UNIVERSIDAD COMPLUTENSE DE MADRID

FACULTAD DE CIENCIAS BIOLOGICAS
Departamento de Microbiologia IlI

TESIS DOCTORAL

Expresion heterologa, caracterizacion y aplicaciones biotecnologicas de
la esterol esterasa-lipasa de Ophiostoma piceae y de otras enzimas
seleccionadas de genomas fungicos

MEMORIA PARA OPTAR AL GRADO DE DOCTOR

PRESENTADA POR

Maria Eugenia Vaquero Morales

Directores
Maria Jesus Martinez Hernandez

Jorge Barriuso Maicas

Madrid, 2016

© Maria Eugenia Vaquero Morales, 2015



UNIVERSIDAD COMPLUTENSE DE MADRID
FACULTAD DE BIOLOGIA

Departamento de Microbiologia III

Expresion heterologa, caracterizacion y aplicaciones
biotecnologicas de la esterol esterasa/lipasa de
Ophiostoma piceae y de otras enzimas seleccionadas
de genomas fungicos

TESIS DOCTORAL
para optar al grado de doctor presentada por:

Maria Eugenia Vaquero Morales

Directores:
Dra. Maria Jesus Martinez Hernandez y Dr. Jorge Barriuso Maicas
Centro de Investigaciones Bioldgicas

Consejo Superior de Investigaciones Cientificas

Madrid 2015






UNIVERSIDAD COMPLUTENSE DE MADRID
FACULTY OF BIOLOGY

Department of Microbiology III

Heterologous expression, characterization and
biotechnological applications of the sterol
esterasa/lipase of Ophiostoma piceae and other
enzymes selected from fungal genomes

Doctoral Thesis

Maria Eugenia Vaquero Morales

Directors:
Dra. Maria Jesus Martinez Hernandez and Dr. Jorge Barriuso Maicas
Centro de Investigaciones Biologicas
Spanish National Research Council

NES CIENTIFICAS

CONSEJO SUPERIOR DE INVESTIGACIOI

Madrid 2015






CSIC

CONSEJO SUPERIOR DE INVESTIGACIONES CIENTIFICAS

La Dra. Maria Jestis Martinez Hernandez, Investigadora Cientifica del
CSIC y el Dr. Jorge Barriuso Maicas, Investigador contratado del CSIC
certifican que:

D* Maria Eugenia Vaquero Morales, Licenciada en Biologia por la
Universidad Complutense de Madrid, ha realizado bajo su direccion la
memoria que presenta para optar al grado de doctor con el titulo: “Expresion
heterologa, caracterizacion y aplicaciones biotecnoldgicas de la esterol
esterasa/lipasa de Ophiostoma piceae y de otras enzimas seleccionadas de
genomas fungicos”, en el Departamento de Biologia Medioambiental del
Centro de Investigaciones Biologicas del CSIC.

Para que asi conste y con los efectos oportunos, firman el presente certificado
en Madrid a 21 de Septiembre de 2015

Dra. Maria Jesus Martinez Herndndez Dr. Jorge Barriuso Maicas






A mis padres
A Diana
A Jorge






La ciencia se compone de errores, que a su vez, son los pasos hacia la verdad

Julio Verne

Las experiencias que mas te ensefian son las de todos los dias

F. Nietzsche






INDICE DE CONTENIDOS

INDICE DE FIGURAS .....ccecoouriimriieriieeisessesesseeesssessssssssssesssssesssssssssssssessssessees I
INDICE DE TABLAS .....osttvitreiereeeeeieeeesesessessseesssesssssssssssssssssssssssssessssessssnns 11
LISTADO DE ABREVIATURAS/ABBREVIATIONS ........oooiiiiiiiienieeeiesieeeeen, A%
RESUMEN/SUMMARY ..uuciuiiniisiissensncsenssncssecssnssesssecsssssessssssssssssssesssssssssssssssssasssssssssssssss 1
RESUMEN ...ttt ettt ettt et st et et e s st et et eseeenseentesseenseeneenees 3
SUMMARY ..ttt ettt ettt ettt te et esae et e e saesseeseessesseesseessesseensesnsenseensens 6
ESTRUCTURA DE LA TESIS ... ettt e 9

1  INTRODUCCION GENERAL.....covevrertessessessessessessessessssssessessessessessessessessessessssesss 11
1.1 ASPECTOS GENERALES DE LAS CARBOXILESTER HIDROLASAS ....... 13
1.2 LAS LIPASAS ettt ettt 13
1.2.1  Reacciones que CataliZan ...........cccvercuieriieriieniieeie e eeve e eve e sene e 13
1.2.2  Elementos eStructurales ..........ccoeoierirriirieniieiieiesieeie ettt 14
.23 MecaniSmo CaAtalitiCO . ...couiiiiiiiiiiiieiie ettt 17
1.2.4  Fuentes de obtencidn, rol eco-fisioldgico y aplicaciones............ccccuveeeuveennee. 18
1.2.5  La familia de lipasas C. rugosa-like ..............cccooeeveniiniiviniiniinncnicnennne. 21
1.2.5.1 Caracteristicas prinCipales ..............c.ccccecccevuenienenciineeseneeneeneneeseenens 21
1.2.5.2  ASPectos eSUCIUFALES ...........cceevcueeeueeeiieiieeieeieeeie ettt 23
1.2.5.3  Mecanismo de activacion y region de la tapa ..................cccooeeveecuveenennne.. 23
1.2.5.4 Residuos cataliticos y bolsillo de SuStrato .............ccoeeceueevccueenceeencreeennnen. 24
1.2.5.5 Parches hidrofobicos y estado conformacional...................c.ccceeeuveeunane.. 26

1.3 ESTEROL ESTERASAS ...ttt 28
1.3.1 La esterol esterasa de O. piCeae..........cueueueeeceeeeciieeiieeeiieeeie e 28
1.3.1.1 Purificacion y caracterizacion de la enzima ...................ccocceevcueveuvenuennnee. 28
1.3.1.2  Aplicaciones biotecnolOZiCas................ccoocouevoueeieesieiniieiiaeieeeeeee e 29
1.3.1.3  Clonacion y @XpreSion ............cceeceeeeeeeeecueenieeeieeeeeeieesie e enieesseeseesenes 31

14  EXPRESION HETEROLOGA DE LAS LIPASAS/ESTEROL ESTERASAS ..31
1.4.1  Hospedadores ProCariotas..........ccueeeueeerueeerveeerieeereeeeiereesseeesseeessneeesnseesnne 31
1.4.2  Hospedadores CUCATIOLAS ........eeeviieriieeriieerieeeiieeeiieeeiteeereeeereeesereeennsee e 32

1.5 BUSQUEDA DE NUEVAS ENZIMAS Y MEJORA DE SUS PROPIEDADES. 34
1.5.1 Busqueda de nuevas enzimas en genomas y metagenomas ...............c.eenee.. 35

1.5.2  Mejora de biocatalizadores mediante ingenieria de proteinas....................... 35



1.6 BIBLIOGRAFIA ..o, 38

2 OBJETIVOS..iiiinsniisnisenssecssissesssissssssssssssssssssssstsssssssssssssssssssssssssssssssssssssssssssess 51
3 PUBLICACIONES/ARTICLES ........coucouuvensuinsunsensaessarssessssssssssssassssssesssssssssssssans 55
3.1 Chapter 1 Heterologous expression of a fungal sterol esterase/lipase in
QIfFEreNt NOSES...ccoueiiiiniiiiniiiinticiiticnniicntneciniessstessstessssnessssnessssnesssssssssssssssssssssssssssnes 57
.11 SUMMARY ettt ettt sttt ettt sttt 57
3.1.2  INTRODUCTION......ccittiieiieieeiiesttee sttt ettt sttt ee e neesaeenaeeneens 58
3.1.3  MATERIALS AND METHODS ......c.ooiiiiieeee et 60
3.1.3.1 Strains, plasmids, culture media and materials..............ccceeeevreriieenreeenee. 60
3.1.3.2  Cloning ProCeAUIES. .......coeruirierieeierieenterteeteete ettt et ere e sieeeesieens 61
3.1.3.3 Protein expression and analytical procedures...........cc.ccoeveeriiirnienieenneenne. 64
3.1.3.4 Protein production and purification.............cccceeeeveerieriienienciienieeieeieee 66
3.1.3.5 N-terminal sequencing and analytical ultracentrifugation...........c............. 68
3.1.3.6  Circular dichroiSm SPECtIOSCOPY ..veevvvrrrrerireriienieeriierieeieesaeereeereeseenens 68
314 RESULT S ettt ettt ettt et sae e s 69
3.1.4.1  EXPIession N E. COLi....oouuuiiniuiiaiiiieeiieeeiee ettt 69
3.1.4.2 Expression in S. cerevisiae and P. PASIOVIS ........c..ceccueeeecueeeeieeeiieeereeennes 71
3.1.5  DISCUSSION ..ottt ettt ettt ettt et e seaeeaeesaneens 75
3.1.6  REFERENCES .......coii ittt sttt ae e 78
3.2 Chapter 2 Crystal structure of Ophiostoma piceae sterol esterase................. 83
3.2.1  SUMMARY oottt ettt sttt sttt 83
3.2.2  INTRODUCTION.....coottiiiiieieeiiesttete ettt sttt et 84
323  MATERIALS AND METHODS .....cooiiiiiiiieeeeeeeee e 86
3.2.3.1 OPE expression, purification and characterization..............cccccccuveeereenee. 86
3.2.3.2 Construction of an OPE mutant..........c.cccooceeiiiniiiiiiniiieceeeeeeee 87
3.2.3.3 Crystallization and data collection .............ccceeeeviriininiiinieinincnecene 88
3.2.3.4 Structure determination and refinement .............ccceeeeviieiieniienienieeee, 89
3.2.3.5  ACCESSION NUIMDETS ...ttt sttt 91
324  RESULTS AND DISCUSSION .....ooiiiiiiiiiieniieieeie sttt 91
3.2.4.1  OVerall StrUCTUTE ......eeuiiiiiiiiieiceeet et 91
3.2.4.2 Oligomeric arrangement in OPE ............cccoooiiiiiiiiiiiiie e 94
3.2.4.3 Activation mechanism in OPE ... 94



3.2.4.4 The active site cleft and substrate binding..............ccoeceeviiniinieniiencenen. 96

3.2.4.5 The internal tunnel............ccooviieiiiiiiiiececee e 98
3.2.4.6 Proposed model of substrate entry and product release in OPE .............. 101
3.2.5  CONCLUSIONS ...ttt sttt sttt 102
3.2.6 REFERENCES ..ottt s 103
3.2.7  SUPPLEMENTARY MATERIAL ......cceoiiiiiieieeeeeee e 107
3.3 Chapter 3 Expression and properties of three novel fungal lipases/sterol
ESTETASES cevureerurrssaessenessrncsansssaesssncsssecssnsssassssassssesssnsssassssassssesssnsssassssassssssssssssassssassssessanss 115
3.3.1  SUMMARY oottt ettt ns 115
332  INTRODUCTION ...ttt ettt ettt esaesseesesneenes 116
3.3.3 MATERIALS AND METHODS .....ooooiiieeee ettt 118
3.3.3.1 Cloning of the lipases/sterol eSterases ............ceovveevueerieriieenienieerieeseennn 118
3.3.3.2 Protein expression, production and purification.............cccceceeecueenuvennnnnne. 119

3.3.3.3 Molecular mass, enzymatic N-deglycosylation, N-terminal sequence and

A 111072 21 o o ST 120
3.3.3.4 Stability to pH and temperature ............ccceeeeeeercrieeecieeeie e 121
3.3.3.5 Aggregation behavior ..........ceeecviiiiiiieiiieceeee e 121
3.3.3.6  KiNEtiC PATAMELETS ......eevueieuiieiieeiieiie et eite et iee et eteeeee e e e e saeeene 121
3.3.3.7 Enzymatic ring-opening polymerization of lactones...............ccccceeueenne. 122
3.3.3.8 Synthesis of phytostanol €Sters ..........cceerieeiiierieiiiienie e 123
3.3.3.9 Nucleotide sequence accession NUMDET...........ccceeevueerieriieeniienieeniee e 124
334 RESULTS ettt ettt sttt 124
3.3.4.1 Production, purification, molecular mass determination and N-linked
T8 o0 11153 4| SRR 124
3.3.4.2 pH and temperature stability..........cccceevviiieiieeiiiiecee e 126
3.3.43  Aggregation behavior ........ccooiiiiiiiiiiiiieee e 126
3.3.4.4  KiINEHIC STUAICS. ...eeuiieiiieiiieiieeiie ettt ettt 127
3.3.4.5 Enzymatic ring-opening polymerization of lactones...............cccccvenenne. 129
3.3.4.6 Synthesis of B-SitOStanol ESters ........ceecvieruieeiiierieeiieie e 129
3.3.5  DISCUSSION.. ..ottt ettt ettt sttt sbe et e es 131
33.6 REFERENCES ..ottt 135
3.3.7  SUPPLEMENTARY MATERIAL .....cccooiiiiiiiiiiieeeeeeseeee e 139

3.4  Chapter 4 A novel CalB-type lipase discovered by fungal genomes mining 141



34.1 SUMMARY ..ttt 141

342  INTRODUCTION.....ccoieiieiieiieie ettt se e saee e 142
343  MATERIALS AND METHODS .....ccoooiiiiiiiiiieeeeeeeeee e 143
3.4.3.1 Screening and selection of candidate.............ccoeveeeiienienciienieniieiieee 143
3.4.3.2 Sequence and phylogenetic analysis..........cccccverieriieereeeiiienieeieesee s 144
3.4.3.3  Structure MOAEIING .......cccvieiiiiiieiieie ettt ens 144
3.4.3.4 Cloning procedures and heterologous eXpression .........cceeecvveeeevveenneeens 144
3.4.3.5 PlicB production, purification and characterization.............ccccecveerveennne 145
3.4.3.6 Peptide mass fingerprinting using MALDI-TOF mass spectrometry ..... 146
3.4.3.7 Esterase and lipase actiVity @SSAYS.......ccceerueerruieneeriieeriesieenieeseeenieesneeens 147
3.4.3.8 pH and temperature stability..........ccoceiiiiriiiiiiniiieee e 147
344  RESULTS AND DISCUSSION .....ooiiiiiiiieiinienieieeeesieee et 148
3.4.4.1 Genomes and MetagenOMmMEs SCIEENING ........cccurerurerreerrerreenieeareenseenaeans 148
3.4.4.2 Sequence analysis and structural model...........cccoeevverieiciiinieniiiinieeis 149
3.4.4.3 PlicB production, purification and characterization.................ccceuvenenn. 151
345  REFERENCES ..ot 155
34.6  SUPPLEMENTARY MATERIAL .....cccoiiiieiieeeeeeee e 159

4  DISCUSION GENERAL..ouucoiincsssncsssssssmsnsssssssssssssssssssssssssssssssssssssssssssasssssasess 161
4.1 BUSQUEDA DE NUEVOS SISTEMAS DE PRODUCCION DE OPE .......... 163
4.1.1  EXPIeSiOn €N E. COLI ..cccuviriiiiiiiiieiieeieeieeee ettt 163
4.1.2  EXPIesiOn €N S. CEFeVISIAC. ........c.cccuereueeiieeieeiieeieesiteeieeieeseeeeiee e esee e 166
42  RESOLUCION DE LA ESTRUCTURA TRIDIMENSIONAL DE OPE......... 167
43 BUSQUEDA DE NUEVAS ENZIMAS EN GENOMAS FUNGICOS............. 174
43.1 Busqueda de enzimas de la familia C. rugosa-like ..............cccoeeeuvveennnnn... 175
4.3.2  Busqueda de otras lipasas de interés biotecnoldgico .........cccveeeveeenreennenn. 178
44  APLICACIONES BIOTECNOLOGICAS.......coovoiveeeeeeeeeeseeseeseeeeeseneen. 181
44.1 Sintesis de oligdmeros de caprolactona. ...........cccceceveeveeiienienenncneeneenne. 181

4.4.2  Sintesis de ésteres de estanoles vegetales como compuestos nutracéuticos 182
4.5 BIBLIOGRAFIA ....oooiiiiiiiiiriiecieciceeee sttt 184
5 CONCLUSIONES/CONCLUSIONS .....uucovuvvvnsuissunssusssssssssssssasssssssssssssssssssssasssssses 195



INDICE DE FIGURAS

Fig. 1.1 Reacciones catalizadas por lipasas...........ccceeriieiieniieniieniieieese e 14
Fig. 1.2 Plegamiento o/f hidrolasa..........ccccoceiiiiiiiiiiiiniiiinieeeiecteceeeeeee e 16
Fig. 1.3 Mecanismo catalitico de la lipasa de C. 7UgO0SA...........ccoevcvievieecieiieniieiieeieeien 18

Fig. 1.4 Representacion de la estructura tridimensional de la lipasa 1 C. rugosa (CRL1) 23
Fig. 1.5 Centro activo y bolsillo de sustrato de las lipasas de C. 7ugosd.........c..cccevene.. 25
Fig. 1.6 Contenido hidrofobico y estado conformacional de la lipasa 3 de C. rugosa ....... 27

Fig. 1.7 Anélisis cromatografico de los compuestos lipofilicos presentes en los extraibles
de 1a madera de PiCea ADIEs .............cccuueeeueieciieeiieeeciie ettt e e e e e e e e beeeaaeas 30

Fig. 3.1.1 SDS-PAGE of the crude extract of E. coli BL21(DE3) cultures containing the
OPI€ ZETIC ..uvtteuiieeeuteeeeiteeeeiteeeauteeeateesastee sttt eeatteesasaeeaabeeeaabeeensteeeasbeeenbbeeenbteeenbeeeeabeeennbeeenteas 70

Fig. 3.1.2 SDS-PAGE of purified OPE expressed in different heterologous hosts ............ 72

Fig. 3.1.3 Circular dichroism spectra (far UV spectrum) of purified OPE expressed in
different heterologOuS NOSES ........ccuiiiiiiiiieiiieieeie ettt eeb e e eseaeeeae e 72

Fig. 3.1.4 Comparison of the esterase activity from different crude extracts from S.
COTOVISIAC ...ttt ettt ettt et e et e s bt e st e st e e sab e e e sabeeenabeesnnees 73

Fig. 3.1.5 Sedimentation velocities obtained by analytical centrifugation of the

recombinant OPE expressed in P. pastoris and S. cerevisiae .............c..coceeerveenvervucneenen. 74
Fig. 3.2.1 Overall structure of the closed and open conformations of OPE........................ 93
Fig. 3.2.2 Phospholipid site and recognition in active OPE............ccccoocvviiiniininiininn. 95
Fig. 3.2.3 The active site and internal tunnel in OPE...........c..ccocooiiiiiiniiine 97
Fig. 3.2.4 Blocking tunnel exit by site directed mutagenesis..........ccceecveveerereeneenieneenne. 100
Fig. 3.2.S1 Sequence alignment between OPE and Lip2 from C. rugosa. ....................... 107
Fig. 3.2.S2 Stereo view of the structural alignment between OPEc and OPEo.................. 108

Fig. 3.2.S3 Structural alignment between OPE and lipases from abH03.01 family ......... 109

Fig. 3.2.54 B-factor distribution for lid and al6-al7 loop in the closed and open
conformations Of OPE. .........cociiiiiiiiii s 110

Fig. 3.2.S5 Electron density for the phospholipid molecule located in the entry channel 111

Fig. 3.2.S6 Electron density map for the PEG in the tunnel of active OPE...................... 111
Fig. 3.2.S7 Internal tunnels in lipases/esterases from the abH03.01 family ..................... 112
Fig. 3.2.S8 Substrate recognition in OPE and C. rugosa Lip3 .......cccevevievciiinciienieene, 113

Fig. 3.2.89 Different dimeric arrangement in the open conformations of OPE and C.
FUZOSA LIP3 oottt ettt e e e et e e st e e e sbee e tbeeesaeesssseeenseeeenbaeennseeeanseeennes 114



Fig. 3.3.1 Electrophoretic analysis of the recombinant enzymes........c..cccccecveveenueerennnnne 125
Fig. 3.3.2 Proteins Stability .......cccoooiiiiiiiiniiiiiiiiceeee e 126
Fig. 3.3.3 Shape of the tunnels and kinetic parameters of the different enzymes............. 128

Fig. 3.3.4 Analysis of the caprolactone oligomers synthesized by the three novel lipases,
OPE and CRL ..ot s 130

Fig. 3.3.5 Synthesis of B-sitostanyl oleate by the three novel lipases, OPE and CRL...... 131

Fig. 3.3.S1 Sequence alignment of putative enzymes from F. solani (imperfect state of M.
RACTNALOCOCA) ...ttt e et e e te e e ae e et e e s staeeesseeessseeessseeenssaeasseesnsseesnseaens 139

Fig. 3.3.S2 Aggregation behavior of the three novel enzymes and OPE......................... 140
Fig. 3.4.1 Phylogenetic analysis of CalB and eight potential CalB-like lipase candidates148

Fig. 3.4.2 Protein sequences alignment of the mature regions of PlicB, CalB and Ulm2. 150

Fig. 3.4.3 SDS-PAGE of PlicB expressed in E. coli and P. pastoris..............ccceecuveuenne. 152
Fig. 3.4.4 Temperature stability .........cccooiiiiiiiiiiiiiciiee e 154
Fig. 3.4.S1 Comparison of PlicB 3D model and the molecular structure of CalB. .......... 159
Fig. 3.4.S2 PlicB lipase activity tested in tributyrin and Tween 20/40/60 plates.............. 160
Fig. 4.1 Contenido hidrofobico y estado conformacional de OPE ...............cccccccvveenenn. 170

Fig. 4.2 Representacion de los tineles internos de CRL3, OPE y del mutante 1544W .... 173



INDICE DE TABLAS

Tabla 1.1 Aplicaciones biotecnoldgicas de las lipasas microbianas ............cceceeeueereeenneene 20
Tabla 1.2 Lipasas/esterol esterasas caracterizadas de la familia C. rugosa-like. ............... 22
Table 3.1.1 Constructs and strains used in this StUAY. .......ccoceerieriiiiiieniiieieeieceeeeees 63
Table 3.1.2 Primers used in this StUAY .........cccceeeiiiiiiiiiiiccieceeec e 64
Table 3.1.3 Comparative heterologous expression levels and apparent kinetics parameters
of recombinant protein against pNPB. .........ccoiiiiiiiiiecece e 73
Table 3.2.1 Data collection and refinement StatistiCs. ........ccceeveeriiiiiieniieniienieeicenieeieene 92

Table 3.2.2 Percentage of monomer and dimer forms of the esterase, obtained after

analytical ultracentrifuation..........ceiuiiiiiiiiieie ettt 95
Table 3.2.3 Specific activity of the recombinant protein and the mutant [544W ............. 100
Table 3.4.1 Specific activity of of PlicB and commercial non-immobilized CalB. ......... 153

III






LISTADO DE ABREVIATURAS/ABBREVIATIONS

[6]
[S]

€
2xTY
3D
e-CL
aa

Elipticidad molar (Molar ellipticity)

Concentracion de sustrato (Substrate concentration)
Coeficiente de extincion molar (Molar extinction coefficient)
Double Tryptone Yeast extrac broth

Tridimensional (Three-dimensional)

g-caprolactona (e-caprolactone)

Aminoacido (4dmino acid)

Aaminoacidos (amino acids)

Alanina Alanine Ala/A Leucina Leucine Leu/L
Arginina Arginine Arg/R Lisina Lysine Lys/K
Asparagina Asparagine Asn/N Metionina Methionine Met/M
Acido aspartico Aspartic acid ~ Asp/D Fenilalanina Phenylalanine Phe/F
Cisteina Cysteine Cys/C Prolina Proline Pro/P
Glutamina Glutamine GIn/Q Serina Serine Ser/S
Acido glutamico Glutamic acid Glu/E Treonina Threonine Thr/T
Glicina Glycine Gly/G Triptéfano Tryptophan Trp/W
Histidina Histidine His/H Tirosina Tyrosine Tyr/Y
Isoleucina Isoleucine 1le/I Valina Valine Val/V
A Amstrong

a.u Unidades arbitrarias (4rbitrarial Units)

abH
ADHI1
AOX1
Aspni5
ATCC

alpha-beta hydrolase

Alcohol deshidrogenasa (Alcohol Dehydrogenase)

Alcohol oxidasa (4lcohol Oxidase)

Lipasa obtenida del genoma de Aspergillus niger (Lipase from A. niger genome)
American type culture collection

Bases nitrogenadas (nucleobases)

A Adenina (Adenine)

C Citosina (Cytosine)

G Guanina (Guanine)

T Timina (Thymine)

BSA Albtimina de suero bovino (Bovine Serum Albumin)

BCA Acido bicinconinico (Bicinchoninic Acid)

BLAST Basic Local Alignment Search Tool

C-terminal Extremo carboxilo terminal (C- terminus)

c(s) Distribuciones diferenciales del coeficiente de sedimentacion (Sedimentation
coefficient distributions)

CETC Coleccion Espafiola de Cultivos Tipo (Spanish type culture collection)

CalB Lipasa B de Candida antarctica (C. antarctica lipase B)

CHAPS 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate

CRL Lipasa de Candida rugosa (C. rugosa lipase)

Da Dalton

DNA Acido desoxirribonucleico (Desoxiribonucleic Acid)

dNTPs Desoxirribonucledtidos (Desoxiribonucleotides)



EC
EDTA
EndoH
ESRF
GALI
GC

GCL
GPD1

GRAS
HPLC

ID

IPTG

JGI

keat

keat/ Kim

kDa

KEX2

Kn

LB

LED

Lipl

Lip2

Lip3

m/z
MALDI-TOF
MALDI-MS

MALDI MS/MS
MES

MPVI
MS
MWCO
n

NAG

NCBI-nr
Necha2

nm
N-terminal
OD

OPE

OPEc
OPEo
PCR

PDB

VI

Numero de identificacion de la enzima (Enzyme Commission number)
Acido etilendiaminotetraacético (Ethylenediaminetetraacetic acid)
Endo-B-N-acetilglucosaminidasa H (Endo-f-N-acetylglucosaminidase H)
European Sincrotron Radiation Facility

Promotor inducible por galactosa (Galactose-induce promoter)
Cromatografia de gases (Gas Chromatography)

Lipasa de Geotrichum candidum(G. candidum lipase)
Gliceraldehido-3-fosfato deshidrogenasa (Glyceraldehyde 3-Phosphate
Dehydrogenase)

Generally Recognized As Safe
Cromatografia liquida de alta resolucion (High Performance Liquid
Chromatography)

Identification number

Isopropil-B-D-tio-galactopiranosido (Isopropyl p-D-1-thiogalactopyranoside)
Joint Genome Institute

Constante catalitica (Turnover frequency)

Eficiencia catalitica (Catalytic efficiency)

1000 Dalton

Peptidasa sefal (Signal peptidase)

Constante de Michaelis-Menten (Michaelis-Menten constant)
Luria Betani broth

Lipase Engineered Database

Lipasa 1 de C. rugosa (C. rugosa lipase 1)

Lipasa 2 de C. rugosa (C. rugosa lipase 2)

Lipasa 3 de C. rugosa (C. rugosa lipase 3)

Relacion masa-carga (Mass-to-charge ratio)

Matrix-Assisted Laser Desorption/lonization-Time of Flight
Espectro de masas de MALDI (MALDI- Mass Spectrometry)

Espectro de fragmentacion de MALDI (MALDI with tandem Mass Spectrometry)
Acido 2-(N-Morfolino) etanosulfonico / 2-(N-Morpholino)ethanesulfonic acid
sodium salf)

Mating Population V1

Mass Spectroscopy

Molecular Weight Cut Off

Numero de unidades (Number of units)
N-acetilglucosamina (N-acetylglucosamine)

National Center for Biotechnology Information (non-redundant)
Proteina obtenida del genoma de Nectria haematoccoca (protein from N.
haematoccoca)

Nanometros (nanometers)

Extremo amino terminal (N-terminus)

Optical Density

Esterol esterasa de Ophiostoma. Piceae (sterol esterase from O. piceae)
Estructura de OPE en conformacion cerrada (closed conformation of OPE)
Estructura de OPE en conformacion abierta (open conformation of OPE)
Polymerase Chain Reaction

Protein Data Bank



PEG
PlicB
pNPB
pNPL
pNPP
psi
PVDF
rmsd
ROP
rpm

S
Sarkosyl
SDS-PAGE

SEC
sn

STE13

T
T50

Trire2
Tris-HCI

U
Uml2
uv
UV-Vis
w/v

v/v
X-Gal
YEPS
YPD

Polietilenglicol (Polyethyleneglycol)

Lipasa obtenida del genoma de Plicaturopsis crispa (Plicaturopsis crispa lipase )
Butirato de p-nitrofenilo (p-nitrophenyl butyrate)

Laurato de p-nitrofenilo (p-nitrophenyl laurate)

Palmitato de p-nitrofenilo (p-nitrophenyl palmitate)

Libra por pulgada cuadrada (Pound per square inch)

Fluoruro de polivinilideno (Polyvilidene fluoride)

Desviacion de la media cuadratica (root-mean-squares-desviation)
Ring Opening Polimerization

Revoluciones por minuto (Revolutions per minute)

Svedberg

Sodium lauroyl sarcosinate

Dodecyl Sulfate Polyacrilamyde-Gel-Electrophoresis

Cromatografia de exclusion molecular (Size Exclusion Chromatography)
Posicion numerada del carbono en la molécula de glicerol (Stereospecific
Numbering )

Peptidasa sefial (Signal peptidase)

Temperatura (Temperature)

T ala que la enzima retiene el 50% de su actividad inicial tras un tiempo de
incubacion ( T at which the enzyme loses 50% of its activity)

Enzima obtenida del genoma de Trichoderma reesei (enzyme from T. reesei)
2-amino-2-hidroximetilpropano-1,3-diol hidrocloruro (2-Amino-2-hydroxymethyl-
propane-1,3-diol hydrochloride)

Unidad de actividad enzimatica (Unit of enzyme activity)

Lipasa 2 de Ustilago maydis (U. maydis lipase 2)

Ultravioleta (Ultraviolet)

Ultravioleta-visible (Ultraviolet-visible)

Relacion peso/volumen (Ratio weight/volume)

Relacion volumen/volumen (Ratio volume/volume)
5-Bromo-4-chloro-3-indolyl f-D-galactopyranoside

Yeast Extract Peptone Sorbitol broth

Yeast Extract Dextrose peptone broth

VII






Resumen/Summary







Resumen

RESUMEN

El ascomiceto Ophiostoma piceae secreta una esterol esterasa/lipasa (OPE)
que presenta una amplia especificidad de sustrato. La proteina fue expresada
en la levadura Pichia pastoris y los estudios preliminares pusieron de
manifiesto su amplio potencial biotecnoldgico en reacciones de hidrélisis y
sintesis. Por ello, a lo largo del presente trabajo se ha tratado de profundizar
en el conocimiento de esta enzima y de encontrar enzimas similares,
proponiéndose como objetivos:

1. Explorar distintos sistemas de expresion heterdloga en busca del mas
adecuado para la produccion de OPE.

il. Cristalizar la proteina para conocer su estructura molecular y los
mecanismos implicados en la catélisis.

ii1. Seleccionar en genomas fungicos nuevas enzimas similares a OPE,
para expresarlas y caracterizarlas.

iv. Evaluar el potencial de las nuevas enzimas en distintas aplicaciones
biotecnologicas.

Busqueda de nuevos sistemas de expresion heterologa de OPE.

Al utilizar distintas cepas de Escherichia coli como hospedador, la esterol
esterasa expresada formd cuerpos de inclusion y tUnicamente se pudo
solubilizar en presencia del detergente Sarkosyl, excepto la forma que
contenia ciertos aminoacidos extra en el extremo N-terminal, que rindi6 una
fraccion de proteina soluble pero inactiva. La enzima producida en el
hospedador procariota y solubilizada con Sarkosyl present6 un plegamiento
diferente a los de la OPE nativa y la recombinante expresada en P. pastoris, lo
que puede justificar su falta de actividad. En contraposicidn, la expresion de
OPE en la levadura Saccharomyces cerevisiae, que ademas ostenta la
condicion de organismo GRAS, permitio obtener enzima soluble y activa con
todas las construcciones empleadas. Esta proteina recombinante mostraba un
masa molecular, porcentaje de glicosilacion y estructura secundaria similar a
los de P. pastoris. Sin embargo, la cantidad de enzima producida en S.
cerevisiae 'y su solubilidad eran menores, y los parametros cinéticos

demostraban su menor eficiencia. A la vista de los resultados, se deduce que
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la ausencia de modificaciones post-traduccionales en E. coli podria afectar al
plegamiento proteico siendo crucial para la obtencion de una enzima activa.
Aunque los niveles de expresion de OPE en S. cerevisiae fueron bajos, queda
abierto el camino hacia la mejora de su produccion y/o propiedades cataliticas
en esta levadura mediante técnicas de evolucion dirigida, asi como hacia su

empleo en procesos relacionados con la alimentacion.

Resolucion de la estructura tridimensional de OPE: homologias y
diferencias con otras lipasas de la familia C. rugosa-like.

La resolucion de la estructura molecular de OPE en sus conformaciones
abierta y cerrada aport6é gran cantidad de informacion interesante. La forma
cerrada presenta una tapadera anfifilica que limita el acceso al centro activo.
El desplazamiento de este elemento 30 A desde su posicion original permite
la entrada de los sustratos al centro activo. Estos se alojan en un bolsillo de
sustrato en forma de tinel de 30 A de longitud con alto contenido en
aminoacidos hidrofobicos, que termina en una zona préxima a la superficie,
pudiendo servir como via de salida de los productos de reaccién. El disefio de
un mutante que bloqueaba el tinel produjo una reduccion drastica de la
hidrolisis de sustratos con cadena larga de acido graso (16 4tomos de carbono)
pero no de los de cadena corta (4 atomos de carbono) y media (12 atomos de
carbono). La forma abierta de OPE se organiza como un homodimero,
dejando una amplia cavidad entre ambos mondmeros. Mediante
ultracentrifugacion analitica se constato la transicion desde el mondmero al
dimero en presencia de un sustrato y un inhibidor. La resolucion de la
estructura tridimensional de OPE en ambas conformaciones ha permitido
deducir su estado funcional de dimero y facilitara la realizacion de futuros
estudios estructura-funcion para conocer mejor sus mecanismos cataliticos y

el papel de su tanel interno.

Propiedades de las nuevas esterol esterasas/lipasas seleccionadas de
genomas fungicos. Aplicaciones biotecnologicas.

La expresion de tres enzimas de la familia de lipasas C. rugosa-like obtenidas
mediante mineria in silico de genomas fungicos y pertenecientes a los

genomas de Nectria haematococca, Trichoderma reesei 'y Aspergillus niger, y
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su comparacion con OPE, permitid extrapolar rasgos comunes a nivel de
tamafio, estabilidad y presencia de formas multiméricas en solucion. Sin
embargo, su caracterizacién cinética reveld que la lipasa de 4. miger no
presentaba la capacidad para hidrolizar ésteres de colesterol, ni para sintetizar
¢ésteres de sitoestanol, demostrando que esta enzima no era una esterol
esterasa. Sin embargo, en la sintesis de policaprolactona se obtuvieron
resultados similares con la enzima comercial de C. rugosa, OPE y la de A.
niger. Comparando con las restantes enzimas ensayadas, OPE mostr6 la
mayor eficiencia en la hidrolisis de ésteres de colesterol y en la sintesis de
oleato de sitoestanilo por transesterificacion, con altos grados de acilacion a
tiempos muy cortos. La expresion y caracterizacion de nuevas lipasas de la
familia C. rugosa-like realizada en este trabajo ha permitido dilucidar
semejanzas y diferencias entre ellas, comprobando que la versatilidad en la
hidrolisis de triglicéridos y €steres de esterol no es una caracteristica comin
de todos los miembros de esta familia. La comparacion de las enzimas recién
caracterizadas, OPE y el crudo comercial de C. rugosa en diversas
aplicaciones biotecnologicas sefiala a OPE como la enzima mas prometedora.

Finalmente, se describe la busqueda en genomas fungicos de nuevas
lipasas similares a la lipasa B de C. antarctica (CalB), una de las mas
empleadas a nivel industrial. Debido a su versatilidad, gran parte de las
lipasas que muestran alta homologia con CalB se encuentran bajo patente. En
este trabajo se identifico la secuencia de la lipasa del basidiomiceto
Plicaturopsis crispa (PlicB) que mostr6 un 44% de similitud de secuencia con
CalB. PlicB se expres6 con ¢éxito en P. pastoris y se caracterizo,
presentdndose como un mondémero de masa molecular ~37 kDa,
caracteristicas similares a CalB. Aunque la capacidad de PlicB para hidrolizar
¢ésteres de p-nitrofenol era menor que la de CalB, la nueva enzima mostro
mayor actividad frente a un andlogo de triglicérido. A la vista de los
resultados, la mineria de genomas se muestra como una alternativa interesante

a los métodos de cribado tradicionales.
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SUMMARY

The ascomycete Ophiostoma piceae secretes a sterol esterase/lipase (OPE)
characterized for its wide substrate specificity. This protein was successfully
expressed in the yeast Pichia pastoris, and preliminary studies showed its
broad biotechnological potential in hydrolysis and synthesis reactions.
Therefore, across this work we tried to deepen the knowledge on this enzyme

and find similar enzymes, being the main objectives:

1. To explore different heterologous expression systems in search of the
most suitable for the production of OPE.

1. To crystallize the protein to get insight into both its structure and the
molecular mechanisms involved in catalysis.

iii. To select from fungal genomes new enzymes similar to OPE, to be
expressed and characterized.

iv. To evaluate the potential of these new enzymes in various

biotechnological applications.

Search for new heterologous expression systems for OPE.

