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3,4-Dichloroaniline을 분해하는 Pseudomonassp.KB35B균주로부터

유래한 Catechol2,3-Dioxygenase의 특징

이 윤 경

부 경 대 학 교 대 학 원 식 품 공 학 과

요 약

염화아닐린계(chloroanilines)화합물들은 오랜 기간 동안 페인트,농약,플라

스틱,제약회사 등의 중요한 intermediates로 사용된다.이 화합물은 분자 내에

염소원자를 가지고 있기 때문에 토양 미생물의 분해에 대한 저항성을 가지며,

토양 부식물질과의 화학적인 결합으로 토양 내에 장시간 잔류하므로 심각한 환

경 오염물질로 문제시 되고 있다.이전 선행연구에서 유기독성 물질로 환경 중

에 잔류하여 토양 및 수질 오염을 유발하는 3,4-DCA를 효과적으로 분해 할 수

있는 미생물인 Pseudomonassp.KB35B균주를 분리하였다.KB35B균은 특이

적으로 catechol2,3-dioxygenase(CD-2,3)의 활성이 3,4-dichloroanilines의 존재

하에 크게 증가한 것으로 나타나 선행연구에서는 CD-2,3이 3,4-DCA 분해에 관

여하는 중요한 효소군 중 하나로 추측하였다.따라서 본 연구에서는 3,4-DCA를

효과적으로 분해하는 KB35B균주의 분해반응 기구를 효소학적 측면에서 조사

하기 위해 CD-2,3유전자를 클로닝하였다.클로닝 한 염기서열을 분석한 결과

PseudomonasputidaG7과 4개의 아미노산 (Q116,N142,V215,H250)만 다른

것으로 나타나 이 4개의 아미노산이 효소의 활성에 어떤 중요한 역할을 하는지

를 알아보기 위해 이 아미노산들을 유사성이 가장 높은 Pseudomonasputida

G7의 CD-2,3에서 보존되어 있는 아미노산과 Gly으로 각각 변형하였다.

Q116과 H250아미노산을 각각 Gly,His및 Gly,Gln으로 변형시킨 결과,효

소반응속도 값(Km,Vmax)이 둘 다 변화하여 이 아미노산들은 효소촉매(catalysis
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site)와 기질친화(substratebinfing site)에 관여하는 아미노산으로 추정된다.

N142아미노산을 Gly과 Asn으로 변형시킨 결과 효소반응속도 값(Km,Vmax)중

Vmax 값의 활성이 변화한 것으로 나타났으며 이는 N142아미노산이 효소촉매

(catalysissite)에 관여하는 것을 의미한다.V215부위는 Gly,Ala,Leu으로 변

형시켰더니 효소의 활성이 전혀 나타나지 않았고,이를 SDS-PAGE로 확인한

결과 단백질 발현이 되지 않았다.이러한 결과는 V215아미노산은 CD-2,3의 단

백질 folding에 중요한 역할을 하는 아미노산인 것을 의미한다.효소의 비활성

값을 보면 특이적으로 Gly으로 유전자 변형한 효소의 비활성값이 wild-type에

비해 2배 이상 감소한 것으로 나타났는데 이는 아미노산 크기가 작은 글리신이

단백질의 고차구조에서 wild-type아미노산의 빈 공간을 채우지 못해 효소활성

의 변화가 크게 나타난 것으로 추정된다.유전자 변형시킨 효소의 안정성을 확

인하기 위해서 효소의 최적 pH와 pH 안정성을 실험한 결과,mutant단백질들

간의 큰 차이는 관찰되지 않았으며 최적 pH는 7.0-8.0,pH stability는 pH

6.5-9.0에서 약 80% 이상으로 나타나 wild-type과 유사한 것으로 나타났다.
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Introduction

