mM sodium phosphate buffer of pH 6.9 and pH 6.5, respectively.
The protein melting curves were generated by subjecting CtManf and
CtManT to various temperatures and measuring the change in the
absorbance at 280 nm by a UV—visible spectrophotometer (Varian,
Cary 100-Bio), following the method of Dvortsov et al.'® The purified
CtManf and CtManT at protein concentration of 0.3 mg mL™" in 50
mM MES [2-(N-morpholino) ethanesulfonic acid] buffer, pH 7.0,
were used. The absorbance at 280 nm was measured at different
temperatures, varying from 40 to 100 °C using a peltier temperature
controller. The protein solutions (1 mL, 0.3 mg mL™") of CtManf and
CtManT were kept at the particular temperature for 10 min to attain
the equilibrium. A similar experiment was carried out with the addition
of 10 mM CaCl, in the | mL enzyme (0.3 mg mL™") solution, and the
temperature was then varied. The experiment was repeated with the
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addition of CaCl, and EDTA to 1 mL of enzyme solution (0.3 mg
mL™") containing equimolar concentrations of 10 mM, and finally the
change in absorbance at 280 nm was measured. A curve of relative
derivative absorption coefficient (first derivative coefficient) versus
temperature was plotted, as described earlier by Dvortsov et al
(2009)_18

B RESULTS

Sequence Analysis of CtManf. The molecular architec-
ture of full length derivative of mannanase CtManf displayed an
appended family 35 carbohydrate binding module (CtCBM35)
at its N-terminal end and catalytic CtManT (Man26B) at its C
terminal end (Figure S1of the Supporting Information). Amino
acid sequence analysis using InterProScan revealed that CtManf
has two distinct modules: from regions 1 to 134, a noncatalytic
carbohydrate binding module family 35 (CBM35) and from
135 to 478, a glycoside hydrolase family 26 (GH26). CtManT
found the most similar 50% sequence homology, (UniProt id:
Q9F1T9) to mannanase 26B of C. thermocellum strain F1
(CtF1Man26B), Bacillus licheniformis DSM13 (BIMan26B)
(33.080%, UniProt id: Q65MP4), Paenibacillus sp. BME-14
(PsMan26B) (37%, UniProt id: C6KL35), and Cellvibrio
japonicas (CjiMan26B) (35%, UniProt id: Q840B9). Sequence
homology was found less pronounced, while comparing with
mannanase 26A of Cellulomonas fimi (CfMan26A) (28%,
UniProt id: Q9XCV5), and Bacillus sp. JAMB750 (BsMan26A)
(26%, UniProt id: Q2ACI1). These results were similarly
analyzed from the phylogenetic tree where CtManT was most
closely related with Man26B of the C. thermocellum strain F1
(Figure 1). Multiple sequence alignment of CtManT displayed

—|'C. thermocellum ATCC 24705. (CtManGH26) I

C. ther [lum Strain F1. (CtFIManGH26B)

Paenibacillus sp. (PsManGH26B)

Paenibacillus polymyxa (PpManGH26A)

Rhodothermus marinus (RmManGH26A)

Cellvibrio japonicus (C/ManGH26B)

Bacillus licheniformis (BManGH26B)

Cellulomonas fimi (CfManGH26A)

Bacillus sp. (BsManGH26A)

01

Figure 1. Phylogenetic tree showing the comparative study of our
query CtManT (highlighted in red box) with two different types of
GH26 mannanase (Man26A and Man26B) of representative members
and their appearance during evolution based on sequence similarity.

a unique identifier sequence that was a highly conserved
aromatic amino-acid-rich region with the consensus sequence
WFWWG within all the ManGH26 family (Figure S2 of the
Supporting Information, highlighted in the box), as also
similarly stated by Xiaoyu et al. (2010).>'

Cloning and Expression of CtManf and CtManT. The
open-reading frames of CtManT and CtManf amplified by

dx.doi.org/10.1021/jf403111g 1 J. Agric Food Chem. 2013, 61, 12333-12344
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Figure 2. Zymogram study using 12% SDS—PAGE (A) CtManf (panel 1: purified protein, 2: congo red staining, and 3: 1 N HCI counter staining)
and (B) CtManT (panel 1: purified protein, 2: congo red staining, and 3: 1 N HCI counter staining).

