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ABSTRACT

The thermo-tolerant yeast Pichia etchellsii produces two inducible, wall bound -
glucosidases viz. BGLI and BGLII. Both the enzymes show transglycosylation activities
leading to synthesis of glycoconjugates like alkyl glucosides. In this study BGLI was
selected as the model enzyme in order to evaluate the feasibility of this large yeast -
glucosidase for synthesis of sugars. The BGLI gene, encoding BGLI enzyme was cloned
and functionally expressed in Pichia pastoris under the control of AOXI promoter. Site-
directed mutagenesis studies were done to confirm the putative nucleophilic residue
important in enzyme catalysis. The recombinant wild type and mutant enzymes were
investigated for synthesis of oligosaccharides.

The internal peptide sequences of native BGLI protein were aligned with GHF3 B-
glucosidases using Clustal W program of DNASTAR to design the primers to fish out
BGLI gene from genomic DNA of P. etchellsii. Step down PCR, 3° RACE and Primer
Walking methods were used to find out complete nucleotide sequence of BGLI. The
complete sequence of BGLI was assembled by sequencing products obtained from three
PCR methods. The intronless BGLI gene (GenBank Accession No. EU914813) ORF
consisted of 2,544 bp nucleotides encoding a protein of 847 amino acids. The ORF
predicted a protein of molecular mass of 93.4 kDa. The predicted isoelectric point (pI) of
the protein was 5.2 and A+T % and G+C % were 58.06 % and 41.95 % respectively. The
sequence homology search using BLAST revealed sequence identity with several members
of GHF3 and the sequence was concluded to belong to GHF3. The multiple sequence
alignment using ClustalV program of DNASTAR showed maximum 98.6 % identity with a
hypothetical 765 aa protein of Kluyveromyces lactis and 73.4 % with 845 aa B-glucosidase

protein of Kluyveromyces fragilis.
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The BGLI gene, encoding BGLI enzyme was cloned in yeast shuttle expression vector,
pPICY9 in-frame with the native Saccharomyces cerevisiae o-factor secretion signal
sequence and functionally expressed in P. pastoris GS115 strain under the control of AOX]
promoter. GS115pPIC9BGLI-5 transformant of P. pastoris showed strong fluorescence
under UV light on MUG as a substrate when screened for secretory expression of rBGLI
by agar plate assay, confirming successful extracellular expression of recombinant enzyme.

GS115pPIC9BGLI-5 was found to be His* Mut" as transformants grew well on both MD

and MM plates.

The two clones GS115pPICOBGLI-5 and GS115pPIC9BGLI-41 were selected for
expression studies in baffled flasks based on results of PCR, dot blot and agar plate assay.
The recombinant enzyme activity reached a maximum of 560 TU/L on eighth day in case of
GS115pPIC9BGLI-5 and 415 TU/L for GS115pPIC9BGLI-41. The effect of temperature
during culture growth and induction was optimized which indicated a maximum activity of
974 TU/L on day 6 which was about 1.74 fold higher than in unoptimized culture. Thus,
temperature of cultivation was found to affect expression. Northern analysis confirmed that
the increase was at mRNA level.

Native PAGE showed fluorescent high molecular weight band under UV light in
GS115pPIC9BGLI-5 medium supernatant which was not present in control GS115pPIC9.
This further confirmed the secretory expression of protein in culture medium. The enzyme
was purified partially by a combination of ammonium sulfate precipitation, Sephadex G
200 chromatography and ion exchange chromatography to a specific activity of 3.5 IU/mg
of protein with 15 % yield. P. pastoris secreted rBGLI had an apparent molecular weight of
97.3 kDa as shown on SDS-PAGE, similar to the native BGLI in size (97.7 kDa).