The compound 3,4-dichloroaniline (DCA)is widely used in the

production of dyes,drugs and herbicides and is also common

metabolites of the microbial degradation of various phenylurea,

acylanilideandphenylcarbamateherbicides(Loetal.,1994,Gheewala

and Annachhatre,1997).3,4-DCA,however,has been considered

potentialpollutants due to its toxicity both to invertebrates and

vertebratesandtoitsrecalcitrantproperty(Tixieretal.,2002).To

removetoxicorganiccompoundssuchaspesticides,bothbiological

andchemicaltreatmentshavebeensuggested.A biologicaltreatment

ofthetoxicorganiccompounds(bioremediation),usingmicroorganisms

orenzymesproducedfrom themicroorganisms,isoftenconsideredas

anenvironmentallyfavorablemethod.Todate,however,therehave

been no unambiguous reports about the bioremediation of soil

contaminatedby3,4-DCA.

It was recently isolated a bacterium strain,Pseudomonas sp.

KB35B,capableofgrowthon3,4-DCA assolecarbonsource.Itwas

also shown thatcatechol2,3-dioxygenase (CD-2,3) activity was

inducedby3,4-DCA exposureinthecells,stronglysuggestingthat

CD-2,3 is a criticalenzyme in the multi-step biodegradation of

3,4-DCA byPseudomonassp.KB35B(Kim etal.,2007).Ithasbeen

known thattheconversion ofaromaticcompoundsand chlorine-

substituted aromatics to catecholis one ofthe major metabolic



- 2 -

pathways in the bacterialbiodegradation.Itwas also previously

reportedthattheCD-2,3anditsflankingenzymesareinvolvedinthe

biodegradationof3,4-DCA inPseudomonassp.KB35B (Kim etal.,

2007). However, the properties of CD-2,3 were still remained

unknown in 3,4-DCA degrading pathway. Therefore, the

characterizationsofCD-2,3proteinsuchasenzymekineticanalysis,

substratespecificity,andcatalyticandsubstrate- binding sitesare

necessary.

Inthepresentpaper,itwasreportedthecloningandexpressionof

thecorrespondinggene,nahH,inEscherichiacoli.Itwasalsocarried

out site-directed mutagenesis studies to elucidate catalytic and

substrate-bindingsites.Theeffectofthepointmutationsonenzyme

activity,substratespecificity,andenzymekinetichavebeenevaluated

inCD-2,3.
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Materials& Methods

1.Materials

The bacterialstrain KB35B,which is able to grow on plates

containing 3,4-DCA assolecarbonsource,waspreviously isolated

from asedimentofYeosu,Jeonnam,Korea(Kim etal.,2007).To

identifytheisolatedstrain,culturemorphology,biochemicalreactions

and16S ribosomalDNA (rDNA)sequenceswereinvestigated.Two

oligo-nucleotides,basedonthereportofDunbaretal.(2000),were

usedtodetermine16SrDNA oftheKB35B(Kim etal.,2007).

2.Methods

2.1. Expression and purification of catechol 2,3-

dioxygenase

2.1.1. Cloning, expression and purification of catechol

2,3-dioxygenase

In orderto cloneand expresstheCD-2,3ofPseudomonassp.

KB35B,itwas constructed an expression plasmid,pNahH,which

encodedwildtypeCD-2,3using PCR.PCR wascarriedoutusing
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twosyntheticoligonucleotidesbasedonthepreviousreport(Kim et

al.,2007; the GenBank accession number DQ265742) : (sense)

5'-GGAATTCCATATGAATAAAGGTGTAATGCG-3'and(antisense)

5'-ACATCCGGGATCCTTAGGTCATG-3'.Forone-steppurificationof

the CD-2,3 pNahH-His,which encoded six successive His atthe

C-terminusofCD-2,3,wasalsoconstructedwithtwooligonucleotides

:(sense)5'-GGAATTCCATATGAATAAA GGTGTAATGCG-3'and

(antisense) 5'-GTCGAGCTTGCGGCCGCGGTCATGACGGTCATG-3'.