polymerase chain reaction resulted in 1449 bp and 1029 bp
sequences, respectively. The amplified DNAs were cloned into
the pET-28a (+) expression vector and then transformed the E.
coli DHSa cells using the cloned plasmids. The positive clones
of CtManf and CtManT were identified by digestion of resulted
recombinant plasmids with Nhel-Xhol restriction enzymes. The
E. coli BL-21 (DE3) cells were transformed with recombinant
plasmids, harboring CtManf and CtManT. The positive clones
were screened by growing individual colonies in LB medium
and after, inducing with 1 mM IPTG and further incubating at
24 °C for 24 h. The expressed proteins were analyzed by SDS—
PAGE. The two Clostridial recombinant Hiss-tagged proteins
were purified by immobilized metal ion affinity chromatography
(IMAC) from the cell-free extracts to homogeneity. The SDS—
PAGE analysis of purified CtManf and CtManT displayed
molecular sizes of 53 kDa and 38 kDa, respectively (Figure 2,
panels A and B). Both the recombinant proteins expressed as
soluble proteins.

Specificity and Kinetic Parameters of CtManf and
CtManT with Natural Substrates. The optimum pH and
temperature for CtManf were 6.9 and 60 °C, respectively, and
for CtManT were 6.5 and S0 °C, respectively. The substrate
specificities of CtManf and CtManT with natural substrates
were determined at optimized pH and temperature. The
enzyme activities with natural substrates are displayed in Table
L. It is conspicuous from the Table 1 that both CtManf and
CtManT have specificity for galactomannan, and the highest
enzyme activity was achieved with carob galactomannan 97.0 +
5.0 units mg™" and 91.0 + 4.0 units mg~', respectively. Both
displayed activity in decreasing order with locust bean
galactomannan, konjac glucomannan, and guar galactomannan.
Both CtManf and CtManT with insoluble polysaccharide ivory
nut mannan displayed a biphasic hydrolysis pattern (Figure S3
of the Supporting Information), where rapid hydrolysis of the
substrate occurred up to 15 min of incubation followed by
slower hydrolysis (Figure S3 of the Supporting Information).
These enzymes perhaps acted on the amorphous sites
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Table 1. Substrate Specificity of CtManf and CtManT from
C. thermocellum

substrate specific activity CtManf  specific activity CtManT
(19, wv™!) (units mg™") (units mg™")
carob 97.0 + 5.0 91.0 + 4.0
galactomannan
locust bean 854 + 6.0 83.1 + 5.0
galactomannan
konjac 81.0 £ 3.0 79.8 + 40
glucomannan
guar galactomannan 47.6 + 3.0 387 + 40
ivory nut mannan 500 + 2.0 26.5 £ 09
mannan 400 + 1.0 212 +£ 20
barley-f-glucan 294+ 02 174 £ 0.1
lichnan 192 +£ 08 122 £ 02
carboxymethyl 109 £ 0.5 0.9 + 0.05
cellulose
hydroxyethyl 0.87 + 0.03 047 + 0.03
cellulose
Avicel 0.39 + 0.02 026 + 0.03
xyloglucan LS £ 035 1.0+ 03
rye arabinoxylan NA NA
glucuronoxylan NA NA
arabinogalactan NA NA
polygalactouronic NA NA
acid

Values are in mean + SD (n = 3). NA = no activity was determined.

(hydrolyzable region) of the substrate during rapid hydrolysis
in the first phase and then accessed the crystalline sites
(tougher region) in the second phase. Similar results were
reported by Mizutani et al. (2012).*! The enzyme activities of
both enzymes with insoluble ivory nut mannan and ﬁ-(l—->4)_
mannan from the first phase were calculated (Table 1). C:tManf
displayed approximately, two times higher activity than
CtManT with both the substrates (Table 1). The specific
activity of CtManf was 50.0 units mg™, whereas CtManT was
265 units mg—l with ivory nut mannan and with ﬁ-(l—>4)-

dxdolorg/10.1021/j10311191 L. Agric. Food Chem. 2013, 61 12333-12344
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Table 2. Kinetic Properties and Catalytic Efficiencies of CtManf and CtManT from C. thermocellum ATCC 27405