The rBGLI showed maximal enzyme activity at pH 6.0 and more than 80% stability

between pH 3.5-9. The enzyme had temperature optimum of 50 °C under optimal pH with
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PNPG as substrate. Half life values of enzyme at 30 °C, 35 °C and 37 °C were found to be
16.5h, 14.4 h and 12.8 h. However at 40 °C, 45 °C and 50 °C t;,» values of 6.0 h, 3.4 h and
0.5 h were obtained. A decline in enzyme activity was observed with Cu®* and Fe** (~38
and 40% respectively) ions and only 27.34 % of activity was left in presence of 1 mM Hg**
ions. The properties of the enzyme produced in P. pastoris were found to be similar to the
native BGLI from P. etchellsii.

The putative nucleophilic residue important in enzyme catalysis was identified using
molecular modeling and site-directed mutagenesis. The program 3Djigsaw (available
online at http://www.bmm.icnet.uk/servers/3djigsaw/) provided the modeled structure of P.
etchellsii BGLI protein using Hordeum vulgare EXO 1 as a template. Modeled structure
showed the Tim Barrel domain and the (o/p) 6 domain. Unlike the H. vulgare EXO I, the
latter domain was larger than the Tim Barrel domain and could not be well-defined. The
two catalytic amino acids, D 227 and E 590 were placed in a position similar to the ones
found in the known structure of H. vulgare. Since both these residues also occupied similar
positions in modeled structure, these were used as lead sites for mutagenesis. The aspartate
residue (D-227) present in SDW repeat of P. etchellsii BGLI was selected for mutagenesis
and changed to Glycine and Valine using QuikChange site-directed mutagenesis protocol
(Stratagene). In zymogram analysis with culture supernatant of mutants (D227G, D227V),
no high molecular weight band corresponding to the position of rBGLI showing
fluorescence on MUG was obtained. This confirmed the importance of this residue in
catalysis and it was proposed that it functioned as a nucleophilic residue.

The recombinant wild type and mutant enzymes were investigated for synthesis of
oligosaccharides. Using rBGLI with glucose as the substrate (167 mM), disaccharides were
observed at 8 h of reaction and reached a maximum of 13.14 mmol/LL at 20 h. The

accumulation of trisaccharides started later and reached a maximum of 4.29 mmol/L. A
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total conversion of ~11 % was calculated. The formation of di- and tri- saccharides was
confirmed by ESI-MS. The sugars were detected as Na* adducts (m/z = 203, 365 and 527).
The possibility of using the nucleophilic mutant, D227G as glycosynthase for
enzymatic synthesis of oligosaccharides was also investigated. The principle was based on
findings of Withers et al., (1998). Glycosynthases are specifically mutated glycosidases
that efficiently synthesize oligosaccharides but don’t hydrolyze them. The synthesis of
oligosaccharides by transglucosylation approach using a-D glucopyranosyl fluoride (10
mM) as a donor and pNPG, pNPC and cellobiose as acceptors was investigated. Higher
oligosaccharides were detected on TLC when cellobiose was used as acceptor and not with
PNPG and pNPC. The percent conversion of cellobiose to sugars was about 45%. The
formation of oligosaccharides by mutant enzyme (D227G) in reaction vials containing
cellobiose was also confirmed by ESI-MS. The sugars were detected as Na* adducts and
identified as trisaccharides (m/z=527) and tetrasaccharide (m/z=689). The peaks
corresponding to higher sugars were not observed in mass spectrum when o-D
glucopyranosyl fluoride (10 mM) was used as a donor and pNPG and pNPC were used as

acceptor.