By using different strains of Escherichia coli as hosts, the sterol esterase
expressed formed inclusion bodies and was solubilized only in the presence of
the detergent Sarkosyl, except the form containing certain extra amino acids
at the N-terminal terminus that yielded a protein fraction soluble but inactive.
The enzyme produced in the prokaryotic host and solubilized with Sarkosyl
presented different folding to the native and recombinant OPE expressed in P.
pastoris, which may explain its lack of activity. In contrast, expression of
OPE in the yeast Saccharomyces cerevisiae, which also holds the status of
GRAS organism, yielded soluble and active enzyme with all constructs and
strains. This recombinant protein showed similar molecular weight,
glycosylation and secondary structure to that expressed in P. pastoris.
However, the amount of enzyme produced in S. cerevisiae and its solubility
were lower, and the kinetic parameters demonstrated its reduced efficiency. In
view of the results, it follows that several post-translational modifications,
may affect enzymes’ folding and be crucial to obtain an active protein. Up to

now, the expression levels of OPE in S. cerevisiae have been low, but the
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current findings open the way towards improving its production and/or
catalytic properties in this yeast by directed evolution techniques, as well as to
its use in food-related processes.

Resolution of the three dimensional structure of OPE: homologies and
differences with other lipases C. rugosa-like family.

The resolution of the molecular structure of OPE in both its open and closed
conformations gave very interesting information. The closed form has an
amphiphilic lid that limits the access to the active site. The displacement of
this element 30 A from its original position allows the entry of substrates to
the active site. These are housed in a tunnel-shaped substrate’s pocket of 30
A-length, high in hydrophobic amino acids, ending in an area close to the
surface that could serve as a way out of the reaction products. The design of a
mutant with a blocked tunnel caused a drastic hydrolysis reduction of long
chain fatty acids substrates (16 C atoms), but not of those with short (4 C
atoms) or medium acyl chains (12 C atoms). The open form of OPE is
organized as a homodimer, leaving a large cavity between the two monomers.
Analytical ultracentrifugation experiments showed that the transition from
monomer to dimer occurred in the presence of a substrate or inhibitor. The
resolution of the three-dimensional structure of OPE in both conformations
allowed to deduce its functional dimeric state and will facilitate conducting
future structure-function studies to better understand its catalytic mechanisms

and the role of the inner tunnel.

Properties of novel sterol esterases/lipases selected from fungal genomes.
Biotechnological applications.

Three enzymes of the C. rugosa-like lipases’ family, belonging to Nectria
haematococca, Trichoderma reesei and Aspergillus niger, were selected after
in silico search in fungal genomes, expressed and compared to OPE. Common
features to all of them, concerning their size, stability and multimeric forms in
solution, were extrapolated. However, their kinetic characterization revealed
that the A. miger lipase was unable of hydrolyzing cholesterol esters or
synthesizing sitostanol esters, showing that this enzyme was not an sterol

esterase. However, similar results were obtained in the synthesis of
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polycaprolactone using either the commercial enzyme of C. rugosa, OPE and
A. niger. Compared to the other enzymes tested, OPE showed the highest
efficiency in cholesterol ester hydrolysis and in synthesis sitostanyl oleate by
transesterification, producing high acylation degrees in very short times. The
expression and characterization of these novel lipases belonging to the C.
rugosa-like family carried out in this work allowed to find out some of their
similarities and differences, and indicated that the versatility in the hydrolysis
of triglycerides and sterol esters is not a common feature of all members of
this family. Comparing the results for the newly characterized enzymes, OPE,
and commercial crude of C. rugosa in several biotechnological applications,
OPE appeared as the most promising enzyme.

Finally, the search in fungal genomes of novel enzymes similar to the
C. antarctica lipase B (CalB), one of the most used lipases at industrial level,
is described. Because of their versatility, most of the proteins showing high
homology with CalB are under patent. In this work, the sequence of a lipase
from the basidiomycete Plicaturopsis crispa (PlicB), that showed a 44%
sequence similarity with CalB, was identified. PlicB successfully expressed in
P. pastoris and characterized, appearing as a monomer of molecular mass
around ~ 37 kDa, similarly to CalB. Although PlicB hydrolyzed p-nitrophenol
esters less efficiently than CalB, the novel enzyme showed greater activity
against a triglyceride analog. In view of the results, genome mining appears as

an interesting alternative to traditional screening methods.
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1.1 ASPECTOS GENERALES DE LAS CARBOXILESTER
HIDROLASAS

Las carboxil ester hidrolasas son un grupo heterogéneo de enzimas capaces
que catalizar la ruptura de los enlaces éster. A este grupo pertenecen las
lipasas (EC 3.1.1.3) y las esterol esterasas (EC 3.1.1.13).

Tradicionalmente, la diferencia entre ellas se ha basado principalmente
en la naturaleza de los sustratos sobre los que actian: 1) las lipasas son
capaces de hidrolizar triglicéridos, sustratos insolubles en agua generalmente
esterificados con 4cidos grasos de cadena larga (=10 4tomos de carbono) y i1)
las esterol esterasas actian sobre esteroles esterificados con acidos grasos de
longitud de cadena variable, compuestos hidrofobicos y voluminosos. A
continuacion se comentan en detalle las caracteristicas de las lipasas, enzimas
sobre las que existe mds informacion, a pesar de que las esterol esterasas

presentan caracteristicas similares como se corroborard a lo largo de esta tesis.
1.2 LAS LIPASAS

1.2.1 Reacciones que catalizan

Las lipasas catalizan la hidrolisis de los enlaces éster de diversos sustratos en
solucion acuosa. Sin embargo, en condiciones termodindmicamente
favorables, como baja actividad de agua y/o presencia de solventes organicos,
son capaces de llevar a cabo reacciones de sintesis como la esterificacion y la
transesterificacion (Fig. 1.1).

La esterificacion directa es el proceso opuesto a la hidrélisis, en el que
un acido graso se une a un alcohol formando un éster y liberando una
molécula de agua. El equilibrio entre ambas reacciones depende del contenido
en agua de la reaccion (Rahman et al. 2006). Asimismo, estas enzimas pueden
llevar a cabo reacciones de transesterificacion y estas reciben distintos
nombres, dependiendo del aceptor/donador de grupos acilo: si el aceptor es un
acido, la reaccion recibe el nombre de aciddlisis mientras que en la alcoholisis
es el grupo alcohol el que actlia como aceptor. Por otra parte, las lipasas
llevan a cabo reacciones de interesterificaciéon, un tipo de reaccidn

multisustrato donde existe una transferencia del grupo acilo entre ésteres de
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distinta naturaleza, siendo necesarias una hidrélisis y esterificacion
secuenciales (Divakar 2013; Marangoni 2002) .

Por la gran variedad de reacciones que catalizan, estas enzimas son uno
de los tipos de catalizadores mas comercializados y se utilizan en diferentes
sectores industriales como se detallara mas adelante (ver tabla Tabla 1.1).

Transesterificacion
0 Acidolisis (0]

)J\+ R,COOH —=—> )k + R,COOR;
R OR; R OH
Hidrdlisis 0

(0]
-~ + R,OH ..
)J\ * H0 )k 10 0 Alcoholisis 0
R OR, R OH )kJr R,OH <= )J\ + R,0H
R OR, R OR,
0] Esterificacion O

)J\ + RiIOH -— )L + H,0 O Interesterificacion O
R OH R OR, )Q R,COOR; =—> )L + Ry,COOR,
R R OR3

OR,

Fig. 1.1 Reacciones catalizadas por lipasas. Izquierda, hidrélisis y esterificacion;

derecha, reacciones de transesterificacion: acidolisis, alcoholisis e interesterificacion.

1.2.2 Elementos estructurales

Las lipasas pertenecen a la superfamilia o/p hidrolasa, uno de los grupos mas
amplios de enzimas que agrupa proteinas con diversas funcionalidades pero
que comparten un plegamiento comun (Holmquist 2000; Ollis et al. 1992)
Entre los miembros de esta familia se incluyen también las esterol esterasas
(Calero-Rueda et al. 2009) y otras enzimas como las tioesterasas, proteasas,
dehalogenasas, y epoxi hidrolasas (Nardini y Dijkstra 1999). El plegamiento
“candnico” de estas proteinas se caracteriza por poseer una lamina beta
central formada por ocho hebras, rodeada por dos capas de alfa hélices
anfifilicas (Fig. 1.2A). Ademads presentan una triada catalitica formada por un
residuo nucleodfilo (generalmente una serina tras la hebra B5), un residuo
acido (glutdmico/aspartico, tras la hebra B7) y una histidina posicionada tras
la Giltima hebra (B8) (Nardini y Dijkstra 1999).
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Otro aspecto estructural destacable de estas enzimas es el llamado
agujero oxianionico, formado por varios residuos que estabilizan el estado de
transicion tetraédrico durante la catélisis. Los aminodcidos que rodean a los
residuos cataliticos y los que constituyen este agujero difieren en las distintas
lipasas, surgiendo asi una clasificaciéon de estas enzimas en familias y

superfamilias en base a la homologia de dichos residuos (Pleiss et al. 2000).

En el caso de las lipasas, la mayoria presenta un elemento helicoidal de
naturaleza anfifilica, denominado “tapadera”, que bloquea el acceso al sitio
catalitico de la enzima en ausencia de sustrato o de interfase lipido-agua,
constituyendo el estado inactivo o conformacién cerrada de la enzima (Fig.
1.2C). En presencia de sustrato la tapadera se desplaza permitiendo la entrada
de éste al bolsillo de sustrato, dando lugar a la conformacion abierta o estado
activado (Holmquist 2000) (Fig. 1.2D). Este cambio conformacional se
conoce como fenomeno de “activacion interfacial” (Cajal et al. 2000; Verger
1997).

La estructura nativa de las lipasas es un sistema dinamico de
interconversion entre la conformaciéon cerrada y la abierta. En ausencia de
interfase lipido-agua, solo una pequefia proporcion de moléculas se
encuentran en estado activado, debido al ambiente desfavorable que implica
la exposicion de un sitio catalitico tan hidrofobico. La tapa, al interaccionar
con el sustrato, juega un papel importante en su reconocimiento y en los
cambios conformacionales posteriores que permiten su entrada al centro
activo (Secundo et al. 2006). Sin embargo, no se ha descrito activacion
interfacial en todas las lipasas que presentan tapadera, probablemente debido
a que factores como la fuerza idnica, la presencia de detergentes o agentes
emulsificantes y/o la agitacion pueden interferir en su identificacién
(Dominguez de Maria et al. 2006; Pernas et al. 2009; Verger 1997).

Por otro lado, existen familias de lipasas, como en la que agrupa la
lipasa B de Candida antarctica (CalB, sindbnimo Pseudozyma antarctica), que
carecen de tapadera propiamente dicha, aunque presentan un sitio activo
semi-cubierto por una hélice alfa (Uppenberg et al. 1994) (Fig. 1.2B).
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Fig. 1.2 A) Estructura “candnica” del plegamiento de o/f hidrolasa. Adaptado de (Kourist

et al. 2010). Las flechas representan las hebras beta y los rectangulos las hélices a. En el
interior de las formas color salmén y de izquierda a derecha se muestran: los residuos del
agujero del oxianion, del codo nucleodfilo, el residuo acido y la histidina catalitica,
respectivamente. Estructuras cristalograficas de: B) la lipasa B de C. antarctica
(PDB:ITCA), C) la lipasa 2 de Geotrichum candidum (PDB:1THG), y D) la lipasa de
Rhizomucor miehei (PDB:4TGL), representadas utilizando PyMOL v0.99. A la izquierda,
representacion de la estructura secundaria: las hélices a se simbolizan como espirales y las
hebras  como flechas, mientras que a la derecha se representa la superficie. Las hélices a

en distinto color indican el elemento movil y el residuo catalitico aparece en magenta.

En relaciéon con la variabilidad y especificidad de sustrato, el sitio de
unidn al sustrato es un elemento fundamental. El centro activo se encuentra en
un bolsillo en la parte superior de la lamina P central. Los residuos que
conforman este bolsillo son mayoritariamente hidrofobicos, para una mejor
interaccion con el sustrato. Se distinguen varios tipos de bolsillos en base a su
forma, tamafno y profundidad (Pleiss et al. 1998): 1) tipo hendidura, como el
de las lipasas de R. miehei (sinonimo Mucor miehei) o Thermomyces
lanuginosus (antes conocido como Humicola lanuginosa) (Fig. 1.2D), 1) tipo
embudo, como el de la lipasa B de C. antarctica, Burkholderia sp.,
Burkholderia cepacia (sinonimo Pseudomonas cepacia) la lipasa pancreatica
humana (Fig. 1.2B), y iii) tipo tinel, como en las lipasas secretadas por

Candida rugosa (antes conocida como Candida cylindracea) y G. candidum.
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1.2.3 Mecanismo catalitico

La presencia de los residuos que componen la triada catalitica hace posible la
catalisis enzimatica, que tiene lugar en dos etapas: una fase de acilacion y otra
de desacilacion (Fig. 1.3). En la primera, el sustrato se acopla dentro del
bolsillo catalitico y su carbono carbonilo sufre un ataque nucleofilico por
parte del oxigeno del —OH de la serina catalitica, formandose el primer
intermediario tetraédrico. La nucleofilia de la serina es posible gracias a la
existencia de los otros residuos de la triada catalitica. Primero, la histidina
debe aceptar un proton del grupo hidroxilo de la serina, y esto ocurre gracias a
la presencia del residuo acido, que orienta el anillo imidazol de la histidina y
neutraliza parcialmente la carga formada. El intermediario tetraédrico
formado lleva una carga negativa en el oxigeno del grupo carbonilo (el
oxianién), y los residuos del agujero oxianionico (generalmente glicinas y/o
alaninas) se encargan de estabilizar esta distribucién de cargas y reducir el
estado de energia del intermediario, formando para ello al menos dos puentes
de hidrogeno. La rotura del enlace éster se produce como consecuencia de la
donacién de un proton por parte de la histidina al componente alcohol del
sustrato. Esto conlleva la liberacion del alcohol, mientras que el componente
acido del sustrato esterifica a la serina nucleofilica, formandose un
intermediario acil-enzima o intermediario covalente. La etapa de desacilacioén
tiene lugar cuando una molécula de agua (en hidrdlisis), o de alcohol, acido o
¢éster (en alcoholisis, acidolisis o interesterificacion, respectivamente) ataca el
complejo acil-enzima. La histidina catalitica acepta un proton del agua, y el
ion hidroxilo resultante ataca el carbono carbonilico del grupo acido, que se
une a la serina formando el segundo intermediario tetraédrico, el cual se
estabiliza de la misma forma que el anterior. Finalmente, mediante una
transferencia de protones desde la histidina a la serina, se libera el

componente acilo, regenerando la enzima (Casas-Godoy et al. 2012; Jaeger et
al. 1999).
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Fig. 1.3 Mecanismo catalitico de la lipasa de C. rugosa Adaptado de Monecke et al.
(1998).

1.2.4 Fuentes de obtencion, rol eco-fisioldgico y aplicaciones

Las lipasas se encuentran ampliamente distribuidas en la naturaleza, siendo
producidas por plantas, animales y microorganismos, relaciondndose su papel
fisiologico con la hidrolisis de los triglicéridos y su metabolismo. En
eucariotas superiores, estas enzimas estan involucradas en diversas etapas del
metabolismo de lipidos incluyendo la digestion de las grasas, su absorcion,
reconstitucion y metabolismo de lipoproteinas (Mukherjee 2003). En plantas,
estan presentes principalmente en semillas de oleaginosas y cereales,
contribuyendo como factor defensivo o en el proceso de germinacién (Jirage
et al. 1999; Rivera et al. 2012). Las lipasas microbianas (de bacterias,
levaduras y hongos filamentosos) tienen un alto interés industrial debido a su
abundancia, facilidad de produccién y versatilidad (Schmid y Verger 1998).
La presencia en el medio de triglicéridos y acidos grasos, que pueden utilizar
como fuentes de carbono, induce la produccién de estas enzimas. Asi
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encontramos levaduras lipoliticas en una gran variedad de habitats, como
suelos contaminados con aceites, residuos de aceites vegetales o productos
lacteos, o en alimentos deteriorados (Ciafardini et al. 2006; D'Annibale et al.
2006). Por otra parte, existen algunos trabajos que describen el rol de las
lipasas como factor de virulencia en hongos (Gaillardin 2010; Reis et al.
2005).

Las lipasas microbianas son las enzimas mds usadas en quimica
organica en reacciones de sintesis (Reetz 2002) y el tercer grupo de proteinas
mas comercializado, tras las proteasas y carbohidrolasas (Nguyen et al. 2015).
Estas enzimas, dependiendo de su origen, pueden presentar propiedades de
gran interés, como por ejemplo estabilidad frente a temperatura y pH y/o
presencia de solventes organicos, alta especificidad, regioselectividad y
enantioselectividad (Bornscheuer 2002; Jaeger et al. 1999). Por esta razon,
son consideradas como unos catalizadores muy robustos. Existen muchas
lipasas bacterianas caracterizadas, destacando las de los géneros
Pseudomonas, Burkholderia, Bacillus y Staphylococcus (Jaeger y Eggert
2002). Sin embargo, la mayor parte de las lipasas comercializadas son
producidas por levaduras, como C. rugosa o C. antarctica, o por hongos
filamentosos, como Aspergillus niger, G. candidum, T. lanuginosus, R. miehei
y diferentes especies de Rhizopus (Singh y Mukhopadhyay 2012).

El mercado de las lipasas mueve millones de dolares y comprende gran
variedad de aplicaciones industriales (Tabla 1.1), en sectores como el
alimentario, cosmético, farmacéutico, papelero, biocombustibles, o en la
formulacion de detergentes (Hasan et al. 2006; Jaeger y Eggert 2002; Jaeger y
Reetz 1998).



Tabla 1.1 Aplicaciones biotecnologicas de las lipasas microbianas

Fuente Nombre Comercial Proveedor Ejemplos aplicaciones Referencia

Bacterias

Alcaligenes sp Lipase PLC-G, QLC-G  Meito Sangio Co. Degradacion bioplasticos (Hoshino y Isono 2002)

B. cepacia Lipase SL, PS Meito Sangio Co., S-A* Industria alimentaria/ (Noureddini et al. 2005)/
Biodiesel (Korman et al. 2013)

Cromobacterium viscosum Lipase CV Asahi-Kasei Detergentes-productos limpieza (Minoguchi y Muneyuki 1989)

Pseudomonas fluorescens Lipase AK Meito Sangio Co., S-A  Industria alimentaria (Rajmohan et al. 2002)

Pseudomonas stutzeri Lipase TL Meito Sangio Co. Sintesis organica (van Pelt et al. 2011)

Pseudomonas alcaligenes  Lipomax Genecor-Dupont Detergentes-productos limpieza (Jaeger y Reetz 1998)

Pseudomonas mendocina  Lumafast Genecor-Dupont Detergentes-productos limpieza (Gray et al. 1995)

Hongos y levaduras

A. niger Lipase A "Amano"

Aspergillus oryzae Resinase A

C. antarctica Novozym 435,
Lipozyme CALB

C. antarctica CAL-A, Novocor AD

C. rugosa Lipase AY "Amano" 30
G. candidum Chirazyme L-8,

R. miehei Lipozyme IM

Rhyzopus oryzae Palatase, Lipomod 627P

Lipase G "Amano" 50
Lipomod 338P-L338P
Lipozyme TL, Lipolase

Penicillium camembertii
Penicillium roquefortii
T. lanuginosus

Amano, S-A
Novozymes
Novozymes

S-A, Novozymes
Amano, S-A
Boehringer Mannheim,
Novozymes

Novozymes/Biocatalysts
S-A

Biocatalysts

Novozymes

Resolucion muestras racémicas
Industria papelera

Biodiesel/

Sintesis de poliésteres

Sintesis organica

Industria papelera/Nutracéuticos

Sector alimentario (antioxidantes)

Cosmética/

Nutracéuticos

Biodiesel

Sector alimentario (saborizantes)
Sintesis organica

Resolucion mezclas racémicas/
Tratamiento aguas residuales

(Carvalho et al. 2006)
(Matsukura et al. 1990)

(Yan et al. 2012)/

(Kumar y Gross 2000)

(Pihko et al. 2004)

(Irie 1990) /(Weber et al. 2001)

(Buisman et al. 1998)
(Maugard et al. 2002)
(Villeneuve et al. 2005)
(Yu et al. 2013)

(Arnold et al. 1975)

(van der Deen et al. 1996)
(Faigl et al. 2007)/

(Rigo et al. 2008)

S-A, Sigma-Aldrich
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1.2.5 La familia de lipasas C. rugosa-like

1.2.5.1 Caracteristicas principales

La levadura C. rugosa secreta una gran variedad de lipasas intimamente
relacionadas en su secuencia de aminoacidos, estructura y propiedades
cataliticas (Dominguez de Maria et al. 2006). Aunque la mayoria de ellas
tiene actividad tanto frente a triglicéridos como a ésteres de esteroles,
inicialmente fueron comercializadas por Sigma-Aldrich, Amano y Roche
como lipasas o colesterol esterasas, en funcion de su actividad predominante.
De las 7 isoenzimas descritas, las mejor caracterizadas, CRL1, CRL2, CRL3,
CRL4 y CRLS, poseen una alta homologia de secuencia (77-88%) pero
difieren en su punto isoeléctrico, sitios de N-glicosilacién y contenido en
aminoacidos hidrofébicos (Ferrer et al. 2001). Todo ello contribuye a su
diferente afinidad sobre triglicéridos y ésteres de esteroles (Manchefio et al.
2003). Esta amplia especificidad de sustrato mostrada por las enzimas de C.
rugosa, no es una caracteristica general de todas las lipasas ni de todas las

incluidas en esta familia, como se discutird en este trabajo.

Atendiendo a la base de datos de lipasas de la Universidad de Stuttgart
(Lipase Engineered Database, LED), existen 336 secuencias proteicas
incluidas en la familia C. rugosa-like (abH03.01) (Fischer y Pleiss 2003). La
mayoria de ellas corresponden a proteinas hipotéticas, derivadas de la
secuenciacion masiva de genomas de hongos ascomicetos y basidiomicetos, y
solo algunas de ellas han sido caracterizadas. La informacion existente acerca
de la afiliacion filogenética y la evolucion de estas enzimas es muy escasa y
su clasificacidén se basa en la homologia de secuencias y en la presencia de
motivos conservados. Ademas de las isoenzimas de C. rugosa, se han
caracterizado otras proteinas de esta familia (Tabla 1.2), como las isoenzimas
GCLI1 y GCL2 del hongo G. candidum (Bertolini et al. 1995; Sidebotton et al.
1991), la lipasa secretada por el hongo de la podredumbre gris Botrytis
cinerea (Commenil et al. 1995; Commenil et al. 1999) y la lipasa del hongo
de podredumbre blanca Pleurotus sapidus (Krugener et al. 2009; Zorn et al.
2005). En estas enzimas, caracterizadas como lipasas, solo se ha descrito
actividad esterol esterasa en las isoenzimas CRL1-CRLS5 de C. rugosa y se ha
reportado actividad xantofil esterasa en la lipasas de P. sapidus y C. rugosa
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(Zorn et al. 2003). Sin embargo, en esta familia se incluyen enzimas
clasificadas como esterol esterasas, secretadas por los ascomicetos
Melanocarpus albomyces (Kontkanen et al. 2006b) y Ophiostoma piceae
(OPE) (Calero-Rueda et al. 2002b; Calero-Rueda et al. 2009), que tienen
también actividad sobre triglicéridos y ésteres de esteroles y, por su relevancia

en el presente trabajo, se tratardn en un apartado especifico.

Al analizar el arbol filogenético de estas enzimas, se observa que todos
los hongos de la familia C. rugosa-like comparten un habitat asociado a
material vegetal. Su papel en la naturaleza podria estar relacionado con su
capacidad para degradar la cuticula, formada por una mezcla de 4cidos grasos
de cadena larga, aldehidos, alcanos, alcoholes primaros y secundarios, cetonas
y ésteres de ceras. De acuerdo con esta teoria, al degradar algunos de estos
componentes, los polisacaridos quedarian mas accesibles y pueden ser
utilizados como fuente de carbono, facilitando ademas la colonizacion de
otras especies patogenas (Juniper y Jeffree 1983).

Tabla 1.2 Lipasas/esterol esterasas caracterizadas de la familia C. rugosa-like.

Organismo Habitat % id* % similitud aa‘ Referencia

C. rugosa Suelo 79-88* 88-89° 534 (Lotti et al. 1994)

G. candidum  Cosmopolita 41% 57% 544 (Bertolini et al. 1995)

O. piceae Madera 44% 62% 537 (Calero-Rueda et al. 2009)
M. albomyces  Suelo 43% 58% 558 (Kontkanen et al. 2006b)
B. cinerea Patogeno vid 46% 61% 558 (Commenil et al. 1999)

P. sapidus Madera 42% 61% 528 (Krugener et al. 2009)

* Identidad de secuencia frente a C. rugosa
2 Identidad entre las isoenzimas (CRL1-4)
®Similitud entre isoenzimas
¢ Niimero de aminoacidos en la proteina madura

Las lipasas de esta familia tienen masas moleculares cercanas a 60 kDa,
un contenido en N-glicanos entre 3-8%, puntos isoeléctricos entre 4-5,8 e
hidrolizan triglicéridos y ésteres de p-nitrofenol con diferente longitud de
cadena de acido graso. Ademas, muchos de sus miembros presentan formas

oligoméricas en condiciones nativas.
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1.2.5.2 Aspectos estructurales

Las enzimas cristalizadas de esta familia, las CRL1, CRL2 y CRL3 de C.
rugosa, (Ghosh et al. 1995; Grochulski et al. 1993; Grochulski et al. 1994;
Mancheio et al. 2003) y la GCL2 de G. candidum (Schrag et al. 1991; Schrag
y Cygler 1993), presentan un plegamiento formado por 11 hebras beta y 16
alfa hélices, dos o tres puentes disulfuro, varios puentes salinos encargados de
estabilizar los extremos N- y C-terminales y una tapadera anfifilica que

bloquea la entrada al centro activo, cuyo movimiento se ve facilitado por un

puente disulfuro que actiia a modo de bisagra (Fig. 1.4) .

Fig. 1.4 Representacion de la estructura tridimensional de la lipasa 1 C. rugosa (CRL1).
A) Conformacion cerrada (PDB:1TRH) en modo superficie, con la zona de la tapadera en
morado. B) Conformacion abierta (PDB:1CRL): la tapadera deja accesible el centro activo,
en el que se encuentran la serina catalitica (en amarillo) y el sustrato (linoleato de
colesterilo). C) Plegamiento o/p hidrolasa con el sustrato dentro del bolsillo catalitico y los
residuos que intervienen en la catalisis en amarillo. Un puente disulfuro (en naranja)

estabiliza la tapadera. Figuras representadas utilizando PyMOL v0.99.
1.2.5.3 Mecanismo de activacion y region de la tapa

La resolucion de varias estructuras cristalograficas en su conformacion
abierta y cerrada ha permitido entender los cambios conformacionales
asociados al proceso de activacion interfacial en las lipasas de C. rugosa (Fig.
1.4) (Ghosh et al. 1995; Grochulski et al. 1993, 1994). La transicién hacia la
forma abierta incrementa considerablemente la superficie hidrofobica de las
proteinas ya que la parte hidrofilica de la tapadera se encuentra de cara al

solvente en la conformacion cerrada, mientras que la hidrofébica permanece
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hacia el interior. La region de la tapa es una de las zonas menos conservadas
entre los miembros de esta familia y esto podria estar relacionado con la
mayor o menor especificidad de estas enzimas frente a triglicéridos o ésteres
de esteroles. En este sentido, destacar que a pesar de la alta homologia de
secuencia encontrada entre las isoenzimas de C. rugosa, la presencia de un
mayor porcentaje de aminoacidos hidrofobicos en las tapaderas de CRL2 y
CRL3 se ha relacionado con su mayor capacidad de hidrolizar ésteres de
colesterol (Manchefio et al. 2003).

1.2.5.4 Residuos cataliticos y bolsillo de sustrato

La maquinaria catalitica en la familia C. rugosa-like estd formada por tres
residuos cataliticos: serina, dcido glutamico e histidina y se encuentra muy
conservada (Fig. 1.5A). La sustitucidn del glutamico por aspartico en la lipasa
de G. candidum reduce su actividad especifica diez veces sobre la cepa
salvaje (Vernet et al. 1993). La serina nucleoéfila se localiza en un bucle muy
cerrado, denominado “codo nucledfilo”, dentro del motivo conservado Gly-
Glu-Ser-Ala-Gly (Barriuso et al. 2013; Pleiss et al. 2000). En CRLI, la
depresion que rodea a la serina catalitica tiene un caracter muy hidrofobico,
mas que ninguna otra zona expuesta al solvente (Grochulski et al. 1993). El
intermediario tetraédrico originado durante la catalisis es estabilizado a través
de puentes de hidrogeno entre grupos amida de la cadena principal de dos
aminoacidos (generalmente glicinas y/o alanina) y el oxigeno del grupo
carbonilo del sustrato. Estos residuos estabilizadores crean el agujero
oxianionico. Uno de los aminoacidos que la forman se situa contiguo a la
serina catalitica y el otro se engloba dentro del motivo altamente conservado
Gly-Gly-Gly-Phe, encontrado en esta familia (Grochulski et al. 1993;
Monecke et al. 1998)

La zona de unidn al sustrato en las enzimas de la familia C. rugosa-like
se caracteriza por la presencia de un extenso bolsillo hidrofébico con un
estrecho tinel en el cual se estabiliza la cadena alifatica del sustrato (Fig.
1.5B-D) (Ghosh et al. 1995; Manchefio et al. 2003; Pletnev et al. 2003). Al
comienzo del tinel hay una regidén rica en aminodcidos aromaticos, con
marcadas diferencias en las isoenzimas de C. rugosa, y mas adelante se

encuentra una segunda region muy conservada, rica en aminoacidos alifaticos.
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Fig. 1.5 A) Representacion de los residuos del centro activo de CRL1 (PDB:1LPN) y las
interacciones que estabilizan su conformacion (distancia medida en A). Los residuos de la
proteina se ilustran con un modelo de varillas coloreadas, segin su composicion atémica
(gris, carbono; amarillo, azufre; azul, nitrégeno; rojo, oxigeno). Las moléculas de agua
aparecen como esferas en azul, los residuos cataliticos en blanco, los residuos del agujero
oxianionico en amarillo y la presencia de un inhibidor (cloruro de 1-dodecanosulfonilo) en
granate. B) Representacion del bolsillo del sustrato de CRL1 (PDB: 1CRL). El sustrato,
linoleato de colesterilo, aparece en granate. Los residuos cataliticos y del agujero
oxianiénico mantienen el mismo coédigo de colores que en A. C) Representacion
esquematica de CRL3 (PDB: 1LLF) y las interacciones hidrofobicas (arcos y lineas
discontinuas en rojo) con el sustrato (4cido tricosanoico, C23:0). En linea discontinua
verde se muestran los puentes de hidrégeno y como esferas azules las moléculas de agua.
D) Composicion del bolsillo de sustrato y el tunel interno de CRL3. El 4cido tricosanoico
(verde) se encuentra estabilizado por aminoacidos hidrofébicos. El color rojo intenso
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indica la méxima hidrofobicidad. Las figuras se han disefado utilizando PyMOL v0.99 y
LIGPLOT" v.1.4.5

La presencia de este bolsillo de sustrato en forma de tinel es una
caracteristica Unica descrita para las enzimas de esta familia y permite
acomodar 4cidos grasos de cadena larga en su interior (18-23 carbonos)
(Cygler y Schrag 1999; Dominguez de Maria et al. 2006; Pletnev et al. 2003).

1.2.5.5 Parches hidrofobicos y estado conformacional

En las isoenzimas de C. rugosa existen areas donde se concentra un mayor
numero de aminoacidos hidrofobicos, formando lo que se conoce como
“parches hidrofobicos”. Estas regiones se localizan cercanas a la zona de la
tapadera y el bolsillo catalitico (Fig. 1.6A), pudiendo intervenir en procesos
tan cruciales como la estabilizacion del movimiento de la tapa o la interaccidén
con el sustrato (Grochulski et al. 1993; Manchefio et al. 2003). Por otro lado,
la naturaleza hidrofébica de estas proteinas explica su tendencia a la
asociacion formando dimeros, tetrameros, hexameros o agregados mayores.
Ademas distintos factores, como la alta concentracion de enzima y la elevada
salinidad en el medio de reaccidon, favorecen la agregacion (Pernas et al.
2001). En general, estas formas multimoleculares exhiben menor actividad
especifica, posiblemente por el bloqueo de los centros activos por las propias
moléculas. Este es el caso de la lipasa 2 de C. rugosa expresada en P.
pastoris, donde solo el mondmero mostrd actividad (Ferrer et al. 2009) y el de
la esterol esterasa de M. albomyces, que increment6 su actividad en presencia
de detergentes, al favorecerse la forma monomérica (Kontkanen et al. 2006b).
Sin embargo, en el caso de la lipasa 3 de C. rugosa se ha comprobado su
asociacion en forma de dimeros activos, estabilizados por puentes de

hidrogeno e interacciones de tipo hidrofobico (Fig. 1.6) (Pletnev et al. 2003)
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Fig. 1.6 A). Representacion de la superficie de CRL3 (PDB:1CLE), en la que se observan
las zonas madas hidrofobicas en color rojo mds intenso y el sustrato en negro. B)
Representacion tridimensional de las interacciones entre los mondmeros de esta proteina.
Los aminoacidos implicados en la interaccion entre las dos moléculas de CRL3 se
representan en naranja y verde oliva. Las figuras 1.6 A y B fueron elaboradas con PyMOL
v0.99. C) Representacion esquematica de las interacciones entre mondmeros obtenida
utilizando el programa LIGPLOT" v.1.4.5
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1.3 ESTEROL ESTERASAS

Como se menciono al comienzo de la introduccidn, estas enzimas hidrolizan
¢ésteres de esteroles y juegan un papel importante en la absorcion y
metabolismo de los compuestos lipidicos en organismos vivos. Las colesterol
esterasas humanas y de mamiferos son las mejor caracterizadas por su
importancia fisiolégica (Chen et al. 1998; Rudd y Brockman 1984),
detectandose este tipo de actividades en el pancreas, la aorta, el higado y la
leche materna (Sugihara et al. 2002).

En el caso de microorganismos, se han caracterizado esterol esterasas
en bacterias y hongos. En bacterias, se han descrito en B. cepacia (Takeda et
al. 2006), Pseudomonas aeruginosa (Sugihara et al. 2002) y P. fluorescens
(Uwajima and Terada 1975) aunque esta Ultima no presenta actividad sobre
triglicéridos, a diferencia de lo resefiado para la de P. aeruginosa. En el caso
de los hongos, se ha referido la presencia de estas enzimas en S. cerevisiae
(Taketani et al. 1980), Fusarium oxysporum (Okawa y Yamaguchi 1977),
Trichoderma sp. (Maeda et al. 2008) M. albomyces (Kontkanen et al. 2006b)
y O. piceae (Calero-Rueda et al. 2002b), siendo las de estos dos ultimos
organismos las mejor caracterizadas y en las que se ha comprobado su

actividad tanto sobre ésteres de esteroles como sobre triglicéridos.

1.3.1 La esterol esterasa de O. piceae

El ascomiceto O. piceae es un hongo dimorfico, sapréfito de plantas que al
crecer sobre maderas produce un efecto conocido como el azulado de la
madera (sap staining), que ocasiona graves perdidas econdmicas en la
industria maderera. Este tenido se debe al contenido en melanina de las hifas,
pigmento que desempefiaria un papel protector para la supervivencia del
hongo en ambientes dificiles y que estad relacionado con procesos de

desarrollo celular, diferenciacion y patogénesis (Haridas et al. 2013).
1.3.1.1 Purificacion y caracterizacion de la enzima

El estudio de esta enzima surgi6 como resultado de la busqueda de enzimas
fungicas para evitar la formacion de depodsitos indeseables durante la
fabricacion de pasta de papel, responsables de numerosos problemas en el
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sector papelero (Gutiérrez et al. 2001). Estos depdsitos, conocidos con el
nombre de “pitch”, formados por compuestos presentes en la fraccion
lipofilica de los extraibles de la madera, principalmente triglicéridos y
esteroles, surgieron tras la introduccion de métodos de blanqueo mas
respetuosos con el medio ambiente (Allen 2000). Para controlar el pitch ya
existia una lipasa comercializada con el nombre de Cartapip® producida por
Ophiostoma piliferum, con alta eficacia sobre los triglicéridos pero no sobre
los ésteres de esteroles, estos ultimos mas abundantes en frondosas (Chen et
al. 1994).

Inicialmente se realizé una busqueda de hongos productores de enzimas
implicadas en la degradacion de ésteres de esteroles. Entre los 28 hongos
estudiados, pertenecientes a ascomicetos, basidiomicetos y deuteromicetos, O.
piceae fue el Gnico que mostrd actividad sobre oleato de colesterilo (Calero-
Rueda 2001). Tras la purificacidén y caracterizacion bioquimica de la enzima
secretada por O. piceae, se comprobd su actividad sobre ésteres de p-
nitrofenol, triglicéridos y ésteres de colesterol, clasificindose como una

esterol esterasa con amplia especificidad de sustrato (Calero-Rueda et al.
2002b).

1.3.1.2 Aplicaciones biotecnologicas

El potencial de esta enzima se patent6 tras comprobar que, tanto en extraibles
como en pastas de diferentes maderas, su aplicacion reducia los niveles de los
compuestos responsables de la formacion de pitch: los ésteres de esteroles en
Eucalytus globulus, los triglicéridos en Pinus sylvestris, y la mezcla de ambos
compuestos en Picea abies (Fig. 1.7) (Calero-Rueda et al. 2002a).

Por otro lado, también se ha descrito el potencial de la esterol esterasa
de O. piceae en la produccion de papel reciclado, ya que esta enzima hidroliza
eficazmente el polivinilacetato, principal componente de los denominados
“stickies”, depositos indeseados que se producen durante la produccion de
este tipo de papel, en este caso debido a los aditivos e impurezas de la materia
prima (Miranda et al. 2008). La hidrolisis de polivinilacetato por la enzima de
O. piceae da lugar a polivinil alcohol, un compuesto mas soluble que podria

eliminarse con mayor facilidad (Barba Cedillo et al. 2013Db).
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Fig. 1.7 Andlisis cromatografico de los compuestos lipofilicos presentes en los extraibles
de la madera de Picea abies A) Control. B) Tras tratar con la esterol esterasa de O. piceae
(Calero-Rueda et al. 2002a).