K, (mg mL™") k., (min™") keu/Ky (min™ mg™ mL)

substrate CtManf CtMan T CtManf CtMan T CtManf CtMan T
natural substrates
carob galactromannan 1.8 £ 02 1.6 £ 02 737 634 4.1 x 10 39 x 10°
locust bean galactomannan 15+ 0.1 14 + 04 590 520 39 x 107 3.7 x 107
konjac glucomannan L5 +03 14 +£02 510 462 3.4 x 107 33 x 10
guar galactomannan 12 +02 L1+ 02 320 283 2.6 x 10 25 x 10*
ivory nut mannan 09 £ 0.1 0.8 + 02 310 199 34 x 107 24 x 10°
mannanan 09 +02 0.7 £ 01 283 159 3.1 x 10 22 x 10°
synthetic substrates
pNP-f-p-manno- pyranoside ND ND ND ND ND ND
pNP-a-D-manno- pyranoside ND ND ND ND ND ND

Values are in mean + SD (n = 3). ND = not detected.

mannan the enzyme activities were 40.0 units mg™' and 21.2
units mg~', respectively (Table 1). Therefore, the above results
indicated that CtCBM35 plays a role in potentiating the
enzyme activity of the full length enzyme CtManf in
hydrolyzing the insoluble substrates. A similar comment was
stated earlier by Mizutani et al. (2012) for CBM32 appended to
GHS mannanase from C. thermocellum.*!

Both CtManf and CtManT displayed low but significant
activity against barley f-glucan, lichenan, carboxymethyl
cellulose, hydroxyethyl cellulose, Avicel and xyloglucan, where-
as no activity was observed with arabinogalactan, rye
arabinoxylan, glucuronoxylan, and polygalactouronic acid
(Table 1). The kinetic properties and catalytic efficiency of
both the enzymes were determined with the natural substrates
(Table 2). CtManf and CtManT displayed turnover numbers
(ko) of 698 and 684 min~!, respectively, and catalytic
efficiencies (k_,/K,) of 4.1 X 10* and 3.9 X 10* min~" mg™’
mL, respectively, with carob galactomannan. Both the enzymes
CtManf and CtManT efficiently acted on insoluble ivory nut
mannan, showing catalytic efficiencies (k_,/K.,) of 3.4 x 10*
and 2.4 X 10> min~' mg™' mL and with #-(1—4)-mannan, 3.1
X 10> and 2.2 X 10* min™" mg~! mL, respectively (Table 2).

The present results showed that CtManf gave approximately
1.1-fold higher activity against carob galactomannan and
approximately 2-fold higher activity against insoluble ivory
nut mannan and f-(1—4)-mannan than the catalytic CtManT.
Similar results were reported earlier, where enhanced activity in
the presence of a carbohydrate binding domain (CBD) in
Man26A (mannanase A from family GH26) was observed by
Halstead et al. (1999).% The presence of CBD at the N-terminal
of Man26A enhanced turnover of carob galactomannan by 1.1-
fold and 2-fold against insoluble ivory nut mannan.®

Specificity and Kinetic Parameters CtManf and
CtManT with Synthetic Substrates. Both CtManf and
CtManT did not show any activity against pNP-f-p-
mannopyranoside and with pNP-@-p-mannopyranoside. On
the basis of the enzyme activity of CtManf and CtManT against
natural as well as synthetic substrates, it was evident that both
these enzymes are predominantly endo-f-p-mannanase. The
enzymes specifically cleaved the f-(1—+4)-glycosidic linkages
between mannopyranosyl residues.

Zymogram Study of CtManf and CtManT. Separate
SDS—PAGE gels were used in the zymogram study to show the
active bands of CtManf and CtManT against carob
galactomannan (Figure 2, panels A and B). CtManf displayed
an active band around 53 kDa and CtManT around 38 kDa,
congo red staining, and counter staining with 1 N HCI (Figure
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2, panels A and B). Both the enzymes displayed homogeneous
bands and a clear zone of activity with carob galactomannan.
Mannan endo-f-(1—4)-mannanase activity was detected as
clear zones against red (after staining with Congo red) and blue
background (after counter stained with 1 N HCI). The results
clearly indicated that both of these enzymes have manno-

configured substrate specificity.
Effects of Metal lons and Chemical Agents on CtManf

and CtManT. The enzymatic activity of CtManf and CtManT
significantly increased by 1.5-fold in the presence of low
concentrations of Ca** (10 mM) and Mg®* (15 mM) (Table 3).

Table 3. Effects of Metal Ions and Other Agents on CtManf
and CtManT from C. thermocellum ATCC 27405

relative activity (%)

ions/reagents concentration (mm) CtManf CtManT

control® - 100 100
Ca** 10 150 150
Mg 15 150 150
Mn?* 10 80 60
Ni?* 8 80 80
Co* 30 70 70
Zn** 10 70 60
Cu®* 5 20 10
AP 6 20 10
EDTA 8 20 20
EGTA 10 20 20
SDS 8 6 2
urea 4% 10° (4 M) 10

GnHCI 100 2 1

“No additives were added in the control, and the activity was taken as
100%.