CONTENTS

DEDICATION I
CERTIFICATE I
ACKNOWLEDGEMENT II-v
ABSTRACT VI-IX
CONTENTS X-XVI
LIST OF FIGURES XVII-XIX
LIST OF TABLES XX

LIST OF ABBREVIATIONS AND SYMBOLS USED XXI-XXTII
1. Introduction and Objectives 1-7
2, Review of Literature 8-52
2.1. Glycoconjugates- physiological Tole.......cceceerierinrcnciriescrscrsccesrcnsenee 9

2.2, Synthesis of glycoconjugates.....ccevvteitrmnmnceicecarcrsesiescrscesscesscnsense 9-12

2.2.1. Chemical synthesis

2.2.2. Enzymatic synthesis
2.2.2.1. Glycosyl transferases
2.2.2.2. Glycosyl hydrolases

2.3. General Reaction mechanism of Glycosyl hydrolases.............

2.3.1. Inverting enzymes
2.3.2. Retaining enzymes

S V23 K

2.4. Beta glucoSidaseS....ccceeiieieercecesinrcnsescessescrsecssssssssossonsescessosonsasens 14-15
2.5. Reaction mechanism of retaining p-glucosidases..........cccccecevceeeeeeeee... 15-16
2.6. Classification of B-glucosidases.......cccevvveieiennierisiesircnieresrsnnmmmnens 16-17
2.7. B-glucosidases: OCCUITENCE. ...ccceurerieresireressrsersssorsssssssssessssssssasssns 17-29

2.7.1. Archaea

2.7.2. Bacteria

2.7.3. Eukarya

2.7.3.1. Fungal B-glucosidases
2.7.3.2. Plant B-glucosidases



2.7.3.3. Animal B-glucosidases
2.8. Cloning and expression of -glucosidase gene........c.ccccoeevvnvnnescrceceresneennn30-32
2.9. P. pastoris as an exXpression SYSteIM....cccviiceiercecescessascesessssessmmssossesssssssnns 32-37
2.9.1. Cloning and expression of - glucosidases in P. pastoris system
2.10. Identification of active site residues in Glucosidases.............ccccceveeeeeee.....37-40
2.10.1. Identification of active site amino acid residues by sequence alignment
2.10.2. Identification of active site amino acid residues by 3D structure analysis
2.10.3. Identification of active site amino acids by derivatization with affinity
Labels
2.10.4. Identification of active site amino acid residues by active site labeling using
mechanism-based inhibitors
2.11. Applications of B-glucosidases......coceviieeierierierisiesieciiseienienierssrmmmmennns 40-42
2.11.1. Synthesis of oligosaccharides and glycoconjugates
2.12. Engineered P-glucoSidases....c.cecveererierieresimmsmsmseceressessassessrscsoscassnsess 42-49
2.12.1. Mutagenesis for improved characteristics of p - glucosidases
2.12.2. Mutagenesis for creating Glycosynthases
2.12.3. Mutagenesis for creating Thioglycoligases
2.12.4. Mutagenesis for creating Thioglycosynthases
2.13. Glycosynthases in oligosaccharide synthesis........ccccceeeecercceciescescsceesd9-52
2.14. Thioglycoligases in oligosaccharide synthesis........c.cccetrmmnnnncseccescercenees 52
2.15. Thioglycosynthase in oligosaccharide SynthesiS......cccceverierienrenncnicccseess 52

3. Determination of complete nucleotide sequence of BGLI gene
from thermotolerant yeast P. efchellsii and expression in P.

pastoris 53-87

3.1 MaterialS....cceiieiiereeiericnieiienieiieiieiieiieiienioiietisiierestetecesessonsoinees 54-56
3.1.1. Strains and plasmids
3.1.2. Media and culture conditions
3.1.3. Primers
3.1.4. Enzymes and Molecular Biology Kits
3.1.5. Radioactive material