La comparacién de la esterol esterasa de O. piceae con otras lipasas y
colesterol esterasas comercializadas, incluidas las enzimas de C. rugosa, puso
de manifiesto el interés biotecnologico de esta enzima ya que, en presencia de
Genapol X-100 (detergente necesario para obtener una suspension homogénea
de sustratos insolubles), fue la unica que hidrolizaba eficazmente tanto los
triglicéridos y ésteres de esteroles (Calero-Rueda et al. 2009).

A nivel de sintesis, la esterol esterasa de O. piceae se ha utilizado para
esterificar mezclas de fitoesteroles con acidos grasos, ya que estos ésteres se
emplean como compuestos nutracéuticos para la reduccion de colesterol en
sangre (Chen et al. 2008). Esta reaccion se realizo utilizando como
catalizadores la enzima de O. piceae y el preparado comercial de C. rugosa,
encontrando mayor esterificacion con la enzima de O. piceae ( > 75% frente a
60% de esterificacion) y recogiendo estos datos en una patente (Barba Cedillo
et al. 2013a). Finalmente, comentar que también se han comparado estas
enzimas en la produccion de biodiesel, utilizando trioleina y metanol como
aceptor de grupos acilo, encontrando que la enzima de O. piceae fue mucho
mas estable en presencia de metanol (80% de actividad tras 96 h de reaccion)
que la de C. rugosa, que se inactivo rapidamente (Goémez et al. 2014).
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1.3.1.3 Clonacion y expresion

La secuenciacion del gen que codifica la esterol esterasa de O. piceae revelod
una identidad de secuencia de ~40% con las lipasas de C. rugosa y G.
candidum. Su modelado, en base a la estructura de las lipasas 1 y 3 de C.
rugosa, revelod que el sitio de unidn a sustrato era similar al de estas enzimas
aunque mostraba algunos cambios en la zona de la tapadera y mayor niimero
de aminoacidos aromaticos en la zona del tinel, hechos que podrian estar

implicados en su mejor eficacia catalitica (Calero-Rueda et al. 2009).

Esta enzima se ha expresado con éxito en la levadura P. pastoris
obteniéndose una proteina mucho mas eficaz (~ x10) que la nativa en la
hidrolisis de triglicéridos y ésteres de esteroles al ser mdas soluble. La
explicacion de este fendmeno reside en que la proteina recombinante presenta
entre 4-8 aminoacidos extra en su extremo amino terminal debido a la
estrategia de clonacion utilizada, que deja dos sitios de restriccion adicionales,
y al incorrecto procesamiento del péptido sefial (factor o) por la peptidasa
STE13 del huésped (Barba Cedillo et al. 2012).

1.4 EXPRESION HETEROLOGA DE LAS LIPASAS/ESTEROL
ESTERASAS

El uso de cualquier enzima con fines biotecnologicos requiere su produccion
en un sistema que permita obtener grandes cantidades del biocatalizador a
bajo coste. Existen multitud de sistemas de expresion disponibles, cada uno
con sus caracteristicas particulares, pero es necesario tener en cuenta que la
eleccion del hospedador condiciona la expresion de la proteina y/o su
posterior aplicacion (Schmidt 2004).

1.4.1 Hospedadores procariotas

Los organismos procariotas suelen ser la primera eleccion para la expresion
recombinante de proteinas porque son facilmente manipulables, bien
conocidos y tienen tiempos de generacion cortos (Schmidt 2004). La bacteria
Gram negativa Escherichia coli es el hospedador mas utilizado, ya que se
dispone de gran cantidad de informacion genética y fisioldgica y se conocen

protocolos y herramientas moleculares necesarios para su manipulacion.
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Como contrapartida, hay factores que limitan el uso de esta bacteria para
expresar proteinas eucariotas, como las diferencias en el uso de codones o su
incapacidad de llevar a cabo modificaciones post-traduccionales, como la
glicosilacion o la fosforilacion de proteinas, o de formar puentes disulfuro, a
veces necesarios para la funcionalidad de las proteinas. Otro inconveniente es
que los altos niveles de proteina recombinante en la célula pueden causar la
formacion de agregados proteicos, conocidos como cuerpos de inclusion
(Carrio y Villaverde 2002). Aunque dentro de estos agregados la proteina de
interés se encuentra protegida de la degradacion proteolitica, es necesaria una
laboriosa tarea de solubilizacion y replegado para obtenerla en su forma
activa, y el proceso no es viable a escala industrial. No obstante, E. coli ha
sido empleada con éxito para la expresion de lipasas bacterianas, como las de
B. cepacia y Bacillus thermocatenulatus (Raa et al. 1998; Schmidt-Dannert
1999). También se han expresado en esta bacteria lipasas eucariotas, como la
lipasa 4 de C. rugosa, pero encontrando que solo un 10% de CRL4 se obtenia
en forma soluble fuera de cuerpos de inclusion (Tang et al. 2000), y las
lipasas de A. niger y Rhizopus delemar que se encontraban en cuerpos de
inclusion y requerian ser replegadas in vitro (Joerger et al. 1993; Shu et al.
2007).

Esta bacteria estd demostrando su validez para la expresion de
diferentes peroxidasas fingicas en cuerpos de inclusion ya que, tras optimizar
los protocolos de replegado in vitro, se produce proteina suficiente para llevar
a cabo experimentos de disefio racional destinados a la mejora de las
propiedades cataliticas de estas enzimas (Morales et al. 2012; Pérez-Boada et
al. 2002). Ademas, recientemente se ha logrado expresar en forma soluble
alguna de estas proteinas (Fernandez-Fueyo et al. 2015).

1.4.2 Hospedadores eucariotas

Los hospedadores eucariotas ofrecen multitud de posibilidades siendo las
levaduras y hongos filamentosos los més empleados a escala industrial
(Valero 2012). Las levaduras brindan numerosas ventajas por ser organismos
unicelulares capaces de llevar a cabo modificaciones post-traduccionales, de

facil manejo y alta tasa de crecimiento.
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S. cerevisiae fue el primer eucariota utilizado para la expresion
heterologa de proteinas terapéuticas (Boer et al. 2007), siendo la vacuna de la
hepatitis B la primera vacuna recombinante que se comercializé (Valenzuela
et al. 1982). El conocimiento de su genética y fisiologia, asi como su estatus
GRAS (Generally Recognized As Safe), favorecen su aplicacion en la
industria alimentaria. En 2009, practicamente todos los productos derivados
de levaduras en el mercado de la alimentacion fueron producidos en S.
cerevisiae (Mattanovich et al. 2012).

Ademads, esta levadura se ha desarrollado como plataforma de
evolucidén dirigida por su alta eficiencia de transformacion, estabilidad de los
vectores episomales disponibles, alta fidelidad de replicacion (barajado in
vivo del ADN o DNA shuffling) y elevada frecuencia de recombinacién
homologa, que facilita la diversidad genética (Gonzalez-Pérez et al. 2014). En
este sentido, destacar que se esta utilizando con éxito para la obtencion de
nuevas variantes de lacasas y oxidasas fungicas (Alcalde 2015; Pardo y
Camarero 2015). Sin embargo, el empleo de S. cerevisiae como hospedador
heter6logo se encuentra limitado por distintos factores, como su fuerte
metabolismo fermentativo, el bajo rendimiento de la produccion de enzimas
recombinantes, la hiperglicosilacion y la baja capacidad de secrecion de las
proteinas sintetizadas (Cereghino y Cregg 1999). Entre las lipasas expresadas
en esta levadura destacan las de G. candidum (Bertolini et al. 1995) y la
CRLI1 de C. rugosa (Brocca et al. 1998).

Por otro lado, la levadura metilotrofica Pichia pastoris, reclasificada al
género Komagataella por Yamada y col. (1995), comenz6 a utilizarse a
principios de los 70 para la produccion de biomasa microbiana (Gellissen et
al. 2005). En los ultimos afios se ha incrementado su uso como hospedador
heterdlogo, ya que: 1) no requiere medios complejos para alcanzar densidades
celulares elevadas, i1) posee una alta capacidad de secrecion, iii) la posterior
recuperacion y purificacion de la proteina recombinante se ve facilitada por la
baja cantidad de proteinas nativas que secreta al medio extracelular y, iv) en
el caso de las lipasas, P. pastoris carece de esta actividad (Cregg et al. 2000;
Krainer et al. 2012). Ademas, esta levadura presenta la ventaja de que las

proteinas secretadas estan menos glicosiladas que las producidas por S.
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cerevisiae (Stratton et al. 1998). La capacidad de P. pastoris para utilizar
metanol como uUnica fuente de carbono es un aspecto crucial de su
metabolismo. Esta levadura tiene dos alcohol oxidasas denominadas AOX1 y
AOX2, siendo la AOX1 la de mayor actividad y su promotor, inducible por
metanol, se utiliza generalmente para expresar otras proteinas debido a su
estrecha regulacion (Cereghino y Cregg 2000). Sin embargo, el uso de
metanol supone una importante desventaja en el proceso de escalado, y por
ello se han propuesto promotores alternativos, como el promotor constitutivo
de la gliceraldehido 3-fosfato deshidrogenasa (GAP) que permite obtener
niveles de enzima similares. Entre las lipasas extracelulares recombinantes
producidas con éxito en esta levadura se encuentran las de las bacterias P.
fluorescens, T. lanuginosus y Bacillus cereus, las diferentes isoenzimas de las
levaduras C. rugosa, C. antarctica y G. candidum, las de varias especies de
los hongos filamentosos Rhizopus y Rhizomucor y las lipasas pancredticas
humana y porcina (Valero 2012). También se han expresado en P. pastoris las
esterol esterasas de O. piceae (Barba Cedillo et al. 2012) y M. albomyces
(Kontkanen et al. 2006a).

1.5 BUSQUEDA DE NUEVAS ENZIMAS Y MEJORA DE SUS
PROPIEDADES

Como se ha mencionado anteriormente, el extenso campo de aplicacion de las
lipasas y esterol esterasas las hace muy atractivas desde el punto de vista
biotecnologico. La blusqueda de nuevas enzimas con propiedades mas
robustas y versatiles continuia siendo de gran interés y por esto, actualmente,
se siguen realizando cribados de muestras ambientales para encontrar nuevas
enzimas. Sin embargo, aunque los microorganismos constituyen la mayor
reserva de diversidad genética del planeta, las especies cultivables representan
menos del 1%. Por esta razén se han buscado métodos alternativos, que
consisten en realizar cribados funcionales en librerias metagenomicas o en los
genomas de microorganismos depositados en bases de datos (Adrio and
Demain 2014). Esto ha permitido explorar ambientes extremos, como la
tundra artica, las chimeneas volcanicas o los ecosistemas marinos, y obtener

nuevas enzimas, entre ellas lipasas, con interesantes caracteristicas de
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termoestabilidad o enantioselectividad (Fernandez-Alvaro et al. 2010; Jeon et
al. 2009) .

1.5.1 Busqueda de nuevas enzimas en genomas y metagenomas

En los ultimos afios, gracias a las plataformas de secuenciacion masiva de
ADN, tanto la gendmica como la metagendémica han experimentado un gran
impulso (Kaul and Asano 2012). Ello, unido al desarrollo de la informatica y
al gran aumento de la capacidad de computacién, ha hecho posible el
almacenamiento de una inmensa cantidad de secuencias en bases de datos.
Muchas de ellas se encuentran en servidores publicos de almacenamiento de
secuencias, como NCBI, Genbank, o Uniprot, o de proteinas, como Protein
Data Bank (PDB), aunque también existen bases especificas de lipasas, como
LED. De esta forma, se dispone de la posibilidad de explorar toda la
informacién acumulada en estas bases de datos, a través de lo que se
denomina “mineria” de genomas y metagenomas (Challis 2008). Esta se basa
en la busqueda de motivos conservados en secuencias con alta homologia, los
analisis filogenéticos y la construccion de modelos tridimensionales de estas
proteinas hipotéticas, con el fin de encontrar nuevas enzimas con
caracteristicas mejoradas y predecir su funcionalidad (Barriuso et al. 2013;
Barriuso y Martinez 2015). El desarrollo de multitud de herramientas
bioinformdticas ha contribuido en gran medida a estos avances. El portal
ExPASy, del Swiss Institute of Bioinformatics, recoge muchas de las
herramientas mas utilizadas en estos estudios (Artimo et al. 2012).

1.5.2 Mejora de biocatalizadores mediante ingenieria de proteinas

La mejora de enzimas conocidas es posible gracias a la ingenieria de proteinas
mediante técnicas de disefio racional o evolucion dirigida, encaminadas a la
optimizacion de alguna propiedad catalitica de interés o a la creacion de

nuevas funciones enzimaticas en una proteina.

El disefio racional consiste en la mutacidon de posiciones concretas de la
secuencia de aminoacidos del biocatalizador, seleccionadas en base a modelos
o estructuras cristalograficas, que podrian contribuir a la mejora de su
actividad catalitica. En este sentido, la lipasa B de C. antarctica (CalB), uno
de los biocatalizadores mas empleados en sintesis orgéanica tanto a escala de
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laboratorio como comercial, ha sido ampliamente modificada a través del
disefio racional para otorgarle nuevas propiedades, como la mejora de su
enantioselectividad frente a alcoholes secundarios o de su estabilidad en
solventes organicos (Magnusson et al. 2005; Park et al. 2012; Rotticci et al.
2001). Sin embargo, el disefio racional de las enzimas no siempre genera los
resultados esperados, ya que la relacion estructura/funcion de las proteinas es
muy compleja. Es necesario tener en cuenta que las enzimas, al interaccionar
con los sustratos y con el entorno, sufren modificaciones que pueden no
quedar recogidas en las estructuras cristalograficas obtenidas en unas
determinadas condiciones y, por ello, es complicado predecir ciertos aspectos
de la funcidn enzimadtica y/o de las interacciones que determinan parametros
como la estabilidad (Arnold y Volkov 1999).

Por otro lado, la evolucion molecular dirigida se presenta como una
estrategia para la que no se requiere informacidn estructural de las proteinas
objeto de mejora. Esta técnica recrea a escala de laboratorio los procesos
claves de la evolucion natural (mutacion, recombinaciéon y seleccion).
Mediante procesos de mutagénesis aleatoria y/o recombinaciones en el
material genético que codifica una o varias proteinas, se crea una diversidad
genética que posteriormente se expresa y explora bajo las condiciones en las
que se quiere mejorar la enzima, tales como su nivel de produccion, o su
estabilidad a pH, temperatura o solventes, entre otros (Bloom et al. 2004). Sin
embargo, para que estos experimentos puedan tener €xito son necesarias tres

herramientas fundamentales:

- un sistema de expresion heterdloga adecuado. E. coli es uno de los mas
empleados, aunque presenta limitaciones para la expresion de proteinas
eucariotas. En este caso suele utilizarse S. cerevisiae (Arnold y
Georgiou 2003; Camarero et al. 2012; Gonzalez-Pérez et al. 2012) y
también P. pastoris a pesar de su menor eficiencia de transformacion
(Engstrom et al. 2010).

- el desarrollo de métodos de generacion de diversidad génica
(mutagénesis aleatorias, mutagénesis saturada y diversos procesos de

recombinacion tanto in vitro como in vivo).
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- un método de cribado fiable y reproducible para discriminar entre las

variantes obtenidas.

Algunos ejemplos de lipasas mejoradas por evolucion dirigida
utilizando distintos sistemas de expresion son: 1) la obtencién de una
variante de CalB en S. cerevisiae resistente a la inactivacion térmica
(Korman et al. 2013); 11) la conversion en fosfolipasa de la lipasa de
Staphylococcus aureus expresada en E. coli (van Kampen and Egmond
2000); y 1ii) el incremento de la enantioselectividad de la lipasa A de C.
antarctica producida en P. pastoris frente a ésteres sustituidos en la
posicion alfa (Engstrom et al. 2010).
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Objetivos

Como se comento en el apartado anterior, la esterol esterasa/lipasa secretada
por O. piceae (OPE) es una enzima muy interesante desde el punto de vista
biotecnologico, por lo que el presente trabajo se centrdé en profundizar en su
conocimiento y en el estudio de enzimas relacionadas. Los objetivos

planteados en la presente Tesis Doctoral se exponen a continuacion:

1. Explorar distintos sistemas de expresion heterdloga en busca del mas
apropiado para la expresion funcional de OPE.

2. Cristalizar y resolver la estructura tridimensional de OPE con el fin de
llevar a cabo estudios estructura-funciéon y conocer los mecanismos

moleculares implicados en la catalisis enzimatica.

3. Expresar, caracterizar y comparar nuevas enzimas seleccionadas de
genomas fungicos, similares a OPE.

4. Evaluar el potencial de las enzimas caracterizadas en el presente trabajo
en distintas aplicaciones biotecnologicas.
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3.1 CHAPTER 1

Heterologous expression of a fungal sterol esterase/lipase in
different hosts: Effect on solutibility, glycosylation and
production

Maria Eugenia Vaquero, Jorge Barriuso, Francisco Javier Medrano, Alicia

Prieto, Maria Jesus Martinez

Journal of Bioscience and Bioengineering (2015)
doi:10.1016/j.jbiosc.2015.04.005

3.1.1 SUMMARY

Ophiostoma piceae secretes a versatile sterol-esterase (OPE) that shows high
efficiency in both hydrolysis and synthesis of triglycerides and sterol esters.
This enzyme produces aggregates in aqueous solutions, but the recombinant
protein, expressed in Komagataella (synonym Pichia) pastoris, showed
higher catalytic efficiency because of its higher solubility. This fact owes to a
modification in the N-terminal sequence of the protein expressed in Pichia
pastoris, which incorporated 4-8 additional amino acids, affecting its
aggregation behavior. In this study we present a newly engineered P. pastoris
strain with improved protein production. We also produced the recombinant
protein in the yeast Saccharomyces cerevisiae and in the prokaryotic host
Escherichia coli, corroborating that the presence of these N-terminal extra
amino acids affected the protein’s solubility. The OPE produced in the new P.
pastoris strain presented the same physicochemical properties than the old
one. An inactive form of the enzyme was produced by the bacterium, but the
recombinant esterase from both yeasts was active even after its enzymatic
deglycosylation, suggesting that the presence of N-linked carbohydrates in the
mature protein is not essential for enzyme activity. Although the yield in S.
cerevisiae was lower than that obtained in P. pastoris, this work demonstrates
the importance of the choice of the heterologous host for successful
production of soluble and active recombinant protein. In addition, S.
cerevisiae constitutes a good engineering platform for improving the

properties of this biocatalyst.
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3.1.2 INTRODUCTION

Carboxylic ester hydrolases (EC 3.1.1) are a heterogeneous group of enzymes
catalyzing the cleavage of ester bonds, including carboxylesterases (EC
3.1.1.1), triacylglycerol lipases (EC 3.1.1.3) and sterol esterases (EC
3.1.1.13). Triacylglycerol lipases, also known as lipases, have acylglycerols
as their natural substrates. In aqueous media, these enzymes catalyze the
hydrolysis of triglycerides to free fatty acids, diglycerides and
monoglycerides but they are also able to carry out synthesis reactions in the
presence of organic solvents (Bornscheuer et al. 2002). Similarly, sterol
esterases hydrolyze fatty acid esters of sterols (Calero-Rueda et al. 2009) and
carry out the opposite reaction in organic media (Barba Cedillo et al. 2013).
They are widespread in nature, being the human cholesterol esterase one of
the best studied among this group of enzymes (Brown et al. 2010; Ikeda et al.
2002; Loomes and Senior 1997). However, those from microorganisms have
gained special interest due to their broad substrate specificity and their
possible use for biotechnological purposes since they can be produced in bulk
at low cost.

Both kinds of enzymes, lipases and sterol esterases, belong to the o/f-
hydrolase superfamily, where residues responsible for its catalytic activity are
highly conserved and form the so-called catalytic triad Ser-Asp/Glu-His
(Dijkstra et al. 1972; Nardini and Dijkstra 1999), with the serine as the
nucleophile residue participating directly in catalysis. For this reason, they are
also known as serine hydrolases. They display a wide range of molecular
mass, usually from 20 to 80 kDa, although enzymes with lower masses have
been reported (Du et al. 2010) and, in general, their active site is
characterized for having a hydrophobic cavity covered by an amphipathic
loop named “flap”. Being considerably hydrophobic, these proteins tend to
aggregate in dimeric, tetrameric, and even hexameric or more aggregated
forms, displaying pseudo-quaternary structures (Pernas et al. 2001; Rua et al.
1997; Xiang et al. 2007).

Some lipases show broad substrate specificity, including triglycerides
and water insoluble sterol esters. This is the case of the Candida rugosa
(synonym Candida cylindracea) lipase family (abH03.01) that comprises a
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variety of closely related enzymes from which at least three of them (Lipl,
Lip2 and Lip3), display activity on both triglycerides and cholesterol esters,
although differing in their substrate specificity (Manchefio et al. 2003).
Among sterol esterases, this promiscuity has been reported for the one
secreted by the ascomycete Ophiostoma piceae (OPE), which shows more
than 40% sequence identity with C. rugosa lipases and similar substrate-
binding sites, as suggested by its structural model (Calero-Rueda et al. 2009).
These properties have also been reported for the Melanocarpus albomyces
sterol esterase (Kontkanen et al. 2006).

The versatile use of these enzymes in hydrolysis or synthesis reactions
made them interesting alternative biocatalysts in different industrial sectors.
Concerning its hydrolytic ability, the use of OPE for pitch biocontrol during
hardwood or softwood pulp production (Calero-Rueda et al. 2002) or to
decrease the problems caused by stickies during recycled paper manufacture
(Barba Cedillo et al. 2013) have been reported. But OPE can also catalyze the
synthesis of phytosterol or phytostanol esters, nutraceuticals currently added
to dairy products because of the hypocholesterolemic effect they exert (Barba
Cedillo et al. 2013). However, the use of any enzyme for biotechnological
purposes requires its production in the adequate system for obtaining high
amounts of the biocatalyst at low cost. In this sense, the use of the
recombinant DNA technology for the improvement of enzyme production by
using different heterologous expression hosts is mandatory. Prokaryotic hosts
have proven useful for expression of eukaryotic proteins despite the absence
of glycosylation routes (Ruiz-Duefias et al. 2006) but the advantage of
eukaryotic systems is their ability to carry out post-translational modifications
(Rosenfeld 1999), which can be essential to express functional recombinant
proteins. In addition, for specific applications such as food industry, the
production of recombinant proteins in prokaryotic or eukaryotic hosts
“Generally Recognized as Safe” (GRAS) is compulsory.

We have previously reported that Komagataella (synonym Pichia)
pastoris 1s the optimal biofactory for the heterologous production of OPE
(Barba Cedillo et al. 2012). The aim of this work was to test and compare the
yields and activity of the OPE produced in several recombinant hosts. Here
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we present the results for OPE cloning and expression in the prokaryotic
model organism Escherichia coli, that synthesizes non-glycosylated protein,
as well as in two eukaryotic hosts: an overproducer strain of P. pastoris and
the GRAS yeast Saccharomyces cerevisiae. The production and properties of
the recombinant proteins are discussed, keeping in mind the initial goal of
finding the best heterologous expression system for OPE, what would be the

starting point for the exploitation of this enzyme in biocatalysis applications.
3.1.3 MATERIALS AND METHODS
3.1.3.1 Strains, plasmids, culture media and materials

All heterologous host strains and plasmids used in the present study are
summarized in Table 3.1.1. E. coli DH5a and the plasmid pGEM-T Easy
(Promega, Madison, WI, USA) were used for the general cloning procedures.
The plasmids pET29a(+), pET28a(+) (Novagen, Merck KGaA, Darmstadt,
Germany), pTYB12, pTYB1 (New England Biolabs, Hertfordshire, UK ),
pGEX-6P-2 (GE Healthcare, Uppsala, Sweden) and pFjl, provided by Dr. F.
J. Medrano (CIB-CSIC, Spain), were used for expression in E. coli. The E.
coli strains used for OPE expression were obtained from different providers:
C43(DE3) from Lucigen, Middleton, WI, USA; BL21(DE3),
BL21(DE3)pLysS, Rosetta(DE3)pLysS and Tuner(DE3) from Novagen
Merck, KGaA, Darmstadt, Germany; BL21(DE3)pT-GroE was kindly
donated by Dr. F. J. Medrano; K12 (dam’/dcm™) and SHuffle T7 express were
from New England Biolabs, Hertfordshire, UK.

Three replicative shuttle vectors were used for expression in S.
cerevisiae: pJRoC30, p426ADH and p426GPD (Camarero et al. 2012;
Mumberg et al. 1995). The yeast strains are summarized in Table 3.1.1 and
were obtained from different sources: BJ5465 and Lalvin T73-4a were kindly
donated by Dr. S. Camarero (CIB-CSIC, Spain) and Prof. A. Querol (IATA-
CSIC, Spain), respectively, and BY4741 was from GE Healthcare, Uppsala,
Sweden. Finally, the recombinant P. pastoris KM71 strain previously
obtained in our laboratory (Barba Cedillo et al. 2012), carrying the construct
pPIC9OPE, was re-transformed with the integrative expression vector
pPIC90OPE.
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E. coli was grown in two different media: LB (10 g/L tryptone, 5 g/L
yeast extract, 5 g/l NaCl) and 2x Tryptone-Yeast Extract (2x TY) (16 g/L
tryptone, 10 g/L yeast extract, 5 g/L. NaCl).

Yeast Extract-Peptone-Dextrose (YPD) plates containing 10 g/L yeast
extract, 20 g/L peptone, 20 g/L glucose and 20 g/L agar were used for general
growing of the yeast strains. Minimal selection medium for S. cerevisiae
contained 6.7 g/ Yeast Nitrogen Base without amino acids (Becton,
Dickinson and Company, Sparks, MD, USA), 1.92 g/L. Yeast Synthetic Drop-
out Medium Supplement without wuracil (Sigma-Aldrich, Steinheim,
Germany), 20 g/L raffinose, 25 mg/L chloramphenicol and 20 g/L agar in the
case of minimal selection plates. Expression medium for S. cerevisiae
contained Bacto Peptone 20 g/L, yeast extract 10 g/L, 100 mM KH>PO4 pH
6.0 buffer, 20 g/L galactose or 20 g/L glucose in the case of inducible or
constitutive promoters, respectively, and 25 mg/L chloramphenicol. Minimal
selection plates for P. pastoris contained 6.7 g/L Yeast Nitrogen Base without
amino acids, 1.92 g/LL Yeast Synthetic Drop-out Medium Supplement without
histidine (Sigma-Aldrich, Steinheim, Germany), 20 g/L glucose and 20 g/L
agar. Expression medium for P. pastoris contained 20 g/L. Bacto Peptone, 10
g/L yeast extract, 10 g/L sorbitol, 100 mM KH>PO4 pH 6.0 buffer and 0.5 %

(w/v) methanol.

Restriction enzymes were from New England Biolabs (Hertfordshire,
UK) while the primers were obtained from SigmaeAldrich. Taqg DNA
polymerase was purchased from Invitrogen (Carlsbad, CA, USA). T4 DNA
ligase was provided by Promega and the purification kits from Qiagen
(Valencia, CA, USA). CHAPS was purchased from Thermo Scientific
(Rockford, IL, USA) and Triton X-100 and Sarkosyl (Sodium lauroyl
sarcosinate) were obtained from Sigma Aldrich.

3.1.3.2 Cloning procedures

Cloning and transformation procedures were performed according to
established techniques (Sambrook and Russell 2001) and suppliers’ manuals.

For cloning in E. coli, the gene of sterol esterase from O. piceae (ope)
was amplified from the expression vector pPICOOPE (Barba Cedillo et al.
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2012), using the reverse primer OPER and the forward primers OPEF1 or
OPEA4F1, to add 4 extra hydrophobic amino acids to the N-terminus (Table
3.1.2). The amplifications were carried out in a Mastercycler Pro S
(Eppendorf, Hamburg, Germany). The PCR products were purified and
ligated into the pGEM T-Easy vector, digested with the restriction enzymes
Ndel and Xhol and subcloned into the expression vectors, pET29a(+),
pET28a(+), pTYBI12 and pFjl, with the same restriction sites. To create a
recombinant GST-OPE protein in the N-terminus we used OPEF2 or
OPEA4F2, to add the 4 extra hydrophobic amino acids, and OPER as reverse
primer (Table 3.1.2).The PCR fragments were ligated into the pGEM T-Easy
vector and subcloned in the expression vector pGEX-6P-2, using BamHI and
Xhol as restriction sites. To produce the OPE with the Intein protein in the C-
terminus, ope was amplified with the forward primers OPEF1 or OPEF2 and
the reverse primer without stop codon OPE2R. The PCR product was cloned
in pGEM T-Easy and then subcloned into the expression vector pTYBI.

Previous reports described an improved solubility of the recombinant
protein expressed in P. pastoris (Barba Cedillo et al. 2012) and the reason for
this behavior was attributed to the presence of 4, 6 or 8 extra amino acids in
its N-terminus due to the cloning strategy. Then, these 4, 6 or 8 extra amino
acids were added in this construct. For gene amplification, the forward
primers OPE6F1 or OPESF1 were used with the reverse primers OPER or
OPE2R when a 6x histidine tag was added to the C-terminus of the
recombinant protein (Table 3.1.2). The PCR product was purified and ligated
into the pGEM T-easy and, after digestion with Ndel and Xhol, subcloned into
the expression plasmid pET29a(+). All recombinant plasmids were verified

by sequencing before use.
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Table 3.1.2 Constructs and strains used in this study.

Vector features

Extra N-t

Fusion tag

Strain Strain features Vector Promoter/Inducer amino acids  and location Expression
E. coli
BL21(DE3) Deficient in both lon and ompT pET29a (+) T7lac/IPTG --14/6/8 - Rrararas
proteases pET29a (+) T7lac/ IPTG 6 nHis C-t +
pET28a (+) T7lac/ IPTG --/4 nHis N-t +/+
pTYBI12 T7lac/ IPTG --/4 Intein N-t +/+
pFJ1 PhoA / Constitutive  --/4 - —/—
BL21(DE3)pLysS High-stringency, reduces basal pTYBI1 T7lac/ IPTG --14 Intein C-t /-
expression level pGEX-6P-2 Ptac/ IPTG -- GST N-t +
pET29a (+) T7lac/ IPTG 4 --- +
BL21(DE3)pT-GroE  Contains chaperone GroESL, pGEX-6P-2 Ptac/IPTG --14 GST N-t +/+
enhances protein folding
Rosetta(DE3)pLysS Provides rare codons tRNAs pET2%9a (+) T7lac/IPTG --14 - —/+
Tuner(DE3) Allows control of expression levels ~ pET29a (+) T7lac/ IPTG -- - +
C43(DE3) Enhances expression of toxic proteins pET29a (+) T7lac/ IPTG --/4 - —/—
K12 No DNA methylation pGEX-6P-2 Ptac/ IPTG -- GST N-t -
pFJ1 PhoA/ Constitutive --/4 - —/—
SHuffle T7 express Allows disulfide bond formationin ~ pET28a (+) T7lac/ IPTG -- nHis N-t +
the cytoplasm pET2%a (+) T7lac/ IPTG 6 - +
S. cerevisiae
BJ5465 Protease-deficient strain pJRoC30 GALI/Galactose 4-8 - +
P426GPD  GPDI/ Constitutive ~ 4-8 --- +
P426ADH  ADHI/Constitutive  4-8 - +
BY4741 Presents four detectable marker genes pJRoC30 GALI/Galactose 4-8 - +
P426GPD  GPDI/Constitutive  4-8 — +
Lalvin T73-4a Wine-growing yeast pJRoC30 GAL1/Galactose 4-8 - +
P426GPD  GPDI/Constitutive 4-8 — +
P. pastoris
KM71 (pPIC9OPE) Strain previously transformed pPIC9 AOX1/Methanol 4-8 - +

Abbreviations. n-His: Histidine tag; N-t: N-terminus; C-t: C-terminus; +: positive expression; —: no expression.
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The cloning strategy to produce the recombinant OPE in §. cerevisiae
consisted on amplifying the a-factor pre-pro-leader sequence and the OPE
gene from pPIC9OPE, using the pair of primers SCF1 and SCR1 (Table
3.1.2). The purified PCR product was ligated into pGEM T-Easy plasmid,
digested with BamHI and Xmal and subcloned into the episomal vectors
p426ADH and p426GPD. The construct for recombinant expression in the
plasmid pJRoC30 was developed according to a similar strategy using the
primers SCF1 and SCR2, and subcloning in pJRoC30 using BamHI and Notl
like restriction sites.

Table 3.1.1 Primers used in this study

Sequence (5°—3”)

Primers .. .
Restriction sites
E. coli
OPEF1 CATATGACAACCGTGAATGTAAACTACC Ndel
OPE4F1 CATATGGAGCTCTACGTAACAACCGTGAATGTAAACT Ndel
ACC
OPEF2 GGATCCACAACCGTGAATGTAAACTACC BamHI
OPE4F2 GGATCCGAGCTCTACGTAACAACCGTGAATGTAAACT  BamHI
ACC

OPES&F1 CATATGGGATCCGAAGCGGAAGCGTATGTGGAATTT Ndel
ACAACCGTGAATGTAAACTACC
OPE6F2  CATATGGGATCCGAAGCGTATGTGGAATTTACAACCG Ndel

TGAATGTAAACTACC
OPER CTCGAGGATGCGGAAGATGCCAATGTTG Xhol
OPE2R CTCGAGTTAGATGCGGAAGATGCCAATG Xhol
S. cerevisiae
SCF1 CGGGGATCCATGAGATTTCCTTCAATTTT BamHI
SCF2 CCCGGGTTAGATGCGGAAGATGCCAATGTTG Xmal
SCF3 TAAGCGGCCGCTTAGATGCGGAAGATGCCAATG Notl

3.1.3.3 Protein expression and analytical procedures

The constructs were introduced into their corresponding host. In the case of E.
coli different electrocompetent strains (Table 3.1.1) were transformed using a
MicroPulser electroporator (Bio-Rad, Hércules, CA, USA) following the
manufacturer’s protocol. For the expression screening, several clones were
grown overnight in 4 mL of 2x TY medium with the corresponding antibiotic
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at 37 °C and 250 rpm. To induce the expression, 0.5 mM of IPTG was added
to the culture. Protein expression was checked by SDS-PAGE using 10%
polyacrylamide gels, staining with Coomassie R-250.To evaluate the
solubility of the protein, positive clones were grown at 37 °C in 50 mL of 2x
TY medium, with the corresponding amount of antibiotic, until optical
density at 600 nm reached 0.6. Then, the culture was induced with 0.5 mM
IPTG and kept overnight at different temperatures (16 °C, 30 °C and 37 °C).
The cells were harvested by centrifugation (6,000 x g, 20 min, 4 °C) and
resuspended in 5 mL lysis buffer (10 mM Tris-HCI, pH 8, with 150 mM
NaCl). Cell pellets were sonicated (Misonix S4000; Qsonica, Newtown, CT,
USA), separated from the supernatant fraction and checked for protein
solubility using SDS-PAGE gels (as described above). To increase the
solubility, three different detergents were assayed: the zwitterionic surfactant
CHAPS (20-80 mM), the non-ionic detergent Triton X-100 (1%), and the
alkyl anionic surfactant Sarkosyl (7.5-30 mM).

In the case of S. cerevisiae, three different episomal vectors
(p426ADH, p426GPD and pJRoC30) were introduced into the strains
BJ5465, BY4741 and Lalvin T73 following the S. cerevisiae transformation
kit instructions (Sigma-Aldrich, Steinheim, Germany). Single colonies of the
transformed S. cerevisiae clones were picked from minimal selection plates,
used to inoculate 3 mL of minimal medium and incubated for 48 h at 30 °C
and 220 rpm. An aliquot of the cells was used to inoculate a final volume of
20 mL in 100 mL flasks, adjusting the ODsoo to 0.25, and then incubating for
two complete cell divisions (6—8 h). Thereafter, the cells were diluted to
ODe¢oo = 0.1 1n a final volume of 20 mL of expression medium in 100 mL
flasks (Pardo et al. 2012). The strain of P. pastoris containing the construct
pPIC9OPE (Barba Cedillo et al. 2012) was retransformed with the construct
PIC90OPE, following the manufacturer’s instructions (Invitrogen, Carlsbad,
CA, USA), to obtain improved expression levels. Semi-quantitative PCR with
four serial dilutions of genomic DNA was carried out to check the number of
copies of the ope gene in the new strain. Single colonies of the new P.
pastoris strain were picked from minimal selection plates, used to inoculate 5
mL of YEPS medium without 0.5 % (w/v) methanol and incubated overnight
at 28 °C and 250 rpm. An aliquot of the cells was used to inoculate a final
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volume of 20 mL of expression medium in 100 mL flasks. Methanol (0.5 %)
was added daily for maintaining the induction and counteracting evaporation.

Enzyme activity was routinely measured by monitoring p-nitrophenol
release from 1.5mM p-nitrophenyl-butyrate (pNPB) (Sigma-Aldrich,
Steinheim, Germany) (Calero-Rueda et al. 2002) in 20mM Tris-HCI pH 7
buffer at 25 °C in a Shimadzu UV-1800. One unit of activity (1U) is defined
as the amount of enzyme releasing 1 umol of substrate per minute under the
defined conditions.

Kinetic studies by using pNPB as substrate were assayed in the
presence of 1% (v/v) Genapol X-100 (Sigma-Aldrich, Steinheim, Germany)
(Gutierrez-Fernandez et al. 2014). Experimental data were fitted to hyperbolic
Michaelis-Menten curves and statistically analyzed with the Sigma Plot 11.0
software.

Protein concentration was determined by the BCA bioassay (Thermo
Scientific, Rockford, IL, USA), using bovine serum albumin as standard. For
N-deglycosylation, the purified OPE was dialyzed against sodium citrate
buffer, pH 5.5, and then incubated with Endo H at 37 °C for 24 h, following
the manufacturer’s instructions. Both the glycosylated and the deglycosylated
proteins (around 5 pg each) were analyzed by SDS-PAGE and N-linked-
carbohydrate content was estimated based on visual analysis of the stained
gel, from the difference between the molecular mass of the sterol esterase
before and after deglycosylation with Endoglycosidase H (Endo H; Roche,
Mannheim, Germany) (Calero-Rueda et al. 2009).