Both CtManf and CtManT retained moderate activities in the
presence of 10 mM Mn?* (80% and 60%), 8 mM Ni** (80%
and 80%), 30 mM Co?* (70% and 70%), and 10 mM Zn?*
(70% and 60%) salts, respectively. The enzyme activities were
adversely affected by low concentrations of Cu®* (5 mM) or
AP* (6 mM) salts, and CtManf lost 80% and CtManT lost 90%
of the activity at the mentioned concentrations of Cu>* and Al**
salts (Table 3). The enzyme activity of both the catalytic
modules decreased to more than 80% in the presence of EDTA
(8 mM) or 10 mM EGTA (Table 3). The presence of SDS (10
mM) CtManf lost 94% enzyme activity, while CfManT almost
completely lost the activity. The decrease in activity in the
presence of EDTA indicated that Ca®* ions may be essential for

dx.doi.org/10.1021/jf403111g 1 J. Agric. Food Chem. 2013, 61, 12333-12344
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mannotriose were produced (Figure 3A). Apart from the
appearance of dp 1, dp 2, and dp 3, there were two other higher
oligosaccharide (dp 4 and dp S) spots observed and displayed
similar appearance throughout the hydrolysis process (Figure
3A). CtManf displayed a typical endoacting bond cleavage
during mannobiose and mannotriose hydrolysis, releasing
principally mannose and mannobiose (Figure 3, panels B and
C, respectively). CtManf was unable to hydrolyze mannobiose
up to 1 h, but after 4 h, complete hydrolysis of mannobiose
occurred, leaving only a mannose spot on the TLC plate
(Figure 3B). Whereas, the hydrolysis mannotriose by CtManf
after 4 h released predominantly mannose and a trace amount
of mannobiose. The mannobiose spot disappeared completely
after 8 h, leaving only the mannose spot (Figure 3C). Thus
CtManf cleaved f-(1—4) bonds of these manno-oligosacchar-
ides elegantly. Therefore, based on the significant role in
specifically cleaving the f-(1—4) bond, this enzyme was
classified and named as endo-f-(1—4)-mannanase.

HPAEC Analysis of Enzyme Reaction Products.
Qualitative and quantitative analysis of CtManf hydrolyzed
products of carob galactomannan were monitored by HPAEC-
PAD. Time-dependent hydrolysis of carob galactomannan by
CtManf is displayed in Figure 4. The peak intensities of
standards are displayed in Figure 4A. After 1 h of CtManf
treatment of carob galactomannan, the prominent peaks of
mannose at 3.4 min, mannobiose at 4.06 min, and mannotriose
at 4.96 min were observed with concentrations 2.12, 0.73, and
0.76 mg mL™", respectively (Figure 4B). Mannobiose peak was
more prominent than mannotriose after 4 h of carob
galactomannan hydrolysis, while the mannose intensity
increased continuously (Figure 4C). The concentrationg were
determined as 2.23 mg mL™' mannose, 1.12 mg mL-!
mannobiose, and 0.80 mg mL™" mannotriose after 4 h of
incubation. CtManf was able to hydrolyze carob galactomannan
to a greater extent after 8 h, and the products obtained were
mannose (3.16 mg mL™"), mannobiose (1.81 mg mL™), ang
mannotriose (0.90 mg mL™), with much higher peak
intensities (Figure 4D). After a 16 h incubation, the
mannobiose and mannotrio_s.:-: concentrations increased tq 21
mg mL~! and 1.1 mg mL™, respectively. This increase wag
approximatel? 1.17 f°"! and '1-3 fold, respectively, for
mannobiose and mannotriose (Figure 4E), as compared with
that obtained after 8 h hydrolysis of carob galactomanpag, The
complete hydrolysis of carob galactomannan by CtMang -
observed after 24 h of enzymatic reaction, where Mannose
mannobiose, and mannotriose concentrations of 3.6 mg -1
23 mg mL~, and 1.4 mg mL. » Tespectively, were Obtajneci
(Figure 4F). All the concentrations were determined from the
regression equation of mannose, mannobiose, and Mannotrigg
standard curves. Therefore, CtManf quite effective}y hYdl‘O}yzefl

