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논문개요

여러 가지 효소들 중 리파아제는 높은 반응성 및 선택성과 유기용매

에 대한 우수한 안정성으로 인해 산업적으로나 학문적으로 사용되고 있고,에

스터의 가수분해나 그 생성 등에도 유용하게 사용되고 있다.리파아제는 상대

적으로 저렴하고,구매가 쉽고,여러 반응 조건에서 안정하고,다양한 화합물

에 대해 높은 반응 활성과 입체선택성을 보이기 때문에 산업적으로 유용하다.

대부분의 리파아제는 세린계 단백질 가수분해 효소와 비슷한 활성 자리

(Ser-His-Asp)를 가지고 있다.하지만 세린계 단백질 가수분해 효소는 아미드

결합을 가수분해 할 수 있는 반면에,리파아제는 매우 낮은 반응성을 가진다.

이러한 이유는 분명하지 않으며,산업적으로 리파제가 아미드 화합물의 제조

에 활용될 수 있는 높은 반응성을 갖지 못한다.따라서 의약품 생산의 중요한

중간체인 키랄 아민이나 아미드 결합 화합물에 높은 활성을 보이는 리파아제

변형체에 대한 연구는 산업적 측면에서 중요할 것이며,인위적인 효소 기능의

변형이라는 학문적 측면에서도 중요할 것이다.

본 논문은 리파제의 변형체를 생성하여 아미드 화합물의 가수분해에

대한 반응성을 향상시키는 연구를 다루었다.이를 바탕으로 세린계 단백질 가

수분해 효소와 리파제의 반응성 차이에 대한 이해를 시도하였다.선행연구의

가정을 바탕으로,아미드 결합과 수소결합을 형성할 수 있는 아미노산들인

Met,Asp,Glu,Gln을 활성자리 주변에 도입하였다.이들 중 I189Q가 WT

(opt2CAL-B_5D)보다 p-nitroacetanilide(p-NAA)에 대한 가수분해 활성이

11배 정도 증가하였다.
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Chapter1.Introduction

Enzymes catalyze chemicalreactions by improving the reaction

rate.Enzyme-catalyzedreactionsmadethebasisofthemetabolism ofall

livingorganisms.Enzymetechnologyhasshowedtheapplicationoffree

enzymesaswellaswholecellbiocatalystsintheproductionofgoodsand

services.Alsoitisaninterdisciplinaryfield,asanimportantcomponentof

continuingindustrialdevelopment.Table1showsthebroadandgrowing

impactofenzymeapplicationsindifferentindustrysectors.Accordingto

rapiddevelopmentsingeneticengineering,high-throughputscreening,and

otherestablishedoremergingtechnologies(Table2).1)

Industry Key works

Agriculture Feed additives

Heterologous enzyme production

Chemicals Biocatalysis

Bulk organic compound

Cleaning energy New detergent enzymes

Fuel alcohol from biomass

Food Nutraceuticals

Pharma Chiral compounds

Glycoprotein engineering

Enzymes as pharma targets

Material Paper, textile, leather treatment

Table 1. Impact of enzyme technology in industry a

 a The table is adapted from van Beilen, J. B.; Li, Zhi. Curr Opin 

Biotechnol. 2002, 13, 338-344
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Technology Key developments

Functional genomics Enzyme discovery

Genome link with enzyme activities

Genomics for enzyme-based drug discovery

Protein structure determination Structural genomics inactive

High-throughput methods Enzyme discovery and improvement

Sol-gel immobilized enzyme arrays

High-throughput screening methods

Enzyme engineering Directed evolution to improve enantioselectivity

New enzyme activities by chemical modification

Artificial enzymes

Combinatorial biocatalysis Combinatorial biocatalysis review

Enzymatic polymerization

Bioelectro-catalysis Biosensors, bioreactors and biofuel cells

Metabolic engineering Metabolites as industrial chemicals

Bioprocess engineering Dynamic kinetic resolution

Industrial biocatalysis

Regulatory aspects Single isomer pharmaceuticals

Pollution and waste reduction

Table 2. Impact of emerging and established technologies on enzyme 

technology 
a

a The table is adapted from van Beilen, J. B.; Li, Zhi. Curr  Opin 

Biotechnol. 2002, 13, 338-344)
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1.1.Hydrolases

EC number means the enzyme commission number.This is

numericalclassificationschemeforenzymebasedonthechemicalreactions

whichtheycatalyze.HydrolasesareclassifiedasEC3(Table3).

Usageofhydrolasesinorganicsynthesishaveseveraladvantages.

First,hydrolasesoftenacceptvarioussyntheticintermediatesassubstrates.

Second,hydrolasesfrequentlyshow highstereoselectivitytowardunnatural

substrates.Third,hydrolasesalsocarryoutseveralrelatedreactionssuch

ascondensations(reversalofhydrolysis)andalcoholysis(acleavageusing

analcoholinplaceofwater).2)

Class Enzyme Type of reaction Subclasses

3 Hydrolase
Hydrolysis 

reactions

3.1   Ester bonds

3.2   Sugars

3.3   Ether bonds

3.4   Peptide bonds

3.5   Carbon-nitrogen bonds

3.6   Acid anhydrides

3.7   Carbon-carbon bonds

3.8   Halide bonds

3.9   Phosphorus-nitrogen bonds

3.10  Sulfur-nitrogen bonds

3.11  Carbon-phosphorus bonds

3.12  Sulfur-sulfur bonds

3.13  Carbon-sulfur bonds

Table 3. The definitions of hydrolase class and subclasses
a
 

a
http://www.expasy.org/enzyme/
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1.1.1.Lipase