3.1.3.4 Protein production and purification

A His-tagged version of OPE was expressed in strain E. coli BL21(DE3) in
order to purify the protein via His-tag affinity purification. 500 mL of the 2x
TY medium in 2 L flasks were inoculated and grown at 37 °C, until optical
density at 600 nm reached 0.6. Then, the culture was induced with 0.5 mM
IPTG and kept at 16 °C and 250 rpm overnight. The cell cultures were
harvested by centrifugation (6,000 x g, 20 min, 4 °C), resuspended in 10 mL
of lysis buffer with 20 mM Sarkosyl and sonicated. Bacterial lysates were
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pelleted at 50,000 x g for 1 h at 4 °C in a 60Ti rotor. The supernatant was
loaded onto a His-Trap HP 5 mL column (GE Healthcare, Uppsala, Sweden)
equilibrated with binding buffer (10 mM Tris-HCI, pH 8.0, with 5 mM
imidazole, 500 mM NaCl and 18 mM CHAPS). The target proteins were
eluted with 50 mL elution buffer (10 mM Tris-HCI, pH 8.0, with 150 mM
imidazole, 500 mM NaCl and 18 mM CHAPS). The purified enzyme was
dialyzed against 10 mM Tris-HCI, pH 8, with 18 mM CHAPS to reduce the

salt and imidazole content.

The sterol esterase expressed in S. cerevisiae BJ5465 strain with
pJRoC300PE, was produced in 1 L flasks with 200 mL of expression
medium at 22 °C and 220 rpm, and inoculated as described above. The sterol
esterase overexpressed in the new strain of P. pastoris was produced in 1 L
flasks with 100 mL of expression medium at 28 °C and 250 rpm. When
maximum activity was reached (generally after 72-96 h in both cases), the
cells were harvested by centrifugation (6,000 x g, 4 °C) and the supernatants
concentrated in 10,000 MWCO Amicon-Ultra Centrifugal filters (Merck
Millipore, Darmstadt, Germany). The esterase purification was carried out in
a single hydrophobic chromatography step (Octyl-Sepharose cartridge, GE
Healthcare, Uppsala, Sweden) as previously reported (Barba Cedillo et al.
2012). The purified enzyme was dialyzed against 25 mM Tris-HCI, pH 7, to
remove the detergent. The fractions containing the purified protein from the
different hosts were further concentrated by ultrafiltration (30 kDa cut-off,
Merck Millipore, Darmstadt, Germany).

To evaluate the relevance of N-linked glycosylation in OPE, the
doubly-transformed P. pastoris strain was grown for 6 days in 250 mL flasks
with 25 mL expression medium at 28 °C and 250 rpm in the presence of 20
ug/mL of tunicamycin (Sigma-Aldrich Steinheim, Germany). Culture samples
(1 mL) were withdrawn periodically and centrifuged (6,000 x g). Esterase
activity was evaluated in the supernatant as described above. Yeast biomass
was determined gravimetrically after drying yeast pellets until constant

weight in an aeration oven at 65 °C.
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3.1.3.5 N-terminal sequencing and analytical ultracentrifugation

The N-terminal sequence of the recombinant protein was obtained by
automated Edman degradation of 10 pg of purified sample as previously
described (Barba Cedillo et al. 2012).

A sedimentation velocity assay was used to check the aggregation
behavior of recombinant proteins. Solutions of the purified protein (0.5
mg/mL) in 20 mM Tris-HCL, pH 7.0, were used for this experiment.
Measurements were performed as previously reported (Gutierrez-Fernandez
et al. 2014). Differential sedimentation coefficient distributions c(s) were
calculated by least-squares boundary modeling of sedimentation velocity data
using the continuous distribution ¢(s) Lamm equation model as implemented
by SEDFIT (version 14.1.). Experimental s values were corrected to standard
conditions using the program SEDNTERP.

3.1.3.6 Circular dichroism spectroscopy

Measurements were carried out using a JASCO J-720 spectropolarimeter. Far-
UV spectra were recorded in a 0.1 cm path length quartz cell at a protein
concentration of 0.1 mg/ mL in 20 mM sodium phosphate buffer, pH 7.0. The
spectra from five scans were averaged and corrected for the baseline
contribution of the buffer. The observed ellipticities were converted into mean
residue ellipticities (0) based on a mean molecular mass per residue of 110
Da.
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3.1.4 RESULTS
3.1.4.1 Expression in E. coli

The expression of OPE using E. coli as heterologous host (Table 3.1.1) was
only achieved using vectors carrying inducible promoters such as pGEX-6P-2
or pET family vectors, although the protein produced was not soluble. Many
strategies were attempted (Table 3.1.1) trying to improve protein solubility: 1)
fusing the target protein to tags such as 6x-His, GST or Intein; i1) using E. coli
strains such as C43, designed for the expression of toxic proteins, Tuner, that
allow modulating the induction level, or SHuffle T7, engineered to favor
disulfide bond formation in the cytoplasm; iii) improving host cell codon
usage by expressing the protein in E. coli strain Rosetta; or iv) enhance
protein folding using as host the pT-GroE strain. Furthermore, different
growth conditions were assayed, using several temperatures to optimize the
expression and solubility of the recombinant proteins. However, in all cases,
the protein expressed formed big aggregates commonly referred to as
inclusion bodies. With the aim of solubilizing the OPE produced in E. coli,
three different surfactants were tested on the inclusion bodies produced from
pET28a(+) 6x-His in the BL21(DE3) strain. Only Sarkosyl above the critical
micelle concentration (CMC=14.6 mM) was effective in solubilizing OPE, as
observed by SDS-PAGE (Fig. 3.1.1). Protein aggregates obtained from
overnight cultures was dissolved using Sarkosyl and purified in a single step
in a prepacked cartridge for His-tagged recombinant proteins, after replacing
Sarkosyl by CHAPS, a detergent easily removable by dialysis (Hjelmeland et
al. 1983). Fifteen milligrams of pure enzyme, with a molecular mass around
60 kDa, corresponding to the mass determined using the amino acid
composition, were obtained from 1 L of 2x TY medium (Fig. 3.1.2). The
circular dichroism spectrum of the purified protein in the far-UV region
differed significantly from those registered for the native OPE as well as for
the recombinant OPE expressed in the eukaryotic systems (Fig. 3.1.3). The
purified enzyme revealed to be inactive after checking its performance in
pNPB hydrolysis.
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A second approach to avoid the formation of inclusion bodies,
producing soluble OPE from the prokaryotic host, consisted on adding to the
sequence of the native protein 4, 6 or 8 extra amino acids in the N-terminus of
the protein, emulating the N-terminal region of the very soluble OPE
populations expressed in P. pastoris (Barba Cedillo et al. 2012). A soluble
form of the recombinant protein from E. coli was exclusively produced when
6 or 8 extra amino acids were added to the N-terminus (Fig. 3.1.1), but none
of the proteins were active against the substrate assayed.

No extra amino acids

A No detergent  Sarkosyl 18mM B Extra 6aa Extra 8aa
kDa 1 2 3 4 5 kDa 1 2 3 4 5
250 - 250 -
150 - 150 -
100 — 100 —
75— 75 —
:_ _____________________ | R e SRR o ]
50 - SN RS Al o :
37 -
37 -
25—
25—

Fig. 3.1.1 SDS-PAGE of the crude extract of E. coli BL21(DE3) cultures containing
the ope gene. The dashed boxes indicate OPE expression. A) OPE overexpressed without
N-terminal extra amino acids. Lane 1, molecular mass markers. Lanes 2-3, pellet and
supernatant, respectively, of the culture induced with IPTG without addition of surfactant.
Lanes 4-5, pellet and supernatant, respectively, of the culture induced with IPTG and
solubilized with 18 mM of Sarkosyl. B) OPE overexpressed with 6 or 8 extra N-terminal
amino acids. Lane 1, molecular mass markers. Lane 2, supernatant from an uninduced
culture. Lanes 3-4, pellet and supernatant, respectively, of the culture expressing OPE with
6 extra N-terminal amino acids. Lanes 5-6, pellet and supernatant, respectively, the culture

expressing OPE with 8 extra N-terminal amino acids.
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3.1.4.2 Expression in S. cerevisiae and P. pastoris

Screening OPE production in the yeast S. cerevisiae (Fig. 3.1.4)
demonstrated the expression of soluble and active protein in all constructs and
strains assayed (Table 3.1.1). The greatest activity (0.9 U/mL) was achieved
in the protease deficient strain BJ5465, with the galactose-inducible promoter
GALI, after 3 days of incubation at 22 °C in 100 mL Erlenmeyer flasks. The
clone of the retransformed P. pastoris strain giving maximal production
yielded 42 U/mL after 4 days of incubation at 28 °C, 2.4-fold higher than the
previous clone (Barba Cedillo et al. 2012). Semi-quantitative PCR suggested
that the new clone carried two copies of the OPE construct (data not shown).

The recombinant proteins were purified to homogeneity. As expected,
the OPE expressed in the new strain of P. pastoris was similar in molecular
mass, N-carbohydrate content and comparable activity levels on pNPB to the
protein previously produced in the same host (Barba Cedillo et al. 2012).
Nevertheless, the calculated specific activity differed since protein
concentration was now determined by the BCA bioassay, as recommended for
very hydrophobic proteins, due to the fact that these proteins are
underestimated by the Bradford method (Larsen et al. 2008).

Expression in S. cerevisiae yielded 4.1 mg/L of purified OPE, whereas
in the new strain of P. pastoris 66 mg/LL were obtained. Based on visual
analysis of the stained gel, both proteins showed a similar molecular mass
(around 75 kDa), with around 28% N-linked sugars (Fig. 3.1.2). In addition,
both had a molecular mass of around 60 kDa after deglycosylation with
EndoH, which coincides with the value expected from the amino acid
sequence of OPE. The specific activities of the OPE synthesized by S.
cerevisiae, before and after deglycosylation, were 34 U/mg and 25 U/mg,
while for the OPE produced in P. pastoris, they were 120 U/mg and 98 U/mg
respectively, indicating that most of the activity is retained in the secreted
protein in spite of lacking the sugar moiety. The addition of tunicamycin, an
inhibitor of N-linked glycosylation, to P. pastoris cultures, drastically reduced
the OPE production, obtaining 0.4 U per mg of yeast biomass against the 3 U
per mg of yeast biomass obtained in untreated cultures after 6 days of
incubation.
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Fig. 3.1.2 SDS-PAGE of purified OPE expressed in different heterologous hosts. Lane
1, molecular mass markers. Lane 2, OPE expressed in P. pastoris. Lane 3, OPE expressed
in P. pastoris and deglycosylated with Endo-H. Lane 4, OPE produced in S. cerevisiae.
Lane 5, OPE produced in S. cerevisiae and deglycosylated with Endo-H. Lane 6, OPE
produced in E. coli.
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Fig. 3.1.3 Circular dichroism spectra (far UV spectrum) of purified OPE expressed in
different heterologous hosts. Bold line, native protein secreted from the fungus O. piceae.
Thin line, OPE expressed in P. pastoris. Dashed line, OPE expressed in S. cerevisiae.
Dotted line, OPE expressed in E. coli.

72



Heterologous expression of a fungal sterol esterase/lipase in different hosts

1.0
I 3 days
[J4days
08|
306}
£
2
2
% 04
<
02}
00 M ._‘ .—

Control BYGAL BYGPD T73GAL T73GPD BJGAL BJGPD BJADH
S.cerevisiae strain/promoter

Fig. 3.1.4 Comparison of the esterase activity from different crude extracts from S.
cerevisiae. The hydrolytic activity was checked against 1.5 mM of pNPB as the substrate.
The OPE gene was expressed using the following constructs: the yeast strains Lalvin T73,
BJ5465 and BY4741 carrying either the p426 plasmid with the constitutive promoters GPD
or ADH, or the pJRoC30 vector with the inducible promoter GALI.

The Kn value against pNPB was 0.28 mM for the OPE from S.
cerevisiae and similar values were found for the protein produced in P.
pastoris (Table 3.1.3). However, the turnover frequency and -catalytic

efficiency (kcavKm) against this substrate were about 3-fold lower in the OPE
expressed in S. cerevisiae (Table 3.1.3).

Table 3.1.2 Comparative heterologous expression levels and apparent Kinetics
parameters of recombinant protein against pNPB.

Host Production (mg/L)  Km (mM) keat (s keat/Km (s mM™)
S. cerevisiae 4.1 0.28+0.05 50.0+29 175.5+27.6
P. pastoris 66.0 0.26:0.08 146.9+12.1 567.5+ 142.6
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In this work, the N-terminal sequence of the recombinant OPE
expressed in the two eukaryotic hosts contained the same 4 to 8 extra amino
acids described in a previous paper for the protein produced in P. pastoris
(Barba Cedillo et al. 2012). These additional residues derive from a wrong
processing of the EAEA repetition by signal peptidase STE13 and from the
cloning procedure that leaves a residual sequence YVEF from the SnaBl and
EcoRI restriction sites. Due to the presence of different protein populations in
the sample, we are not able to discriminate if the main population contains 4,
6 or 8 extra amino acids, the ratio between the different populations, or the
particular behavior of each one of them in terms of solubility.

The circular dichroism spectrum of the OPE expressed in S. cerevisiae
revealed a secondary structure similar to those from the native protein and the
recombinant form secreted by P. pastoris (Fig. 3.1.3). However, the measure
of the sedimentation velocity of the former by analytical ultracentrifugation
(Fig. 3.1.5) showed an intermediate aggregation state between those displayed
for the native OPE and the recombinant protein expressed in P. pastoris.
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Fig. 3.1.5 Sedimentation velocities obtained by analytical centrifugation of the
recombinant OPE expressed in: A) P. pastoris and B) S. cerevisiae. The percentages of
the different species are represented in brackets. Conditions are described in the
experimental section
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Whereas the native protein from O. piceae showed a tendency to form
big aggregates in aqueous solution (Barba Cedillo et al. 2012), the
recombinant form expressed in P. pastoris was a combination of monomeric
(66%) and dimeric (27%) forms with a small amount of big aggregates (7%),
while OPE from S. cerevisiae appeared as a mixture of monomers (53 %),
dimers (12%), and big aggregates (35%).

3.1.5 DISCUSSION

The O. piceae sterol esterase has been expressed in two new hosts, the
bacterium E. coli and the GRAS yeast S. cerevisiae, and its production has
been improved in the yeast P. pastoris. The characteristics of the recombinant
proteins have been analyzed and compared with those from the native protein.

Regardless of the E. coli strain assayed, the production of recombinant
OPE in this bacterial host rendered an insoluble and inactive protein stored
inside inclusion bodies. The insolubility of the foreign proteins expressed in
this microorganism, is an ordinary problem found when a eukaryotic protein
is expressed in a prokaryotic host. Inclusion bodies are formed by deposition
of unfolded or partially misfolded protein species that interact through
hydrophobic patches, unusually exposed to the solvent (Gasser et al. 2008).
Highly hydrophobic proteins, as OPE is, are more prone to accumulation in
inclusion bodies (Singh and Panda 2005). This phenomenon can be
minimized through the control of parameters such as temperature, the use of
fusion tags, the co-expression of plasmid-encoded chaperones (Sorensen and
Mortensen 2005) or by using surfactants to solubilize inclusion bodies (Zou et
al. 2009). In this particular case, and after assaying several of the
aforementioned strategies, recombinant soluble OPE was obtained by addition
of Sarkosyl, an alkyl anionic detergent, to E. coli cultures. Nevertheless, the
soluble protein showed no activity on the substrate assayed. In vitro folding is
usually required to obtain active recombinant proteins from inclusion bodies,
although it has been reported the expression in E. coli of Lip4 from C. rugosa
fused with thioredoxin gene, yielded 10 % of the total recombinant protein in
its soluble form (Tang et al. 2000).
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On the other hand, previous results from OPE expression in P. pastoris
(Barba Cedillo et al. 2012), described the increased solubility of the
recombinant protein. This interesting feature was related to the presence of 4
to 8 extra amino acids in its N-terminus, although the reasons underlying the
observed effect of the extra sequence were not explained. The recently
elucidated crystal structures of that protein, in its closed and open
conformations, shed light on this point suggesting that the presence of the
extra N-terminal residues disrupts a hydrophobic patch in the protein surface,
preventing its aggregation (Gutierrez-Fernandez et al. 2014). Then, in a last
trial to obtain a soluble and active form of OPE in E. coli, we tested the effect
of adding these extra amino acids at the N-terminal region of the protein.
Only the incorporation of 6 or 8 extra amino acids rendered partially soluble
protein in E. coli, corroborating that they avoid aggregation, albeit the protein

was inactive.

N-linked glycosylation is one of the most common posttranslational
modifications of proteins. Since E. coli cannot perform this complex
posttranslational modification, the synthesis of a non-glycosylated
recombinant protein could cause the failure to produce an active form of OPE.
However, it has been demonstrated that both the native and the recombinant
OPE from yeasts maintain their activity levels after enzymatic
deglycosylation (Barba Cedillo et al. 2012) indicating that the presence of the
glycan moiety is not necessary to preserve the enzymatic activity of the
glycoprotein once folded and secreted. Then, the lack of activity of the
recombinant protein synthesized by E. coli could be more related to its
misfolding, taking into account the relevant role played by sugars in the first
steps of protein folding inside the endoplasmic reticulum (Helenius 1994; Wei
et al. 2013). The far-UV CD spectrum data of OPE from E. coli (Fig. 3.1.3)
support this theory since they suggest an incorrect protein folding in this
heterologous expression system. This hypothesis was tested by adding
tunicamycin, a drug that prevents the first committed step of N-linked
glycosylation of proteins in the endoplasmic reticulum, to P. pastoris cultures.
The drastic reduction of the amount of OPE per biomass unit secreted in this

yeast as a consequence of this treatment upholds the essential role of the
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initial glycosylation steps for the correct folding and secretion of the active
protein (Helenius and Aebi 2001; Hurt et al. 2012).

The recombinant protein expressed in S. cerevisiae was soluble and
active, showing similar molecular mass, glycosylation degree and circular
dichroism spectrum than OPE from P. pastoris. Regarding the solubility of
the protein expressed in S. cerevisiae, it was more soluble than the native one
(Barba Cedillo et al. 2012), but less than that produced in P. pastoris, as can
be inferred from analytical ultracentrifugation experiments (Fig. 3.1.5). The
expression levels achieved in S. cerevisiae were considerably lower than
those obtained in P. pastoris in the conditions assayed. Among the strains
tested, the best S. cerevisiae producer was the protease-deficient strain
carrying the inducible promoter. Although being replicative, the plasmid used
in this construct showed to have high stability after several evolution cycles in
experiments of directed evolution of fungal laccases (Camarero et al. 2012).

Despite the similarity of the OPE expressed in the two eukaryotic hosts,
the efficiency of the enzyme produced in S. cerevisiae was three times lower
than that of the protein expressed in the doubly-transformed P. pastoris strain
(Table 3.1.3). Although both proteins contain the extra N-terminal amino
acids, their differences in yield, aggregation behavior and kinetic constants
may be explained from having a different ratio of species with 4, 6 or 8 N-
terminal residues. In S. cerevisiae, the protein is produced at 22 °C and there
1s a low protein secretion level. Under these conditions, the peptidase STE13
is likely to process the EAEA repetition more efficiently than it does in P.
pastoris cultures, where the environment is less favorable in terms of
temperature and protein amount. Then, the population of proteins with 4 extra
amino acids would be higher in the former situation, but this fact would
impact negatively in OPE solubility, as can be deduced from the lack of
solubility observed for the recombinant OPE form with only 4 extra amino

acids in its N-terminus produced in E. coli.

Although we are aware of the low yields of the OPE produced in S.
cerevisiae, 1t is interesting to remark that the success in achieving the
functional expression of OPE in this yeast, used as platform of directed

evolution (Camarero et al. 2012), opens new strategies to produce more
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robust tailor-made enzymes. Further experiments would be required to
optimize OPE expression in this host.

In summary, here we analyzed the expression, in prokaryotic and
eukaryotic hosts, of the sterol esterase from O. piceae, an enzyme with
potential biotechnological interest. The results suggest that the first steps of
N-glycosylation during OPE synthesis may condition its final folding and are
crucial to secrete an active protein. The choice of the heterologous host and
growth conditions seem also to be very important to obtain soluble forms
(monomeric or dimeric) of OPE, enhancing its catalytic efficiency and
preventing its aggregation.
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3.2.1 SUMMARY

Sterol esterases are able to efficiently hydrolyze both sterol esters and
triglycerides and to carry out synthesis reactions in the presence of organic
solvents. Their high versatility makes them excellent candidates for
biotechnological purposes. Sterol esterase from fungus Ophiostoma piceae
(OPE) belongs to the family abH03.01 of the Candida rugosa lipase-like
proteins. Crystal structures of OPE were solved in this study for the closed
and open conformations. Enzyme activation involves a large displacement of
the conserved lid, structural rearrangements of loop al6-al17, and formation
of a dimer with a large opening. Three PEG molecules are placed in the active
site, mimicking chains of the triglyceride substrate, demonstrating the
position of the oxyanion hole and the three pockets that accommodate the sn-
1, sn-2 and sm-3 fatty acids chains. One of them is an internal tunnel,
connecting the active center with the outer surface of the enzyme 30 A far
from the catalytic Ser220. Based on our structural and biochemical results we
propose a mechanism by which a great variety of different substrates can be
hydrolyzed in OPE paving the way for the construction of new variants to
improve the catalytic properties of these enzymes and their biotechnological
applications.
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3.2.2 INTRODUCTION

Triacylglycerol lipases (EC 3.1.1.3) are enzymes ubiquitous in nature, from
microbes to plants and animals, catalyzing the hydrolysis of triglycerides to
diglycerides, monoglycerides, free fatty acids and glycerol. In addition, these
enzymes can catalyze esterification and transesterification reactions in the
presence of organic solvents (Houde et al. 2004). Their interest is related to
their application in a wide range of industrial processes: food, detergents,
cosmetics, pharmaceutical, textile and paper industry (Reetz 2002; Singh and
Mukhopadhyay 2012).

On the other hand, sterol esterases (EC 3.1.1.13) are defined as
enzymes that hydrolyze sterol esters releasing free sterols and fatty acids.
These enzymes were described in mammal tissues and in some fungi and
bacteria (Ghosh et al. 1995; Rahim and Sih 1969). Initially they were
proposed to be used to detect cholesterol in blood (Allain et al. 1974) but their
importance increased during the last decade since, in addition to their ability
to hydrolyze sterol esters, they are able to hydrolyze triglycerides efficiently
(Calero-Rueda et al. 2002; Kontkanen et al. 2006; Maeda et al. 2008) and
carry out synthesis reactions in the presence of organic solvents (Barba et al.
2011; Morinaga et al. 2011). Due to their high versatility, these enzymes
proved to have high biotechnological interest for pitch reduction during paper
pulp manufacture (Calero-Rueda et al. 2002) and they can also catalyze the
synthesis of phytosterol esters used as food additives (Barba et al. 2011;
Morinaga et al. 2011).

Both lipases and sterol esterases are o/B-hydrolases showing a
substrate-binding site formed by an extensive hydrophobic pocket
(Grochulski et al. 1993) (Manchefio et al. 2003). A traditional criterion
accepted to define an enzyme as a lipase deals with the huge increase of their
activity in the lipid-water interface, owing to a phenomenon known as
interfacial activation (Verger 1997), a process that can be also triggered by
micelles (Hermoso et al. 1996; Hermoso et al. 1997). This property is linked
usually to the existence of a structural lid in these enzymes, allowing the
access of the lipidic substrate to the catalytic site (Holmquist 2000).
Nevertheless, the existence of a lid seems not to be the single determinant for
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interfacial activation (Manchefo et al. 2003). In the case of sterol esterases,
no much information is available since most of them have not been

characterized.

The yeast Candida rugosa secretes a variety of closely related
enzymes, referred as lipases or sterol esterases. In light of biochemical and
structural studies, the best-characterized enzymes from this yeast (Lip1, Lip2
and lip3) exhibit a high sequence identity among them (77-88%), but they
differ in their substrate specificity on triglycerides and cholesterol esters.
These differences in the affinity towards these compounds are explained by
small changes in the hydrophobicity of the substrate-binding site and the lid
region (Mancheifio et al. 2003).

Sterol esterase from Ophiostoma piceae (OPE) (UniProt Id Q2TFW1)
belongs to the family abH03.01 of the C. rugosa lipase like proteins (The
Lipase Engineering Database http://www.led.uni-stuttgart.de/) for which 326
members have been sequenced and the three-dimensional structures of lipases
from C. rugosa (Grochulski et al. 1993), the lipase from Geotrichum
candidum (Bourne et al. 2004; Schrag and Cygler 1993) and the esterase from
Aspergillus niger (Bourne et al. 2004) are the only members up to now

reported.

Recently, we described a computational model of three-dimensional
structure for OPE based on C. rugosa Lipl and lip3 structures (Barriuso et al.
2013; Calero-Rueda et al. 2009). OPE is more efficient than C. rugosa lip3
against sterol esters (Barba et al. 2011). Our model indicated that differences
in the tunnel region of these enzymes could be related with their catalytic
efficiency differences (Calero-Rueda et al. 2009).

Therefore, the development of structural studies is essential to
understand the catalytic properties of these enzymes. The use of native O.
piceae enzyme did not produce crystals suitable for X-ray diffraction (Calero-
Rueda et al. 2002). In this work we present the three-dimensional structure of
this enzyme, in its open and closed conformations, by using the
deglycosylated form of the recombinant protein expressed in Pichia pastoris,

more soluble than the native one (Barba Cedillo et al. 2012). The activation
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mechanism and substrate stabilization is here described. This represents a
hotspot in this field, opening the way for the rational design of new improved

variants for industrial applications and allowing fine tuning enzyme activity.
3.2.3 MATERIALS AND METHODS
3.2.3.1 OPE expression, purification and characterization

The enzyme was over-expressed in P. pastoris and purified in a single
hydrophobic chromatography step (Octyl- Sepharose cartridge, GE
Healthcare), as previously reported (Barba Cedillo et al. 2012), although in
this case the protein was eluted after addition of 18 mM CHAPS in 25 mM
Tris-HCI pH 7.0. The purified enzyme was dialyzed against 25 mM Tris-HCl
pH 7 to reduce the detergent concentration below 0.5 uM and stored at -20 °C
until used.

Purified OPE was subjected to Size Exclusion Chromatography (SEC)
using a Superose 12 GL 10/300 (GE Healthcare) with 20mM Tris-HCI pH 7
plus 0.15M NaCl at 0.3 mL min-1 to separate the multimolecular forms of the
purified protein. Dextran blue (2000 kDa), Ferritin (460 kDa), Aldolase (170
kDa), BSA (73 kDa), Ovalbumin (48.2 kDa) and Chymotrypsinogen A (19.5
kDa), (calibration kits, Amersham Pharmacia), were used as standards to
calibrate the column. Before deglycosylation with Endoglycosidase H
(Roche), OPE was dialyzed against sodium citrate buffer pH 5.5 and then
incubated at 37 °C for 24 h, following the manufacturer’s instructions.
Deglycosylation was checked by SDS-PAGE, staining the protein bands with
Coomassie R-250 or with silver reagent. The deglycosylated enzyme was
dialyzed against 25 mM Tris-HCI pH 7.0 for crystallization assays.

Enzyme activity against esters of p-nitrophenol was measured by
monitoring the hydrolysis of pNPB, pNPL and pNPP. A 20 mM stock
solution of the substrates was prepared in HPLC grade acetone. The assay
mixture contained 2 mM substrate in 20 mM Tris-HCI pH 7.0 buffer and 1%
(v/v) Genapol X-100. The reactions were monitored at 410 nm at room
temperature in a Shimadzu UV-1800, in the case of pNPP and pNPL with
magnetic stirring. One unit of activity (1 U) is defined as the amount of
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enzyme releasing 1 pumol of p-nitrophenol (g410=15,200 M-'ecm™!) per minute
under the defined conditions.

Protein concentration was determined by BCA bioassay (Thermo)

using bovine serum albumin as standard.

Analytical ultracentrifugation was used to check the aggregation
behavior of recombinant proteins and the possible transition state between of
both closed and open protein forms (monomer and dimer, respectively).
Measurements were performed in a XL-I analytical ultracentrifuge (Beckman-
Coulter Inc.) equipped with UV-VIS and interference detection optics.
Samples, in 25 mM Tris-HCI, pH 7.0, were centrifuged at 48,000 rpm and 20
°C using an An50Ti eight hole rotor and double-sector Epon-charcoal
centerpieces. Differential sedimentation coefficient distributions c(s) were
calculated by least-squares boundary modeling of the experimental data using
the program SEDFIT (version 12.44) (Schuck 2000). The experiments were
carried out, by wusing both the purified protein after hydrophobic
chromatography (0.5 mg/mL), consisting in a mixture of aggregates states
(principally monomer and dimer), and the monomer isolated after SEC (0.2
mg/mL). These proteins were analyzed in presence or absence of 5 mM
dodecane sulfonyl chloride (Sigma-Aldrich), as enzyme inhibitor, and 5 mM
of cholesteryl oleate, as enzyme substrate (after 30 min of incubation at room
temperature). The enzyme inhibitor was prepared in isooctane, remaining in
the samples at 0.5%, and the substrate was dissolved in 0.02% Genapol X-100
and 150 mM NaCl (final concentration).

3.2.3.2 Construction of an OPE mutant

The mutant [544W was constructed by site-directed mutagenesis. The
mutation was introduced by polymerase chain reaction (PCR), using the
expression plasmid pPICOOPE as template (Barba Cedillo et al. 2012). Both a
direct and a reverse primer were designed complementary to opposite strands
of the same DNA region. The following primers were used (with indication of
the  changed triplets in  bold): OPE  1544W  (Fw: 5’-
CAACAACTGGGGCATCTTCC -3’ and Rv: 5'-
GGAAGATGCCCCAGTTGTTG -3°). PCRs (50 pL final volume) were
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carried out in a Mastercycler Pro S (Eppendorf) using 100 ng of template
DNA, each dNTP at 250 uM, 125 ng of direct and reverse primers, 5 units of
expand long template enzyme mix (Roche), and the manufacturer’s buffer
number 3. Reaction conditions were as follows: (i) 95 °C for 1 min; (i1) 18
cycles at 95 °C for 50 s, 55 °C for 50 s, and 68 °C for 10 min; and (iii) a final
cycle at 68 °C for 10 min. After amplification, the PCR products were treated
with Dpnl restriction enzyme (Roche) to digest the parental strand. The
mutated gene was completely sequenced using an ABI 3730 DNA analyzer
(Applied Biosystems) to ensure that only the desired mutation was
introduced.

3.2.3.3 Crystallization and data collection

Initial crystallization trials were performed by the sitting drop vapor-diffusion
method at 18 °C. A wide range of crystallization conditions were assayed by
high-throughput techniques, using a NanoDrop robot with Innovadyne SD-2
microplates (Innovadyne Technologies Inc., California, USA). The mixture
contained 250 nL of protein solution and 250 nL of precipitant solution,
equilibrated against 65 uL of well solution. Successful crystallization
conditions were optimized by a hanging-drop vapor-diffusion method, mixing
1 puL of protein solution and 1 pL of precipitant solution, equilibrating against
500 pL of reservoir solution. Native OPE was assayed at 10 mg mL"! in 25
mM Tris-HCI pH 7.0 (Sigma-Aldrich). Two different habits were found in
different conditions. Optimized habit I crystals grew in 0.2 M sodium nitrate
(Sigma-Aldrich), 0.1 M bis-tris propane pH 7.5 (Sigma-Aldrich) and 20%
(w/v) PEG 3350 (Sigma-Aldrich), while habit II crystals grew in 10% (v/v)
1,4-dioxane (Sigma-Aldrich), 0.1 M MES pH 6.5 and 1.6 M ammonium
sulphate (Sigma-Aldrich). Native datasets of both habits were collected, using
synchrotron radiation, at beamline ID29 in the ESRF (Grenoble, France) and
cryoprotected with 20% glycerol (Sigma-Aldrich). Both datasets were
processed with XDS (Kabsch 2010) and scaled with SCALA (Evans 2006),
from CCP4 suite (Winn et al. 2011). Habit I crystals diffracted up to 2.0 A
resolution and belonged to the tetragonal 14, space group (a=b=164.12 A, ¢
=93.99 A; =B =y =90°. A dimer was found in the asymmetric unit, with a
Matthews' coefficient of 2.67 A3 Da™! and a solvent content of 54.03%. Habit
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II crystals diffracted up to 2.6 A resolution and belonged to the hexagonal
P6322 space group (a = b = 119.27 A, ¢ = 206.77 A; oo =B = 90°, y = 120°).
One single monomer was found in the asymmetric unit, with a Matthews'
coefficient of 3.44 A Da’! and a solvent content of 64.24%.

3.2.3.4 Structure determination and refinement

Structure associated to habit I was solved by molecular replacement with
Phaser (McCoy et al. 2007), using C. rugosa Lipl, PDB code 1LPN,
sequence identity = 42.8%; (Grochulski et al. 1994), as initial model. The
resulting structure was used as initial model to solve, by molecular
replacement, the structure associated to the habit II. The refinement and
manual model building of both structures was carried out with Phenix (Adams
et al. 2010) and Coot (Emsley et al. 2010), respectively. Figures involving
structural elements of these proteins have been created in PyMOL
(Schrodinger 2010) and some surface representations have been designed
with Hollow (Ho and Gruswitz 2008).

The refinement converged to final values of Ryox = 0.17 and Rpee =
0.21 for habit I structure, and of Rwox = 0.17 and Rfe. = 0.22 for habit II
structure. The final model of habit I crystals presents 538 amino acids for one
monomer and 537 amino acids for the other, showing both an open
conformation. In addition, two N-Acetylglucosamine molecules have been
modeled at the glycosilation sites of chain A. In chain B, only one site could
be modeled with one additional NAG molecule. Two phospholipid molecules
were clearly identified at the interphase between both chains in the active
conformation. As they were not present in the crystallization conditions, we
think that these molecules come from the purification stage. Since the real
nature of these phospholipids was not determined, we have built a ligand in
which the number of carbon atoms corresponds to the length of the electronic
density at 0.8c. Finally, some polyethilenglycol (PEG) molecules have been
found and modeled. Surrounding chain A, we have modeled one molecule of
pentaethilene glycol, three molecules of triethilene glycol and one molecule
of di(hidroxiethil)ether. In chain B we have modeled four molecules of
di(hidroxiethil)ether and one molecule of triethilene glycol. Habit II crystals
contained the closed conformation of the enzyme which presents 538 amino
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acids. Contrary to open conformation, no ligands were found in habit II
structure. Structural determination parameters and refinement statistics are

summarized in Table 3.2.1.

Crystallization of OPE 1544W mutant was assayed at 9.5 mg mL"! in 25
mM Tris-HCI pH 7.0 (Sigma-Aldrich) and crystals were obtained in 0.2 M
sodium nitrate (Sigma-Aldrich), 0.1 M bis-tris propane pH 7.5 (Sigma-
Aldrich) and 20% (w/v) PEG 3350 (Sigma-Aldrich), showing a shape similar
to habit I. Diffraction datasets for the OPE 1544W mutant were collected
using synchrotron radiation, at beamline 103 in Diamond Light Source
(Oxfordshire, UK). Datasets were processed with XDS (Kabsch 2010) and
scaled with SCALA (Evans 2006), from CCP4 suite (Winn et al. 2011). OPE
1544W mutant crystals diffracted up to 2.4 A resolution and belonged to the
tetragonal 14, space group (a =b=164.86 A, c=94.14 A; a =B =y=90°. A
dimer was found in the asymmetric unit, with a Matthews' coefficient of 2.68
A3Da! and a solvent content of 54.08%.

The structure of OPE 1544W mutant was solved by molecular
replacement with Phaser (McCoy et al. 2007), using the previously solved
open conformation from OPE as a model. The refinement and manual model
building of OPE 1544W mutant was carried out with Phenix (Adams et al.
2010) and Coot (Emsley et al. 2010), respectively. The refinement converged
to final values of Ryox = 0.20 and Rfee = 0.25. The OPE 1544W mutant shows
the open conformation and also contains two phospholipids located in the
interphase between both chains. Two NAG molecules have been modeled at
the glycosilation sites of chain A and one more in chain B. Regarding the
PEG chains observed in OPE, only one molecule of triethilen glycol has been
modeled inside the tunnel of chain A. Chain B of OPE 1544W showed higher
B factors than in the open conformation of wild type OPE. Structural
determination parameters and refinement statistics are summarized in Table
3.2.1.
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3.2.3.5 Accession numbers

Coordinates and structure factors have been deposited in the Protein Data
Bank with accession numbers 4BE9 and 4BE4 for the OPE open and closed
conformations respectively and 4UPD for the OPE-1544W mutant.

3.2.4 RESULTS AND DISCUSSION
3.2.4.1 Overall structure

Two different three-dimensional structures are presented in this report,
namely, the structure of OPE in its closed conformation (OPE®) (Fig. 3.2.1A)
obtained from habit II crystals and the open conformation of the enzyme
(OPE®) (Fig. 3.2.1B) from habit I crystals. Crystal structure of OPE* follows
the protein scaffold of lipases from C. rugosa based on an o/f§ hydrolase fold
(Ollis et al. 1992) with a major 11-stranded mixed -sheet, a small and nearly
perpendicular N-terminal 3-stranded 3-sheet and 16 helices (Fig. 3.2.1A). The
major [3-sheet, which forms the core of the lipase, exhibits a pronounced
twist, being the first (o) and last (B10) strands almost perpendicular to each
other. In agreement with this, lipase 2 of C. rugosa (PDB code 1GZ7,
Mancheiio et al. 2003) is the closest structural homologue of OPE* (sequence
identity = 42.5%, rmsd = 0.81 A for 538 Co atoms, Fig. 3.2.81). OPE*
presents a 37 amino acids lid covering the active site. The lid consists of one
a-helix (residues 83-88) and two 3io-helices (residues 90-94 and 96-98)
flanked by two loops that end in a disulfide hinge (from Cys72 to Cys108,
Fig. 3.2.1C). OPE lid differs from that reported for C. rugosa and G.
candidum. While the lid in C. rugosa Lip1 and Lip2 contains one a-helix of
10 residues and one 310-helix of 3 residues, the lid in G. candidum is formed

by three a-helices containing 12, 4 and 10 residues respectively.