PCRwasperformedat94°Cfor5min,andthencycled30timesat

94°C for1min,at55°C for1min,at72°C for1min,followedby

incubation at72°C for5min.ThePCR productwasdigestedby

NdeI-BamHIandNdeI-NotIrestrictionenzymeandthenligatedinto

pET21a(+),respectively (Novagen,USA).E.coliBL21(DE3)cells

harboringpNahH andpNaH-Hisweregrownat37°CinLBmedium

containing100㎍ml
-1
ofampicillin.

Afterovernightculture,cells were diluted 50-fold into a fresh

medium and grown to OD600 of0.6,atwhich pointthe CD-2,3

expression was induced by the addition of0.5 mM IPTG and

incubatedat37°C for16-20h.Thecellswerethenharvestedby

centrifugation,washed in W buffer(100mM potassium phosphate

buffer,pH7.4),resuspendedinthesamebuffer,andsonicated3times

at95㎂ for30secwithanultrasonicator(UltrasonicLtd,England).

Aftercentrifugationat20,000xgfor10minat4°C,thesupernatant

wastakenascrudeenzymeandstoredat-70°Cforlateruse.
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2.1.2.Purificationofcatechol2,3-dioxygenase[His-tag]fusion

protein

Affinity chromatography was used forthe purification ofthe

CD-2,3-[His-tag] fusion protein, containing 6 successive His

sequencesattheC-terminus.Fourmillilitersofthecrudeenzyme

from E. coli BL21(DE3)/pNaH-His and 1 mL of Ni-NTA

(Ni
2+
-nitrilotriaceticacid)His•bind resin (Novagen,U.S.A.)were

mixed by shaking gently at4°C for60min.Themixturewas

loadedintoacolumn(Φ 1.5X6.7㎝)andwashedtwicewith4mL

ofW buffercontaining20mM imidazole.Proteinwaselutedwith

0.5mLofEbuffer(100mM potassium phosphatebuffercontaining

250mM imidazole,pH 7.4).Thecrudeenzymesandeachfraction

throughthepurificationprocedureswerecollectedandanalyzedby

sodium dodecyl sulfate polyacrylamide gel electrophoresis

(SDS-PAGE)aspreviouslydescribedbyLaemmli(1970).Proteins

were stained with Coomassie brilliant blue R-250 (CBB;

Sigma-AldrichCo.,USA.).

2.1.3.Enzymeactivityandproteinconcentration

CD-2,3 activity was assayed using the protocoldescribed by

Nakanishiet al.(1991).The activity of CD-2,3 was measured

spectrophotometricallybytheincreaseinabsorbanceat375nm.The
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reactionmixturecontained1.5mL of100mM potassium phosphate

(pH 7.4),0.1mLof10mM catecholorothersubstrate,and1.3mL

ofwater.Thereaction wasstartedatan ambienttemperatureby

adding 0.1 mL ofenzyme solution.Absorbance at375 nm after

incubation of60 sec was read,and then the difference ofthe

absorbancewascalculated.Thevalueof44,000wasused asthe

molar extinction coefficient of 2-hydroxymucoinic acid 6-semi-

aldehyde,aproductoftheenzymereaction(Yokoetal.,1991).

Proteinconcentrationweredeterminedwithbovineserum albumin

asthestandard(Bradford,1976).

2.1.4Analysisofsequencealignment

Database searches were performed using the BLAST

(http://www.ncbi.nlm.nih.gov/BLAST) at the National Center for

BiotechnologyInformation(Ribeiroetal.,1995).

2.2.Mutationalanalysisofcatechol2,3-dioxygenase

2.2.1.Site-directedmutagenesis

MutantsofCD-2,3wereconstructedbythetworoundsofPCR

(Kazukietal.,2007).Twoexternalprimersandtwointernalprimers

(each containing mutated nucleotides)wereused togeneratePCR
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products1and2inseparatereaction.TheplasmidpNahH containing

thenahH genewasusedasthetemplate.Theprimersweredesigned

tocreateanoverlapregioninthetwoPCRfragments(Table1).To

reducethechanceofmaking undesiredmutationsduring thePCR,

EF-TaqDNA polymerase(Solgent,Korea)wasusedinthisstep.The

thermalcyclingconditionswere95°Cfor2min,and95°C;30cyclesof

95°Cfor20sec,62°Cfor40sec,and72°Cfor1min;72°Cfor5min.