~1
10 mg mL~" (1%, w v™") carob galactomannan anq
maxingmrn after 24 h, yielding 36% mannose, released

enzyme activity as EDTA and speciﬁca3112r binds and chelates the
calcium ions in a 1:1 molar ratio.”™ The enzyme activity
drastically reduced with chaotropic agents such as guanidine
hydrochloride (GnHCI) and urea at higher concentrations. The
enzymatic activity of CtManf decreased by 90% at 100 mM
GnHCI, whereas CtManT lost 95% activity at the same
concentration of GnHCL In contrast, much higher concen-
tration of urea (4 M) was required for complete diminution
(98%—99%) of enzyme activities of CtManf and CtManT.
Analysis of Polysaccharide Hydrolysis Products by
TLC. The analysis of recombinant CtManf hydrolyzed products
of carob galactomannan by TLC is displayed in Figure 3A.

10 30 1h 2h 4h Bh
min min

Figure 3. Thin layer chromatography analysis of hydrolysis products
from (A) carob galactomannan, (B) mannobiose, and (C)
mannotriose by CtManf. (A) Carob galactoniannan (1%, w v™') was
incubated with CtManf for 10 min to 24 h, (B) mannobiose (1 mg
mL™") was incubated with CtManf for 10 min to 4 h, and (C)
mannotriose (1 mg mL™") was incubated with CtManf for 10 min to 8
h. Samples were taken in intervals, and hydrolysates were analyzed by
TLC (standards used M1: mannose, M2: mannobiose, and M3:
mannotriose).

Time-dependent hydrolysis of carob galactomannan after 10

min of reaction displayed the release of mannose (dp 1), but
after 1 h of consecutive hydrolysis there was a little release of
mannobiose (dp 2) and mannotriose (dp 3) (Figure 3 A).
Standards of mono and oligosaccharides (M1: mannose, M2:
mannobiose, and M3: mannotriose) were run in parallel to
compare the released sugars (Figure 3A). Up to 8 h of
incubation with CtManf, carob galactomannan was not
completely hydrolyzed, but after 16 h, a large amount of
mannose and comparable amounts of mannobiose and
mannotriose were released (Figure 3A). Complete hydrolysis
of carob galactomannan was achieved after 24 h of incubation,
where the maximum amount of mannose, mannobiose, and
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23% man N
and 14% mannotriose. The overall results quite inte;:l:i:;;;

ibed the performance of CtManf in the §
:i::;nno-gligosaccha:ides from carob galactomanmu: etiahiag of
be scaled up for commercial production. Can

production of Enzymes (CtManf and CtManT) |

Different Media. The highest concentration of sl in
proteins were obtained from a 100 mL flask co“taining TYlnant
TB media, followed by LB and 5xLB medis G hamd
incubation. TY medium achieved the highest cell dengjgje of 3:) lf
and 30 g L™ dry cell weight, respectively, for caypype
CtManT. The protein concentration of CfManf ang CtManT
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Figure 4. HPAEC-PAD analysis of hydrolyzed products of carob galactomannan by CtManf. (A) Elution patterns of standards used mannose (3.4
min), mannobiose (4.06 min), and mannotriose (4.96 min). Elution pattern of mannose, mannobiose, and mannotriose from carob galactomannan
(19, w v™!') treated by CtManf after (B) 1, (C) 4, (D) 8, (E) 16, and (F) 24 h.

after sonication and purification by IMAC obtained was 910
and 880 mg L™, respectively. Similar results were reported by
Tripathi et al. (2009),>® where TY medium gave the highest cell
density of E. coli cells achieved, 1.12 g L™, and the recombinant
den§ue protein was expressed at a concentration of 10.37 mg
L™'*® CtManf and CtManT gave less DCW with TB medium
28 g L™ and 26.9 g L™, respectively, as compared with TY
medium. The purified protein concentrations from TB medium
obtained were S00 mg L™! and 410 mg L™, respectively, for
CtManf and CtManT. The dry cell weight (DCW) from 100
mL LB medium obtained 21 and 20 g L™ for CtManf and
CtManT, respectively. The concentrations of purified protein
obtained from LB medium were 160 mg L™ for CtManf and
150 mg L™ for CtManT. These results are similar to those of
the earlier report of Tripathi et al. (2009).%” The lowest growth
of cell mass of E. coli BL21 (DE3) cells were observed for both
enzymes in SxLB medium. The cell densities obtained were
12.0 and 10 g L™, respectively, for CtManf and CtManT. The
recombinant CtManf and CtManT proteins after purification
obtained were 300 mg L™ and 280 mg L™! in 5xLB medium,
respectively. Therefore, it can be suggested that productivity of
recombinant mannanase and cell mass can be improved by
altering and optimizing media components.