3.2. Methods....cucereinieiainieincnieracniececaietecsieisesecsesscnsessssesesnsesscnses 57-66
3.2.1. DNA manipulation methods
3.2.2. Primer design to fish out complete BGL1 gene
3.2.3. PCR strategies for determination of complete nucleotide sequence of BGLI
3.2.3.1. Step down PCR using primers designed from K. fragilis and K. lactis
gene sequence
3.2.3.2. Step down PCR using one gene specific primer BGL F1 and one
degenerate primer FPF RI
3.2.3.3. 3’ RACE technique to fish out 3’ end of the BGLI gene
3.2.3.3.1. Isolation of P. etchellsii Total RNA
3.2.3.3.2. First strand synthesis of cDNA
3.2.3.3.3. PCR using DNA-RNA hybrid as template
3.2.4. Sequencing of PCR products and Sequence analysis
3.2.5. Nucleotide sequence accession number
3.2.6. Construction of recombinant expression vector
3.2.6.1. PCR Amplification of complete BGLI gene from genomic DNA of P.
etchellsii
3.2.6.2. Restriction digestion of insert (BGLI gene) and vector (pPIC9)
3.2.6.3. Ligation of digested insert (~2.5 kb) to vector (pPIC9)
3.2.6.4. Transformation of E. coli DHS50 competent cells
3.2.6.5. Plasmid preparation for sequencing
3.2.7. P. pastoris Transformation
3.2.7.1. Preparation and Transformation of P. pastoris GS115 (his4)
electrocompetent cells
3.2.7.2. Screening of His* recombinants
3.2.8. Agar Plate assay
3.2.9. Integration of BGLI gene in P. pastoris genome
3.2.9.1. PCR using gene specific primers
3.2.9.2. Dot blot analysis
3.2.10. Hybridization of DNA attached to the filter with **P radiolabeled probe
3.2.10.1. Radiolabeling of probe
3.2.10.2. Hybridization

3.2.11. Selection of clones for Mut" and Mut’ phenotype

XII



3.2.12. Expression of recombinant P. pastoris

3.2.13. Analytical Methods
3.2.13.1. Beta glucosidase activity assay using pNPG as substrate
3.2.13.2. Protein estimation

3.3  ReSUILS...ureeuieineniereeniereeeieiienioieerieiieroiorioieersseressserssesessossossosses 67-81

3.3.1. Fishing out of BGLI1 gene from P. etchellsii genomic DNA
3.3.1.1. Amplification of 5’ end of BGLI gene
3.3.1.2. Amplification of a large middle part of BGLI gene using degenerate
primer
3.3.1.3. Amplification of 3’ end of BGL1 gene using modified oligo dT primer
and gene Specific Primer

3.3.2. Complete nucleotide sequence of BGLI gene and sequence analysis

3.3.3. Cloning of BGLI gene in pPIC9 vector

3.3.4. Expression of BGLI gene in P. pastoris
3.3.4.1. PCR Analysis of Pichia integrants
3.3.4.2. Dot Blot analysis of Pichia integrants

3.3.5. Screening for Mut" and Mut® transformants

3.3.6. Activity screening of P. pastoris GS115 transformants

3.3.7. Expression of recombinant p-glucosidase by Pichia Strains

3.3.8. Effect of temperature on expression

3.3.9. PAGE-zymogram analysis of the culture supernatant

3.4. DiSCUSSION.c.cvieeieeirenreiiserenieriorsoresiescessrsesossassessersossssessasssssssssessases 82-87

4. Transcription studies, purification and characterization of rBGLI

from P. pastoris.. 88-105

4.1. MaterialS....cceveeiririereeiiirierieiieriorecireriorsiionserssssssesesssssseresssossesses 89
4.1.1. Strains used for RNA isolation and culture conditions
4.1.2. Northern Hybridization
4.1.3. Enzyme purification

4.2. MethodS....ccueiieiereeiiinirioiieierioiioeierioteserersssesnrosseressssssesessssssasase 89-96
4.2.1. Transcriptional studies by Northern Hybridization