Esterasesandlipasesbelongtothefamilyofserinehydrolaseand

α/β-foldfamily.Theyhavethecatalytictriad, Asp/Glu-His-Ser,whichis

similartothatofserineproteases.Theserineresidueisactivated by

histidineandaspartateorglutamateresidue.Lipasesandesterasescatalyze

thehydrolysisofestersbythesamedouble displacementmechanism via

anacylenzymeintermediate.3)Althoughboth esterasesandlipaseshave

thehydrolysisactivityofester,lipasespreferentiallycatalyzethehydrolysis

water-insoluble esters.4) Lipases have been isolated from a variety of

sources such as archaea, microbial and mammalian sources. They

hydrolyze lipids (triglycerides) to glyceroland fatty acids in nature

(Scheme1).5)Lipaseshaveextraordinarilybroadsubstratespecificity.Also,

theycancatalyzetransesterificationtowardawiderangeofstructurally

diverseesters,alcoholsandcarboxylicacid.6)

Scheme 1. Lipase catalyzes the hydrolysis of            

               triglycerides (e.g. triolein) to fatty         

               acids and glycerol.  
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Lipases are industrially and academically importantbiocatalysts

because they show many attractiveaspectsforresearches.First,they

usually display elaborate chemoselectivity, stereoselectivity, and

regioselectivity. Second, they are available in large quantities from

microbial organisms, namely fungi and bacteria. Third, the crystal

structuresofmanylipaseshavebeensolved.Forth,theydonotrequire

cofactors.Theseadvantagesmakelipasesthemostwidelyusedgroupof

biocatalysts in organic chemistry.The commercialuse of lipases is

comprised ofa wide variety ofdifferentapplications in the area of

detergents, and the production of food ingredients and enantiopure

pharmaceuticals.7)
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Lipases and esterase have a distinctiveproperty.Lipasesshow

interfacialactivation butitisnotobserved foresterase(Figure1).It

meansthatlipasesbecome activewhen substrates areata water-oil

interface. This phenomenon can be explained through 3D-structure

analysis.The activesiteoflipaseswascoveredbyalid-likepolypeptide

chain constituted one ortwo amphipathic α-helices.This lid structure

offers preventing the active site from substrate molecules.When the

substratestaysatwater-oilphase,thelidopensandthenlipaseturns

active,whereas withoutsubstrate,the lid is closed and the enzyme

remainsinactive.8)

Figure 1. Kinetics of esterase and lipase. Esterases follow Michaelis-Menten 

kinetic and lipases show interfacial activation. 
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1.1.2.Serine-protease

Serineproteasescontainthenucleophilicserineresidueattheactive

site.Ithasthecatalytictriad,Asp-His-Ser,whichissimilartothatof

lipases.9) Serineproteasescan classify atleastfourdifferentstructure.

These four clans are representative by chymotrypsin, subtilisin,

carboxypeptidase Y,andClpprotease.10)Besides,serineproteaseswith

novelcatalytictriads havebeendiscovered.Theseproteaseshavebeen

foundinprokaryotes,eukaryotes,archae,andviruses.11)

Hydrolysisofamidebondisdifficultcomparedtocleavageofester

bond.Amidebondsarevery stabledueto electron donation from the

amidenitrogen tothecarbonyl.Also,waterisnotsonucleophilicand

aminesarepoorleavinggroup.Thus,proteasesusuallyactivateanamide

bondviatheinteractionofthe carbonyloxygenwithageneralacid,and

may also distortthe peptide bond to disruptresonance stabilization.

Proteases activatewaterthroughageneralbase,andprotonatetheamine

priortoexclusion.

Generally, serine proteases display the double displacement

mechanism for hydrolysis ofamide bond (Scheme 2).Serine residue

attacksthecarbonylofthesubstrate,supportedbyhistidineresidueacting

as a generalbase,to make a tetrahedralintermediate.The resulting

His-H+ is stabilized by the hydrogen bond to aspartate residue.The

oxyanionofthetetrahedral intermediateisstabilizedbyinteractionwith

themainchainNHsofthe oxyanionhole.Thetetrahedralintermediate

disintegrateswithemissionof leavinggroup,assistedbyhistidineresidue
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acting asageneralacid,to maketheacylenzymeintermediate.Then

waterattackstheacylenzyme,assisthistidineresidue,making asecond

tetrahedralintermediate.This intermediate disintegrates,evicting serine

residueandcarboxylicacidproduct.12)



- 9 -

Scheme 2.  The generally accepted amidase mechanism for serine 

proteases.
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1.1.3.CandidaantarcticalipaseB

LipaseB from Candidaantarctica(CAL-B)isoneofthemost

widelyusedbiocatalysis.CAL-Bhasamolecularweight33kDa.Itshows

the typical α/β hydrolase fold.The active site is composed of a

Ser-His-Aspcatalytictriad.13)ThestructureofCAL-Bwasdeterminedby

X-raycrystallography(Figure2).14)

      Figure 2. Structure of Candida antarctica lipase B 

                   (pdb code: 1LBS)

CAL-B catalyzes acyl-transfer reaction (Scheme 3).The first

substrate enters the active site and makes the first tetrahedral

intermediate.An acylenzymeintermediateformsby thereleasetothe

alcoholandthenisattackedbythesecondsubstratetoform thesecond

tetrahedralintermediate.Releaseofthesecondproductregeneratesthefree
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enzyme.15)

Theactivesitepocketiscomposedoftwochannels,onehosting

theacyl-andtheotherhostingthealcohol-moietyofthesubstrate.These

channelsareresponsibleforthehigh regio- and stereo- selectivity of

CAL-Btowardssecondaryalcohols.
14)

Scheme 3. CAL-B catalyzes acyl-transfer reaction by a ping-pong    

            mechanism  
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1.2.Proteinengineering

Researchersneedadvancedenzymesforindustrialapplication.Due

topoorsubstratesolubility,breakdownofunstableproducts,orcompeting

chemical reactions, the conditions for an enzyme reaction may be

unsuitableforlarge-scaleapplications.Forthisreason,modificationofan

enzyme is required and geneticalmodification ofan enzyme is called

proteinengineering.16)

Theprotein engineering combinesbiological,structural,chemical,

andcombinatorialapproachestoexploreprotein functionsandmolecular

interactions.Biochemisthavedoneresearchesofprotein engineering to

explore advanced noveltherapies and to maintain scientific innovation.