Thermostability Study and Protein Melting Analysis
of CtManf and CtManT. Thermostability study displayed
stability of CtManf and CtManT at higher temperatures (Figure

12330
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S A). CtManf remained stable up to 60 °C, retaining 100%
activity for 1 h. The enzyme activity of CtManf decreased after
60 °C and left with 20% at 100 °C. CtManf and CtManT
retained more than 55% and 30% enzyme activity at 80 °C.
CtManT was stable up to 50 °C and lost 90% at 100 °C.
Therefore, CtManf was more thermostable than CtManT. The
results indicated that the higher thermostability of CtManf
could be due to the presence of the carbohydrate binding
module, CHCBM35. Protein stability was also observed with
protein melting curve analysis. The full-length CtManf showed
two separate melting peaks at 50 and 80 °C (Figure 5 B),
whereas CtManT displayed a single melting peak at around 80
°C (Figure SC). This suggested that the peak at 50 °C
corresponded to noncatalytic CtCBM3S and the peak at 80 °C
to the catalytic module CtManT and that the two modules are
melting independently (Figure 5B). The presence of Ca?* ions
(10 mM) caused significant changes in CtManf, as well as in
CtManT protein-melting profiles. The peak for CtManT shifted
toward higher a temperature (i.e., from 80 to 100 °C), but the
peak corresponding to CtCBM35 in CtManf was masked in the
presence of Ca** ions (Figure S, panels B and C). On addition
of EDTA (10 mM) to the enzyme—substrate reaction mixture
containing Ca’* (10 mM), the melting peaks shifted back to the
original temperature of 80 °C of catalytic CtManT and
CtCBM35 (Figure S, panels B and C, small dotted lines).
Therefore, from both thermostability and protein melting study
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Figure S. Thermal stability analysis of (A) CtManf and CtManT from
10 to 110 °C. Protein-melting analysis of displaying normal melting
curve without any additives, in the presence of 10 mM Ca®* ions and
in the presence of 10 mM Ca?* ions and 10 mM EDTA of (B) CtManf
and (C) CtManT.

of CtManf and CtManT, it could be concluded that both these
enzymes are thermostable and Ca?* ions provide significant
thermal stability.