ThefirstroundPCRproductswerethenpurifiedbyPCRpurification

kit(Promega,Germany).EachpurifiedproductsdilutedwithTEbuffer

attherateof1:30,heatedat95°Cfor2min,andcooledatanambient

temperature.TheseproductswereusedasthesecondroundofPCR

template.The two external primers were used to amplify the

full-lengthmutatednahH product.Thethermalcyclingconditionswere

equaledtotheabovePCR conditions.Themutagenesiswasfurther

confirmedbysequencingofthePCRproducts.ThefinalnahH products

werecutwithNdeⅠ andBamHⅠ restrictionenzymes.The1.0kbp

fragmentscontainingthefull-lengthnahH genewerethenligatedinto

NdeⅠ and BamHⅠ digested pET21a(+) (Novagen, USA), and

transformedintoE.coliBL21(DE3)cells.Themutatedsequenceswere

confirmed by DNA sequencing.E.coliBL21(DE3)cells,harboring

mutated nahH products,were grown at37°C in a LB medium

containing100㎍ml
-1
ofampicillin.Nextprocedureswerefollowedas

describedinMaterialandMethodsection2.1.1.Proteinexpressionwas

monitoredbySDS-PAGEanalysis.
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Table1.Primersforsite-directedmutagenesisofnahH

Substitution Primers Sequence

NahH

NahH-F 5'-GGAATTCCATATGAATAAAGGTGTAATGCG-3'

NahH-R 5'-ACATCCGGGATCCTTAGGTCATG-3'

Q116G

Q116G-F 5'-GCCCCCTCTGGGCATGGATTCGAGTTGTAT-3'

Q116G-R 5'-ATACAACTCGAATCCATGCCCAGAGGGGGC-3'

Q116H

Q116H-F 5'-GCCCCCTCTGGGCATCATTTCGAGTTGTAT-3'

Q116H-R 5'-ATACAACTCGAAATGATGCCCAGAGGGGGC-3'

N142G

N142G-F 5'-GAGGCTTGGCCGCGCGGTCTGAAAG-3'

N142G-R 5'-CTTTCAGACCGCGCGGCCAAGCCTC-3'

N142D

N142D-F 5'-GAGGCTTGGCCGCGCGATCTGAAAG-3'

N142D-R 5'-CTTTCAGATCGCGCGGCCAAGCCTC-3'

N142Q

N142Q-F 5'-GAGGCTTGGCCGCGCCAACTGAAAG-3'

N142Q-R 5'-CTTTCAGTTGGCGCGGCCAAGCCTC-3'

V215G

V215G-F 5'-GGCAAGTTCCATCATGGCTCGTTCTTCCTC-3'

V215G-R 5'-GAGGAAGAACGAGCCATGATGGAACTTGCC-3'

V215A

V215A-F 5'-GGCAAGTTCCATCATGCCTCGTTCTTCCTC-3'

V215A-R 5'-GAGGAAGAACGAGGCATGATGGAACTTGCC-3'

V215L

V215L-F 5'-GGCAAGTTCCATCATCTCTCGTTCTTCCTC-3'

V215L-R 5'– GAGGAAGAACGAGAGATGATGGAACTTGCC-3'

H250G

H250G-F 5'-CACGGCCTGACTGGAGGCAAGACCATTTAT-3'

H250G-R 5'– ATAAATGGTCTTGCCTCCAGTCAGGCCGTG-3'

H250Q

H250Q-F 5'-CACGGCCTGACTCAAGGCAAGACCATTTAT-3'

H250Q-R 5'– ATAAATGGTCTTGCCTTGAGTCAGGCCGTG-3'
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2.2.2.Steady-statekineticparameters

Thesteady-statekineticparametersofVmaxandKm weredeterminedfor

eachofthemutants.Todeterminetheinitialvelocity,samplesweretaken

at60secaftertheadditionofsubstrate.Eachexperimentalpointisthe

averagevalueofthreetimes.Tocalculatekineticsofthemutants,thedata

isexpressedastheMichaelis-Mentonequation(Shaw etal.,1999).