Proteinengineeringthroughmutagenesisisgenerallyperformedusingtwo

approaches,rationaldesignanddirectedevolution.17)Figure3showsthe

schematicdiagramsforthetwoapproaches.
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Figure 3. Comparison of rational protein design and directed evolution. 

These will surely help to increase our understanding of structure/function 

relationships and will see more combinations of both protein engineering 

tools (The figure is adapted from Bornscheuer, U. T.; Pohl, M. Curr. 

Opin. Chem. Biol. 2001, 5, 137-142).
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The goalof protein engineering is as follows.First,protein

engineeringimprovesexistingproteinsandenzymestomakethem more

effective — with higheraffinity,longerlasting effects and/orgreater

selectivity. Second, protein engineering determines three-dimensional

structuresofproteinsandprotein complexesforfinding new molecules

withbiologicalactivityandexploringtheirpotentialastherapeuticagents

ordrug targets.Third,protein engineering inventsnew protein/peptide

technologiesforapplyingchemicalapproachestotasksindrugdiscovery

andbiology.18)
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1.2.1.Rationaldesign

Rationaldesign requiresdetailedknowledgeofenzymestructure,

function,andcatalyticmechanism.Rationaldesignisbasedonpredictionto

increase the selectivity,activity and stability of enzymes by using

molecularmodeling.19)

Rationaldesignmethodsofproteinengineeringinvolvethechoice

ofspecificaminoacid residuesforalteration toaccomplish thedesired

reactionusingsite-directedmutagenesis.Dependingonthepurposeofthe

mutagenesis,amino acid substitutions are often selected by sequence

comparison with homologous sequences. Sometimes, the results are

ineffectivebecauseminorsequencechangesby a singlepoint-mutation

may cause signigicantstructuraldisturbance.Thus,distinction ofthe

three-dimensionalstructuresofwild-typeenzymesandmutantisnecessary

toensurethatasinglemutationisreallysite-directed.
15)

van den Heuveletal.takeonerationalapproach toinvertthe

stereospecificityofavanillyl-alcoholoxidase.Bysite-directedmutagenesis,

theputativeactivesitebasehasbeenrelocatedtotheoppositefaceofthe

active site cavity.The single mutants,T457E,D170A,and D170S,

preferentially converted 4-ethylphenol to the (R)-enantiomer of

1-(4'-hydroxyphenyl)ethanol. The double mutants D170A/T457E and

D170S/T457E exhibitedaninvertedstereospecificityof(S)-selectivewith

4-ethylphenol.20)

Rotticcietal.used molecular modeling to study the different

binding modes foralcoholenantiomers in the active site ofCandida
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antarctica lipase B and proposed a modelfor its enantioselectivity.

Site-directed mutagenesis was used to alter the active site residues

causingunfavorableinteractionsbetweenthesubstrateandtheenzyme.A

singlemutation,Ser47Ala,resultedinimprovementofthelipase-catalyzed

resolution of1-chloro-2-octanolfrom E = 14 to E = 28.(E is the

enantiomericratio)21)
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1.2.2.Directedevolution

Rationaldesignrequiresenormousinputsofstructural,mechanistic,

anddynamicinformation.
16)
Incontrast,directedevolutiondoesnotneed

detailed structuraland mechanisticinformation aboutenzymes.Directed

evolutionemploysarandom processofmutagenesisbyerror-pronePCRor

DNAshufflingtocreatealibraryofmutagenizedgenes.22)23)

Figure4showsthegeneralschemeofdirectedevolution.Genetic

diversityisfirstintroducedintoatargetgenethroughrandom mutagenesis

and/orrecombination.Random mutagenesismethodscreatealibrary of

variantscontainingpointmutationsfrom asingleparentalgene,whereas

gene recombination methods create a library ofchimeric variants via

blockwiseexchangeofsequenceinformationamongtheparentalgenes.

Thelibraryofmutantgenesisthentransformedintohostcellsin

whichthemutantgenesareconvertedintotheircorrespondingproteins.

Functionallyimprovedmutantproteinsareidentifiedthroughanappropriate

selectionorscreeningstrategy.Thesameprocesswillberepeateduntil

thegoalisachievedornofurtherimprovementispossible.24)

Directedevolutioncanbeemployedforengineeringenantioselective

biocatalysts.The Reetz group used error-prone PCR coupled with a

96-well plate based colorimetric screening method to increase the

enantioselectivity of a Pseudomonas aeruginosa lipase toward

2-methyldecanoate.25) After several rounds of directed evolution,the

enantioselectivityofthelipaseincreasedfrom E =1.04(2%ee)toE =25

(90–93%ee).Using asimilarapproach,Arnoldgroupeven invertedthe
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enantioselectivityofhydantoinasefrom D-selectivity(40%ee)tomoderate

L-preference(20%eeat30% conversion).26)

Figure 4. The general scheme of directed evolution (The figure is 

 adapted from Chen, Z.; Zhao, H. Encyclopedia of Chemical 

 Processing. 2006, 10,  2467-2477).
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1.2.3.Combinedapproaches

Enzymepropertiescanbeimprovedbyrationaldesignordirected

evolution.Althougheitherrationaldesignordirectedevolutioniseffective,

a combination of both strategies willprobably represents the most

successfulroutetoimprovingthepropertiesandfunctionofan enzyme.