A hydrophobic patch, formed by I1e407, Phe408, Phe458, Pro459 and
Phe460, is located close to the lid (Fig. 3.2.1C). This Phe-Pro-Phe pattern
appears only in OPE and not in the closest homologues. Both phenylalanines
closely interact with some residues of the lid (Leu88 and Leu92).
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The main structural difference between closed and open structures is
the displacement of the lid up to about 30 A away from its original position
(Fig. 3.2.1C and Fig. 3.2.S2). This movement involves a rearrangement of its
secondary structure that upon activation presents two a-helices (residues 84-
93 and 96-101). A similar rearrangement is observed for the lipases/esterases
from C. rugosa, but OPE presents the largest lid displacement among related
enzymes (~30 A in the longest separation) (Fig. 3.2.83). Analysis of both
OPE forms (habit I and II) indicates that the lid regions in the closed
conformation is not involved in crystal contacts, while the lid in the open
conformation is involved in oligomeric arrangement. In agreement with that,
observed B-factors are higher for the lid in the closed conformation that in the
open Fig. 3.2.54).

Table 3.2.1 Data collection and refinement statistics.

OPE* OPE°® OPE-I544W

Data collection

Space group P6;22 14, 14,

Cell dimensions

a, b, c(A) 119.27,119.27,206.77 164.12,164.12,93.99  164.9,164.9,94.14

o, B,y (°) 90, 90, 120 90, 90, 90 90, 90, 90

T (K) 100 100 100

Wavelength (A) 0.97908 0.97908 1.00000

Resolution (A) 46.2 (2.7-2.6) 43.6 (2.1 -2.0) 583(25-24)

No. unique reflections 26901 84190 49299

Ryim (%0)* 8.9 (49.2) 4.5 (32.8) 5.0 (43.3)

d/o(I) 6.9 (1.9) 11.7 (2.5) 12.5(1.9)

Completeness (%) 98.5(98.2) 100 (100) 99.7 (97.6)

Redundancy 34 (3.4 7.0 (7.1) 6.8 (6.8)
Refinement

Resolution (A) 46.22 -2.6 43.56-2.0 583-24

Ryorid/Riree” 0.17/0.22 0.17/0.21 0.20/0.25

R.m.s. deviations

Bond length (A) 0.007 0.008 0.010
Bond angles (°) 1.078 1.051 1.480

PDB code 4BE4 4BE9 4UPD

* Values in parentheses correspond to the highest resolution shell.

*Rpim = Zna[ /(N = 1)] 1/2 %; | Ii(hkl) — [I(hk])] | / ZpaZili(hkl), where ZiIi(hkl)is the i-th measurement of reflection hkl, [I(hkl)]
is the weighted mean of all measurements and N is the redundancy for the hkl reflection.

PR vork/ Riice = i Fo - Fo |/ Zha | Fo |, where F. is the calculated and F, is the observed structure factor amplitude of reflection
hkl for the working / free (5%) set , respectively.
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Hydrophobic X
patch W,

Fig. 3.2.1 Overall structure of the closed and open conformations of OPE. A) View of
the closed OPE structure with the o/f hydrolase core colored in yellow and the lid colored
in magenta. Glycan molecules attached to the glycosylation sites are represented as blue
sticks. Catalytic Ser220 is shown in blue sticks. The a16—a17 loop is labeled. B) View of
the open OPE structure with the o/f hydrolase core colored in yellow and the lid colored
in magenta. Glycan molecules attached to the glycosylation sites are represented as blue
sticks. Catalytic Ser220 is shown in blue sticks. PEG chains are shown as black sticks and
the phospholipid as green sticks. C) Detailed view of the changes between closed and open
states in OPE at the entry channel. Large displacements are observed for Val476 (9 A) and
for Leu477 (4 A) between the closed (blue) and open (magenta) states. D) Dimeric form of
OPE in its open conformation, showing the catalytic cavity and the non-bonded contacts
between the open lid of one chain and the hydrophobic patch of the other.
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3.2.4.2 Oligomeric arrangement in OPE

A dimeric arrangement was observed for the open conformation OPE® as also
reported for crystal structures of the open forms of Lipl (Grochulski et al.
1993) and Lip3 (Ghosh et al. 1995). However, in contrast with that observed
for Lipl and Lip3 which monomers tightly associate forming dimers, OPE°
presents a dimer associated by regions in which aliphatic residues from the lid
of one chain (Leu84, Leu85, Leu88, Leu92 and Ile95) interact with the
hydrophobic patch of the opposite chain (Fig. 3.2.1D) with few contacts
between OPE®° monomers and presenting a large cavity opened to the solvent
(about 23 A x 38 A). Ultracentrifugation experiments carried out with native
O. piceae enzyme showed protein multi-aggregates in aqueous solution while,
in the same conditions, monomeric and dimeric forms were observed in the
protein expressed in P. pastoris (Barba Cedillo et al. 2012).

Analytical ultracentrifugation studies (Table 3.2.2) showed a change in
the percentages of monomer and dimer in the presence of inhibitor or
substrate enzyme. In both cases, the purified OPE or monomeric-rich fraction,
the predominant form was the monomer. In the presence of both, enzyme
inhibitor or substrate, a significant amount of the monomer was converted
into the dimer, suggesting the transition from the closed to the open enzyme
form in the presence of both, inhibitor or substrate. The phenomenon of
transition between the two conformations has been previously described in C.
rugosa lipases, where exposure of the monomeric form of the enzyme to

triolein dramatically accelerated its transition to the open form (Turner et al.
2001).

3.2.4.3 Activation mechanism in OPE

Besides opening of the lid, activation in OPE involves changes in the
conformation of the loop al16—a17 (residues Tyr474-Tyr480), that stabilizes a
phospholipid molecule located at the interface between both monomers of the
dimer into a groove (11 A wide, 8 A deep and 15 A long) connecting the
outer part of the enzyme to the active site (Fig. 3.2.1C and Fig. 3.2.2).
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Table 3.2.2 Percentage of monomer and dimer forms of the esterase, obtained after
analytical ultracentrifugation, in protein samples in absence or presence of dodecane
sulfonyl chloride, as enzyme inhibitor, and cholesteryl oleate, as enzyme substrate. OPE
corresponds to the O. piceae esterase expressed in P. pastoris after hydrophobic interaction
columns. The monomeric fraction was obtained in an additional step by using SEC to
separate the different aggregate forms present in the purified protein.

% Monomer % Dimer
OPE 63.1 19.6
OPE + inhibitor 334 40.1
OPE + substrate 19.1 71.5
Monomer fraction 69.9 30.1
Monomer fraction+ inhibitor 18.6 75.9
Monomer fraction + substrate 16.8 83.2
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Fig. 3.2.2 Phospholipid site and recognition in active OPE. A) The phospholipid (green
sticks) is located in a groove formed by the al6—o17 loop (in blue) and the hydrophobic
patch (in yellow). Residues involved in substrate stabilization are labeled. Lid from the
closed conformation is colored in pink. B) Schematic representation of the interactions
between the phospholipid and the active OPE.
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This phospholipid was not included in the crystallization conditions and very
likely was incorporated during the purification process (see Section 3.2.3). A
twist in Pro478 residue causes the displacement of the entire loop, with
displacements of 9 A in Val476 and 4 A in Leu477 with regard to OPES,
increasing the interactions with the lipid found in this groove (Fig. 3.2.1C).
H-bond interactions affecting residues at the extremes of the loop (Asn479,
Tyr480 and Tyr474 in Fig. 3.2.83) serve as anchoring point for the al6—a17
loop. Structural analysis also provides indications about what could trigger lid
movement. In OPES, Leu92 is lying on the entry channel and interacting with
Phe458 and Phe464 from the hydrophobic patch. Upon activation, the
position of Leu92 is now occupied by one of the aliphatic chains of the
phospholipid (Fig. 3.2.2).

Amino acid composition of loop al6—al7 is not conserved among the
abHO03.01 family members and structural conformation of OPE loop

al6—a17, in both closed and open states, is also unique (Fig. 3.2.S3).
3.2.4.4 The active site cleft and substrate binding

The catalytic machinery of OPE is formed by the triad Ser220, Glu352 and
His465. As observed in other members of the fungal family, and unlike other
lipases, the acidic residue of the triad is a Glu residue and not an Asp residue.
The catalytic region is well conserved between OPE and the other fungal
lipases/esterases. The catalytic triad remains unchanged in the open and close
conformation of the enzyme. By comparison with homologous enzymes, the
backbone NH groups of two Gly residues (Glyl134-Gly135) build the
oxyanion hole that stabilizes the oxyanion produced in the tetrahedral
intermediate generated during the hydrolysis. A water molecule is located
close to the oxyanion hole. The oxyanion is the intermediate formed in the
transient state of the hydrolysis reaction. Different molecules of PEG from the
crystallization condition (see Section 3.2.3) were identified occupying the
hydrophobic active site cleft, very likely mimicking the position of substrate
(Fig. 3.2.3A).
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~ a16-a17 loop B Lid a16-017 loop

Fig. 3.2.3 The active site and internal tunnel in OPE. A) OPE Structural rearrangements
upon activation. Molecular surface of OPE (brown) with the catalytic Ser residue
highlighted in red. Changes from the closed (inactive state) to open (active state) structures
are represented; lid and a16—a17 loop in the closed state are colored in blue; same regions
in the open state in purple. Upon activation, structural rearrangements imply a 30 A
displacement of the lid to unmask the catalytic site. The hydrophobic patch is shown in
yellow sticks and the phospholipid (green sticks) can be seen in between this region and
the a16—a17 loop. Close to the catalytic serine there is an internal tunnel that contains a
PEG chain (black sticks). B) Surface representation of the substrate binding site of OPE.
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The catalytic triad (Ser220, Glu352, His465) is represented as green sticks. PEG moieties
are represented as black sticks. The structure of the triglyceride in a fork conformation
(yellow sticks) is superimposed. C) Stereo view of the surface of the OPE tunnel (colored
in blue) leading from the catalytic site to the exit. Residues lining the tunnel are
represented as yellow sticks and labeled. Catalytic serine is shown in green sticks. D)
Narrowing of the OPE internal tunnel is produced by Leu437 and Ile544 (orange sticks).

The phospholipid molecule attached to the groove leading to the OPE
active site was found in both chains of OPE°® and presented an excellent
electron density (Fig. 3.2.2 and Fig. 3.2.S5) This is the first time in this
family of lipases/esterases, that a potential substrate (phospholipid), is
localized in a channel leading to the active site. This groove is built by the
al6—al7 loop and the previously described hydrophobic patch. The
phospholipid is ensconced by hydrophobic interactions with residues from the
al6—al7 loop (Val476 and Leud477) and with Phe458 from the hydrophobic
patch. The glycerol moiety of the phospholipid is stabilized by polar
interactions with Asp455, GIn471 and Asn479 from the a16—a17 loop (Fig.
3.2.2). The observed groove in OPE° does not exist in the structure of other
homologous enzymes for which a Trp or Phe residue fills the cavity in C.
rugosa and G. candidum lipases respectively (Fig. 3.2.S3).

3.2.4.5 The internal tunnel

OPE° esterase presents a substrate binding-site formed by an extensive
hydrophobic pocket (residues Tyr76, Tyrl43, Tyrl44, Leu355, Phe458,
Leud461, Phe464, 11e469, Leud70 and Tyr474) with a narrow internal tunnel in
which aliphatic chains can be stabilized. Different elongated electron densities
were observed in both chains (A and B) of the OPE° active site that were
modeled as PEG molecules from the crystallization condition (Fig. 3.2.3B).
Interestingly some of these chains superimpose with the structure of a
triglyceride in a fork conformation with the central aliphatic chain entering
into the internal tunnel (Fig. 3.2.3B). The PEG molecule stabilized in the
tunnel presents a well-defined electron density for a chain of 16 atoms (Fig.
3.2.56). Noteworthy, this 30A-long internal tunnel connects the active site
cleft to the outside at the opposite side (Fig. 3.2.3C and Fig. 3.2.S7). Internal
tunnel is formed by aromatic and aliphatic residues that confer a high
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hydrophobic environment all along it (Fig. 3.2.3C). There is a narrowing
produced between Leu437 and Ile544 residues (Fig. 3.2.3D), the average
width in the tunnel being 9 A and 5.5 A in the narrowing.

Comparison with the structures of the other abH03.01 members shows
that C. rugosa lipases, Lipl, PDB code 1CRL (Grochulski et al. 1993), Lip2
PDB code 1GZ7 (Mancheiio et al. 2003); Lip3 PDB code 1CLE (Ghosh et al.
1995), present a similar tunnel but oriented towards a different region of the
protein surface (Fig. 3.2.S7B). Lipase from G. candidum displays also a
tunnel, similarly oriented than C. rugosa lipases, but with different narrowing
along the tunnel (Fig. 3.2.S7C). The esterase from 4. niger completely lacks
the tunnel (Fig. 3.2.S7D). In this sense, it is worth to note how proteins
sharing a similar overall structure (Fig. 3.2.S3) can display strong differences
concerning its internal tunnel. As revealed by structural analysis, small
changes in amino acid composition and/or rotamers can result in a completely
different structural arrangement of the tunnel, e.g. while the first half of the
tunnel follows the same path in O. piceae, in C. rugosa and G. candidum
lipases, a substitution of a serine by Tyr377 in OPE blocks the path
redirecting it about 150° apart (Fig. 3.2.S7).

In an attempt to ascertain the potential role of the tunnel in the product
release of the reaction, we constructed a site-directed mutant, replacing Ile544
by a Trp residue (OPE-1544W). The goal with this mutant was to block the
substrate exit by inserting a bulky hydrophobic residue. The OPE-1544W
mutant was purified and its structure solved at 2.4A resolution (Table 3.2.1).
Both native and mutated proteins showed no differences in their secondary
structure (rmsd of 0.147 A for 518 Co atoms). As expected, substitution of
Ile544 residue by bulky Trp residue completely blocks the potential exit of the
internal tunnel (Fig. 3.2.4).

Different activity studies were carried out comparing wild type versus
mutated enzyme (Fig. 3.2.4B). Our results (Table 3.2.3) show that while
enzyme activity against pNPB and pNPL was similar in the mutated and wild
type enzymes, the activity was completely lost with pNPP (~0.2% of the wt
enzyme). These results suggest that the length of the substrate affects the

activity of the mutated protein at the end of the tunnel; while short-medium
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substrates (4 and 12 C atoms) remain mostly unaffected, hydrolytic activity
with substrates having more than 16 C atoms is severely reduced versus that

of wt.

Fig. 3.2.4 Blocking tunnel exit by site directed mutagenesis. View of the molecular
surface in the OPE [544W mutant. The mutation blocks the potential exit of the tunnel
(surface for the mutated position is colored in orange on the right panel).

Table 3.2.3 Specific activity of the recombinant protein expressed in P. pastoris, as well as
on the mutant [544W constructed by site-directed mutagenesis, on 2mM pNPB, pNPL and
pNPP, in presence of 1% genapol.

Specific activity (U mg™)

Substrate Fatty acids OPE native 1544W

pNPB C4:0 103.17+ 2.54 113.44 +£3.52
pNPL C12:0 162.72 + 6.82 203.65+ 12.93
pNPP C16:0 65.78 £5.30 0.13+0.013
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On the other hand, amino acid composition in the internal tunnel of C.
rugosa lipases has been associated to differences in substrate specificity
between Lipl and Lip3 (Ghosh et al. 1995). Structural comparison among the
three C. rugosa isoenzymes (Lip1, Lip2 and Lip3) has been reported to show
two distinctive regions according to their amino acid composition: an
aromatic-rich region at the beginning of the tunnel and an aliphatic-rich
region at the bottom (Manchefio et al. 2003; Manchefio et al. 2003). Whereas
this second region remained essentially identical in the three isoenzymes and
thus the interactions with the alkyl chains of the substrates would be very
similar, the phenylalanine content of the first region differs in the three
proteins (Manchefo et al. 2003), a fact that was associated with the substrate
recognition properties of the isoenzymes, namely, to their lipase/esterase
character. The differences of C. rugosa lipases activity on cholesterol esters
(Lip2>Lip3>Lipl) have been related to the higher Phe content in the
hydrophobic region of the tunnel (Lip1>Lip3>Lip2) (Mancheiio et al. 2003).
In the case of OPE, the Phe content in this region is similar to Lip2. It could
explain its ability to hydrolyze sterol esters. However, its high efficiency,
when compared to the commercial C. rugosa cholesterol esterase to hydrolyze
triglycerides with long chain fatty acids or different cholesterol esters (Calero-
Rueda et al. 2009), could be related to its specific internal tunnel and its
unique dimeric structure. The presence of large opening in the active dimer
could allow the entrance of different substrates that can be stabilized in the
30A-long internal tunnel.

3.2.4.6 Proposed model of substrate entry and product release in OPE

Crystal structures of OPE provide clues about the fate of the substrate to be
hydrolyzed by the enzyme. The closed conformation of OPE is a monomer
with the large lid masking the active site. Activation involves both, opening
of the lid and the rearrangement of al6—c17 loop and the formation of a
dimeric structure. As proven by our experiments, isolation of the monomeric
form results in an increase of the dimer upon activation of the enzyme. Once
the lid is open, the hydrophobic surface behind it is exposed, allowing the
substrate to move to the catalytic cleft where the catalytic Ser220 residue is
located. The hydrocarbon chain of the substrate is inserted into the tunnel up
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to the point at which the ester bond reaches the Ser220. After reaction, the
acidic moiety of the ester (a fatty acid) could remain in the tunnel, while the
sterol moiety is released. The fatty acid inside the tunnel has to be released in
order to recover the active state of the enzyme.

Our mutagenesis experiments indicate that a single modification
blocking the exit of the tunnel 30 A far from active site (by replacing Ile544
by bulky Trp residue) did not affect significantly the OPE activity on
substrates with short-medium chain fatty acids. While an appealing
hypothesis is that substrates could be released by the exit of the tunnel, our
crystallographic and biochemical experiments indicate that the exit of the
tunnel is not required for efficient hydrolysis in OPE against these substrates.
The observed lost of activity of the OPE 1544W mutant with pNPP could be
explained by the presence of bulky Trp residue at the end of the tunnel that
decreases its effective length avoiding the right positioning of long substrates
to be cleaved at catalytic site. This has been observed in the cholesterol
esterase Lip3 from C. rugosa where the cholesteryl linoleate ligand was found
with the aliphatic chain entering into the internal tunnel orienting the
cholesteryl moiety to be cleaved by catalytic Ser residue (Fig. 3.2.S8).
Therefore the length and amino acid composition of the internal tunnel seems
to be crucial to understand the catalytic versatility of OPE. The other essential
parameter is the dimeric nature of the active form. Contrary to the previously
observed dimer in the cholesterol esterase Lip3 from C. rugosa, that presented
a tight homodimer with small cavities entering into the active sites (Fig.
3.2.59), the dimer in the OPE® shows a pacman-like structure with a very
large opening (23 A x 38 A) (Fig. 3.2.89) that could allow both the entrance
of large substrates and also quick release of the reaction products. Further
experiments will be needed to corroborate this hypothesis and study the role
of the internal tunnel in this protein for its action on long-chain fatty acids
substrates.

3.2.5 CONCLUSIONS

Here we describe, for the first time, the structural rearrangements required for
the activation and degradation mechanism of the OPE cholesterol esterase
from abH03.01 family of fungal lipases/esterases. Structural analysis revealed
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different pockets that, upon activation, are responsible of dimerization and
stabilization of the acyl chains of the substrate. Based on our structural and
biochemical results, we propose a mechanism by which a great variety of
different substrates can be hydrolyzed and released in OPE. These results
reveal a new scenario in which not only the activation of the enzyme but also
the release of its hydrolysis products could be handled paving the way for the
construction of new variants to improve the catalytic properties of these
enzymes and their biotechnological applications.
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Fig. 3.2.S2 Stereo view of the structural alignment between OPE* (blue) and OPE°
(red). The lid and the a16-a17 loop are labeled.
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Fig. 3.2.S3 Structural alignment between OPE and lipases from abH03.01 family. A)
Structural alignment of the open conformations of OPE (purple), C. rugosa Lipl (PDB
code 1CRL, (Grochulski et al. 1993); shown in green), C. rugosa Lip3 (PDB code 1CLE,
(Ghosh et al. 1995); shown in orange) and A4. niger esterase (PDB code 1UKC, (Bourne et
al. 2004); shown in yellow). B) Stereo view of the open conformations focused on the a16-
a17 loop, showing the main residues involved in substrate intake. For clarity reasons, 4.
niger esterase has been removed because of high deviation in this region. C) Structural
alignment of the closed conformations of OPE (blue), C. rugosa Lipl (PDB code 1TRH,
(Grochulski et al. 1994); shown in green), C. rugosa Lip2 (PDB code 1GZ7, (Manchefio et
al. 2003); shown in red) and G. candidum lipase (PDB code 1THG, (Schrag and Cygler
1993); shown in yellow). The position of the phospholipid found in the open conformation
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of OPE has been superimposed (black sticks) to locate the entry channel. D) Stereo view of
the closed conformations focused on the al16-a17 loop, showing the main residues at the
entry channel. E) The presence of a phenylalanine in Lipl and a tryptophan in Lip3 at the
same position of Q471 in OPE avoids the entering of the substrate through this channel,
blocking the interactions that occur in OPE.

al16-017

Fig. 3.2.S4 B-factor distribution for lid and a16-a17 loop in the closed and open
conformations of OPE. A) B-putty representation of OPE in its closed conformation,
being the lid and the a16-0.17 loop colored, following a rainbow scheme, from blue (low
thermal factors) to red (high thermal factors). B) B-putty representation of OPE in its open
conformation.
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Fig. 3.2.S5 Electron density for the phospholipid molecule located in the entry
channel. A) Omit map at the phospholipid region, contoured at 1.0 . The phospholipid is
represented in green sticks, the hydrophobic patch in yellow and the a16-a17 loop in dark
blue. B) The 2|Fol|-|Fc| electron density map, contoured at 1.0 c.

Fig. 3.2.S6 Electron density map for the PEG in the tunnel of active OPE. 2|Fo|-|Fc|
electron density map, contoured at 1.0 o, for the electron density map of the PEG molecule

located in the tunnel.

111



Chapter 2

Fig. 3.2.S7 Internal tunnels in lipases/esterases from the abH03.01 family. A) Open
conformation of the sterol esterase from O. piceae (OPE). Internal tunnel is represented as
a solid surface and colored in blue. The exit of the tunnel is located on the top of the
protein. Glycosilations are shown in blue sticks. B) C. rugosa Lip2 (PDB code 1GZ7,
(Manchefio et al. 2003)). Internal tunnel is represented as a solid surface and colored in
red. The other solved lipases from C. rugosa (Lipl and Lip3) present the same tunnel than
Lip2. C) G. candidum lipase (PDB code 1THG, (Schrag and Cygler 1993). Internal tunnel
is represented as a solid surface and colored in brown. D) A. niger esterase (PDB code
1UKC, (Bourne et al. 2004)), as other typical esterases, does not present a lid and there is
no internal tunnel (the corresponding region is represented as a solid surface and colored in
green). For comparison purposes all the proteins are oriented the same way.
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Fig. 3.2.S8 Substrate recognition in OPE (blue ribbons) and C. rugosa Lip3 (yellow
ribbons). Cholesteryl linoleate (orange sticks) in C. rugosa Lip3 (PDB code 1CLE,
(Ghosh et al. 1995) presents its aliphatic chain inserted into the internal tunnel as also
observed for the PEG molecule (blue sticks) inserted into the internal tunnel of OPE. As
observed, the middle end of the tunnel follows an opposite direction in Lip3 and in OPE.
The phospholipid attached close to the a16-a17 loop of OPE is also represented as blue
sticks.
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Fig. 3.2.S9 Different dimeric arrangement in the open conformations of OPE and C.
rugosa Lip3. A) Surface representation of active OPE dimer, showing the phospholipids
(green sticks) and the PEG molecules (black sticks) filling the catalytic cavity. B) Surface
representation of C. rugosa Lip3 (PDB code 1CLE, (Ghosh et al. 1995), showing the
cholesteryl linoleate in the catalytic cavity (orange sticks)
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3.3.1 SUMMARY

Lipases from the C. rugosa-like family are enzymes with great
biotechnological interest. In a previous work, several enzymes from this
family were identified by in silico mining of fungal genomes. Here we
describe the cloning, expression, and characterization of putative lipases from
the genomes of Nectria haematococca, Trichoderma reesei and Aspergillus
niger and compared their catalytic properties with those of OPE, a well
characterized sterol esterase/lipase from Ophiostoma piceae. All of them
hydrolyzed p-nitrophenol esters and triglycerides with different efficiency,
but their activity against sterol esters was dissimilar, and the enzyme from 4.
niger was unable of hydrolyzing these substrates while OPE showed the best
ket values, which in general leads to an improved catalytic efficiency.
Similarly, OPE was the best catalyst in the synthesis of B-sitostanyl oleate,
followed by the commercial CRL from Candida rugosa, while the A. niger
enzyme was unable to produce this compound. When the enzymes were
evaluated for caprolactone oligomerization, the 4. niger enzyme gave similar
results than CRL, being OPE slightly more efficient. The expression of the
putative selected proteins allowed their functional validation, suggesting that
the hydrophobicity of the lid region may be an important factor, although the
enzymatic efficiency is also influenced by other parameters, as the
aggregation state and the size and morphology of the tunnel, where substrate
recognition and catalysis takes place.
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3.3.2 INTRODUCTION

Lipases (E.C. 3.1.1.3) and sterol esterases (E.C. 3.1.13) are enzymes with
great biotechnological interest because of their broad substrate specificity and
their ability to carry out hydrolysis in aqueous media and synthesis in the
presence of organic solvents (Bornscheuer 2002; Jaeger and Eggert 2002).
The distinction between these carboxyl esterases is not clear. Lipases usually
are able of releasing long-chain fatty acids from water-insoluble carboxylic
esters in hydrolysis reactions, while sterol esterases act on sterol esters.
However, there are enzymes showing both lipase and sterol esterase activities
(Casas-Godoy et al. 2012). This is the case of the well known Candida rugosa
lipases (Manchefio et al. 2003) and the sterol esterase from Ophiostoma
piceae (Calero-Rueda et al. 2002).

Lipases are the third largest group of commercialized enzymes with a
wide range of applications in different industrial sectors, such as biofuels,
oleochemical, food, detergents, cosmetics, pharmaceutical, textile and paper
industry (Bornscheuer et al. 2002; Gupta et al. 2015; Hasan et al. 2006; Jaeger
and Eggert 2002). Moreover, most of them are stable in organic solvents, and
they have been reported as potential catalysts for ring-opening polymerization
(ROP) of lactones and lactides to produce polyesters (Kobayashi et al. 1998;
Uyama and Kobayashi 1993; Varma et al. 2005).

Sterol esterases with high affinity on triglycerides and sterols esters,
such as those from O. piceae (Calero-Rueda et al. 2002) and Melanocarpus
albomyces (Kontkanen et al. 2006), have been reported for pitch (Calero-
Rueda et al. 2002; Kontkanen et al. 2004) or stickies reduction (Barba Cedillo
et al. 2013) during paper pulp or recycled paper manufacture, respectively.
However, the use of lipases/sterol esterases with high affinity on sterol esters
as catalysts of the enzymatic esterification of free sterols and stanols from
plant extracts has also been proposed. This reaction is of particular interest
since the intake of these esters help to reduce LDL cholesterol (Barba Cedillo
etal. 2011; He et al. 2010; Norinobu et al. 2003; Teixeira et al. 2011).

The enzymes from O. piceae and M. albomyces belong to the so-called
C. rugosa-like lipase family (Barriuso et al. 2013; Pleiss et al. 2000). C.
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rugosa secretes a variety of closely related extracellular lipases, well
characterized at the structural and biochemical level and with a high sequence
identity (77-88%), but displaying different substrate specificity on sterol
esters and triglycerides (Manchefio et al. 2003). These changes seem to be due
to small variations in the lid region, the substrate binding pocket and the
hydrophobic tunnel (Dominguez de Maria et al. 2006). The monomeric form
of enzymes from the C. rugosa like-family shows molecular masses > 60
kDa, shares more than 40% sequence identity with C. rugosa isoenzymes, and
contains the conserved motif “GESAG”, which comprises the catalytic serine,
that together with a conserved glutamic and histidine residues constitutes the
“catalytic triad”. This family also contains the “GGGF” conserved sequence

involved in the formation of the oxyanion hole (Barriuso et al. 2013).

The sterol esterase secreted by the ascomycete O. piceae (OPE)
possesses 44% sequence identity with C. rugosa isoenzymes (CRL). Its
structure was recently determined, in both the closed and open conformations
(Gutiérrez-Fernandez et al. 2014), revealing that the active form is dimeric
and the existence of a possible exit tunnel for products release. These factors
could be responsible for its high efficiency hydrolyzing cholesterol esters or
triglycerides with long chain fatty acids, when compared to C. rugosa
enzymes (Calero-Rueda et al. 2009).

There is an increasing interest in the discovery and design of novel
enzymes from this family (Gupta et al. 2015), since they have a wide potential
for different biotechnological applications. A novel strategy to achieve this
goal is the mining of fungal genomes and metagenomes from environmental
samples (Barriuso et al. 2013; Barriuso and Martinez 2015). In a previous
study, several candidates were identified in silico in fungal genomes, and their
catalytic properties predicted taking into account their hydrophobicity and
tunnels shape (Barriuso et al. 2013).

One of the aims of this work was to validate the predicted kinetic
properties of three putative enzymes selected from Nectria haematococca,
Trichoderma reesei and Aspergillus niger genomes. After expressing these
proteins in Pichia (=Komagataella) pastoris, we have carried out their
purification and characterization, discussing their catalytic properties and

117



Chapter 3

comparing them with those of the enzyme from O. piceae. In addition, we
evaluated the ability of the three new candidates, OPE, and the commercial
enzyme CRL to catalyze enzymatic ring-opening polymerization (ROP)
reactions of lactones and to synthesize p-sitostanyl oleate.

3.3.3 MATERIALS AND METHODS
3.3.3.1 Cloning of the lipases/sterol esterases

The genes nechal, trire2 and aspni5, coding for putative proteins in the
genomes of N.  haematococca  (jgi|Necha2|30050(), 7. reesei
(gi1|Trire2|78828|) and A. niger (jgi|Aspni5|50770]), were amplified from
genomic DNA of Fusarium solani MPVI, (imperfect form of N.
haematococca UPM-177Nol1So, from the fungi collection of the Plant
Protection Laboratory at the Technical University of Madrid, provided by Dr.
Daniel Palmero), 7. reesei CECT 20918T, and A. niger ATCC 20739,
respectively. Fungal DNA was extracted with the DNeasy Plant Mini Kit
(Qiagen, Valencia, CA, USA) and used as template for amplification. PCR
was carried out in 50 pL reactions containing 100 ng of template DNA, 1x
PCR buffer, 1.5 mM MgCl, 0.8 mM dNTPs, 0.5 uM of each primer and 1 U
of Taq DNA polymerase (Invitrogen, Carlsbad, CA , USA), using the
following primers (restriction sites added are underlined): AspniSFw: 5’-
TACGTAGAATTCACTCCAGTTCAACGGGATGCAGCT-3’; AspniSRv:
5’-  GCGGCCGCTCAGATGTGGAACGCCGCGGTATTC-3’; Necha2Fw:
5’- GAATTCGCTCCAGCTGCTGTGCCTGTTC-3’; Necha2Rv: 5°-
GCGGCCGCTCAAACCCGCAACACACCAACG-37; Trire2Fw: 5’-
GAATTCGCCCCAACGCCAGAAAAGATTG-3’; Trire2Rv: 5’-
GCGGCCGCTCACACCCTCAAGACAGCAGAATTG___ -3". Reaction
conditions were as follows: initial denaturation at 94 °C for 5 min; 30 cycles
of amplification, each at 94 °C for 45 s; 55 °C for 45 s; 72 °C for 1.5 min; and
a final extension step at 72 °C for 5 min. The PCR products harboring EcoRI

and Notl sites were transferred to the cloning vector pGem T- easy (Promega,
Madison, WI, USA) and subcloned in the vector pPIC9 (Invitrogen, Carlsbad,
CA, USA) for expression in P. pastoris. In order to introduce an additional
four amino acids sequence that the other proteins carry in the N-terminal
region, an extra EcoRI site was included after the SnaBlI site in the gene of
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Aspni5 lipase. These additional residues come from the restriction sites
employed in the cloning strategy, and have shown to improve protein
solubility (Vaquero et al. 2015). According to predictions, these genes were
intron-less and therefore further processing was not required. The constructs
were subjected to restriction analysis and sequenced to confirm the accuracy

of the sequences.
3.3.3.2 Protein expression, production and purification

The constructs were transformed into P. pastoris KM71 and GS115 strains,
following the manufacturer’s protocol (Invitrogen, Carlsbad, CA, USA).
Activity screening was performed inoculating single colonies from the
transformed P. pastoris plates in 100 mL flasks with 20 mL YEPS medium
(Vaquero et al. 2015). The flasks were incubated at 28 °C and 250 rpm and
0.5% methanol (w/v) was added daily for maintaining protein induction.
Esterase activity was checked in the supernantants using p-nitrophenyl
butyrate (pNPB), as previously described (Vaquero et al. 2015).

For each enzyme, the clone with the highest activity level was selected
for protein production and purification. One-liter flasks with 100 mL of YEPS
medium, inoculated with 3.5 mL of fresh cultures grown overnight in YEPS
(ODsgoonm 8-10), were incubated at 28 °C and 250 rpm. When maximum
activity was reached (generally after 4-6 days), the cells were harvested by
centrifugation (6,000 x g at 4 °C) and the supernatants concentrated in 10,000
Da MWCO Amicon-Ultra Centrifugal filters (Merck-Millipore, Darmstadt,
Germany). The recombinant O. piceae enzyme was produced as described by
(Vaquero et al. 2015). The purification of lipases/sterol esterases was carried
out in a single hydrophobic chromatography step as previously reported
(Gutiérrez-Fernandez et al. 2014).

119



Chapter 3

3.3.3.3 Molecular mass, enzymatic N-deglycosylation, N-terminal
sequence and zymogram

The apparent molecular mass of the purified proteins was estimated from
SDS-PAGE. Precision Plus Protein™ Dual Color Standards (Bio-Rad,
Hércules, CA, USA) were used in 10% polyacrylamide gels, staining with
Coomassie R-250. N-linked-carbohydrate content (%) was estimated as the
difference between the apparent molecular mass of the protein before and
after deglycosylation with Endoglycosidase H (Endo H, Roche, Mannheim,
Germany). For N-deglycosylation, the purified protein was dialyzed against
sodium citrate buffer, pH 5.5, and then incubated with Endo H at 37 °C for 24
h, following the manufacturer’s instructions. Protein concentration was
determined by the BCA bioassay (Thermo Scientific, Rockford, IL, USA)

with bovine serum albumin as standard.

N-terminal protein sequence was determined by automated Edman
degradation (Procise 494 instrument, Perkin Elmer, Waltham, MA, USA)
after the transference of protein bands (~10 ng), separated by SDS-PAGE, to
a PVFD membrane (Barba Cedillo et al. 2012).

To detect lipolytic activity a zymogram was carried out. A sample of
non-denatured protein, avoiding boiling and [B-mercapto-ethanol in the
loading buffer, was loaded into a SDS-PAGE. Gels were soaked for 30 min at
room temperature in 2.5% (v/v) Triton X-100, washed twice in 50 mM
phosphate buffer (pH 7.0) for 20 min at room temperature, and covered by a
solution of 100 uM methylumbelliferyl-butyrate (Sigma-Aldrich, Steinheim,
Germany) in the same buffer. Activity bands resulting from
methylumbelliferyl liberation became visible in a short time (~1 min) under
UV trans-illumination (Diaz et al. 1999).

In addition, the presence of possible metalloproteins was checked
adding 1 mM EDTA to the fungal cultures 24 h after inoculation. The crude
extracts were analyzed by SDS-PAGE after 4 days of incubation.
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3.3.3.4 Stability to pH and temperature

To determine the enzymes’ stability at different pH values, they were
incubated in 10 mM Britton-Robinson buffer from pH 4 to 11 and 0.1% BSA
at 4 °C. Samples were taken at 24, 48 and 72 h to calculate residual activity
using pNPB as substrate. The initial activity of the enzyme was taken as the
100%.

To determine the enzymes’ stability to temperature, the proteins were
incubated at their optimum pH in 20 mM Tris-HC1 pH 7 buffer at different
temperatures (30 to 60 °C) for 24 h, cooled on ice, and re-warmed to room
temperature for 5 min prior to determine the residual activity using pNPB as
substrate. The maximum value of residual activity, regardless of the
temperature, was taken as 100%. The temperature producing 50% activity
loss in 24 h of incubation (Tso value) was also checked.

3.3.3.5 Aggregation behavior

Analytical ultracentrifugation was used to check the aggregation behavior of
recombinant proteins by determining their sedimentation coefficient and the
possible transition state between the closed and open forms of the protein,
monomer and dimer, respectively. Measurements were performed in a XL-I
analytical ultracentrifuge (Beckman-Coulter Inc. Brea, CA, USA) equipped
with UV-VIS and interference detection optics as previously reported
(Gutiérrez-Fernandez et al. 2014). The experiments were carried out by using
the purified protein after hydrophobic chromatography (0.5 mg/mL). These
proteins were analyzed in the absence or presence of a suspension of 5 mM
cholesteryl oleate, as enzyme substrate, after 30 min of incubation at room
temperature. The substrate was dissolved in 0.02% Genapol X-100 (Sigma-
Aldrich) and 150 mM NacCl (final concentration).

3.3.3.6 Kinetic parameters

The apparent kinetic constants of the three novel lipases and OPE were
analyzed following the hydrolysis of p-nitrophenol (pNP) esters, triglycerides
and cholesterol esters (Sigma-Aldrich).
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The hydrolysis of pNPB, p-nitrophenyl laurate (pNPL) and p-
nitrophenyl palmitate (pNPP) were assayed as previously described
(Gutiérrez-Fernandez et al. 2014). One unit of activity (1 U) is defined as the
amount of enzyme releasing 1 umol of p-nitrophenol (g410= 15,200 M-lem™)

per minute under the defined conditions.