M DISCUSSION

The molecular architecture of full length CtManf from C.
thermocellum ATCC 27405 displayed a modular structure.
Sequence homology of the catalytic module CtManT identified
as Man26B, showed highest similarity with that of the C.
thermocellum F1 strain?® The Man26B enzymes have subtle
differences with Man26A enzymes in topology of subs.trate
binding and functional property of substrate.hydrolysns asf
previously described by Hogg et al (29203) in a study o
Man26A and Man26B from C. japonicas. B?th CtManf and
CtManT preferred higher degrees of catalysis against carob
galactomannan than locust bean galactomannan and lson]ac
glucomannan, while similar observations were stated earlier gg
Xiaoyu et al. (2010) and Kurokawa et al. (2001) for Man2
isolated from Paenibacillus sp. BME-14 and C. thermocellum
strain F1, respectively."® It is worth mentioning here abou(t1
the wide range of substrate specificity of both CtManf a:)
CtManT. Both these enzymes were able to hydrolyze f-(1-4)-
gluco based substrates viz. barley f-glucan, }u:henan, carbox-
ymethyl cellulose, hydroxyethyl cellulose, Avicel, and xquglu—
can. ManA from Thermoanaerobacterium polysaccharolyhafm
similarly showed both mannanase and endoglucanase activ-
ities.*? Low activities of CtManf and CtManT against ivory x_lut
mannan and f-(1—4) may be attribut.ed.tf) the crystallme;_
nature of the substrate, which greatly inhibits the access O
enzymes for catalysis. Interestingly, CtManf exhibited 2-fold
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higher activities against insoluble ivory nut mannan and §-(1—
4)-mannan, as compared to CtManT. By comparing the
hydrolyzing capacity of CtManf and CtManT against different
mannans, it was concluded that the CtCBM3S of C.
thermocellum ATCC 27405 GH26 mannanase played an
important role in the degradation of insoluble ivory nut
mannan and §-(1->4) (Table 2). The apparent biphasic action
of CtManf and CtManT against ivory nut mannan and f-(1—
4)-mannan was quite distinguishable and thus suggested that
both these enzymes preferred to attack the amorphous region
of the substrate in the early reaction stage and the crystalline
region later. This might give a lucid idea about the substrates
that consist of two distinct regions, which was more resistant
toward CtManT action. Similar, types of observations were
reported by Mizutani et al. (2012)," while comparing the role
of Man26A from C. thermocellum against insoluble substrate
hydrolysis. Higher degree of hydrolyzing capacity of CtManf
than CtManT was attributed to the appended N-terminal
CtCBM35 domain which facilitated the increased catalysis by
concentrating the catalytic module in the vicinity of the
substrate. CtCBM35 helped in prolonged binding of the
substrate and decreased its resistance to the catalytic attack by
CtManT. As an instance CBM32 from C. thermocellum ATCC
27405 has recently been shown to improve hydrolysis of
insoluble substrates by mannanase of GHS.3* Moreover, higher
activity of CtManf at a higher temperature was attributed to the
resence of N-terminal carbohydrate binding domain
(CtCBM3S) than catalytic CtManT. Similarlzv in an earlier
report, it was suggested by Xiaoyu et al. (2009),%! the appended
carbohydrate binding domain in Man26B of Paenibacillys
BME-14 potentiated in higher activity against locust bean sp.
than the lone catalytic module.2! The presence of CtCBmgsm.n
CtManf played a unique role in higher hydrolysis of soluhlln
carob galactomannan as compared with the catalytic CtMan'I'e
Both enzymes exhibited significant turn over against othep
soluble as well as insoluble substrates. It wag repo rte;
previously that carob galactomannan composed of 7;%
mannose formed the f-(1—4)-mannan backbope hil
ctose contributes 22%." Each S-(1-*4)-mannaq ,isw e
stituted by the a-(1—6)-galactose side chain. The sub-
randomly hydrolyze B-(1-4)-linkages in diverse Wmes
such as galactomannans and glucomannan. Both ¢ o
CtManT did not show any activity against synthetic Substr::‘d
pNP-p-mannopyranoside and pNP-a-mannopyrancside, Ty, es
fore, it is evident that both CtManf and CtManT are ere-
acting enzymes and are end°'ﬂ'(l_)4)'“‘3“nanases (endo-
Man26B) from C. thermocellum ATCC 27405, The po oo
ances of CtManf and CtManT were investigateq uxl: d -
influence of salts, chaotropic agents, and detergentet the
CtManf and CtManT are metalloenzymes, and C,2+ and 1?4‘:2‘:

2.

jons act as cofactors for these enzymes. The enz;tne o
of CtManf and CtManT increased significantly by | oL Vites
the presence of Ca** and Mg?* salts, which suggested &:;fold in
jons are required as cofactors. However, the enzym ¢ these
was unaffected by lower concentrations of Mn?, Nj2+ ¢ a‘;ﬁ"“}'
Zn?* and were able to retain their moderate 3Ctiv'i ~%' and
enzyme activities of CIManf and CEManT yent 105 The
inhibited by lower concentrations of Cu?* apq Al‘;fmp.letely
observation was reported earlier by Yoshikaws et al.. Similay
where a noncompetitive type of inhibition imposeq (2009),
jons by binding at different sites other than the a-gluby .C“z*
active center or enzyme—substrate compley *3 [, & COsidase
of a low concentration of chelating agents such aseEPD"%e\nce

or
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EGTA, the enzyme activity sharply decreased. The enzyme
activity of CtManf and CtManT was adversely affected at the
low concentration of SDS. The higher concentration urea and
lower concentration of guanidine hydrochloride was required to
inactivate the enzymes.