Particularly,adirectedevolution may ignoretheunexpected structural

changefrom rationaldesign.Also,itcouldimproveanadditional property

ofenzymes.27)

Reetzetal.showedtheimprovementoftheenantioselectivityofa

lipase.Using such a cyclicalrandom/targeted approach,they greatly

improved theenantioselectivity (E)ofPseudomonasaeruginosa lipase

toward a p-nitrophenylesterin favourofthe(2S)enantiomer.Initial

improvementfrom E=1.1toE=51wasachievedby rationaldesign and

directedevolutionapproaches.28)
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1.3.Outlineofthisthesis

Lipaseand serineproteasesharethesamecatalytictriad.The

lipase-catalyzedreactionsproceedthroughcorporativerolesofthecatalytic

triadintheiractivesites(Scheme4).29)

R O
R

O

R O

O

Ser
HO Ser

R OH

O

HO Ser

ROH

acyl enzyme

(a)

R N
H

R

O RNH2

R O

O

Ser

acyl enzyme

H2O

H2O

R OH

O

HO Ser
HO Ser

(b)

Scheme 4. Hydrolysis mechanism of lipase and serine-protease. 

              (a) lipase (b) serine-protease

Therefore,itwouldbeconcludedthatlipaseandserine-proteaseshow the

similarcatalytic activities.However,mostlipases cannotcleave amide

bondsalthoughafew lipasecanslowlycatalyzehydrolysisofamides,30)

whereasproteasescanhydrolyzeestersandamides.31)Thisphenomenonis

notyetfullyunderstoodandcomprehendingitsmolecularbasisremainsa

challengeforresearchers.



- 21 -

Enhancing amide-hydrolysisactivityofalipasewasreportedby

Nakagawaandcoworkers.Theyimprovedtheamidaseactivityoflipase

from Pseudomonasaeruginosatowardalong-chain-fatty-acidamidebya

factoroftwentyeightthroughtwo-stagedirectedevolution.However,the

detailedmechanism fortheimprovementwasnotrevealed.

Recently,Cammenbergetal.proposedthemolecularbasisforthe

enhanced Burkholderia cepacia lipase (BCL)-catalyzed N-acylation of

1-phenylethanamine by methoxyacetate.32) The enhancement of BCL

catalyzed acylation ofan amine by using ethylmethoxyacetate was

reportedbyBalkenhohletal.withoutthe detailedmechanisticstudy.33)I

suggestedthatthehydrogenatom connectedtothenitrogenatom of the

amine substrate may interrupt formation of the key hydrogen bond

betweenthecatalytichistidineandthenitrogenatom ofthesubstrateat

the transition state. The disruption could be avoided by using

methoxyacetateasanacyldonor.Theoxygenatom ofthemethoxygroup

oftheacyldonorcanhydrogenbondtothenitrogenatom andthusthe

proton can not interrupt the key hydrogen bond. This results in

stabilizationofthetransitionstateandthusacceleratestheaminolysis.

Similarly,Kouristetal.proposedthatthemolecularbasisofthe

promiscuousamidaseactivityofBacillussubtilisesterase.Theyproposed

that the glutamate near the active site constructs a hydrogen-bond

networkwiththeamidenitrogenthroughawatermoleculeandhelpto

avoidtheinterruptionbytheamideproton.

Itwasassumedthatintroductionofaresiduetobeabletoform a

hydrogenbondortointeractelectronicallywiththeamidenitrogencan

enhancetheamidaseactivityoflipaseastheroleofmethoxygroupof
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methoxyacetate.Inthisthesis,thishypothesiswasexploitedtoincrease

amidaseactivityofCandidaantarcticalipaseB(CAL-B),whichpossesses

low intrinsicamidaseactivity.
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Chapter2.ExperimetalSection

MaterialsandMethod.

Chemicalsand bufferswerepurchased from Sigma-Aldrich.Pfu

DNA polymeraseand restriction enzyme(Dpn I)werepurchased from

Enzynomics(Daejeon,Korea)andNew EnglandBiolabs,respectively.DNA

oligomerswereobtainedfrom Sigma-Proligo(Singapore).DNA sequencing

wasperformedby SolgentCo.(Daejeon,Korea).TheNi-NTA agarose

resinwaspurchasedfrom QIAGEN.
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Sitedirectedmutagenesis

Opt2CAL-B_5D,amutantoflipaseBfrom Candidaantarctica,was

designed for higher expression in E.coli. The opt2CAL-B_5D was

subclonedintopBAD/gⅢavectorcontainingrestrictionsitesforNcoIand

Sal I (Figure 5).The mutant genes were created by Quikchange

mutagenesis with mutagenesis primers. The sequences of the

opt2CAL-B_5D (Table4)andmutagenesisprimersarelistedinTable5.

AfterthePCR reactions,theplasmidsofthemutantsweretransformed

intoE.coli(TOP10).