The hydrolysis of glycerol and cholesterol esters was assayed
titrimetrically in a pH-stat model DL50 (Mettler Toledo, Greifensee,
Switzerland), using 0.1 N NaOH as titrant at 30 °C and 30% stirring rate. The
reactions were carried out in 1 mM Tris-HCI buffer pH 7.0, with 0.15 M NaCl
and 5% (v/v) Genapol X-100 in a final volume of 20 mL containing the
substrate, which was previously emulsified in the detergent. One unit of
activity (1 U) is defined as the amount of enzyme releasing 1 umol of free

fatty acid per minute.

The values for the kinetic parameters and their correspondent errors
were calculated using the Sigma Plot 12.5 software (Systat Software Inc., San
Jose, CA). Means and standard errors for the apparent affinity constant (Km)
and enzyme turnover (kcat) were obtained by non-linear least-squares fitting
of the experimental measurements to the Michaelis-Menten model. Fitting of
these constants to the normalized equation v = (kca/ Km)[S]/(1+[S]/Km) yielded
the catalytic efficiency values (kca/K»n) with their standard errors.

3.3.3.7 Enzymatic ring-opening polymerization of lactones

Crude extracts with the enzymes from the A. niger, N. haematococca, T.
reesei and O. piceae enzyme produced in P. pastoris, as well as the
commercial crude from C. rugosa (L1754 Sigma-Aldrich), were assayed for
the synthesis of polyesters. The reaction mixture contained 0.5 g of e-
caprolactone (e-CL) (Sigma-Aldrich), 1 mL of isooctane, and 250 U against
pNPB of freeze dried crude enzyme, in a final volume of 1.5 mL. The
polymerization reactions were carried out in an oil bath, at 60 °C and with
magnetic stirring (500 rpm). Reactions were performed in triplicate, and
samples were taken at 8, 12, 16 and 21 days. The reaction products were
extracted with tetrahydrofuran. The average molecular mass of the oligomers

was determined by size exclusion chromatography (SEC) in an Agilent 1200
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series system with a TSKgel3000Hur (7.8 x 300 mm) column, and equipped
with a refractive index detector. Polystyrene standards (Agilent Technologies,
Palo Alto, CA, USA) with a molecular mass distribution of 162-18,340 Da
were used for calibration. Tetrahydrofuran was used as mobile phase with a
flow of 0.5 mL/min at 30 °C. Moreover, after 21 days of reaction, the
molecular mass of the oligomers was also determined by MALDI-TOF. In
this case, the polymer was first dried at room temperature and then dissolved
in chloroform. MALDI-TOF MS spectra of polycaprolactone were recorded
on an Autoflex III Bruker-Daltonics (Bremen, Germany) instrument
previously calibrated with peptide and protein standard solutions from the
same distributor. For the analyses, 1 pL of the reaction solution was mixed
1:1 (v:v) with 2,5-dihidroxybenzoic acid matrix (10 mg/mL) dissolved in 10%
(v:v) ethanol. One microliter of the sample-matrix solution was spotted onto
the stainless steel target plate (MTP384, Bruker-Daltonics) and allowed to dry
at room temperature. Positive ion mass spectra were recorded in reflectron
(m/z range 500-3,500) and linear modes (m/z range 3,500-10,000).
FlexControl (version 3.4) was used for data analysis (Bruker-Daltonics). The
oligomerization degree can be calculated from the mass of individual peaks
detected by this technique taking into account the mass of the caprolactone
ring (114 Da) and its open form (132 Da) which incorporated a water
molecule. Then, the mass of the oligomers owes to the formula [(n x 114) +
18], where n corresponds to the number of monomeric units. Since
caprolactone oligomers were detected as their potassium and sodium adducts

the measured mass of the oligomers increased in 39 or 23 Da, respectively.
3.3.3.8 Synthesis of phytostanol esters

The ability of the enzyme crudes to catalyze transesterification reactions was
assayed using 10 mM [-sitostanol in 100% methyl oleate. Three units per
milliliter on pNPB of each esterase were added, and the reaction proceeded at
28 °C with magnetic stirring (1,200 rpm). All reactions were conducted in
duplicate and controls without enzyme were performed in parallel. Fifteen
microliters was periodically withdrawn, diluting with 150 pL of isooctane.
Fifteen microliters of a 2.5 mM solution of cholesterol in the same organic

solvent was immediately added as internal standard (final concentration 0.21
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mM) and 1 pl. was injected in a 7890A gas chromatograph (Agilent, Palo
Alto, CA, USA). Injector and flame ionization detector were set up at 350 °C,
and He (20 psi) was used as the carrier gas. Separation was performed using a
fused-silica capillary column SPB-1 (5 m x 250 pm x 0.25 pm, Supelco,
Bellefonte, PA, USA), maintained at 115 °C for 1 min followed by a two-step
temperature program with a 10 °C/min ramp rate to 170 °C, and a second
ramp rate of 20 °C/min to reach a final temperature of 350 °C, held for 4 min.
The progress of the reactions was deduced from the total amount of residual
free B-sitostanol, calculated using the internal standard.

3.3.3.9 Nucleotide sequence accession number

The nucleotide sequence of the Necha2 gene presented in this work has been
deposited in GenBank. The accession number assigned was KR914668.

3.3.4 RESULTS

3.3.4.1 Production, purification, molecular mass determination and N-
linked sugar content

The sequences of the expressed enzymes were identical to those deposited in
the JGI database for the three putative proteins, except for the sequence of N.
haematococca MPVI that, being a different strain, shared 98% sequence
identity with JGI sequence jgi|Necha2|30050 (Fig. 3.3.S1). These small
differences do not affect the hydrophobic content of the protein.

After P. pastoris transformation, several positive clones were screened
for esterase activity. The maximum activity detected in culture supernatants
of Necha2 and Trire2 clones reached 30.5 U/mL and 15 U/mL, after 4
incubation days, while the best clone from Aspni5 reached around 2.6 U/mL
after 6 incubation days. The purification process of the three novel
lipases/esterases rendered 36, 22 and 9 mg/L for Necha2, Trire2 and Aspni$,
respectively. The molecular mass of these proteins and OPE was estimated by
SDS-PAGE (Fig. 3.3.1A). As previously described, OPE showed a molecular
mass around 75 kDa with 28% N-linked carbohydrates (Barba Cedillo et al.
2012). The molecular mass of Trire2 and Aspni5 were 63 and 67 kDa,

respectively. Based on the differences of molecular mass after enzymatic
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deglycosylation, we concluded that Trire2 and Aspni5 contained 10% and
18% N-linked carbohydrate, respectively.

In the case of Necha2, the SDS-PAGE showed two bands with different
intensity, 65 and 62 kDa, respectively. After Endo H treatment the mass of
both bands was smaller, indicating around 6.5% N-linked carbohydrate
content (Fig. 3.3.1A). The analysis of the N-terminal sequence of the two
Necha2 bands revealed that the minor band (~62 kDa) corresponded to a
truncated protein form with a loss of 31 amino acids (~3,400 Da smaller).
Both bands were active proteins as demonstrated by zymograms (Fig.
3.3.1B). The analysis by SDS-PAGE of the Necha2 crude extract expressed in
P. pastoris in the presence of EDTA resulted in a smaller concentration of the
protein band with lower molecular mass (Fig. 3.3.1B), although no significant
difference was detected in the total esterase/lipase activity in the culture.

A B

kDa 1 2 3 4 5 6 7 8 9
250 -
150 -

100 -~
75 — -

50 — - pipas

37 — ..
N-Terminus
* APAAVPVPEPVPDPVPQPVPQPATPATLEERAAKVT VAV

**AAKVTVAV

Fig. 3.3.1 Electrophoretic analysis of the recombinant enzymes. A) SDS-PAGE of
purified recombinant proteins. Lane 1, molecular mass markers; lanes 2, 4, 6, 8
deglycosylated Aspni5, Necha2, Trire2, and OPE; /anes 3, 5, 7 and 9, non-deglycosylated
Aspni5, Necha2, Trire2, and OPE. B) Effect of EDTA, as metalloprotease inhibitor, on the
production of Necha2 crude extracts: /lane 1, without; and lane 2, with EDTA. Lane 3,
molecular mass markers. Lane 4, Necha2 purified recombinant proteins and lane 5
zymogram against methylumbelliferyl-butyrate. (*) Not truncated protein and (**)

truncated protein.
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3.3.4.2 pH and temperature stability

The three novel enzymes and OPE were incubated in a pH range from 4 to 11
(Fig. 3.3.2A). All of them were active in the pH range 4-10.The pH profiles
of Trire2 and OPE were similar, with maximum activity at pH 7-8 and
keeping over 30% residual activity at pH 9 after 72 h. Aspni5 showed highest
activity at pH 6, and after 48 h it was nearly inactivated at alkaline pH values.
Interestingly, Necha2 was the most stable enzyme at alkaline pH, maintaining
85% activity at pH 9 and 10 after 72 h, and it was the unique preserving
around 50% activity at pH 11 at 72 h.

Temperature stability after 24 h was evaluated in the range from 30 to
60 °C (Fig. 3.3.2B), observing similar Tso values for all enzymes: 40 °C, 46
°C, 42 °C and 43 °C for Aspni5, Necha2, Trire2 and OPE, respectively.
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Fig. 3.3.2 Proteins stability. A) pH stability of the three novel lipases and OPE after 72 h
of incubation at different pHs. B) Temperature stability after 24 h of incubation at several
temperatures.

3.3.4.3 Aggregation behavior

The improved kinetic parameters of OPE expressed in yeasts are related to a
lower aggregation tendency. Hence, we studied the aggregation state of the
novel recombinant lipases/sterol esterases by ultracentrifugation analysis
(Fig. 3.3.S2). The sedimentation coefficient for Aspni5 and OPE
corresponded mostly (> 64%) to the monomeric form (~4.9 S). By contrast,

Necha2 appeared as dimeric (50%) and multimeric species (40%). Trire2 was
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present as a mixture of the monomer (34%) and aggregated forms with higher
sedimentation coefficient (54%).

Recently, Gutiérrez-Fernandez et al. (2014) have reported the crystal
structures of OPE showing that the active state of this protein is dimeric since
the monomeric form is strongly reduced (< 10%) in the presence of a
substrate as cholesteryl oleate. However, in the case of Aspni5, Necha2 and
Trire2 no differences in the monomer/dimer ratio were detected after
incubating these proteins with this substrate (data not shown).

3.3.4.4 Kinetic studies

Comparison of the catalytic properties of the three novel lipases with OPE,
based on the estimation of the apparent steady-state kinetic constants for pNP

esters, triglycerides and cholesteryl esters, is shown in Fig. 3.3.3.

The apparent K values for Aspni5, Necha2 and OPE against pNP
esters were in general similar (0.11-0.28 mM), although the affinity of OPE
towards pNPL was smaller (Km = 1.06 mM). On the other hand, the slightly
lower Kn value of Trire2 against pNP esters was compensated by a high
turnover frequency. As a consequence, the catalytic efficiencies of Trire2,

Necha2 and OPE are in the same range.

Concerning triglycerides, all enzymes showed similar affinity against
triolein, although OPE presented the highest catalytic efficiency due to its
high turnover frequency. More variability was observed in Km and kcar values
calculated for tributyrin, although Necha2 compensated its scarce affinity for
this substrate with a high turnover frequency, resulting in a catalytic
efficiency similar to that of OPE.

Aspni5 was unable to promote the hydrolysis of cholesterol esters,
while the other enzymes had similar K, against both short and long chain
esters, excepting OPE, which displayed less affinity against cholesteryl
butyrate. As occurred with the short-chain triglyceride, a high kca value
resulted in a catalytic efficiency comparable to those of Necha2 and Trire2.
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pNPB pNPL pNPP Tributyrin Triolein  Chol butyrate  Chol oleate
Kin 0.17+0.04 0.15+0.05 0.11+0.02 24+1.4 1.3+0.4 - -
Aspni5 kear 36.4+2.3 13.9+1.3 0.80+0.04 69.9+9.7 30.1+£2.3 0 0
kea/Km 216.2+40.7 94.4427 .4 7.541.2 29.0+13.2  23.7+5.9 0 0
Kin 0.28+0.08 0.2140.05 0.25+0.08 9.9+1.9 2.5+0.1 6.6+2.1 2.7+0.3
Necha?2 keat 180.8£16.9  221.1+17.5 123.0£10.9 231.3£12.6  108.5£1.3 10.2+1.2 11.9+0.6
kea/Km — 641.9£142.5 1064.5£214.9 496.3£126.7 23.4+3.6 42.9+1.3 1.5+0.3 4.4+0.4
Kin 0.92+0.25 0.73+0.19 0.77+0.26 14.3£1.9 2.24+0.5 5.542.8 1.7+0.3
Trire2 keat 404.9+43.7  461.5£57.6  208.02+29.2 839.2+26.7  61.6+4.2 19.6+£3.8 5.9+0.4
kea/Km 440.5+80 628.4+98.7  268.1+56.9  58.8+6.5 28.5+£5.2 3.5+1.2 3.4+0.4
Kin 0.26+0.08 1.06+0.22 0.24+0.09 6.2+1.3 3.4+0.1 25.6+4.6 2.54+0.5
OPE kear 146.9+12.1 600.1+48.7 103.3£10.9 283.7£11.4 456.6429.3  52.7£5.3 514.3+40.5
kea/Km — 567.5£142.6  552.6+£73.2  434.4+125.5 45.6£8.5  132.5+17.1 2.1+0.2 208.7+£27.3

Fig. 3.3.3 Shape of the tunnels and kinetic parameters of the different enzymes. The 3D model of the putative proteins and their internal tunnel is

represented at the left of each protein. (-°) Dashes correspond to undetermined K. values when no activity was detected (kew=0), Chol.:

Cholesteryl.
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It should also be noticed that the k. of OPE for cholesteryl oleate was
two orders of magnitude higher than those calculated for Necha2 and Trire2,
resulting in a very superior catalytic efficiency.

3.3.4.5 Enzymatic ring-opening polymerization of lactones

To study the lipase-catalyzed ROP of lactones, five different lipases were
tested: Aspni5, Necha2, Trire2, OPE and the commercial CRL crude, as a
positive control. The SEC profiles (Fig. 3.3.4A) showed that Necha2 and
Trire2 hardly initiated the polymerization, producing only very small
oligomers at the final reaction time. However, the evident displacement of the
products’ peaks to shorter retention times in reactions catalyzed by Aspni3,
CRL and OPE demonstrated that these were capable of promoting
oligomerization of caprolactone throughout the reaction (maximum average
molecular mass around 1,600 Da). The mass distribution of the oligomers in
21 days reactions was analyzed by MALDI-TOF (Fig. 3.3.4B). As expected
for a polymer, a polydisperse distribution was observed. The average
molecular mass and caprolactone units in reactions catalyzed by OPE, Aspni5
and CRL were around 1,540 Da (n=13), 1,425 Da (n=12) and 1,311 Da
(n=11), respectively. In addition, the mass spectrum of OPE showed
oligomers up to n=30, although their amount decreased with increasing size.
For Aspni5 and CRL the maximum oligomers size detected was n= 23 and
24, respectively.

3.3.4.6 Synthesis of p-sitostanol esters

The same five enzymes were evaluated to test their ability to synthesize [3-
sitostanyl esters by transesterification in solventless reactions (Fig. 3.3.5).
Sixty-five and 75% transesterification was achieved in 15 and 30 min,
respectively, in reactions catalyzed by OPE while CRL synthesized only
around 10% and 15% in the same times. Trire2 and Necha2 showed little
transesterification activity during the first 30 min, and produced around 60
and 40% of [-sitostanyl oleate at the final reaction time. From 2 h of
incubation onwards, conversion yields with OPE remained around 90%. CRL

was gradually increasing its synthetic activity, reaching a conversion over
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90% at 48 h. Aspni5 was unable to synthesize this ester under the conditions
tested.
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Fig. 3.3.4 Analysis of the caprolactone oligomers synthesized by the three novel lipases,
OPE and CRL. A) SEC chromatograms of the ROP reactions with the different enzymes at
60 °C. From top to bottom: 0, 8, 12, 16 and 21 days of incubation. B) MALDI-TOF spectra
of the ROP reactions at 21 days of incubation. Upper panel, oligomers of caprolactone
synthesized by CRL; medium panel, oligomers produced by Aspni5; lower panel,
oligomers synthesized by OPE.
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Fig. 3.3.5 Synthesis of B-sitostanyl oleate by the three novel lipases, OPE and CRL.
Reaction rates of the lipase-catalyzed transesterification of B-sitostanol with methyl oleate.

3.3.5 DISCUSSION

Three putative lipases/sterol esterases, selected from a previous work
(Barriuso et al. 2013), have been expressed in P. pastoris and purified,
appearing as single bands in SDS-PAGE, except Necha2. In this case, a minor
band corresponding to a truncated, but active form of the protein (Fig.
3.3.1B), was detected. Upon adding EDTA to the crudes, the intensity of the
minor band decreased significantly, suggesting that this truncated Necha2
could be the result of the action of a metalloprotease from the culture
supernatants. One of the reported effects of methanol addition for the
expression of recombinant proteins in this host is induction of undesirable
proteins, like proteases (Sinha et al. 2005), which agrees with the results
observed for Necha2.

Regarding their glycosylation degree, Aspni5 and Trire2 were more
strongly N-glycosylated than Necha2 (Fig. 3.3.1A) as they have two
additional putative N-glycosylation sites, according to in silico predictions
(Barriuso et al. 2013). The highly-conserved glycosylation site Asn351 of
CRL isoenzymes is also present in Necha2, Aspni5 and OPE (Calero-Rueda
et al. 2009; Dominguez de Maria et al. 2006).

Most lipases tend to be stable around pH 6-8 (Saxena et al. 2005), and
hence finding catalysts able to work in a broad pH range can be interesting for
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different biotechnological applications. The lipases/sterol esterases studied in
this work were stable in a wide pH range and it can be highlighted that
Necha2 maintained more than 90% activity at pH 9-10 (Fig. 3.3.2A). The
thermal stability of the purified enzymes was similar to those reported for
other fungal lipases that remained active in the range 30-50 °C for a few hours
(Kontkanen et al. 2006; Lopez et al. 2004).

The enzymes from A. niger and T. reesei were mainly detected as
monomers, while that from N. haematococca was predominantly dimeric.
However, all of them presented different aggregation states in variable
amounts. This finding agrees with the dimeric, tetrameric and higher
aggregation forms reported by other authors in lipases/sterol esterases, which
are very hydrophobic proteins (Hyun et al. 1971; Kontkanen et al. 2006;
Pernas et al. 2001). The transition from monomer to dimer in the presence of
a substrate has been recently demonstrated for OPE (Gutiérrez-Fernandez et
al. 2014). However, there is no evidence of such behavior for the novel
proteins, suggesting that this is not a general property of enzymes belonging
to the C. rugosa-like family.

Several reports relate the number of hydrophobic residues in the lid
region of CRL isoenzymes with differences in affinity towards triglycerides
or sterol esters (Dominguez de Maria et al. 2006; Manchefio et al.
2003).(Brocca et al. 2003) expressed a chimeric form of CRL1 replacing the
lid sequence for that of CRL3, improving its cholesterol esterase activity. In
this context, OPE has more hydrophobic residues than CRL isoforms in this
region and proved to be more efficient on sterol esters than these and other

commercial lipases and sterol esterases (Calero-Rueda et al. 2004; 2009).

The A. niger enzyme, which is the most similar to CRL isoenzymes, in
terms of lid’s hydrophobicity and tunnel shape, was unable of hydrolyzing
(Fig. 3.3.3) or synthesizing sterol esters (Fig. 3.3.5). Its catalytic efficiency
towards pNP esters and triglycerides was the lowest, although all enzymes
had similar affinity. This suggests that Aspni5 recognized these substrates
efficiently but the catalysis is not effective due to its low turnover frequency.
On the contrary, the other three enzymes hydrolyzed all substrates regardless

of the length of acyl chain, although with different efficiency. For pNP esters,
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a comparable catalytic efficiency was obtained, while using triglycerides and
cholesterol esters as substrates, more differences were found and the affinity
was higher when the acyl chain was longer, which agrees with data previously
reported for other enzymes of the C. rugosa like-family (Calero-Rueda et al.
2002; Plou et al. 1997). In any case, the hydrolytic activity of OPE, which
showed to have low Kn values and high catalytic efficiency on triolein and
cholesteryl oleate, merits special mention. These long chain acylated esters
are target compounds, since they are responsible for undesired lipidic deposits
during pulp paper manufacture (Gutiérrez et al. 2001; Tenkanen et al. 2002).

The results obtained in this work suggest that even though the
hydrophobicity of the lid is an important factor for enzyme performance,
other structural characteristics should be considered, as they can affect kinetic
parameters. The improved activity of OPE, the most versatile enzyme among
the tested in this study, could be attributed to its active form as a functional
dimer, its internal tunnel, straight and wider than those from similar proteins
and with a possible exit region (Gutiérrez-Fernandez et al. 2014). Further
studies are required to explain why Necha2 and Trire2, whose hydrophobicity
in the lid region and tunnel morphology are similar to OPE, are less effective

in the conditions assayed.

The enzymatic synthesis is an attractive alternative to substitute the
chemical methods because of the mild conditions required, avoiding the
addition of chemicals and the removal of residues that may constitute
environmental concerns (Varma et al. 2005). We have evaluated the
efficiency of the enzymes from the C. rugosa-like family catalyzing ROP of
lactones (Fig. 3.3.4). OPE, Aspni5 and CRL succeeded in producing
caprolactone oligomers, although after long reaction times, as described for
CRL (Kobayashi et al. 1998; Uyama and Kobayashi 1993). The results were
slightly better for OPE, but the polymerization degrees for this enzyme are
still far from those reported for other lipases (Kumar and Gross 2000), since
this reaction is greatly affected by the lipase type (Kobayashi et al. 1998;
Namekawa et al. 1999).

On the other hand, these enzymes were assayed in the synthesis of [3-
sitostanol esters. These are more soluble and reduce more effectively LDL
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cholesterol than free sterols/stanols and sterol esters (Musa-Veloso et al.
2011). Weber et al. (2001a, b) described almost quantitative yields for
transesterification of sitostanol with methyl oleate in vacuo, at 40 °C using 50
mg of CRL. In our work, reactions were carried out with a low catalyst
dosage, under very mild conditions, at 28 °C and atmospheric pressure. More
than 80% conversion after 1 h was found in OPE-catalyzed reactions, but
CRL, Trire2 and Necha2 produced less than 35% [-sitostanyl oleate in the
same reaction time (Fig. 3.3.5). In contrast, Aspni5 was unable to catalyze
this transesterification reaction, as occurred in hydrolysis of cholesterol esters,
indicating that not all the enzymes from the C. rugosa-like family are
versatile enzymes with both lipase and sterol esterase activities.

In conclusion, we have expressed and characterized three putative
lipase/esterase enzymes, selected from in silico mining of fungal genomes,
and compared their properties and activity with those from the versatile OPE.
We corroborate that, in general, a wider and straighter internal tunnel favors a
higher turnover frequency, as demonstrated from the values calculated for
Necha2, Trire2 and OPE. However, the hydrophobicity of the lid region
seems not to be the unique factor conditioning the activity against sterol
esters. The results of in silico mining are very useful for selecting new
putative candidates in extensive screenings of proteins, but expression and
characterization of proteins are needed to corroborate their catalytic

properties.
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3.3.7 SUPPLEMENTARY MATERIAL

Necha2JGI APAAVPVPEPVPDPVPQPVPQPATPATLEERAAKVTVAVPSGTVIGSSLGKVESFRGIPF 60
Necha?2 APAAVPVPEPVPDPVPQPVPQPATPATLEERAAKVTVAVPSGTVIGSSLGKVESFRGIPE 60
Kk ok ko Kk kK ok K ok ko Rk kK ok K ok ko ok ok kK ok ko ok ok kK K ok ko ok ok ok ok ok K ok ko ok ok R ok kK ok ok ok ok ok
Necha2JGI ADPPTGSLRLKPPKKLSK“LGNFDASGLIGPSCPQMFISTGAEDVISEFLSNFLSIPFLQ 120
Necha? ADPPTGSLRLKPPKKLSKJELGSFDASGLIGPSCPOMFISTGAEDVISEFLSNFLSIPFLQ 120
KA KKK KKK KARK K AR K Ah | KA KR XKk & * Kk &Kk xKh ok &k Kk k& Kk ok &k Kk ok &k Kk k& * k&
Necha2JGI VVTGQEDCLTMTVQRPVGTKAGDKLPVLFWIFGGGFELGESAMYDGTSLLGTGIDQDQPEF 180
Necha?z VVTGQEDCLTMTVQRPVGTKAGDKLPVLFWIFGGGFELGISAMYDGTSLLXTGIDQDQPE 180
KA KKKk h ok k kKKK K hh ok kA A A Kk h ok kk kAR ARk h ks kAR A Kk hk ok &k k ok k kK k&
Necha2JGI IFVAVNYRVAGFGFMPGAELADEGSTNLGLLDQRMGLEWVADNIAAFGGDPDKVTIWGES 240
Necha?2 IFVAVNYRVAGFGFMPGAELADEGSTNLGLLDQRMGLEWVADNIAAFGGDPDKVTIWGES 240
Kk ok k kK kK k k ok k ok ko kK ok k ok k ok k ok kK ok k ok k ok k kK ok ko ko k kK k ok k ok ok ok Kk Kk kR ok ok ok
Necha2JGI AGAISVLDQMTLEFGGDADYKGKPLFRGAIMNSGSVVPAEPVDSPKAQEIFDTVVKNAGCHE 300
Necha?2 AGAISVLDOQMTLFGGDADYKGKPLFRGAIMNSGSVVPAEPVDSPKAQEIFDTVVKNAGCE 300
R R R R R R R R R R R R L
Necha2JGI SISSSLACLRELPYDKFLDAANSVPGLLSYNSLALSYLPRPDGHVLPDSPEALIAAGRYH 360
Necha?2 SYSSSLACLRIALPYDKFLDAANSVPGLLSYNSLALSYLPRPDGHVLPDSPEALIAAGRYH 360
K kk Ak k kA k| KKKk A Ak kA kk kA Kk kA ok ok Ak ok kA kk kA ok ok kA k ok kk kA kK KAk kK kK K
Necha2JGI AVPMINGNQEDEGTLFALFQPNLTTIAINLVDYLQEFYFFAASKTQLTNLVNSYSSSITAG 420
Necha?2 AVPMINGNQEDEGTLFALFOPNLTTHAIRLVDYLOEFYFIMAASKTQLTNLVNSYSSSITAG 420
KA KKK KKK K AR K KA XK A AR K AR K o ke hk A A KA KKk ¢ hok Ak Kk &k ko &k k k& Kk k& * Kk
Necha2JGI SPFRTGILNEIFPGFKRRAAIFGDLVEFTLTRRLELQTATDTNPDVPAWSYLASYDYGTPE 480
Necha?z SPFRTGILNEIFPGFKRRAAIFGDLVFTLTRRLFLOQTATDTNPDVPAWSYLASYDYGTP)Y 480
KKk kK Kk kK Kk kK K kK Kk Kk K kK Kk kK Kk Rk kK Rk kK Rk kR K ok R Rk ok Rk ok ok Rk ok kK k.
Necha2JGI LGTLHGSDLLQVFFGIVPNNAMRSIRTYYYNFLYNLDPNVGVTKYANWPEWKESKKLMWE 540
Necha?2 LGTLHGSDLLQVFFGIVPNNAMRSIRTYYYNFLYNLDPNVGVTKYANWPEWKESKKLMWE 540
Kk ok k kK ok ok k k ok k ok kK ok ok ok k ok k ok k ko ok k ok k ko ok ok k ok ok ok k ok k ok ok ok k ke ok k Kk Kk ko kK ok
Necha2JGI KSANGNDILNDDFRQONSYNWIASNVGVLRV 570
Necha?2 KSANGNDILNDDFRONSYNWIASNVGVLRV 570

Ak khkkhkkhkkhhkhhkhkrhkhkkhkkhkkhhkhhrkkkkkkkx*

Fig. 3.3.S1 Sequence alignment of putative enzymes from F. solani (imperfect state of V.
haematococa). The lipase/esterase sequence from F. solani shared 98% sequence
homology with JGI sequence jgi|Necha2|30050, resulting in 10 amino acids substitutions.
These substitutions are highlighted in blue boxes.
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3.4.1 SUMMARY

The fungus Pseudozyma antarctica produces a lipase (CalB) with broad
substrate specificity, stability, high regio- and enantio-selectivity. It is active
in non-aqueous organic solvents and at elevated temperatures. Hence, CalB is
a robust biocatalyst for chemical conversions on an industrial scale. Here we
report the in silico mining of public metagenomes and fungal genomes to
discover novel lipases with high homology to CalB. The candidates were
selected taking into account homology and conserved motifs criteria, as well
as, phylogeny and 3D model analyses. The most promising candidate (PlicB)
presented interesting structural properties. PlicB was expressed in a
heterologous host, purified and partially characterized. Further experiments
will allow finding novel catalytic properties with biotechnological interest.
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3.4.2 INTRODUCTION

Carboxylester hydrolases (E.C. 3.1.1) are a group of enzymes which includes:
esterases (E.C.3.1.1.1) defined by their ability of hydrolyze carboxyl esters
from short chain acylglycerol and lipases (triacylglycerol lipase, E.C. 3.1.1.3)
enzymes which are capable of releasing long-chain fatty acids from water-
insoluble carboxylic esters (Casas-Godoy et al. 2012). Both enzymes are able
to catalyze esterification and transesterification reactions in presence of
organic solvents. The distinction between lipases and esterases is not clear.
Several unsuccessful attempts aimed at differentiating “lipases” from
“esterases” by using criteria such as primary sequence comparisons, structural
features, and kinetic parameters have been analyzed (Verger 1997). A single
feature is not sufficient to differentiate esterases from lipases, and therefore, a
new bio-physico-chemical classification of lipolytic enzymes was proposed
(Ben Ali et al. 2012).

These closely related enzymes are distributed among animals, plants
and microorganism. One of the most important lipases used in
biotechnological applications is CalB from the basidiomycete Pseudozyma
antarctica, formerly known as Candida antarctica (Shivaji and Prasad 2009).
This yeast belongs to the Ustilagomycetes class, which includes the plant
pathogen Ustilago maydis, where few lipases have been recently
characterized (Brundiek et al. 2012; Buerth et al. 2014). CalB shows broad
substrate specificity, stability, and high regio- and enantio-selectivity.
Moreover, it is active under conditions that are unnatural to most other
enzymes like in non-aqueous organic solvents and at elevated temperatures
(Uppenberg et al. 1994). Hence, CalB is a robust biocatalyst for chemical
conversions on an industrial scale (Idris and Bukhari 2012).

Structurally, CalB belongs to the o/p hydrolase fold family, represented
by a conserved core structure composed of seven central  strands, flanked on
both sides by ten a-helices (Uppenberg et al. 1994). The fold presents a stable
scaffold for the catalytic triad composed by Ser105, His224 and Asp 187, in
nearly all lipases the residues around the nucleophile serine are highly
conserved presenting the motif GXSXG; exceptions to this pattern are:
TWSQG in CalB and AHSMG in lipase from Saccharomyces cerevisiae
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(Pleiss et al. 2000). CalB presents a potential lid formed by helix a5, however,
in contrast with other lipases, does not shows interfacial activation (Martinelle
et al. 1995).

Advances in DNA sequencing have allowed studying the genomes of
an enormous number of organisms in a short time. As an example, the Joint
Genome Institute (JGI) from the US department of energy (DOE) has more
than 300 fungal genomes completed and available in its website
(http://www.jgi.doe.gov/). Furthermore, the study of DNA directly sequenced

from environmental samples it is known as metagenomics. There are many
metagenomes sequencing projects deposited in public databases, such as MG-
RAST, IMG/M, and CAMERA (Barriuso and Martinez 2015). Bioinformatics
approaches to analyze these datasets allow the finding of new enzymes in the
available DNA sequences (Barriuso et al. 2013).

In this work, we report the in silico mining of public fungal genomes to
discover lipases with high homology to CalB. The candidates were selected
taking into account homology and conserved motifs criteria, as well as,
phylogeny and 3D model analyses. The most promising candidate was

expressed in heterologous hosts, purified and its catalytic properties studied.
3.4.3 MATERIALS AND METHODS
3.4.3.1 Screening and selection of candidate

To identify the conserved motifs in the sequences of the P. antarctica lipase B
family (abH37.01) all sequences available in “The Lipase Engineering
Database”(Pleiss et al. 2000) from this family were downloaded
(http://www.led.uni-stuttgart.de/), and subjected to analysis using MEME

software (http://meme.sdsc.edu/meme/intro.html). The only conserved amino

acids sequence detected in all cases was WSQG, comprising the catalytic Ser
from CalB (Pleiss et al. 2000; Uppenberg et al. 1994)

To look for the putative lipases containing the conserved motifs WSQG
in the fungal genomes and environmental metagenomes, automatically
predicted proteins from all 300 fungal genomes at the JGI web-site containing

the terms “esterase” (26,089 sequences) or “lipase” (16,855 sequences) were
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downloaded using the Advanced Search option. Also, eighty-one nucleotide
datasets from different metagenomes, selected from diverse environments to
maximize genetic variability, were downloaded from the databases MG-
RAST (http://metagenomics.anl.gov/) and IMG/M (http://img.jgi.doe.gov) (7

million assembled contigs, (Barriuso and Martinez 2015)), and translated in

the six possible reading frames to aminoacidic sequences. From the total pool
of sequences, the ones contained the conserved motifs WSQG were selected
using the Bioedit 7.1.3 software (32 hits). Alternatively, as a second screening
strategy, protein similarity searches were performed at the JGI and the NCBI-
NR databases using BLASTp algorithm (e value 10) using CalB lipase as a
query (29 hits).

3.4.3.2 Sequence and phylogenetic analysis

Candidate sequences were compared by means of BLASTp against the “The
Lipase Engineering Data Project” (LED) databases; those belonging to the
CalB-family were subjected to a phylogenetic analysis. Selected candidates
were aligned using MUSCLE, and an un-rooted tree was created using
Maximume-likelihood methods with a bootstrap of 2,000 (MEGAG6 software).

3.4.3.3 Structure modeling

Selected sequences were aligned versus CalB using ClustalW. Putative signal
peptides were predicted using SignalP 4.0. N-glycosylation sites and
disulphide bonds were predicted using NetNGlyc1.0 server and DIANNA 1.1
web server respectively. The three-dimensional structures of candidates were
modeled on the SWISS-MODEL server in the automatic mode. The models
were exhaustively analyzed using PyMol 1.1.

3.4.3.4 Cloning procedures and heterologous expression

DNA coding sequences for the mature protein of putative lipase gene from the
Plicaturopsis crispa genome (JGI protein ID 57710) was codon optimized for
its expression in Escherichia coli and Komagataella (=Pichia) pastoris and
synthesized by ATG:biosynthetics (Merzhausen, Germany). The gene was
cloned into the vectors pET28a(+) (Merck, Darmstadt, Germany), using Ncol

and Notl sites, under the transcriptional control of the T7 promoter for its
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expression in E. coli. The pET28:PlicB construct was transformed into E. coli
BL21(DE3)pLysS cells. Expression and solubility was checked by SDS-
PAGE gels, using lysates from single colonies grown at 37 °C in LB with
kanamycin (50 pg/mL) and chloramphenicol (34 pg/mL) until optical density
at 600 nm reached 0.6. Then, the cultures were induced with IPTG (1mM),
grown at 37°C or 16°C for 16h, and harvested by centrifugation (6,000 x g, 20
min, 4°C). Cell pellets were resuspended in 5 mL lysis buffer (10 mMTris-
HCIl, pH 7), sonicated (Misonix S4000; Qsonica, Newtown, CT, USA),
separated from the supernatant fraction, and checked for protein solubility
using 10% polyacrylamide gels.

For expression in P. pastoris, plicB gene was cloned into pPIC9 vector
(Invitrogen, Calrsbad, CA, USA) under the transcriptional control of the
methanol-inducible AOX1 promoter, using EcoRI and Notl sites.The
pPIC9:PlicB construct was transformed into P. pastoris KM71 and GS115
strains as described before (Gutiérrez-Fernandez et al. 2014). Activity
screening was performed using single colonies from the transformation plates
grown in 20 mL YEPS medium in 100 mL flasks with 0.5% w/v of methanol
to induce gene expression. The flasks were incubated at 28 °C and 250 rpm
and 0.5% w/v methanol was added daily for maintaining the induction. The
esterase activity was checked using the lipase activity assay kit II (Sigma-
Aldrich, Steinheim, Germany).

3.4.3.5 PlicB production, purification and characterization

Positive clones from P. pastoris, secreting PlicB were selected for protein
production and purification. One liter flasks with 100 mL of YEPS medium,
inoculated with 3,5 mL of overnight YPD cultures (DOsoo 8-10), were
incubated at 28 °C and 250 rpm. When maximum activity was reached (4
days), the cells were harvested by centrifugation (6,000 x g at 4 °C) and the
supernatant concentrated in 10,000 MWCO Amicon-Ultra Centrifugal filters
(Merck-Millipore, Darmstadt, Germany). Supernatant was equilibrated with
0.5 M ammonium sulfate in 20 mM Tris-HCI pH 7 buffer and applied to a
Octyl-Sepharose cartridge (GE Healthcare Life Sciences, Uppsala, Sweden).
Proteins were eluted with a linear decreasing gradient (0.5-0 M) of

ammonium sulfate in the same buffer. Fractions containing lipase activity
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were concentrated, dialyzed and subjected to size exclusion chromatography
in a HiLoad 16/600 Superdex 75 pg (GE Healthcare) column equilibrated and
eluted with 20 mM Tris-HCI pH 7 buffer containing 0.15 M NaCl. Dextran
blue (2,0 kDa), Aprotinin (6,5 kDa), Ribonuclease A (13,7 kDa), Carbonic
anhidrase (29 kDa), Ovoalbumin (44 kDa) and Conalbumin (75 kDa),
(Calibration kits; GE Healthcare), were used as standards to calibrate the

column in order to evaluate PlicB quaternary structure.