CtManf-catalyzed substrate hydrolysis products were ana-
lyzed by TLC and HPAEC. It was apparent from TLC that
CtManf released mannotriose, mannobiose, and mannose in
prolonged hydrolysis of carob galactomannan. But, in the
earlier stages, the amount of mannobiose was less, as compared
to mannotriose and mannose. After complete hydrolysis of
carob galactomannan, CtManf was able to release mannose,
mannobiose, and mannotriose. The salient feature of CtManf
catalysis involved only f-(1—4)-bond cleavage, when man-
nobiose and mannotriose were used as substrates and liberated
mainly mannose as the main product. The release of large
amounts of mannose at early stages of enzymatic reaction by
CtManf was commonly seen against carob galactomannan and
manno-oligosaccharides. In an earlier report by Hogg et al.
(2003), the release of mannose at the early stage of hydrolysis
of manno-configured substrates and oligosaccharides is
characteristic of a typical Man26B mannanase.”> HPAEC
analysis corroborated the results of TLC analysis of hydrolysis
of carob galactomannan products released by CtManf. The
results of HPAEC showed that CtManf exclusively cleaves
carob galactomannan into mannotriose, mannobiose, and
mannose. It was apparent from TLC and HPAEC analyses
that CtManf was able to hydrolyze only the §-(1-4) bond
cleavage and had potential to produce manno-oligosaccharides
from carob galactomannan. Thus effective f-(1—4)-mannanase
from C. thermocellum ATCC 27405 may be exploited for higher
production of manno-oligosaccharides, especially for the
controlled synthesis of mannobiose and mannotriose. Kurakake
et al. (2006) reported the synthesis of manno-oligosaccharides
from guar gum by utilizing of f-mannanase from Penicillium
oxalicum SO.*

Media composition glays a significant role in production of
recombinant proteins.>® Use of chemically defined medium is a
common practice in producing recombinant proteins.**~*’ The
recombinant CtManf and CtManT showed the highest cell
density and concentration of protein in TY medium. In TB
medium, moderate cell densities and protein production were
observed. In LB medium, moderate cell density was achieved
with low protein concentration. The 5xLB medium did not
support the growth due to higher concentrations of yeast
extract, tryptone, and sodium chloride, and as a result, the
lowest protein concentration was achieved. Similar effects of
media were stated earlier, while producing recombinant dengue
protein in E. coli.*® The rich source of tryptone, yeast extract,
and phosphate salts facilitated to achieve highest cell densities
in TY media as compared to other chemically defined media
used. Yeast extract is a known source of trace components and
can relieve cellular stress responses such as the production of
proteases during synthesis of recombinant protein in E. coli.3®
Higher concentration of phosphate is important for attaining
high cell densities of E. coli, as the lower concentrations of
phosphate limits the growth.’’ The phosphate salts in the
medium provided buffering capacity against pH fluctuations,
which adversely affects the metabolic activity of cells.>® The low
cell densities and lower production of recombinant proteins in
LB and SxLB medium were due to a lack of buffering capacity.

Protein stability while functioning at higher temperature is a
major concern in industry. A temperature stability study of
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CtManf and CtManT showed that after 1 h of incubation at 60
and 50 °C, respectively, 100% activity was retained. But they
have retained around 10% of enzymatic activity at 100 °C.
When compared with recombinant ManB from Bacillus
licheniforms DSM13,* the recombinant Man26B from C.
thermocellum ATCC 27405 was thermally more stable at higher
temperatures. The protein melting phenomenon of recombi-
nant CtManf and CtManT was analyzed to study their
thermostability. Protein-melting curves of full length CtManf
showed that the catalytic module CtManT and carbohydrate
binding module CtCBM35 melt independently of each other.
The protein-melting peaks of CtManT and CtCBM3S5 shifted to
higher temperature in the presence of Ca?* ions. However, on
addition of equimolar concentration of EDTA to the solutions
of CtManf and CtManT, the melting temperature peaks shifted
back to the original positions. The shift of peak to a higher
temperature in the presence of Ca®* ions might be due to the
reason that Ca* ions provide stability to the protein structure
by inducing electrostatic interactions with amino acids, as
reported by Noorbatcha et al. (2012).*® The electrostatic
interactions imparted by Ca®* ions in bound protein resulted in
less hydrogen bonds and higher number of salt bridges as
compared to nonbonded proteins.*® Because of the higher
fluctuations in the backbone of protein at higher temperature,
the number of hydrogen bonds will be destabilized, which
allowed residues in close proximity to calcium ions to form
more numbers of salt bridges in the Ca?* ion-bound state as
compared with the Ca** ion-free state.*® Thus, the binding by
Ca®* ion makes protein more conformationally stable at higher
temperature.47 The shifting back of melting peaks in the
presence of EDTA was due to chelation of calcium ions,
making them unavailable for the enzyme. This is the first report
of cloning and biochemical characterization of a thermostable
Man26B form C. thermocellum ATCC 27405 and its potential
role in manno-oligosaccharide production from manno-
configured substrates.
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