Figure 5. The vector map of opt2CAL-B_5D as a template for 

mutagenesis.
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Sequence (opt2CAL-B_5D)

ATG GCT CTG CCG TCT GGT TCC GAT CCG GCT TTC TCC CAG CCG AAA 

TCC GTG CTG GAC GCG GGT CTG ACC TGT CAG GGT GCT TCT CCA 

AGC AGC GTG TCT AAA CCG ATC CTG CTG GTA CCG GGC ACC GGT 

ACC ACT GGC CCG CAG TCT TTC GAC AGC AAC TGG ATT CCA CTG TCC 

ACC CAA CTC GGT TAT ACT CCT TGC TGG ATC TCT CCG CCG CCG TTT 

ATG CTG AAC GAT ACT CAG GTA AAC ACT GAA TAC ATG GTA AAC GCT 

ATC ACC GCT CTG TAC GCA GGT TCT GGT AAC AAC AAA CTG CCA GTG 

CTG ACC TGG TCC CAG GGT GGT CTG GTT GCA CAA TGG GGC CTG 

ACT TTC TTC CCG TCT ATC CGT TCT AAA GTG GAC CGT CTG ATG GCA 

TTC GCT CCG GAC TAC AAA GGT ACT GTG CTG GCT GGC CCG CTG 

GAT GCA GAC GCT GTA TCT GCG CCA TCC GTG TGG CAG CAG ACC 

ACT GGT TCT GCG CTG ACC ACT GCA CTG CGT AAC GCT GGT GGT 

CTG ACC CAG ATC GTT  CCG ACT ACT AAC CTG TAC AGC GCA ACC 

GAT GAG ATC GTT CAG CCG CAG GTA TCT AAC TCC CCG GAT GAT TCT 

TCT TAC CTG TTC AAC GGT AAG AAC GTT CAG GCT CAG GCT GTT TGT 

GGC CCG GAC TTC GTT ATC GAT CAC GCA GGT TCC CTG ACC TCC 

CAG TTC AGC TAT GTG GTT GGC CGC TCT GCT CTG CGC TCC ACC ACT 

GGT CAA GCG CGC TCT GCT GAC TAC GGC GAT ACC GAC TGC AAC 

CCG GAC CCG GCG AAC GAC TTA ACC CCG GAA CAG AAG GTT GCA 

GCT GCG GCT CTG CTG GCA CCG GCT GCA GCT GCA ATT GTT GCG 

GGC CCG AAA CAG AAC TGC GAA CCG GAC CTG ATG CCG TAC GCT 

CGT CCG TTC GCG GTT GGT AAA CGC ACT TGT TCT GGC ATC GTA ACT 

CCG GTC GAC

Table 4. Codon-optimized sequences of opt2CAL-B_5D
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Mutagenesis primers

F_mu_CALB_G39M 5’-CCGATCCTGGTACCGATGACCCGTACCACTGGC-3’

R_mu_CALB_G39M 5’-GCCAGTGGTACGGGTCATCGGTACCAGGATCGG-3’

F_mu_CALB_G39D 5’-AAACCGATCCTGGTACCGATGACCCGTACCACTGGC-3’

R_mu_CALB_G39D 5’-GCCAGTGGTACGGGTCATCGGTACCAGGATCGGTTT-3’

F_mu_CALB_G39E 5’-AAACCGATCCTGCTGGTACCGGAAACCGGTACCACTGGC-3’

R_mu_CALB_G39E 5’-GCCAGTGGTACCGGTTTCCGGTACCAGCAGGATCGGTTT-3'

F_mu_CALB_G281M 5’-GCGGCTCTGGCACCGATGGCAGCTGCAATTGTT-3’

R_mu_CALB_G281M 5’-AACAATTGCAGCTGCCATCGGTGCCAGAGCCGC-3’

F_mu_CALB_G281D 5’-GCGGCTCTGGCACCGGATGCAGCTGCAATTGTT-3’

R_mu_CALB_G281D 5’-AACAATTGCAGCTGCATCCGGTGCCAGAGCCGC-3’

F_mu_CALB_G281E 5’-GCGGCTCTGGCACCGGAAGCAGCTGCAATTGTT-3'

R_mu_CALB_G281E 5’-AACAATTGCAGCTGCTTCCGGTGCCAGAGCCGC-3’

F_mu_CALB_I189M 5’-AGCGCAACCGATGAGATGGTTCAGCCGCAGGTATC-3’

R_mu_CALB_I189M 5’-GATACCTGCGGCTGAACCATCTCATCGGTTGCGCT-3’

F_mu_CALB_I189D 5’-AGCGCAACCGATGAGGACGTTCAGCCGCAGGTATC-3’

R_mu_CALB_I189D 5’-GATACCTGCGGCTGAACGTCCTCATCGGTTGCGCT-3’ 

F_mu_CALB_I189E 5’-CAGCGCAACCGATGAGGAAGTTCAGCCGCAGGTATCTAAC-3’

R_mu_CALB_I189E 5’-GTTAGATACCTGCGGCTGAACTTCCTCATCGGTTGCGCTG-3’

F_mu_CALB_I189Q 5’-GCGCAACCGATGAGCAGGTTCAGCCGCAG-3’

R_mu_CALB_I189Q 5’-CTGCGGCTGAACCTGCTCATCGGTTGCGC-3’

Table 5.  The primers used for mutagenesis



- 27 -

ExpressionandpurificationofCAL-B

Overnightculture(1mLofE.coli)wasaddedtoLBmedium (100

mL;ampicillin,100 μg/mL)andincubatedat37℃ and200rpm toan

OD600of0.5.Proteinexpressionwasinducedbyaddingarabinose(1mL;

2% w/v)andincubatedfor6hat25℃ and200rpm.TheOD600 was

reachedto∼1.5.Thecellswereharvestedbycentrifugation(10min,3,800

×g,4℃)andthesupernatantwasdiscarded.

Thecellpellet(∼0.8g)wasresuspendedinthelysisbuffer(5

mL/gwet weight;NaH2PO4,50mM;NaCl,300mM;imidazole,10mM;

adjustedto pH 8.0withNaOH),andlysozymewasaddedto1mg/mL.