The apparent molecular weight of the purified PlicB was estimated
from SDS-PAGE. Precision Plus Protein Dual Color Standards (Bio-Rad,
Hércules, CA, USA) were used in running 10% polyacrylamide gels. N-
linked-carbohydrate content (%) was estimated as the difference between the
apparent molecular mass of the protein before and after deglycosylation with
Endoglycosidase H (Roche, Mannheim, Germany). For N-deglycosylation,
the purified protein was dialyzed against sodium citrate buffer, pH 5.5, and
then incubated with Endo H at 37 °C for 24 h, following the manufacturer’s
instructions. Protein concentration was determined by the Bradford (Bio-
Rad), bovine serum albumin was used as standard (Buerth et al. 2014).

3.4.3.6 Peptide mass fingerprinting using MALDI-TOF mass
spectrometry

The purified protein was analyzed by SDS-PAGE in a 10% polyacrylamide
gel and stained with SYPRO Ruby (Bio-Rad). The band was excised and
subjected to tryptic in-gel digestion in a DigestPro MS digestor (Intavis, Koln,
Germany). MS analyses of the tryptic peptides were performed in an Autoflex
I MALDI-TOF/TOF mass spectrometer (Bruker Daltonics, Bremen,
Germany) controlled by the flexControl 3.0 software (Bruker Daltonics).
Three of the tryptic peptides were chosen to carry out fragmentation and
sequencing. MALDI-MS and MS/MS data were combined through the
BioTools 3.0 program (Bruker Daltonics) to search against the non-redundant
protein database from the NCBI using the MASCOT 2.3 search engine
(Matrix Science, London, UK). Scores greater than 75 were considered
significant (p<0.05).
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3.4.3.7 Esterase and lipase activity assays

PlicB activity against triglycerides was tested in tributyrin agarose plates (1%
agarose, 1% glyceryl tributyrate previously homogenized in 20 mM Tris-HCl
pH 7 buffer). Twenty-five micrograms of purified protein were dropped onto
the plates, followed by incubation at 28 °C overnight. Alternately, plates with
Tween20/40/80 substrates were used (1% agarose, 0.2% Tween 20/40/80 and
0.6 mM CaCl). Fifty micrograms of purified protein were dropped onto the
plates followed by incubation at 28 °C for 24-48h. Fatty acids released from
substrates produced a turbid halo. On the other hand, PlicB lipase activity was
quantified spectrophotometrically using the Lipase activity assay kit II
(Sigma-Aldrich), and compared with that from commercial non immobilized
CalB (lyophilized powder; Sigma-Aldrich).

The hydrolysis of p-nitrophenyl butyrate (pNPB), p-nitrophenyl laurate
(pNPL) and p-nitrophenyl palmitate (pNPP) were assayed in presence of 1%
(v/v) Genapol X-100 as surfactant, as described previously (Gutiérrez-
Fernandez et al. 2014), using an Shimadzu UV-1800 spectrophotometer with
magnetic stirring (600 rpm) and temperature control at 25 °C. One unit of
activity (1U) is defined as the amount of enzyme releasing 1 pumol of p-

nitrophenol (e410= 15,200 M-'cm™!) per minute under the defined conditions.
3.4.3.8 pH and temperature stability

To determine the enzymes stability at different pHs, the enzyme were
incubated in 10 mM Britton-Robinson buffer from pH 4 to 9 at 4 °C. Samples
were taken at 24 h to calculate residual activity using the pNPB assay as
describe above. The initial activity of the enzyme was taken as 100%.
Thermal stability was determined by the temperature at which 50% of activity
was lost in 10 min incubation (Tso value) the protein was incubated in 20 mM
Tris-HCI pH 7 buffer at a range from 30 to 60 °C, cooled on ice, and
rewarmed to room temperature for 5 min prior to residual activity

determination by Lipase activity assay kit II (Sigma-Aldrich).
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3.4.4 RESULTS AND DISCUSSION
3.4.4.1 Genomes and metagenomes screening

After the search of conserved sequence WSQG in 81 environmental
metagenomes and putative proteins annotated as lipase and/or esterase in
more than 300 fungal genomes, only 21 and 11 candidates contained the
motif, respectively. Moreover, analysis and comparison of these sequences in
“The Lipase Engineering Database” retrieved no C. antarctica lipase B family
members (abH37.01). In the case of candidates from metagenomes all
belonged to bacteria; as previously reported the abundance of fungal
sequences in this data sets it is very low (Barriuso and Martinez 2015).

Alternatively, a second strategy based on sequence homology search
against JGI and NCBInr databases using CalB as query rendered 29
sequences. After a deeper analysis of these sequences, 8 belonged to the
abH37.01 family and were subjected to a phylogenetic study (Fig. 3.4.1).

54 —— CalB P41365

49 LS. reilianum CBQ70828
100 —— U. hordei CCF54401
U. maydis UM01422
8 L———— P hubeiensis GAC96817
P. crispa JGI Plicr1 57710
100 L—— P, crispa JGI Plicr1 509233
L. fluviatile JGI Lenfl1 466810
100 Z. tritici XP003856620

—
0.2

Fig. 3.4.1 Phylogenetic analysis of CalB and eight potential CalB-like lipase
candidates. The tree was built using MEGAG6 software, boostrap values (2,000 replicates)
are shown next to the branches. The name of the specie is followed by the sequence

accession number.

Interestingly, candidates from P. crispa and Lentithecium fluviatile only
arise using the second search strategy. This is due to absence of the conserved
WSQG motif in P. crispa sequences, and to the annotation of L. fluviatile
sequence as an o/B-hydrolase instead of “lipase” or “esterase” in the database.
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In this sense it is worthy to mention the convenience of applying different
search strategies to avoid the loss of potential candidates.

Lipase sequences from Ustilago and Sporisorium, Gramineae parasites
closely related and commonly known as smut fungi (Stoll et al. 2003),
grouped in the same branch than CalB and lipases from the anamorphic yeast-
like fungus Pseudozyma, that also belongs to the Ustilaginales (Wang et al.
2006). Several of these lipases are protected by international patents due to its
biotechnological potential interest (Besenmatter et al. 2013), and lipase B
from U. maydis (Ulm2) has been recently characterized (Buerth et al. 2014).
In a second cluster with a higher phylogenetic distance from CalB, grouped
the putative lipases from the Dothideomycetes: Zymoseptoria tritici (1D
XP003856620), a wheat pathogen (Hibbett et al. 2014) and Lentithecium
Sfluviatile (JGI/Lenfl1/ID 466810), from fresh water habitats.

Finally, lipases from the Agarical Plicaturopsis crispa (JGI/Plicrl/ID
57710 and 509233) grouped in a different branch at an intermediate
phylogenetic distance between Ustilaginales and Dothideomycetes. Putative
protein ID 509233 seems to be a truncated form of the putative protein 1D
57710 presenting 70 amino acids less, probably due to a wrong automatic
genome annotation. P. crispa is a white rot basidiomycete, and is the first
member of the Amylocorticiales order to be sequenced (Gordon et al. 2014).
This fungus is an effective decayer, colonizing predominantly dead branches
of deciduous trees (Hibbett et al. 2014).

In this kind of fungi, secreted lipases may play a role for nutrition
and/or damage of host cells to help penetrate host tissues. These enzymes may
be implicated in the initial degradation of the epicuticular waxes and cuticle,
which consist of a mixture of long-chain fatty acids, aldehydes, alkanes,
primary and secondary alcohols, ketones and wax esters (Gaillardin 2010).

3.4.4.2 Sequence analysis and structural model

The putative lipase sequence PlicB from basidiomycete P. crispa (protein ID
57710) was selected as the most promising candidate, since it was very
similar to the characterized enzymes CalB and Ulm2, but still presented some

interesting differences. PlicB possess 367 amino acids with a theoretical mass
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of 37 kDa and contains a predicted signal sequence of 19 amino acids. Mature
PlicB presented 30% sequence identity and 44% similarity against CalB (Fig.
3.4.2). Molecular models of the selected candidate were generated using
SWISS-MODEL server and the template automatically chosen was CalB
structure (PDB: 4K6H). The 3D model from PlicB adjusted with a Qmean
value of -5.25 (Fig. 3.4.S1).

PlicB : LTVSSSAARRHAELAPRVIGCAINPTSTSWEPTPCG YDVEEERDIYDNIF@ANG-VONISNimnnyte [efde—-DTYTNCGY Q)
CalB 1 : TPLVERLES FSQEESVIFDAGLTleQCASPSSV SHizINARGse Te TTle FOSFODSNWL
Uml2 1 : LELAS FESTEFKATDACLE@QTCSPSS THispnARy e Ten NeTOTFDSSWI
PlicB 64 : LT YDV[eY R o Dl 2 ORI VA YR TNMIMSETN-AA € NAAT ISAKQF GPF

CalB &0 : ST YTEHeW E oVl TERNMVNE! ITATSAGSGNNE A4 CLV SEVDRL BDY

UmlZ2 55 : SA FSEeW B O VIL VERI TVNEV O TI§MAGSESER i GLA NQVDRL EDY

PlicB 168 : ITCEVYEAGQLDTTTHSIReLT KEL RS DYN S HIpE OV EPCIRDESAVREEFVEGERTRIVEI[e O F@DG
CalB 145 : WLAGPLDA--LAVSAFEVNeOT ALT RN LTCT] N ATRET QVSWSELDSEYLFNGE -1 VORe 2 VeGP
Uml2 140 : IEACLLST--FGLASCIEVeQ O AFV EN LTS N FIBET QVFRSDADSEYLONSE— 1 IQAe TV[ECC
PlicB 253 : LRYL-ESEeFPFL TS SARFVDPFVPALNIF@NLDCETRESTGDVARVER STV SRVADTVLYGRL 'KS
calB 225 : LENIDEAESTTS GR TTCOARSANY CTIT-—DieN PLERNINT PEQEVAAARTT A ALIVAGPEQN—— MB
Umlz 220 : FEYIDERAESTTS GE SSCVANSAY SSK-—DeKASER DI SARORKADASETTF GNLLAGPEQN—— KP

[

plicB 337 1 MVASYPDNAVHD————-——
calB 306 : MARFFAVGERTCSGIVTE
Uml2 301 PARCFAVGEETCSGTIN-

Fig. 3.4.2 Protein sequences alignment of the mature regions of PlicB, CalB and
Ulm?2. Residues completely conserved at a given position are indicated in white on blue.
Putative catalytic residues are highlighted on purple. Potential N-glycosylation sites are
marked by a star.

Residues Ser122, Asp218 and His257 are probably responsible for the
catalytic activity of the protein as they superpose in the model with the
catalytic triad of CalB. It is worth to notice that PlicB was the only candidate
found that did not presented the conserved motif WSQG forming the shoulder
of the catalytic Ser. Instead of a tryptophan PlicB presented a tyrosine
preceding the catalytic serine (Fig. 3.4.2), similar to cutinases from Fusarium
solani and Aspergillus oryzae (Pleiss et al. 2000). The tryptophan in CalB
seems not to be crucial as it is shown in the mutant W104A, which presents

an expanded pocket with increase activity against alcohols (Magnusson et al.
2005).
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Analyzing potential disulphide bonds, PlicB possesses two (Cys54-
Cys94 and Cys-250-Cys293), one less than CalB and Ulm2 (Buerth et al.
2014). The overall structure of PlicB (Fig. 3.4.S1) is a globular a/B-type
protein with a central B-sheet composed of seven [B-strands flanked by o-
helices. CalB has a semi-covered active site consisting of a5 (as the lid) and
al0 (as activation element), forming a narrow hydrophobic channel with the
catalytic residues inside (Ganjalikhany et al. 2012). In PlicB model a5 is
replaced by a loop forming a cleft-like enzymatic cavity.

3.4.4.3 PlicB production, purification and characterization

Taking into account sequence and phylogenetic analysis, as well as the 3D
molecular models, protein from P. crispa ID 57710 was selected for
heterologous expression. The mature sequence of plicB gene was expressed in
E. coli and P. pastoris. In the first case, the protein obtained was insoluble,
inactive and located inside inclusion bodies (Fig. 3.4.3). The deposition of
unfolded or partially misfolded protein is a common problem in this host,
especially when expressing eukaryotic proteins (Gasser et al. 2008). On the
other hand, P. pastoris resulted to be an optimum heterologous host for this
kind of enzymes, as previously described (Valero 2012). Different P. pastoris
strains were tested, and the best producer clone was obtained from strain
GS115. Purification of PlicB was performed from methanol-induced cultures
grown for 96 h: culture supernatant was applied onto hydrophobic and size
exclusion chromatography columns, yielded 4mg/L of purified protein of an
estimated molecular mass of 48 kDa (Fig. 3.4.3), although its theoretical
molecular mass was 37 kDa. After enzymatic deglycosylation of the protein
by Endoglycosidase H treatment, a unique band of approximately 37 kDa
appeared as seen by SDS-PAGE, indicating a 20% of sugars N-liked (Fig.
3.4.3), in accordance with the two N-glycosylation sites predicted (Asn60 and
Asn264). The molecular weight of PlicB calculated by size exclusion
chromatography using a HiLoad 16/600 Superdex 75 pg column was 47.8
kDa, very similar to that obtained under denaturing conditions in SDS-PAGE,
which would indicate that PlicB is a monomer in the conditions tested,
according to CalB previous results (Qian et al. 2009). PlicB identity was
confirmed by mass fingerprinting analysis (data not shown).
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Lipase activity of purified enzyme was checked on tributyrin and
Tween 20/40/80 plates (Fig. 3.4.S2). Tween 20/40/80 are polysorbate
detergents containing esters of fatty acids with different chain length: lauric
acid, palmitic acid and oleic acid, respectively.

kDa 1 2 3 4 5

250 -
150 -

100 —
75—

50 — |

fé

37 N—— | -

- - —

Fig. 3.4.3 SDS-PAGE of PlicB expressed in E. coli and P. pastoris. Lane 1, molecular
mass markers; lane 2-3 pellet and supernatant respectively, of crude extract from PlicB
expressed in E. coli BL21(DE3)pLysS grown at 37 °C. The dashed box indicates the
insoluble expression of PlicB. Lane 4, purified PlicB expressed in P. pastoris GS115. Lane
5, purified PlicB expressed in P.pastoris after Endoglycosidase H treatment. The migration
of deglycosylated PlicB (black arrow) and Endoglycosidase H (open arrow) are indicated.

Although the purified protein was able to hydrolyze all the substrates
assayed, PlicB produced a more visible halo in Tween 40 compared to Tween
20 after overnight incubation, while the halo in Tween 80 plates appeared
only after 48 h incubation. This ability has already been shown in CalB and
Ulm2 (Buerth et al. 2014). PlicB lipase activity was quantified and compared
to CalB by using a spectrophotometric approach (Lipase assay kit I, Sigma-
Aldrich) (Table 3.4.1). By this method, PlicB showed 4-fold higher lipase
activity compared to CalB. Esterase activity against p-nitrophenyl (pNP)
esters of different fatty acids length chain (Table 3.4.1), revealed that PlicB
presented higher activity towards short chain substrates as p-NPB (C4), than
towards fatty acid esters of 12 and 16 carbons of acyl chain. Although CalB
presented 43-fold higher activity than PlicB against pNPB and pNPL,
hydrolysis of long chain pNPP by the two lipases was similar. Furthermore,
(Buerth et al. 2014) compared the specific activity of Uml2 and CalB against

152



A novel Calb-type lipase discovered by fungal genomes mining

pNP-esters in reactions containing DMSO (5% v/v) and 5SmM deoxycholate.
CalB resulted around 10 times more active towards pNPB and pNPL than
Uml2, while the activity was similar against pNPP.

Table 3.4.1 Specific activity of of PlicB and commercial non-immobilized CalB.

Specific activity (mU mg™)

Substrate Fatty acids PlicB CalB
pNPB C4:0 100+ 19 4300 + 500
pNPL C12:0 32+2 209+ 5
pNPP C16:0 22+4 15+8
Lipase kit C4:0 1400 £+ 106 343+ 6

Esterase activity was assayed using different acyl long chain pNP esters as substrate
(1.5mM in presence of 1% Genapol X-100). Lipase activity was assayed using the
lipase assay kit I (Sigma-Aldrich).

Inspection of the molecular surfaces of PlicB model and CalB revealed
notable structural differences in the substrate binding pocket. CalB showed a
funnel-like binding site able to accommodate large substrates (Naik et al.
2010; Pleiss et al. 1998), while PlicB showed a cleft-like enzymatic cavity.
Moreover, it has been suggested that a5 helix in CalB possessed flexibility
and interacts with the acyl part of a substrate (Skjot et al. 2009); in the case of
PlicB this a5 helix it is not present. Marked differences in lid regions among
CalB homologues have previously been described. Substitution of CalB lid
with that from related lipases resulted in chimeric proteins with altered
catalytic properties and enantioselectivity (Skjot et al. 2009). These facts
could contribute to the different substrate recognition and hydrolytic
efficiency of PlicB.

In terms of regioselectivity toward the position of the acyl group of
triglycerides, lipases can be classified into sn-1,3-regiospecific (Rhizomucor
miehei lipase), sn-2 specific (C. antarctica lipase A) and nonspecific lipases
(C. rugosa lipase). The substrate utilized in the Lipase activity assay kit II
(Sigma-Aldrich) is a thioester analog of tributyrin (2,3 dimercapto-1-propanol
tributyrate, DMPTB) (Choi et al. 2003). Thus, snl,3-specific lipase can
hydrolyze only one of the DMPTB-thioester groups, whereas nonspecific
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lipases could hydrolyze two groups (Farias et al. 1997). According to that, the
differences in lipase activity with this substrate could be related with the fact
that PlicB may be classified as nonspecific lipase while CalB would be an
1,3-specific lipase.

In spite of the substrate specificity differences found, the temperature
stability (Tso) (Fig. 3.4.4) and pH stability of PlicB (42 °C and stable between
pH 6 and 9) revealed a thermal and pH stability situated in the same range of
CalB (46 °C) and other CalB-like lipases (Xie et al. 2014). Enzymes stable at
wide range of pH and temperature are desirable for their biotechnological
application (Casas-Godoy et al. 2012).

In summary, genome mining has been proved as useful strategies in
order to discover new enzyme with potential improved properties. Putative
lipases from the CalB family were screened using two different strategies.
Most of the selected candidates corresponded with previously characterized
proteins, however, a new putative lipase (PlicB), lacking the conserved motif
(WSQG) in the catalytic Ser shoulder, was identified. PlicB was expressed in
two different heterologous hosts, purified, and partly characterized.

120

100 A

80 A

60 -

40 +

20 A

10-min residual activity (%)

-20

30 40 50 60

Temperature (°C)

Fig. 3.4.4 Temperature stability. Purified PlicB in 20mM Tris-HCI pH 7 was incubated
10 min at different temperatures (30-60 °C). Temperature stability is presented as Tso value
(dashed box).
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3.4.6 SUPPLEMENTARY MATERIAL

Fig. 3.4.S1 Comparison of PlicB 3D model and the molecular structure of CalB. A)
PlicB structural model, ribbon diagram (upper part) and molecular surface (lower part). B)
CalB structure (PDB: 1TCA) ribbon diagram (upper part) and molecular surface (lower
part). Catalytic serine is represented in magenta. The alpha helix delimiting the enzyme’s
lid region in CalB is represented in red, while PlicB model presents a loop (in pink). PlicB
posses a cleft-like enzymatic cavity, while CalB posses a funnel-like binding site (lower
part).
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Tributyrin

Tween 20

Tween 40

Tween 80

Fig. 3.4.S2 PlicB lipase activity tested in Tributyrin and Tween 20/40/60 plates.
Twenty-five micrograms and 50 ug were dropped into Tributyrin and Tween20/40/60
plates respectively and incubated at 28°C for 24 h, in the case of Tween60 the
incubation was for 48 hours
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4.1 BUSQUEDA DE NUEVOS SISTEMAS DE PRODUCCION DE
OPE

Desde que la esterol esterasa secretada por O. piceae (OPE) fue
caracterizada, se ha demostrado que esta enzima posee propiedades muy
interesantes para su potencial aplicacién en la industria papelera y en la
sintesis de compuestos nutracéuticos, como se recoge en las patentes ya
mencionadas de Calero-Rueda y col. (2002a) y Barba Cedillo y col. (2013),
respectivamente. Sin embargo, de cara a su posible empleo a escala
industrial es necesario disponer de un buen sistema de expresion
heterologo. Por ello, aunque OPE se habia expresado eficientemente en P.
pastoris (Barba Cedillo et al. 2012), se decidid6 explorar sistemas
alternativos.

4.1.1 Expresion en E. coli

Los organismos procariotas aparecen como una opcion atractiva para la
expresion heterdloga de proteinas porque se dispone de multitud de
herramientas moleculares que facilitan su manipulacion genética (Baneyx
1999) y esta fue la principal razon por la que se comenzo a trabajar con la
bacteria Gram negativa E. coli como hospedador. Pero ademas, esta
bacteria presentaba una ventaja adicional: carece de rutas de glicosilacion y
produce proteinas no glicosiladas, lo que podria facilitar la cristalizacion de
OPE, uno de los objetivos de esta Tesis, ya que experimentos previos
utilizando la proteina nativa no habian tenido éxito. Por otra parte, E. coli
aparece como el organismo mas utilizado en estudios de cristalizacion: en
2010, el 88% de las estructuras depositadas en Protein Data Bank (PDB)
provinieron de proteinas producidas en esta bacteria (Nettleship 2012).
Esto podria estar relacionado con la ausencia de formas glicosiladas de las
proteinas bacterianas, presentando por ello menos heterogeneidad que las
expresadas en hospedadores eucariotas, que muchas veces son
glicoproteinas en las que las cadenas glucidicas generan flexibilidad y
dificultan la posibilidad de obtener cristales que difracten con buena
resolucion (Chang et al. 2007).
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Como ya hemos comentado, las lipasas presentan generalmente un
elevado contenido en aminoacidos hidrofébicos, lo que explica su
tendencia natural a agregar. Como consecuencia, la mayor parte de las
veces se encuentran en forma insoluble dentro de cuerpos de inclusion
(Singh y Panda 2005), como la lipasa B de C. antarctica expresada en E.
coli (Rotticci-Mulder et al. 2001). Otros ejemplos serian la lipasa de R.
delemar que rindi6 proteina activa tras su solubilizacion y replegado in
vitro (Joerger et al. 1993). En el caso de la lipasa 4 de C. rugosa también se
obtuvieron niveles bajos de proteina soluble y activa tras fusionar el gen de
CRL4 al de la tiorredoxina de la bacteria, al favorecer la formacion de
puentes disulfuro (Tang et al. 2000). Sin embargo, Larsen y col. (2008)
consiguieron la expresion funcional de CalB en el periplasma de E. coli
cultivando la bacteria a 16 °C, aunque con rendimientos lejanos de los que
estos mismos autores obtuvieron expresando en P. pastoris (5,2 y 44 mg/L,

respectivamente).

En este trabajo se probaron numerosas estrategias para producir la
forma activa de OPE en E. coli. En primer lugar, se intent6 limitar la
acumulacion de la enzima en agregados disminuyendo la temperatura de
crecimiento, y se ensayaron distintas cepas de la bacteria entre las que
destacan estirpes portadoras de elementos que contribuyen al plegamiento
proteico (cepa BL2I(DE3)pT-GroE), otras disefiadas para aumentar la
expresion de proteinas eucariotas que poseen codones de baja frecuencia en
E. coli (Rosetta(DE3)pLysS), o cepas que favorecen la formacion de
puentes disulfuro (SHuffle T7 express). En cualquier caso, solo se logro

expresar la proteina en cuerpos de inclusion (Fig. 3.1.1).

Para tratar de solubilizar la proteina se utilizaron distintos
detergentes: CHAPS, Triton X-100 y Sarkosyl, pero solo se consiguid
proteina parcialmente soluble con este ultimo, un detergente zwitteridonico
cuyo empleo para la solubilizacion de otras proteinas expresadas en
cuerpos de inclusion ya habia sido descrito previamente (Burgess 1996;
Frankel et al. 1991). Por otro lado, se obtuvieron cantidades pequefias de
proteina soluble utilizando la cepa BL21(DE3), siguiendo la estrategia de
fusionar en la region N-terminal del gen que codifica para OPE la
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secuencia de los 6 u 8 aminoacidos extra que aparecen en la enzima
producida en P. pastoris y que aumentan la solubilidad de la proteina
(Barba Cedillo et al. 2012). Son numerosos los trabajos que describen
mejoras en la produccion al modificar el extremo amino terminal de las
proteinas, tanto de enzimas expresadas en E. coli (Gaudry et al. 2012;
Hammarstrom et al. 2006; Terpe 2003) como en levaduras (Garcia-Ruiz et
al. 2012; Mate et al. 2013; Romanos et al. 1991).

No se detecto actividad esterasa en los lisados de E. coli con ninguna
de las estrategias utilizadas, pero como en ocasiones la produccion de la
proteina es tan baja que solo es posible detectar la actividad tras su
purificacion (De Eugenio 2009), se tratd de aislar la enzima a partir de las
construcciones donde se habia obtenido proteina soluble y de las fracciones
solubilizadas con Sarkosyl. Solo se logré purificar una de ellas,
concretamente la que llevaba una cola de histidinas fusionada en su
extremo N-terminal, y para ello bastd un unico paso de cromatografia de
afinidad en una columna de niquel, pero la proteina expresada carecia de
actividad. Tras analizar el espectro de dicroismo circular de esta OPE
inactiva se observaron importantes diferencias en su plegamiento con
respecto a los observados en la proteina nativa y la recombinante en P.
pastoris, lo que podria explicar esta falta de actividad.

Cuando se trata de producir proteinas de origen eucariota en E. coli
el resultado es dispar y, en ocasiones, es dificil obtener proteinas
funcionales. Como se ha comentado en la introduccién, la ausencia de
ciertos mecanismos de modificacion post-traduccional en esta bacteria,
como es el caso de la glicosilacion, puede ser esencial para el correcto
plegamiento de ciertas proteinas (Helenius 1994; Wei et al. 2013). Esto
podria contribuir a explicar la falta de funcionalidad de OPE expresada en
la bacteria, ya que la enzima nativa es una glicoproteina y se habia
expresado sin problemas en P. pastoris, que secreta una proteina mucho

mas glicosilada (8 y 30%, respectivamente).
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4.1.2 Expresion en S. cerevisiae

La expresion de lipasas fungicas en levaduras parece una opcion mas
factible y ha dado mejores resultados (Brocca et al. 1998; Chang et al.
2006; Lee et al. 2002; Minning et al. 2001; Rotticci-Mulder et al. 2001;
Tang et al. 2001), probablemente porque la produccién tiene lugar en un
sistema eucariota con una maquinaria de secreciéon semejante a la de
hongos filamentosos.

Se escogiod S. cerevisiae por ser una levadura GRAS (Albertin et al.
2011), con vistas a la posible utilizacion de la enzima en el sector
alimentario. Como se mencion6 en la introduccion, se pueden emplear
lipasas/esterasas en multitud de aplicaciones gracias a la amplia
versatilidad de sustrato de estas enzimas (Hasan et al. 2006). Cabe resaltar
que se ha descrito su uso para la mejora de las -caracteristicas
organolépticas de alimentos (Macedo et al. 2003), la sintesis de lipidos
estructurados ricos en acidos grasos poliintasurados o la sintesis de ésteres
de esteroles y estanoles vegetales que, incorporados en ciertos alimentos,
generalmente derivados lacteos o grasas, tendrian un efecto beneficioso
para la salud (Barba Cedillo et al. 2013; Ferreira-Dias et al. 2013;
Miettinen et al. 1995).

Se consiguido expresar OPE en todas las cepas de S. cerevisiae
utilizadas en este trabajo (BJ5465, BY4741 y Lalvin T73-4a), obteniendo
los mayores niveles de actividad en la cepa deficiente en proteasas
(BJ5465). Sin embargo, dichos valores fueron menores que los alcanzados
en P. pastoris. Este hecho ha sido descrito en otras lipasas de la familia C.
rugosa-like: la expresion de CRL1 fue entre 12-17 veces menor en S.
cerevisiae que en P. pastoris (Brocca et al. 1998), lo mismo que ocurrid
con las lipasas 1 y 2 de G. candidum, aunque en este caso se obtuvo un
rendimiento 60 veces menor (Holmquist et al. 1997a). El fuerte
metabolismo fermentativo de S. cerevisiae, junto con la retencion de las
proteinas en el espacio periplasmico, son factores que contribuyen a la
menor capacidad secretora de esta levadura (Mattanovich et al. 2012). En el
caso de OPE, se encontré que la proteina presentaba distinto grado de

agregacion, menor que el de la enzima nativa pero mayor que el de OPE
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expresada en P. pastoris (Fig. 3.1.5). En este ultimo hospedador la enzima
producida es muy soluble, predominantemente monomérica y, como se ha
comentado anteriormente, esto se debe a la presencia de 4-8 aminoacidos
adicionales en su extremo N-terminal, resultado de la estrategia de
clonacion utilizada y del procesamiento incorrecto del péptido senal (Barba
Cedillo et al. 2012). Se ha descrito que este fendmeno tiene lugar cuando
los niveles de expresion heterologa son elevados y la peptidasa STE13 no
es capaz de procesar correctamente el fragmento pro-lider del péptido sefial
(Zsebo et al. 1986). Las condiciones de fermentacion empleadas para
producir la proteina en S. cerevisiae, con menor temperatura y agitacion,
favorecerian el procesamiento correcto del péptido sefial. De este modo,
podriamos relacionar la menor expresion de OPE en S. cerevisiae con la
produccion de varias especies moleculares, algunas con el péptido pro-lider
completamente procesado, y por tanto menos solubles, y otras procesadas

incorrectamente y mas solubles por contener los aminoacidos extra.

Los niveles de OPE secretados por S. cerevisiae estan lejos de ser los
deseables y deberian ser mejorados si se quisiera utilizar esta proteina para
cualquier aplicacion. Sin embargo, la expresion en este hospedador abre las
puertas para el disefio de enzimas a la carta, mediante mecanismos de
evolucion dirigida. Cabe destacar que la cepa con la que se han obtenido
los mejores resultados se esta empleando desde hace algunos afios para
mejorar ciertas enzimas fingicas mediante experimentos de evolucion
dirigida (Alcalde 2015; Camarero et al. 2012). Este método se ha utilizado
previamente para mejorar otras lipasas (Korman et al. 2013; Liebeton et al.
2000) y en el caso de OPE podria servir tanto para optimizar su expresion
como para mejorar su estabilidad a la temperatura, pH o solventes

Organicos.

4.2 RESOLUCION DE LA ESTRUCTURA TRIDIMENSIONAL DE
OPE: HOMOLOGIAS Y DIFERENCIAS CON OTRAS
LIPASAS DE LA FAMILIA C. rugosa-LIKE

Para profundizar en las relaciones estructura-funcion de una proteina y
entender las bases moleculares de su mecanismo de accidn, e incluso para

tratar de mejorar su actividad, es esencial conocer su estructura molecular.
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En el caso de OPE, en un primer abordaje se ensayaron multitud de
condiciones de cristalizacion utilizando la enzima nativa, pero solo se
consiguieron agregados no cristalinos de la proteina. Por otra parte,
empleando la enzima producida en P. pastoris los cristales obtenidos no
tenian la calidad suficiente para obtener un patrén de difraccion que
permitiera la resolucion de la estructura. El problema parecia estar
relacionado con el alto grado de glicosilacion de esta proteina ya que, como
hemos comentado anteriormente, la flexibilidad de las cadenas glucidicas

puede disminuir la resolucion del patron de difraccion de estos cristales.

Con el proposito de obtener enzima desglicosilada en cantidades
suficientes para realizar los experimentos de cristalografia iniciamos los
estudios de expresion de OPE en E. coli aunque, como ya se ha explicado,
no se consiguieron los resultados deseados (Vaquero et al. 2015a). Por esta
razon, y teniendo en cuenta que estudios previos habian demostrado que la
actividad catalitica de la proteina secretada por P. pastoris se mantenia tras
su desglicosilacion enzimatica (Barba Cedillo et al. 2012), se optd por
desglicosilar altas cantidades de esta enzima con Endo H para continuar
con los experimentos. De este modo, se conseguia eliminar los N-glicanos
de la OPE recombinante, quedando unido solo un residuo de N-
acetilglucosamina a la asparagina de la cadena proteica. Este procedimiento
habia sido empleado con éxito para la resolucion de la estructura molecular
de otras glicoproteinas, como el receptor adrenérgico B> humano y el
complejo formado por el factor intrinseco gastrico y la vitamina B12
(Noguchi and Satow 2006).

La cristalizacion de OPE se realizé en colaboracidon con el grupo del
Dr. Juan Hermoso (Instituto de Quimica-Fisica Rocasolano, CSIC). Tras
evaluar 500 condiciones de cristalizacion se obtuvieron cristales en dos
habitos diferentes, que sugerian la posibilidad de distintos
empaquetamientos estructurales de la proteina. Esto se confirmé al analizar
los patrones de difraccion de los cristales obtenidos en ambas condiciones y
tras la resolucion de la estructura de la proteina en su configuracion abierta
y cerrada (Gutiérrez-Fernandez et al. 2014). En un caso, la enzima tenia el
centro activo accesible al sustrato (conformacion abierta) y en otro
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permanecia bloqueado por la presencia de una “tapadera” (conformacién
cerrada). Este fenomeno fue descrito a principios de los 90, con la
resolucion de la primera estructura de la lipasa del hongo R. miehei en
ambas conformaciones (Brady et al. 1990; Brzozowski et al. 1991),
corroborandose posteriormente en otras lipasas de la familia C. rugosa-like.
Asi, se han resuelto estructuras en forma abierta, gracias a la presencia del
sustrato natural y/o inhibidores, en la lipasa 1 de C. rugosa (PDB: 1CRL,
1LPP, 1LPN, 1LPO) (Grochulski et al. 1993, 1994a) y la lipasa 3 de esta
misma levadura (antes conocida como C. cylindracea), que fue clasificada
inicialmente como colesterol esterasa (1CLE, 1LLF) (Ghosh et al. 1995;
Pletnev et al. 2003). Por otro lado, se han caracterizado las estructuras de la
forma inactiva de CRL1 (PDB:1TRH) (Grochulski et al. 1994b), CRL2
(1GZ7) (Mancheio et al. 2003) y la lipasa 2 de G. candidum (PDB: 1THG)
(Schrag y Cygler 1993).

La estructura de la esterol esterasa de O. piceae es muy similar a la
de otras enzimas de la familia C. rugosa-like, cuyas principales
caracteristicas se describieron en el apartado de introduccion. Entre los
rasgos estructurales de OPE, destaca la presencia de una tapadera moévil de
37 aminodcidos formada por una hélice de tipo a y dos hélices 310 rodeadas
por dos lazos que confluyen en un puente disulfuro. Esto la diferencia de
las lipasas de C. rugosa (Ghosh et al. 1995; Grochulski et al. 1993, 1994b;
Mancheiio et al. 2003) y G. candidum (Schrag et al. 1991; Schrag y Cygler
1993), que muestran una hélice a y una de tipo 310 y tres hélices a,
respectivamente. El desplazamiento de la tapadera de aproximadamente 30
A en la conformacion abierta facilita la exposicion del bolsillo de sustrato,
exhibiendo una gran cantidad de aminoacidos hidrofébicos que favorecen
la estabilizacion del sustrato (Fig. 4.1A).

La apertura de la tapadera origina un reordenamiento estructural que
desencadena la organizacion dimérica de la enzima. Esta dimerizacion se
produce como resultado de uniones exclusivamente hidrofobicas entre
aminoacidos de la zona de contacto de ambos monomeros y de la region de
la tapa (Fig. 4.1B-C). En el caso de CRL3 es diferente, ya que el dimero se
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estabiliza a través de varios puentes de hidrogeno e interacciones
hidrofébicas (Fig. 1.6) (Ghosh et al. 1995; Pletnev et al. 2003).

La dimerizacion en OPE crea una cavidad altamente hidrofébica y
muy amplia (23 A x 38 A), en comparacion con la de CRL3 (7,3 A de
radio) (Pletnev et al. 2003). La funcionalidad de las dos formas
(monomeérica y dimérica) de OPE se estudio tras separarlas en una columna
de exclusion molecular, incubando por un lado la forma monomeérica con el
sustrato (oleato de colesterilo) o wun inhibidor (cloruro de 1-
dodecanosulfonilo), y por otro lado la mezcla de ambas formas de la

enzima con estos mismos compuestos.

Val358 Phe460 Phe86 Leu461 Pro459  Tyrd12 Leus4 Leu8s Leu92 Leu8s

Phed58

ﬁ i, Wiy, W, pheaso S
K3 Leusd Asn361 y

11e95 Leu92 Val358 Phe458

Leuss Leuss Pro459  Phes6

Fig. 4.1 A) Representacion de la superficie de OPE (PDB: 4BE9), en la que se
representan las zonas mas hidrofobicas en color rojo mas intenso y en color negro las
moléculas de polietilenglicol en la cavidad que da acceso al centro activo. B)
Representacion tridimensional de las interacciones entre los monomeros de esta
proteina. En morado, la region de la tapadera; en azul y marrdn claro se representan los
aminodacidos que interaccionan entre las dos moléculas. C) Representacion esquematica
de las interacciones entre monomeros obtenida mediante el programa DIMPLOT.
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Tras las incubaciones, las mezclas se analizaron mediante
ultracentrifugacion analitica, encontrando que la proporcién de mondmero
disminuia, incrementandose la del dimero, tanto en ¢l caso de la mezcla de
las dos especies como cuando se incubaba solo el moénomero con el
sustrato o el inhibidor, siendo en este ultimo caso el incremento mucho
mayor. Esto sugiere que la forma funcional de OPE es dimérica y que
existe una transicion entre monomero y dimero en presencia del sustrato o
un analogo de este. Varios trabajos describen la presencia de dimeros de
CRL3 en solucion (Kaiser et al. 1994; Pernas et al. 2000), y otros autores
indican que no presenta activacion interfacial (Pernas et al. 2001) y que el
polietilenglicol promueve el equilibrio hacia la forma abierta en esta
enzima (Otero et al. 2005). OPE parece tener caracteristicas similares a
CRL3, ya que la enzima nativa no mostro activacion interfacial (Calero-
Rueda et al 2002b y ademas se localizaron algunas moléculas de
polietilenglicol, procedentes de la condicion de cristalizacion, en los
alrededores del centro activo en la forma abierta que favorecerian la
dimerizacion (Fig. 4.1A).