2.3. pH stability of wild-type and mutant catechol

2,3-dioxygenase

The optimum pH was determined by measuring the activity atan

ambienttemperatureoverthepH rangeof3.0-9.0using thefollowing

buffers (Kalogeris etal.,2006):100 mM citrate-phosphate buffer(pH

3.0-7.0),100mM potassium phosphatebuffer(pH 6.5-8.0),and100mM

Tris-HClbuffer(pH7.5-9.0)

ForthepH stabilityanalysis,bothwild-typeandmutantswereassessed

afterincubationat4°C over24hoursperiods,andtheremainingactivity

wasmeasured(Kim etal.,2008).
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ResultsandDiscussion

1. Expression and purification of catechol 2,3-

dioxygenase gene,nahH,from Pseudomonas sp.

KB35B

1.1.A keyenzymeinthemulti-stepbiodegradationof3,4-DCA

One ofthe centralmetabolic routes forthe bacterialdegradation of

aromaticcompoundsandchlorine-substitutedaromaticsistheformation

ofcatechol(RodarieandJouanneau,2001;Jeongetal.,2003).Ithasbeen

alsoknownthatavarietyofaromaticsincludingxylene,phenol,toluene,

and naphthalene can be degraded channeled into this pathway via

conversion to catechol,which is then furtherdegraded to cis,cis -

muconicacid by thecatechol1,2-dioxygenase(CD-1,2;ortho -cleavage

pathway)or2-hydroxymuconic semialdehyde by CD-2,3 (meta-cleavage

pathway).The3,4-DCA degraderstrain,KB35B,interestinglyshowedhigh

levelofCD-2,3 activity by 3,4-DCA exposure (Fig.1).However,no

activityofCD-1,2wasobserved(Kim etal.,2007).

ThisresultstronglysupportstheideathattheCD-2,3wouldbeakey

enzymeinthemulti-stepbiodegradationof3,4-DCAby
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Fig.1.Catechol2,3-dioxygenaseactivityofPseudomonassp.KB35B.Cells

weregrownin1/10LBfor12hat30℃ intheabsence(-)orpresence(+)of50

ppm 3,4-dichloroaniline(Kim etal.,2007).
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Pseudomonassp.KB35B.Inordertoaddressthisissueinmoredetail,it

wastriedtoclonearelatedgeneinvolvedinthedegradationofcatechol

from Pseudomonassp.KB35B(Kim etal.,2007).

1.2.Cloningofcatechol2,3-dioxygenasegene

A complete gene(nahH)encoding the CD-2,3 was cloned from the

chromosomalDNA ofPseudomonassp.KB35B asdescribedinMaterials

andMethods.ThenucleotidesequenceswereshowninFig.2.TheDNA

sequencewastranslated,andtheputativeproductwascompared,usingthe

BLASTalgorithm,withallpubliclyavailableproteinsequencescontainedin

thenon-redundantdatabase.

Thededucedaminoacidsequencefrom theputativenahH geneshowed

97,91,84,and83% homologoustonahH proteinsofPseudomonasputida

G7(YP534833),Pseudomonassp.ND6(NP863103),Pseudomonasputida

(NP542866) and,Pseudomonas putida MT53 (YP709347),respectively

(Table2).