Incubationon icefor45minwasfollowedbyafreeze-thaw cycleat-20

℃ androom temperature.Theviscouslysatewaspassedseveraltimes

throughasterile 20-gaugesyringeneedleandcentrifuged(10min,10,000

×g,4℃).The supernatantwasseparatedfrom thecelldebris.Thecell

debriswas dissolvedin8M ureasolution(4mL,containing1mM of

dithiothreitol)for SDS-PAGEanalysis.Ni-NTA agaroseresin(1mL,50%

w/vslurry)was addedtothesupernatant(4mL)andthemixturewas

stirredat25℃ for1 h.Thelysate-Ni-NTA mixturewasloadedona

Poly-Prepcolumn (Bio-Rad),drained,andthenwashedthreetimeswith

thewashbuffer(4mL;NaH2PO4,50mM;NaCl,300mM;imidazole,20

mM;adjusted topH 8.0with NaOH).TheHis6-CAL-B enzymewas

elutedfrom thecolumn withfourvolumesoftheelutionbuffer(0.5mL;

NaH2PO4,50mM;NaCl, 300mM;imidazole,250mM;adjustedtopH 8.0

with NaOH).Eluate(2 mL)from theNi-NTA column containing the

purifiedCAL-B was exchangedfrom theelutionbuffertoBES(5mM,

pH7.2)usinga centrifugaldevice(AmiconUltra-15,Millipore).
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Determinationoftheamountoftheenzymes

Theamountofpurifiedenzymeswasdeterminedbyabsorbanceat

280nm (ε =41,285M
-1
cm

-1
calculatedwithtoolsatSwissProtExpasy,

http://ca.expasy.org/tools/protparam.html).

Measurement of esterase activity toward hydrolysis of

p-nitrophenylacetate

Esteraseactivityoftheenzymeswasmeasuredbyfollowingthe

hydrolysisofp-nitrophenylacetateat405 nm.The assay solution was

preparedbymixingp-nitrophenylacetate(20μL,200mM inacetonitrile),

acetonitrile(870 μL),andBES buffer(5mM,pH 7.2,11,110 μL).The

absorbancechangewasmeasuredat405nm for5minaftermixingthe

assay solution (100 μL)with the enzyme solution (5 μL).The final

concentrationsinthereactionsolutionwere0.32mM substrate,4.65mM

BES,7% acetonitrile.Theactivitywascalculatedaccordingtothemethod

ofJanesetal.whereΔε =17,300M-1cm-1.

Measurement of amidase activity toward hydrolysis of

p-nitroacetanilide

Amidaseactivityoftheenzymeswasmeasuredfrom thehydrolysis

ofp-nitroacetanilide at405 nm.The assay solution was prepared by

mixingp-nitroacetanilide(200μL,100mM inacetonitrile),acetonitrile(690

μL),andBES buffer(11,110μL,5mM,pH 7.2).Theassaysolution(1

mL) andtheenzymesolution(100μL)werecombinedandincubatedat

24°C.Thefinalconcentrationsin thereaction solution were1.52mM
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substrate, 4.66mM BES,7% acetonitrile.Theenzymeconcentrationsused

were1.5-2.6μM.Theabsorbancechangewasmeasuredat405nm.The

activity wascalculatedusingΔε =11,100M-1cm-1.

Acylationof1-phenylethanoland1-phenylethanamine

Acyl donor reagent (1.0 mmol) and 1-phenylethanol or

1-phenylethanamine(1.0mmol)wereaddedtoasuspensionofmolecular

sieves4A (50mg)andNovozym 435(10mg)inmethyltetrabutylether(5.0

mL)andshakenat20°C.Thesamples(100μL)from thereactionmixture

wereretrievedwithintervalsandanalyzedbyaGCwithachiralcolumn

(Cyclosil-B,30m × 0.25mm):initialcolumntemperature80°C for10

min,rampto120°C atarateof2.5°C min
-1
,andthenheldat120°C

for10min.

HPLCanalyses

The samples (500 μL) conducted with the hydrolysis of

p-nitroacetanilide were diluted with acetonitrile (500 μL).The diluted

samples(1μL)wereinjectedonanonpolarcolumn(3.0×100mm,1.8-μm

thickness,AgilentZORBAX EclipseplusC18),andelutedwithanaqueous

methanolsolution(60% v/v)containing0.2% ofaceticacidataflow rate

of0.2mlmin
-1
and25°C.Thesignalsweredetectedat320nm.The

retentiontimesofp-nitroacetanilideandp-nitroanilinewere3.4minand

4.1min,respectively.
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Chapter3.Resultanddiscussion

Selectionofresiduesformutagenesis

First, the amino acids were selected to be introduced for

constructingahydrogenbondwiththeamidenitrogenatom.Aminoacids

containing a side chain working as a hydrogen-bond acceptor are

aspartate, asparagine, glutamate, glutamine, serine, threonine and

methionine.Forhydrogenbonding,thesidechainsoftheseaminoacids

shouldplaceneartheamidenitrogenwithinaproperdistance.Ingeneral,

atypicallengthforhydrogenbondsis2.7-3.2Å.Therefore,theresidues

shouldbelocatedwithin5.1-8.0Å from theamidenitrogenatom because

thelengthsofthesidechainsare2.4-4.8Å.Basedonthiscriteria,the

residueswithin8.0Å from theamidenitrogenwereexploredusing an

inhibitor bound crystalstructure of CAL-B (pdb code:1LBS) with

substitution oftheinhibitorby the corresponding amide and identified

twelveresiduesinthecrystalstructure(Figure6).Amongtheseresidues,

wedeselectedThr40,Ser105,andHis224infurtherconsiderationbecause

theseresiduesareinvolvedinthecatalyticmachinery.
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189Ile

190Val

225Ala

224His

278Leu 281Ala

40Thr

106Gln

105Ser

104Trp
39Gly

41Gly

Figure 6. The residues placed within 8 Å from the amide nitrogen atom. 