X1



4.2.1.1. Electrophoresis of isolated total RNA preparation under denaturing
conditions in an agarose-formaldehyde gel
4.2.1.1.1. Agarose/Formaldehyde Gel preparation
4.2.1.1.2. Sample preparation
4.2.1.2. Transfer of the total RNA from the gel to a nylon membrane by
capillary transfer method.
4.2.1.3. Hybridization analysis of the RNA sequences of interest using a
radiolabeled DNA probe
4.2.2, Protein purification of recombinant protein from culture supernatant of
GS115pPIC9BGLI-5
4.2.2.1. Ammonium sulphate precipitation
4.2.2.2. Sephadex G 200 gel filtration chromatography
4.2.2.2.1. Preparation of Matrix
4.2.2.2.2, Column Packing Procedure:
4.2.2.2.3. Sample application and elution of rBGLI
4.2.2.3. Anion-exchange chromatography
4.2.2.3.1. Preparation of Matrix
4.2.2.3.2. Column packing
4.2.2.3.3. Sample application and elution of rBGLI
4.2.3. Characterization of recombinant protein
4.2.3.1. Effect of pH on activity and stability of - glucosidase
4.2.3.2. Effect of temperature on the activity and stability of partially purified
rBGLI
4.2.3.3. Effect of metal ions on rBGLI enzyme activity
4.2.3.4. Analytical Methods: Electrophoresis
4.3, ReSUIS.ccutieeireieeiiecenierercacssiestesessssarsscnssessossssssssssossssnssnsens 97-101
4.3.1. Transcriptional studies
4.3.2. Purification and characterization of recombinant protein from culture
medium
4.4. DiSCUSSION....evuiieirnrierernererteniereeirereserersestersesceseossoceossocsonms 102-105



5. Identification of catalytically important residues of BGLI and
construction of novel glycosynthase for synthesis of

oligosaccharides 106-129

5.1. MAterialS.c.ceceersuseerensersssnssrsessssssessssserserssansssssscssnsssasassessassnssas 107-108
5.1.1. Plasmids, primers and strains used for SDM
5.1.2. Primer design for SDM
5.1.3. Restriction enzymes and Polymerase
5.1.4. Thin layer chromatography
5.2 MEtholS. .o civisvssivsvisinasininusuisasiivvinsssssvinssvauseissssosssinsasimsnsn s 109-114
5.2.1 Site-directed Mutagenesis
5.2.1.1. Polymerase Chain Reaction for SDM
5.2.1.2. Digestion of parental DNA with Dpn I
5.2.1.3. Transformation into E. coli DH50
5.2.1.4. Plasmid preparation for sequencing to confirm the desired mutation
5.2.2. Transformation of mutated plasmid in P. pastoris GS115
5.2.3. PCR Analysis of Pichia Integrants
5.2.4. Expression of recombinant and mutant Pichia Strains in baffled flasks
5.2.5. PAGE-Zymogram
5.2.6. Purification of mutant enzyme from GS115BGLI1-5D227G
5.2.7. Synthesis of oligosaccharides using partially purified recombinant BGLI
(rBGL1)
5.2.8. Synthesis of oligosaccharides using partially purified mutant BGLI
(mBGL1)
5.2.9. Analytical Methods
5.2.9.1. Thin Layer Chromatography
5.2.9.2. Quantification by Gel-Documentation System
5.2.9.3. ESI-MS analysis of oligosaccharides
5.3 ReSME. iivssnscsnnsnsisinnsrissisnmsniasvissasisannsssnasannshinnnnsarnnsssonsssbannnssn 114-122
5.3.1. Site-directed mutagenesis of D227 residue
5.3.2. Oligosaccharide synthesis with rBGLI
5.3.3. ESI-MS of Reaction Products using rBGLI

XV



5.3.4. Oligosaccharide synthesis with mutant BGLI (D227G)
5.3.5. ESI-MS of Reaction Products using mBGLI (D227G)

5.4. DISCUSSION. ...oiterierierisiereierisieseieresteseseressesessssesessssssesessssssaes 123-129
6. General Discussion and Conclusions 130-137
6.1. General Discussion 131-133
6.2. Conclusions 133-137
7. References 138-171
8. Annexures 172-188
9. Biodata of author.. 189-192

XVI



	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19