Como se ha comentado anteriormente, las lipasas son proteinas con
alto contenido en aminoacidos hidrofobicos y poseen regiones donde se
acumulan varios de estos residuos, originando parches hidrofobicos. En el
caso de OPE, uno de estos parches interacciona directamente con
aminodcidos de la tapa, estabilizando la conformaciéon cerrada, mientras
que en la conformacidon abierta son estos mismos residuos los que
interaccionan con la tapa del otro mondmero para estabilizar el dimero. El
residuo Phe458 parece ser clave en este mecanismo, ya que en la
conformacion cerrada interacciona con tres aminoacidos de la tapa (Val89,
Leu88 y Leu92), mientras que en la conformacion abierta lo hace con
residuos de la tapa de la otra molécula (Ile95 y Leu92), estabilizando la
conformacion dimérica.

Es probable que el aumento de solubilidad con respecto a la enzima
nativa, observado en las proteinas expresadas en P. pastoris (Barba Cedillo
et al. 2012) y §. cerevisiae (Vaquero et al. 2015b) que contienen los

aminoacidos adicionales en el extremo N-terminal, se produzca por la
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ruptura de un parche hidrofobico superficial, cercano a la region N-
terminal. De hecho, una de las estrategias descritas para reducir la
agregacion proteica consiste en incrementar la carga (positiva o negativa)
de la superficie. Una variante de la lipasa de Bacillus subtilis, obtenida por
evolucion dirigida, mostr6 mayor solubilidad que la proteina original
debido a la introduccion de residuos polares de tipo acido que reducian
considerablemente la superficie de los parches hidrofobicos (Kamal et al.
2011). En el caso de la OPE recombinante, tres de los residuos adicionales
del extremo amino terminal son acidos glutamicos y esto podria contribuir
a la reduccion del area hidrofobica circundante.

En cuanto a la maquinaria catalitica, OPE presenta un centro activo
muy conservado, formado por los residuos de la triada catalitica (Ser, Glu e
His), y dos glicinas como estabilizadoras del oxianion. Sustratos
voluminosos, como los ésteres de colesterol, podrian alojarse en el centro
activo, albergando la cadena de &cido graso en el interior del bolsillo,

mientras que el colesterol se situaria hacia el exterior.

El bolsillo del sustrato en OPE est4 formado por un tunel interno de
aproximadamente 30 A de longitud, desde la serina catalitica hasta los
residuos Lys335, Tyr541 y Asn542, proximos a la superficie. El tunel esta
constituido por residuos alifaticos y aromaticos que le confieren un
ambiente altamente hidrofobico. En el caso de C. rugosa, Manchefio y col.
(2003) definen dos zonas en el sitio de unién al sustrato, la mas externa rica
en aminoacidos aromaticos, diferente entre las  isoenzimas
CRL2>CRL3>CRLI1, y la segunda, rica en aminoacidos alifaticos, que esta
muy conservada y se orienta perpendicular a la primera (Fig. 4.2A). En el
caso de la OPE, la primera region del tunel contiene tres fenilalaninas al
igual que CRL2, considerada la isoenzima de C. rugosa con mayor
actividad sobre ésteres de colesterol (Manchefio et al. 2003). Sin embargo,
la segunda region del tinel, que albergaria la cadena de &cido graso, se
orienta hacia otra zona de la molécula, a continuacion de esta y dando lugar
a un tinel de aspecto mas recto (Fig. 4.2A). Tanto estudios
computacionales previos realizados con CRL1, como la estructura de
CRL3, sugerian una via alternativa para la liberacion de la cadena acilada
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durante la hidrolisis (Foresti y Ferreira 2004; Ghosh et al. 1995), ya que el
final del tinel se situa en una region proxima a la superficie. Para evaluar el
papel del tinel interno en OPE, como posible via de salida de productos de
hidrélisis de cadena larga, se disenid un mutante que bloqueaba el Gltimo
tramo del tanel, sustituyendo la isoleucina 544 por un triptéfano mediante
mutagénesis dirigida (Fig. 4.2B-C).

A B

Superficie

1544

Ser220

C Superficie

1544w

Entrada

Fig. 4.2 A) Superposicion de las estructuras de CRL3 en azul (PDB:1CLE) y OPE
(PDB:4BE9) en marrdn claro. Ambas tapaderas en color morado. Representacion del
tunel de CRL3 en azul y del de OPE en morado. B) Tunel de OPE sin mutar, con la
Ile544 marcada en amarillo. C) Mutante de OPE 1544W (PDB:4UPD), en el que en azul
turquesa se sefala el triptéfano que bloquea el tunel.

Al analizar la actividad especifica de este mutante utilizando
distintos ésteres de p-nitrofenol, se observd que la catalisis de los acidos
grasos de cadena corta y media no estaba afectada, pero se reducia
drasticamente con los de cadena larga (> C16:0). Este fendmeno puede
deberse a que la presencia al final del tunel de un residuo voluminoso como
el triptéfano lo bloquearia, limitando el correcto posicionamiento de los
sustratos de cadena larga y, por tanto, su hidrolisis. Estudios realizados con
CRLI1 describen que las mutaciones en distintos puntos del tinel modifican
la hidrolisis de sustratos de cadena media y larga, destacando la
importancia de su longitud en la catalisis (Schmitt et al. 2002). Sin
embargo, aunque se ha observado la reduccion de la actividad al bloquear
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el tunel en OPE, no se ha podido confirmar la hipétesis del tinel de salida
de los productos de reaccion con esta estrategia.

A pesar de ello, la resolucion de la estructura de OPE en su
conformacion abierta y cerrada ha aportado el conocimiento necesario para
continuar con nuevos estudios estructura-funcién que contribuyan a
explicar porque OPE es mas eficaz que otras enzimas de la familia C.
rugosa-like hidrolizando triglicéridos y ésteres de colesterol (Calero-Rueda
et al. 2002b; Calero-Rueda et al. 2009) y para obtener variantes que

presenten mejores propiedades fisico-quimicas y cinéticas.

43 BUSQUEDA DE NUEVAS ENZIMAS EN GENOMAS
FUNGICOS

El desarrollo de las grandes plataformas de secuenciacidon masiva
(ITlumina, SOLiD sequencer, Roche GS-FLX 454, Helicos, etc) ha
permitido reducir los costes de secuenciacion de ADN y analizar un gran
numero de genomas en poco tiempo (Shendure y Ji 2008). En este sentido
el portal MycoCosm, desarrollado por el Joint Genome Institute (JGI)
(http://jgi.doe.gov/), del departamento de energia de los Estados Unidos,
proporciona la integracion y el analisis de los datos derivados de proyectos
a gran escala, como por ejemplo el proyecto sobre “la secuenciacion de mil
genomas fungicos”. El objetivo de este proyecto es la obtencion de al
menos dos genomas de referencia de las mas de 500 familias reconocidas
de hongos, existiendo actualmente més de 500 genomas secuenciados. El
interés de este proyecto estd relacionado con la exploracién del reino Fungi
ya que estos organismos pueden aportar soluciones a problemas
relacionados con la energia y el medio ambiente por tener un papel esencial
en el ciclo del carbono y ser capaces de degradar tanto polimeros naturales
como sintéticos (Grigoriev et al. 2014). En este sentido, destacar que
existen publicaciones que tratan de explorar estos genomas en busca de
enzimas con caracteristicas interesantes y/o mejoradas, como es el caso de
la busqueda de nuevas peroxidasas ligninoliticas (Fernandez-Fueyo et al.
2014) y de lipasas o hidrolasas en general con potencial biotecnologico
(Feldbriigge et al. 2013).
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4.3.1 Busqueda de enzimas de la familia C. rugosa-like

El potencial biotecnologico de las lipasas/esterol esterasas ha promovido la
busqueda de enzimas pertenecientes a la familia C. rugosa-like en genomas
y metagenomas publicos (Barriuso et al. 2013; Barriuso y Martinez 2015).
Tras un analisis exhaustivo de los dominios conservados, alineamiento de
secuencias, andlisis filogenético y posterior estudio del modelo
tridimensional, se obtuvieron 6 candidatos potenciales, y se predijeron sus
propiedades cataliticas in silico, en base al nimero de aminoacidos
hidrofobicos presentes en la region de la tapadera de cada proteina y, tras
modelar estas proteinas, a la forma de su tinel interno, posible via de salida

de productos durante la catalisis.

Posteriormente, tres de estas proteinas hipotéticas (Necha2, Trire2 y
Aspni5), pertenecientes a los genomas secuenciados de N. haematococca
(teleomorfo de F. solani), T. reseii y A. niger, se seleccionaron por su
diversa agrupacion filogenética, forma del bolsillo del sustrato y contenido
en aminoacidos hidrofobicos en la zona de la tapadera, para continuar su
estudio. Las enzimas se expresaron y produjeron satisfactoriamente en P.
pastoris, corroborando la adecuacion de la levadura como hospedador
heter6logo de esta familia de lipasas (Vaquero et al. 2015a). La expresion
funcional de enzimas de la familia C. rugosa-like en este hospedador ya se
habia descrito con anterioridad. Este es el caso de las distintas isoenzimas
de C. rugosa (Brocca et al. 1998; Chang et al. 2006; Lee et al. 2002; Lee et
al. 2011; Tang et al. 2001), G. candidum (Holmquist et al. 1997a) y de OPE
(Barba Cedillo et al. 2012). Sin embargo no siempre es asi, ya que la
produccion de la esterol esterasa de M. albomyces en P. pastoris no dio
buenos resultados, detectando en los sobrenadantes una actividad muy
inferior a la secretada por el hongo (~8 veces menos) y, dependiendo del
transformante, entre 30-85% de actividad intracelular (Kontkanen et al.
2006a). Este hecho, segun los autores, podria deberse a la incapacacidad de
la levadura para llevar a cabo el correcto plegamiento y/o secrecion de la
proteina, aunque otros factores, como la alta tendencia a la agregacion de
esta enzima (es un tetramero en condiciones nativas), podrian ser

responsables de su secrecion limitada.
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Por otro lado, la purificacion y caracterizacion bioquimica de las tres
nuevas lipasas encontradas en genomas fuingicos permitidé confirmar
algunas propiedades comunes de esta familia. En cuanto al estado de
agregacion, la presencia en solucién de monomeros, dimeros y otras formas
de asociacién mayores, ratifica lo descrito por otros autores para este tipo
de enzimas (Barba Cedillo et al. 2012; Ferrer et al. 2009; Kontkanen et al.
2006b; Pernas et al. 2001; Zorn et al. 2005). Sin embargo, el fendmeno de
transicion de monomero a dimero de OPE en presencia de sustrato no es
una caracteristica general de la familia, ya que Gnicamente se ha descrito
para OPE (Gutiérrez-Fernandez et al. 2014) y CRL3 (Turner et al. 2001) y
ambas proteinas dimerizan de manera distinta, como se ha comentado en el
apartado anterior.

Respecto a la especificidad de sustrato de las enzimas caracterizadas
en la familia C. rugosa-like, solo en algunas de ellas se habia descrito que
son capaces de hidrolizar sustratos sintéticos (ésteres de p-nitrofenol) y
naturales (triglicéridos y ésteres de esterol). Este es el caso de las
isoenzimas de C. rugosa (CRL1-CRL4) (Lee et al. 2002; Lopez et al. 2004;
Mancheiio et al. 2003) y las esterol esterasas de O. piceae y M. albomyces
(Calero-Rueda et al. 2002b; Kontkanen et al. 2006b). En este trabajo se
estudiaron las propiedades cataliticas frente a estos sustratos de las nuevas
lipasas/esterol esterasas seleccionadas de genomas fungicos y expresadas
en P. pastoris. La lipasa de 4. niger (Aspni5), que por su menor contenido
en aminodcidos hidrofobicos en la region de la tapa es la que mas se
asemeja a las isoenzimas de C. rugosa, fue incapaz de hidrolizar los ésteres
de colesterol en las condiciones ensayadas y mostrd menor eficiencia frente
a los otros sustratos analizados, a pesar de su elevada afinidad por ellos.
Esta es la enzima que presentaba el tiunel més estrecho y menos recto,
sugiriendo que parametros como la geometria del tinel interno tienen un
efecto importante sobre la eficiencia catalitica de estas enzimas. En este
sentido tampoco se ha descrito actividad esterol esterasa en el crudo
comercial con actividad lipasa de G. candidum (Kontkanen et al. 2004). No
obstante, Jensen (1974) y Charton y Macrae (1992), si habian detectado
bajos niveles de esta actividad en una de las dos isoenzimas purificadas.
Ambas presentan también un tunel similar al de C. rugosa y A. niger, lo
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que indica que la catélisis de este tipo de sustratos no es rasgo comun en

todos los miembros de la familia C. rugosa-like.

Sin embargo, las enzimas de N. haematoccoca y T. reseei fueron
capaces de actuar sobre todos los sustratos ensayados: triglicéridos y
¢ésteres de p-nitrofenol y colesterol. Ambas proteinas poseen un porcentaje
de aminodacidos hidrofobicos en la region de la tapa ligeramente superior a
los de OPE, Aspni5 y las diferentes isoenzimas de C. rugosa, y un tunel
interno con forma mas parecida al de OPE.

Las enzimas pertenecientes a esta familia parecen mostrar cierta
preferencia para hidrolizar sustratos que contienen acidos grasos de cadena
larga y con insaturaciones en la posicion cis-9 del acido graso, como el
acido oleico, tal y como se ha descrito para las isoenzimas 2 y 4 de C.
rugosa, y la lipasa 1 de G. candidum, asi como para las esterol esterasas de
M. albomyces y O. piceae (Calero-Rueda et al. 2004; Holmquist et al.
1997b; Kontkanen et al. 2006b; Lee et al. 2002; Lee et al. 2007). Esta
preferencia por sustratos de cadena larga se relaciona, por un lado, con la
longitud del bolsillo de sustrato en forma de tinel que poseen todas las
enzimas de esta familia, que permite acomodarlos mdas facilmente
(Dominguez de Maria et al. 2006). Por otro lado, la amplitud y geometria
del tanel (en forma de L o recto) asi como la posible existencia de una via
alternativa de salida del acido graso podria contribuir a su eficiencia
cataliticas. Cabe destacar que las mayores diferencias de eficiencia
catalitica entre las enzimas de 7. reseei, N. haematococca y O. piceae, se
observaron cuando el sustrato fue un éster de colesterol de cadena larga,
sobre el que OPE mostrd valores de velocidad méxima muy superiores. El
hecho de que el dimero de OPE sea la forma activa de esta proteina,
dejando una cavidad amplia entre los dos monomeros, podria favorecer la
estabilizacion y el acceso al centro activo de los sustratos contribuyendo a

la catalisis de sustratos voluminosos.

La produccion y caracterizacion de tres nuevas enzimas
pertenecientes a la familia C. rugosa-like ha permitido extrapolar
propiedades comunes de sus miembros, aumentando el conocimiento

disponible sobre esta familia. Los estudios derivados de la blusqueda in
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silico de enzimas en genomas y su posterior andlisis (alineamientos,
filogenia, busqueda de sitios de glicosilacion, puentes disulfuro, modelado
tridimensional, docking, etc) mediante herramientas bioinformaticas,
resultan muy utiles para acotar la seleccién de candidatos, requiriéndose su
posterior expresion y caracterizacion para verificar sus propiedades

cataliticas.

Por ultimo, es importante sefialar que la versatilidad de sustrato en
referencia a la hidrolisis de triglicéridos y de ésteres de colesterol no es un
rasgo comun en los miembros descritos y caracterizados de esta familia.
Algunas, como hemos visto, no muestran actividad sobre ésteres de
esteroles o esta es muy limitada, mientras que otras enzimas muestran una
amplia versatilidad de sustrato. En consecuencia, la inclusion dentro de esta
familia no es sindénimo de versatilidad, siendo necesaria una caracterizacion
enzimatica mas profunda para confirmar dicho rasgo. Por otro lado, apuntar
que aunque las bases de datos son extremadamente utiles, la clasificacion
de enzimas hipotéticas se basa inicamente en su secuencia aminoacidica y
no en otras propiedades como la actividad enzimatica debido a las
dificultades técnicas que esto conlleva, lo que origina que muchas enzimas

aparezcan erroneamente clasificadas.

4.3.2 Busqueda de otras lipasas de interés biotecnolagico

Existen lipasas de gran interés biotecnologico que no pertenecen a la
familia C. rugosa-like. Este es el caso de la lipasa B de C. antarctica
(CalB), la enzima mas empleada en biotecnologia y en quimica organica
en los ultimos afos. Entre las distintas aplicaciones en las que se utiliza,
destaca la resolucion de alcoholes secundarios quirales (Rotticci et al.
2001), la producciéon de biodiesel (Yan et al. 2012) o la sintesis de
poliésteres (Kumar y Gross 2000). Esta enzima posee una estabilidad
unica, y en su forma inmovilizada resiste altas temperaturas (Lozano et al.
2003), solventes organicos con alta polaridad (Magnusson et al. 2005), y es
estable en liquidos i6nicos (Park et al. 2003) asi como en atmosferas
supercriticas de didéxido de carbono (Ottosson et al. 2002). Ademads,
presenta unos rasgos estructurales que difieren de los descritos para otras

lipasas. La secuencia consenso G-x-S-x-G existente en la mayoria de
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lipasas, donde se encuentra la serina catalitica, se sustituye en CalB por la
secuencia T-W-S-Q-G (Uppenberg et al. 1994). Tradicionalmente se ha
considerado que CalB no tiene tapadera, aunque diversos autores destacan
la flexibilidad de la hélice a5, sugiriendo que podria desempefiar la funcion
de este elemento movil (Ganjalikhany et al. 2012). El bolsillo del sustrato
tiene forma de embudo, mas limitado espacialmente en comparacion con
otras lipasas, y esto podria intervenir en su enantioselectividad frente a
alcoholes secundarios (Rotticci et al. 1998)

La busqueda de enzimas con propiedades similares se ha potenciado
en los ultimos afios y varias enzimas relacionadas filogenéticamente con
CalB han sido recientemente caracterizadas. Entre ellas se encuentra una
lipasa de Ustilago maydis, hongo basidiomiceto patdogeno del maiz (Buerth
et al. 2014), y otras de Hyphozyma sp., Sporisorium reilianum y
Pseudozyma tsukubaensis que han sido patentadas recientemente por
Novozymes como posibles alternativas a CalB en diferentes aplicaciones
(Besenmatter et al. 2013).

Debido a la potencial aplicabilidad biotecnoldgica de esta familia de
lipasas, en la ultima fase de esta tesis se realizo la busqueda de enzimas
similares a CalB en los genomas depositados en el JGI. Tras la biisqueda de
motivos conservados de CalB, la construccion de un arbol filogenético, el
analisis de estas secuencias y su modelado 3D, se obtuvieron varios
candidatos. De todos ellos, se selecciond para su expresion y
caracterizacion la secuencia de Plicaturopsis crispa (PlicB) por no estar
patentada y presentar la menor distancia filogénetica al clado en el que

agrupa CalB.

Este basidiomiceto de podredumbre blanca es el primer miembro del
orden amilocorticiales secuenciado (http://jgi.doe.gov/). La tnica lipasa de
otro hongo de podredumbre blanca caracterizada y expresada
heterologamente hasta el momento es la secretada por P. sapidus (Krugener
et al. 2009; Zorn et al. 2005). Sin embargo, como se ha comentado
previamente, esta enzima pertenece a la familia C. rugosa-like y posee baja
identidad de secuencia con PlicB (< 13%).
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Los hongos de podredumbre blanca son capaces de degradar la pared
celular de plantas, preferencialmente la lignina, y para ello poseen un
complejo sistema enzimatico extracelular (Ruiz-Duenas y Martinez 2009).
Han sido numerosos los esfuerzos por caracterizar el sistema ligninolitico
de estos hongos, pero alin se conoce poco acerca de su actividad lipolitica
(Rajarathnam et al. 1998). En este sentido, el papel fisioldgico de PlicB
podria estar relacionado con el aprovechamiento de los lipidos y 4cidos
grasos de la planta, algo cominmente descrito para este tipo de enzimas
(Brockerhoff y Jensen 1974).

La comparacion de la secuencia de PlicB con la de enzimas
relacionadas, CalB y la lipasa 2 de U. maydis (Ulm2), asi como el modelo
estructural de esta, indican que la triada catalitica de PlicB estd formada por
los residuos Ser122, Asp218 e His257 rasgo comun en este tipo de lipasas
(Buerth et al. 2014; Uppenberg et al. 1994). No obstante, cabe destacar que
los aminoécidos del codo nucleofilo de PlicB difieren de los residuos
observados en otras enzimas, ya que posee una tirosina en lugar del
triptofano que precede a la serina catalitica en CalB y otras proteinas
relacionadas filogenéticamente. Esto se ha descrito también para las
cutinasas de F. solani y A. oryzae (Pleiss et al. 2000), capaces de hidrolizar
tanto sustratos solubles como insolubles, que muestran un comportamiento
cinético intermedio entre lipasas y esterasas (Egmond y van Bemmel 1997;
Martinez et al. 1992). La expresion de PlicB requiri6 de un proceso de
optimizacion de codones. Esto se debe a que los hongos basidiomicetos
suelen tener en sus secuencias codificantes un contenido en G+C (50-60%)
mayor al de los ascomicetos (40-50%) y, por ello, hacen diferente uso de
codones (Storck 1966). Con esta estrategia se consiguid expresar esta
proteina en P. pastoris y caracterizarla. PlicB mostr6 propiedades comunes
a CalB, como la masa molecular de su secuencia peptidica, de alrededor de
35 kDa, y su configuracion monomérica (Larsen et al. 2008; Qian et al.
2009). En relacioén a la especificidad de sustrato, PlicB, al igual que CalB y
Ulm2, hidroliza sustratos esterificados tanto con acidos grasos de cadena
corta como larga. CalB mostr6 mayor actividad especifica para los
sustratos de tipo p-nitrofenol, mientras que PlicB fue la més activa en la
hidroélisis de un tioéster analogo de la tributirina. Este hecho puede deberse
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a la distinta regioselectividad de ambas enzimas (Farias et al. 1997). En
este sentido, CalB podria tener mayor regioselectividad por la posicion sn-
1,3 del triglicérido, fenomeno observado previamente en reacciones de
sintesis (Watanabe et al. 2009), mientras que PlicB podria hidrolizar

cualquier posicion y, por tanto, seria una lipasa menos especifica.

A la vista de los resultados obtenidos con las lipasas pertenecientes a
los genomas de N. haematococca, T. reesei, A. niger 'y P. crispa, podriamos
concluir que la mineria de genomas aparece como una alternativa robusta a
los cribados tradicionales, permitiendo seleccionar y evaluar enzimas con

propiedades biotecnoldgicas de interés.
4.4 APLICACIONES BIOTECNOLOGICAS

Dada la versatilidad descrita para las lipasas de C. rugosa y la enzima
secretada por O. piceae, se compararon estas enzimas con las nuevas
lipasas pertenecientes a la familia C. rugosa-like producidas y
caracterizadas en el presente trabajo, con objeto de evaluar su eficacia en
dos procesos de sintesis con potencial aplicacion biotecnologica: la

polimerizacidn de poliésteres y la sintesis de ésteres de fitoestanoles

4.4.1 Sintesis de oligdmeros de caprolactona.

La policaprolactona es un poliéster alifatico, biodegradable vy
biocompatible. Este polimero muestra ademas buenas propiedades
mecanicas y de adhesion. Todo ello hace que sea un polimero muy
atractivo para la industria médica y farmacéutica, como material para
implantes y vehiculo en los sistemas liberadores de farmacos. Su sintesis se
produce generalmente por el proceso conocido como polimerizacion por
apertura del anillo (ROP), habitualmente catalizado por compuestos
organometalicos derivados de metales pesados (Labet y Thielemans 2009).
El empleo de catalizadores enzimdticos para la polimerizacion, como las
lipasas, supondria una alternativa interesante, permitiendo el uso de
condiciones de reaccion mdas suaves de temperatura y pH y menos
restrictivas a nivel de oxigeno y agua. Ademads no seria necesario eliminar
completamente el catalizador para las aplicaciones en biomedicina o la

industria farmacéutica al no ser perjudiciales (Varma et al. 2005).
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En la presente Tesis Doctoral se evalud la eficacia de las nuevas
enzimas de la familia C. rugosa-like (Necha2, Trire2 y Aspni5)
caracterizadas en este trabajo para sintetizar policaprolactona, y se comparo
su eficacia con la de OPE vy la lipasa comercial de C. rugosa. La sintesis se
llevd a cabo empleando condiciones suaves de temperatura (60 °C), en
presencia de oxigeno y en ausencia de agua. De entre los catalizadores
ensayados, la lipasa comercial de C. rugosa (en la que se encuentra
mayoritariamente CRL1, aunque también hay CRL3 y, en mucho menor
proporcidon, CRL2), los crudos de OPE y la lipasa de 4. niger resultaron ser
los mas eficientes para la oligomerizacién de caprolactona. Con estas tres
enzimas se obtuvieron oligobmeros mayoritarios de alrededor de 1400 Da,
llegando a alcanzar, en el mejor de los casos, compuestos de 34 unidades
en reacciones catalizadas por OPE. Los resultados obtenidos en este trabajo
son comparables a los descritos por otros autores (Kobayashi et al. 1998;
Uyama y Kobayashi 1993) que llevan a cabo un estudio con distintas
lipasas comerciales, indicando la necesidad de largos tiempo de incubacion
con la enzima de C. rugosa. Estos autores sugieren el empleo de enzimas
mas eficaces para producir policaprolactona, poniendo de manifiesto la

importancia de la eleccion de lipasa para esta u otras aplicaciones.

4.4.2 Sintesis de ésteres de estanoles vegetales como compuestos
nutracéuticos

En la actualidad, el aumento en el consumo de grasas saturadas y el
sedentarismo provoca que una parte de la poblacion presente niveles
elevados de colesterol sérico, propiciando el desarrollo de enfermedades
cardiovasculares (Calpe-Berdiel et al. 2009). Por ello, el uso de compuestos
que reduzcan los niveles de colesterol ha suscitado gran interés. En este
sentido, los esteroles y estanoles vegetales que poseen una estructura
similar a la del colesterol, con un anillo de ciclopentanoperhidrofenantreno,
han demostrado su capacidad para disminuir el colesterol LDL en sangre ya
que se reduce su absorcion a nivel intestinal (Miettinen et al. 1995). Para la
incorporacion de los esteroles y estanoles vegetales a la dieta,
incluyéndolos en derivados lacteos o de aceites vegetales, es conveniente
esterificarlos con 4acidos grasos de cadena larga para asi aumentar su
solubilidad (Carr y Jesch 2006). Este proceso suele llevarse a cabo
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mediante sintesis quimica pero, como alternativa medioambientalmente
limpia, se ha ensayado la esterificacion con diferentes lipasas (Weber et al.
2001a,b). Comercialmente existen una amplia gama de productos que
incorporan ésteres de fitoesteroles, como por ejemplo Danacol (Danone) y
Flora Pro-Activ (Unilever), o ésteres de fitoestanoles, como por ejemplo
Benecol (Kaiku). La ingesta diaria de 2-2,5 g de estos alimentos
funcionales produce una reduccion media de colesterol en torno al 14%
(Calpe-Berdiel et al. 2009).

En esta Tesis se ha realizado la esterificacion del fitoestanol mas
abundante (B-sitoestanol o estigmastanol) con acido oleico mediante un
proceso de transesterificacion enzimatica. Como catalizadores, se
ensayaron las nuevas lipasas de la familia C. rugosa-like producidas en este
trabajo, OPE y el crudo comercial de C. rugosa. Todas las enzimas
empleadas, excepto la lipasa de 4. niger, realizaron la transesterificacion en
mayor o menor grado, corroborando los resultados obtenidos en reacciones
de hidrélisis de sustratos similares (Fig. 3.3.3). Son destacables los altos
rendimientos alcanzados con OPE a tiempos cortos, indicando que es la
enzima mas prometedora para esta aplicacion de entre las ensayadas. La
mayor eficiencia de OPE frente a la lipasa comercial de C. rugosa ha sido
demostrada previamente tanto a nivel de hidrolisis (Calero-Rueda et al.
2009) como en la esterificacion directa de fitoesteroles (Barba Cedillo et al.
2013). Eso puede atribuirse a ciertos aspectos estructurales, descritos en la
presente Tesis Doctoral, que hacen de OPE una esterol esterasa/lipasa
inica, como la presencia de un tinel de 30 A que desemboca en la
superficie de la molécula y que podria servir como via alternativa para la
salida de los productos, o la formacién de un estado funcional dimérico,
con una amplia cavidad que favoreceria la catélisis de sustratos de gran

tamano.
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1. La esterol esterasa/lipasa de O. piceae (OPE) expresada en E. coli se
encontrd mayoritariamente en cuerpos de inclusion. Solo con la adicion de
6-8 aminoacidos extra en el N- terminal de la proteina, o solubilizando los
cuerpos de inclusion con el detergente Sarkosyl, se obtuvo enzima soluble
pero no funcional. La falta de actividad se debe posiblemente a que este
organismo no dispone de los mecanismos necesarios para realizar ciertas
modificaciones post-traduccionales que parecen ser fundamentales para el
correcto plegamiento de la proteina.

2. OPE se expresd6 con ¢éxito en tres cepas de S. cerevisiae,
consiguiendo los mejores resultados con la cepa BJ5465 deficiente en
proteasas, y con el gen bajo el control de un promotor inducible por
galactosa. Sin embargo, los niveles de actividad en S. cerevisiae fueron
menores que los producidos por P. pastoris. En este hospedador se ha
obtenido un clon que produce el doble de actividad.

3. El estado de agregacion de la proteina difiere en los distintos
hospedadores e influye en su eficacia catalitica: cuanta mas agregacion,
menor eficacia. La mayor agregacion tiene lugar en la enzima nativa de O.
piceae mientras que la expresada en P. pastoris fue principalmente
monomeérica y dimérica, presentando la enzima producida en S. cerevisiae

propiedades intermedias.

4. La resolucion de la estructura cristalografica de OPE, en su
conformacion abierta y cerrada, ha permitido dilucidar sus caracteristicas
estructurales mas relevantes. La enzima funcional es un dimero, que se
forma en presencia del sustrato, y presenta una gran apertura, no observada
antes en enzimas diméricas de la familia C. rugosa-like. Esto, unido a
factores como el numero elevado de aminoacidos hidrofobicos en la zona
de la tapadera y la presencia de un tinel interno amplio y recto, podrian
contribuir a explicar la mayor eficacia de OPE, al comparar con otras

enzimas de la misma familia.

5. Se han expresado en P. pastoris tres lipasas/esterol esterasas
hipotéticas de la familia la C. rugosa-like, identificadas mediante mineria

in silico de genomas flngicos. La caracterizacion de las enzimas
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pertenecientes a N. haematococca, T reesei y A. niger y su comparacion
con OPE, ha puesto de manifiesto que el contenido de aminodcidos
hidrofébicos en la regiéon de la tapadera y la forma del tinel interno pueden
ser parametros Utiles para la seleccion de este tipo de enzimas en bases de
datos. No obstante, su expresion y caracterizacidbn es esencial para
corroborar la versatilidad catalitica predicha para estas enzimas.

6. Se evalu6 la actividad de estas nuevas enzimas en dos aplicaciones
de interés, comparandola con la de OPE vy la lipasa comercial de C. rugosa.
En la sintesis de policaprolactona, estas dos tltimas y la lipasa de A. niger
fueron las mas eficientes, aunque existen enzimas comerciales mucho mas
eficaces para llevar a cabo la sintesis de este compuesto. En cuanto a la
sintesis enzimatica de ésteres de sitoestanol, todas ellas, excepto la lipasa
de A. niger, catalizaron esta reaccion. Cabe destacar los altos rendimientos
alcanzados por OPE a tiempos cortos, lo que sugiere que es la enzima mas

prometedora para esta aplicacion.

7. Finalmente, se ha expresado y caracterizado la primera lipasa de un
basidiomiceto amilocorticial, PlicB, relacionada filogenéticamente con la
lipasa B de C. anctartica (CalB), una de las enzimas mas utilizadas en
distintas aplicaciones biotecnoldgicas. PlicB presenta semejanzas y
diferencias con CalB destacando su mayor actividad sobre un anélago de
triglicérido. Estos resultados demuestran que la mineria de genomas resulta
eficaz para la busqueda de nuevas enzimas, como alternativa a los métodos

tradicionales.
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1. The sterol esterase/lipase of O. piceae (OPE) expressed in E. coli
was detected mainly inside inclusion bodies. Only the addition of 6-8
amino acids to the N-terminus and the use of the surfactant Sarkosyl to
solubilize the inclusion bodies yielded partially soluble but inactive protein.
In view of the results, it follows that post-translational modifications
affected enzymes’ folding, which seems to be crucial to obtain an active
protein.

2. OPE was successfully expressed in three strains of S. cerevisiae
achieving the best results in the protease-deficient strain, BJ5465, and
under the control of the galactose-inducible promoter. However, the yields
were lower than those obtained in P. pastoris. In this host, a novel clone
with 2-fold activity was obtained.

3. The aggregation state of OPE varies in the different host and affects
its kinetic parameters: the higher aggregation the lower efficiency. The
native enzyme produced the biggest aggregates, while the protein
expressed in P. pastoris appeared mainly as monomers and dimmers. OPE

produced in S. cerevisiae showed intermediate properties.

4, The resolution of the three-dimensional structure of OPE in both, the
open and closed conformations, contributes to deepen the molecular
knowledge of this enzyme. The active form is a homodimer activated in the
presence of the substrate creating a very large cavity between both
monomers. This arrangement is not observed in other dimeric members of
the C. rugosa-like family. This and other factors such as the high number
of hydrophobic residues in the lid region and the presence of a long,
straight inner tunnel could favor the higher efficiency of OPE when it is
compared with other related enzymes.

5. Three putative lipases/sterol esterases from the C. rugosa-like
family, selected from fungal genome mining, have been expressed in P.
pastoris. The enzymes, from Nectria haematococca, Trichoderma reesei
and Aspergillus niger, were characterized and compared with OPE,
suggesting that the number of hydrophobic amino acids in the lid region
and the shape of the internal tunnel could be useful parameters to select this
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kind of enzymes from databases. However, proteins’ expression and
characterization seems to be essential to corroborate their catalytic

properties.

6. The novel enzymes produced in this work were evaluated for two
biotechnological applications and compared with OPE and the commercial
lipase of C. rugosa. These two enzymes and the lipase of A. niger
successfully synthesized polycaprolactone, albeit there are other
commercial enzymes much more effective. Regarding the enzymatic
synthesis of sitostanol esters, all the enzymes tested, except the 4. niger
lipase, were able to catalyze this reaction. OPE yielded the better acylation
degree at short times, appearing as the most promising enzyme among the
assayed catalysts.

7. Finally, the first lipase from an amylocorticial basidiomycete was
expressed and characterized. PlicB is phylogenetically related to C.
antarctica lipase B, one of the lipase most used at the industrial level. PlicB
displays similarities and differences with CalB, and its higher activity
against a triglyceride analogue should be emphasized. In view of the
results, genome mining appears as an interesting alternative to traditional

screening methods.
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	1. The sterol esterase/lipase of O. piceae (OPE) expressed in E. coli was detected mainly inside inclusion bodies. Only the addition of 6-8 amino acids to the N-terminus and the use of the surfactant Sarkosyl to solubilize the inclusion bodies yielded partially soluble but inactive protein. In view of the results, it follows that post-translational modifications affected enzymes’ folding, which seems to be crucial to obtain an active protein.
	2. OPE was successfully expressed in three strains of S. cerevisiae achieving the best results in the protease-deficient strain, BJ5465, and under the control of the galactose-inducible promoter. However, the yields were lower than those obtained in P. pastoris. In this host, a novel clone with 2-fold activity was obtained.
	3. The aggregation state of OPE varies in the different host and affects its kinetic parameters: the higher aggregation the lower efficiency. The native enzyme produced the biggest aggregates, while the protein expressed in P. pastoris appeared mainly as monomers and dimmers. OPE produced in S. cerevisiae showed intermediate properties.
	4. The resolution of the three-dimensional structure of OPE in both, the open and closed conformations, contributes to deepen the molecular knowledge of this enzyme. The active form is a homodimer activated in the presence of the substrate creating a very large cavity between both monomers. This arrangement is not observed in other dimeric members of the C. rugosa-like family. This and other factors such as the high number of hydrophobic residues in the lid region and the presence of a long, straight inner tunnel could favor the higher efficiency of OPE when it is compared with other related enzymes.
	5. Three putative lipases/sterol esterases from the C. rugosa-like family, selected from fungal genome mining, have been expressed in P. pastoris. The enzymes, from Nectria haematococca, Trichoderma reesei and Aspergillus niger, were characterized and compared with OPE, suggesting that the number of hydrophobic amino acids in the lid region and the shape of the internal tunnel could be useful parameters to select this kind of enzymes from databases. However, proteins’ expression and characterization seems to be essential to corroborate their catalytic properties.
	6. The novel enzymes produced in this work were evaluated for two biotechnological applications and compared with OPE and the commercial lipase of C. rugosa. These two enzymes and the lipase of A. niger successfully synthesized polycaprolactone, albeit there are other commercial enzymes much more effective. Regarding the enzymatic synthesis of sitostanol esters, all the enzymes tested, except the A. niger lipase, were able to catalyze this reaction. OPE yielded the better acylation degree at short times, appearing as the most promising enzyme among the assayed catalysts.
	7.  Finally, the first lipase from an amylocorticial basidiomycete was expressed and characterized. PlicB is phylogenetically related to C. antarctica lipase B, one of the lipase most used at the industrial level. PlicB displays similarities and differences with CalB, and its higher activity against a triglyceride analogue should be emphasized. In view of the results, genome mining appears as an interesting alternative to traditional screening methods.