The structure was created by substitution of the inhibitor (pdb code: 

1LBS) with nitrogen atom. The stucture was generated using PyMOL 0.99 

(Delano Scientific, San Carlos, CA). 

In addition,the direction ofthe side chains is also

importanttoconstructaproperhydrogenbond.OnlyGly39,Ile189,and

Ala281containthesidechainstowardtheamidenitrogen(Table6).The

distancesbetweentheresiduesandtheamidenitrogenatom are4.69-7.72

Å.To constructahydrogen bond,an amino acid possessing arather

longersidechainisrequired.Thus,wechoseAsp,GluandMettobe

introduced.
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Residues
Distance from the amide 

nitrogen atom to the α-carbon
comments

Gly39 4.69 Å proper direction

Thr40 5.00 Å oxianion hole

Gly41 7.52 Å wrong direction

Trp104 7.04 Å wrong direction

Ser105 4.46 Å catalytic triad

Gln106 5.96 Å wrong direction

Ile189 6.71 Å proper direction

Val190 7.83 Å wrong direction

His224 7.35 Å catalytic triad

Ala225 7.97 Å wrong direction

Leu278 7.88 Å wrong direction

Ala281 7.72 Å proper direction

Table 6. The selected residues within 8.0 Å from the 

amide nitrogen atom to the α-carbon of a 

residue
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ExpressionandpurificationofCAL-B

Mutant enzymes were expressed as much as yield of the

wild-typeCAL-B_5D.Thepuritiesoftheenzymeswereabove95% based

onSDS-PAGEanalyse(Figure7).

Figure 7. SDS PAGE analyses of CAL-B mutant enzymes expressed in  

E. coli. SDS-PAGE was performed on a 12% polyacrylamide gel and  

stained using the Coomassie brilliant blue. M, molecular weight marker; 

I,  insoluble fraction; F, flow-through fraction; W, wash buffer fraction; E,  

elution buffer fraction (for details see the materials and method section).
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Measurementofesteraseactivitytowardhydrolysisof

p-nitrophenylacetate

Esterase activity of mutant enzymes toward hydrolysis of

p-nitrophenylacetatewasmeasured (Scheme5).Thehydrolysisby the

wild-typeandmutantenzymesshoweddifferentesteraseactivity.A281E

ofthemutantenzymesshowedthemostrapidhydrolysisactivitytoward

p-nitrophenylacetatethanotherenzymes(Table7).

Scheme 5. The reaction to determine esterase activity

Table 7.  Specific activity for hydrolysis of 

       p-nitrophenyl acetate(p-NPAc) 
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Measurementofamidaseactivitytowardhydrolysisof

p-nitroacetanilide

To identify amidaseactivity ofthemutantenzymes,hydrolysis

towardsp-nitroacetanilideasamodelreactionwasperformed(Scheme6).

Theinitialscreeningwiththeninemutantenzymeswascarriedoutat1.5

mM substrate and 1.8 μM enzyme in a BES buffer (pH 7.2),and

monitoredat405nm.Theabsorbancechangefor43hclearlyindicated

that I189M and I189D mutant enzymes shows faster hydrolysis of

p-nitroacetanilide than the template CAL-B (Figure 8).Aspartate and

glutamatecontainthesamenegativelychargedfunctionalgroup(-COO-).

Butthemutantenzymesubstituted by aspartatesolely showed higher

amidaseactivitythanthetemplateenzyme.The189residuelocatesjust

abovethecatalytichistidineinwhichapositivechargedevelopsduring

catalysis.Thus,thenegativechargeofthelongersidechainofglutamate

would becloseenough to disruptthechargebalanceofthecatalytic

machinery.

Scheme 6. The reaction to determine amidase activity 
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Figure 8. The absorbance change at 405 nm for 43 h
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I189mutantsofhydrolysisofp-nitrophenylacetateand

p-nitroacetanilide

Toimprovetheamidaseactivityfurther,weintroducedglutamine

atthe189residue,whichcontainsanoxygenatom onthesidechainand

may constructstrongerhydrogen bond than methionine.Dissimilarly to

glutamate,glutaminedoesnothaveanegativechargeonthesidechain

andthuswouldnotdisruptthechargebalanceofthecatalyticmachinery

atthetransitionstate.Asexpected,theglutaminemutantshowedfaster

hydrolysisof p-nitroacetanilidethanthetemplateenzymeaswellasthe

methioninemutant(Figure9).

        

Figure 9. The absorbance change in hydrolysis of 

p-nitroacetanilide
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Inordertocompareesteraseandamidaseactivitiesofthetemplate,

I189D,I189M,and I189Q enzymes,we measured the initialrates of

hydrolysis of p-nitrophenylacetate and p-nitroacetanilide, respectively

(Table8).

Mutation on the189residuedecreased theesteraseactivity by

20-80%.Themethioninemutantenzymeretained80% ofesteraseactivity

ofthetemplateenzyme.I189DandI189Qmutantenzymeshowed20% and

30%,respectively,oftheesteraseactivitycomparedtothatofthetemplate

enzyme.These decreases ofesterase activity are presumably due to

influenceonthechargebalancebyintroductionofapolarresidueonthe

189residue.However,asalready confirmed,thethreemutantenzymes

show higheramidaseactivitythanthetemplateenzyme.

The highest amidase activity was obtained by the glutamine

mutant enzymeandtheinitialrateincreasedbyafactorof11.These

results clearly indicate that introduction of residue acting as a

hydrogen-bondacceptorisakeytoenhancingamidaseactivityofCAL-B.