1.3.Expressionandpurificationofcatechol2,3-dioxygenase

E.coli BL21(DE3) cells containing pNaH-His,which encodes six

successiveHisatC-terminusofNahH,showedanincreasedintensityof

thebandcorrespondingto36kDaafterIPTGinduction.
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1atg/aat/aaa/ggt/gta/atg/cgg/ccc/ggc/cac/gtg/caa/ctg/cgt/gta/ctg/gac/atg/ggc/aag/
M N K G V M R P G H V Q L R V L D M G K

61gcc/ttg/gag/cac/tac/gtc/gag/ttg/ctt/ggc/ctg/atc/gag/atg/gat/cgt/gac/gac/caa/ggc/
A L E H Y V E L L G L I E M D R D D Q G

121cgt/gtc/tat/ctg/aag/gcc/tgg/act/gag/gtt/gac/aaa/ttc/tcc/gtg/gtg/ctg/cgc/gaa/gcc/
R V Y L K A W T E V D K F S V V L R E A

181gat/gag/cca/ggt/atg/gat/ttt/atg/ggt/ttc/aag/gtt/gtc/gac/gaa/gat/agt/cta/aat/cgc/
D E P G M D F M G F K V V D E D S L N R

241ctc/acg/gat/gat/ctg/ctc/aac/ttt/ggc/tgt/ctg/ata/gaa/aat/gtc/gcc/gcc/gga/gaa/ctc/
L T D D L L N F G C L I E N V A A G E L

301aaa/ggg/tgt/ggt/cgc/cgc/gtg/cgc/ttc/cag/gcc/ccc/tct/ggg/cat/caa/ttc/gag/ttg/tat/
K G C G R R V R F Q A P S G H Q F E L Y

361gct/gac/aag/gaa/tac/acg/gga/aaa/tgg/ggg/gtg/agt/gag/gtc/aat/ccc/gag/gct/tgg/ccg/
A D K E Y T G K W G V S E V N P E A W P

421cgc/aat/ctg/aaa/ggt/atg/gcg/gcg/gtg/cgt/ttt/gat/cat/tgc/ctg/cta/tat/ggt/gac/gaa/
R N L K G M A A V R F D H C L L Y G D E

481cta/caa/gcc/act/tat/gag/ttg/ttt/acc/gag/gtg/ctc/ggc/ttt/tac/ctg/gcc/gag/caa/gtg/
L Q A T Y E L F T E V L G F Y L A E Q V

541gtc/gat/gcc/gac/ggg/ata/cgc/ctg/gcc/cag/ttt/cta/agc/ttg/tcg/acc/aag/gcc/cac/gat/
V D A D G I R L A Q F L S L S T K A H D

601gtg/gct/ttt/atc/cat/cat/gcg/gag/aag/ggc/aag/ttc/cat/cat/gtc/tcg/ttc/ttc/ctc/gat/
V A F I H H A E K G K F H H V S F F L D

661acc/tgg/gag/gat/gtg/ttg/cgc/gct/gcg/gac/ctg/atc/agc/atg/acg/gac/acc/tcg/atc/gat/
T W E D V L R A A D L I S M T D T S I D

721atc/ggc/ccg/acc/agg/cac/ggc/ctg/act/cac/ggc/aag/acc/att/tat/ttc/ttc/gac/ccg/tcc/
I G P T R H G L T H G K T I Y F F D P S

781ggc/aat/cgc/tgc/gag/gtg/ttc/tgc/ggc/ggg/aat/tac/aac/tat/ccg/gat/cat/aag/ccg/gtg/
G N R C E V F C G G N Y N Y P D H K P V

841act/tgg/ttg/gcc/aag/gat/gtg/ggc/aag/gcg/atc/ttc/tat/cac/gac/cgg/gtg/ctc/aac/gaa/
T W L A K D V G K A I F Y H D R V L N E

901cga/ttc/atg/acc/gtc/atg/acc/taa
R F M T V M T

Fig.2.DNA sequences and deduced amino acid sequences of

Pseudomonas sp. KB35B nahH gene. The DNA sequence is

numberedontheleft.
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Table2.Homologyanalysisofthecatechol2,3-dioxygenasefrom

Pseudomonassp.KB35B(AY378173)

Strain Protein
Identity

(%)

Similarity

(%)

Accession

no.