ThetemplateenzymeorthewildtypeCAL-Bpossessesisoleucineatthe

189residue.Isoleucinecontainsnonpolaraliphaticcarbonchainastheside

chain,whichcouldnotactasahydrogenbondacceptor.Substitutionof

this residue by a hydrogen-bond acceptor or a polar group clearly

improvedtheamidaseactivityofCAL-B.
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Enzyme
p-nitrophenylacetate p-nitroacetanilide

Initial rate Relative 
rate Initial rate Relative 

rate

template
(5D_CAL-B) 4.3 ± 0.4 1 (0.85 ±0.23) × 10-5 1

I189M 3.3 ± 0.3 0.8 (5.4 ± 0.4) ×  10-5 6.4

I189D 0.91 ± 0.03 0.2 (2.7 ±0.3) × 10-5 3.2

I189Q 1.5 ± 0.1 0.3 (9.6 ± 0.8) × 10-5 11.3

Table 8. Initial rates (μmol min
-1

 mg
-1

) of hydrolysis of  

p-nitrophenylacetate and p-nitroacetanilide
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Acylationof1-phenylethanoland1-phenylethanamine

Methioninecontainsasulfuratom.Althoughmethionineisregarded

asahydrophobicaminoacid,34)ithasbeenreportedthatmethionineoften

acceptsahydrogenbondinproteins.35)Indeed,about10% ofsulfuratoms

ofmethioninein proteins are capableofserving asa hydrogen bond

acceptor.36)Toidentifythepotentialroleofthesulfuratom forenhancing

amidationrateastheoxygenatom ofmethoxyacetateinBCL-catalyzed

amidation,weperformedaminolysisbyacommercialimmobilizedCAL-B

(Novozym 435)using methylbutyrate,methylthioacetate,and methyl

methoxyacetateasanacyldonor(Scheme7).AsintheBCL-catalyzed

amidation,using methylmethoxyacetateasan acyldonorincreasedthe

initialratebyafactorofabout100comparedtousingmethylbutyrate.

Interestingly,utilizing methylthioacetatealsoincreasedtheinitialrateby

aboutseven timescompared tobutyrate.Thisresultissimilartothe

previousreport(Table9).37)
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Scheme 7. Acylation of 1-phenylethanol and 1-phenylethanamine

Acyl donor
Initial rate

(μmol min-1 mg-1)
Relative rate

Methyl butyrate 0.016 ± 0.0012 1

Methyl methoxyacetate 1.56 ± 0.049 96

Methyl methylthioacetate 0.11 ± 0.0068 6.8

Table 9. Initial rates of acylation of 1-phenylethanamine  

         by Novozym435
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HPLCanalyses

HPLCanalysesclearlyshowedthatthereactionbyI189Q mutant

enzyme produce much more p-nitroaniline productthan thatby the

templateenzyme(Figure10).

Figure 10. HPLC analyses of the hydrolysis of p-nitroacetanilide by the  

CAL-B template and I189Q mutant enzymes. a) the reaction by the  

CAL-B template enzyme. b) the reaction by the I189Q mutant enzyme.  

The product, p-nitroaniline, and the reactant, p-nitroacetanilide, were  

shown at 3.47 min and 4.52 min, respectively. The reaction by the 

I189Q  mutant enzyme produced much more products.

a)

b)
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Chapter4.Conclusion

Previous research suggested that introducing a residue for

hydrogen bonding construction orelectronicinteraction with the amide

nitrogen atom atthe transition statecouldbean importantfactorto

improvetheamidase activityoflipase.Thecurrentexperimentalresult

clearlyshowedthat introductionofahydrogenbondacceptororapolar

groupincreasesthe reactionratesofamidehydrolysispresumablythrough

assistanceof stabilizationofthetransitionstateandcouldprovideaclue

for the molecular basis of different activities between lipase and

serine-protease.

Among designed mutants,A281E showed the highestesterase

activityandI189Q hasthehighestactivitytowardamidehydrolysiswith

theinitialrateincreasedbyafactorof11.Theseresultsclearlyindicate

thatintroductionofresidueactingasahydrogen-bondacceptorisakeyto

enhancingamidaseactivityofCAL-B.
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ABSTRACT

Rational design for improving amidase activity of 

Candida antarctica lipase B 

JuhyunKim

Departmentofchemistry

GraduateSchoolof

SungshinWomen'sUniversity

Becauselipaseshavehigh reactivity,selectivity,and stability in

organicsolvent,theyareusedinindustrialandacademicareas.Inaddition,

lipasesarerelativelyinexpensiveandcommerciallyavailable.Lipaseshave

the catalytic triad,Asp-His-Ser,which is similar to that of serine

proteases.However,mostlipasescannothydrolyzeamidebondsalthough

serine-proteasescatalyzehydrolysisofamidebonds.Thisphenomenonis

notyetfullyunderstoodandcomprehendingitsmolecularbasisremainsa

challengeforresearchers.Forthisreason,lipaseshavealimittoproduce

chiralamines,which is an importantbuilding block in pharmaceutical

industry.Therefore,research to create lipase variants containing high

activitytowardchiralaminesisimportantinacademiaandindustry.

This thesis deals with rationaldesign for improving amidase

activity of Candida antarctica lipase B,and understanding different

activities lipase and serine-protease.Based on the assumption ofthe
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previousstudy,aresidue,suchasMet,Asp,Glu,Gln,wasintroducednear

theactivesitetoprovideahydrogenbondwiththeamidenitrogenatom.

Totaltenmutantenzymeswerecreated.Amongthem,theI189Q mutant

enzyme showed eleven-fold faster hydrolysis activity toward

p-nitroacetanilidethanthewild-typeenzyme.
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