PseudomonasputidaG7

(plasmidNAH7)
catechol2,3-dioxygenase 97 98 YP534833

Pseudomonassp.ND6

(pDTG1p50)
catechol2,3-dioxygenase 91 94 NP863103

Pseudomonasputida

(plasmidpWW0)
catechol2,3-dioxygenase 84 92 NP542866

PseudomonasputidaMT53

(pWW53_74)
catechol2,3-dioxygenase 83 91 YP709347

PseudomonasputidaMT53

(pWW53_49)
catechol2,3-dioxygenase 81 90 YP709322

RalstoniaeutrophaH16 catechol2,3-dioxygenase 58 71 YP728708

Thauerasp.MZ1T catechol2,3-dioxygenase 57 69 ZP02840994

Azoarcussp.BH72 catechol2,3-dioxygenase 56 69 YP933942

Thauerasp.MZ1T catechol2,3-dioxygenase 56 69 ZP02841012
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The experimentalmolecularweightwas in correlation with the

predicted NahH-[His-tag] fusion protein (36 kDa).No enhanced

proteinbandofthissizewasdetectableinthecontrolcellscontaining

thepET21a(+)vectoronly.Thus,itwasconcludedthatthe36kDa

bandrepresentstheoverproducedNahH-[His-tag]fusionprotein(Fig.

3,lane1).ItwasalsoinvestigatedtheeffectofaHis-tagaddedto

theC-terminusofNahH.Nosignificantdifferenceofactivity was

observed between wild type NahH and NahH-[His-tag] fusion

protein.Thus,theHis-tag attheC-terminusdidnotsignificantly

influencethefunctionalpropertiesoftheNahH protein.Thepurified

bandhadanapparentmolecularmassnear36kDasuchasthecrude

enzymefraction(Fig.3,lane4).Table3summarizesthepurification

oftheNahH-[His-tag].

1.4. Characterization of the purified catechol

2,3-dioxygenase

Specificity oftheCD-2,3ofPseudomonassp.KB35B tovarious

catecholanditsanalogueswasshowninTable4.Thepurifiedenzyme

is able to oxidize 4-methylcatechol and had a little effect on

3-methylcatecholand 4-chlorocatechol.The CD-2,3 is notoxidized

3,5-dichlorocatechol,4,5-dichlo-rocatechol,andtetrachlorocatechol.From

aboveresults,itwassupposedthat3,4-DCA isconvertedtocatechol

andfurthermetabolizedviameta-cleavagepathway.
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Fig.3.Expressionandpurificationofcatechol2,3-dioxygenase

from EscherichiacoliBL21(DE3)/pNahH-Hiscells.M,standard

protein marker;lane 1,crude enzymes (40 μg);lane 2,unbound

protein (40 μg);lame 3,wash fraction (5.6 μg);lane4 ,purified

CD-2,3(0.42μg).
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Table3.Summaryforthepurification[His-tag]fusionprotein

Fraction
Protein

(mg)

Specificactivity

(µmol․min
-1
․ mgprotein

-1
)

Purificationrate

(fold)

Crudeenzyme 3.89 0.71 1

Elute 0.04 9.91 14

Thedataistheaverageofthetriplicateexperiments.
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Table 4. Substrate specificity of the purified catechol

2,3-dioxygenase

Substrate Relativeactivity(%)a

Catechol 100

3-methylcatechol 27.0

4-methylcatechol 60.6

4-chlorocatechol 13.5

3,5-dichlorocatechol -
b

4,5-dichlorocatechol -

Tetrachlorocatechol -

AssaywasperformedaccordingtotheprocedureofNakanishietal.(1991).

a,Theactivitywithcatecholwasdefinedas100%.

b,Notdetermined.
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However,itisstillunknownhow 3,4-DCAisconvertedtocatechol.I

supposed to bea geneinvolved in theconversion of3,4-DCA to

catecholinPseudomonassp.KB35B.Toaddresstheseissues,itwillbe

necessarytocloneagene(s)involvedintheconversionof3,4-DCA to

catechol.

2. Mutational analysis of catechol 2,3-

dioxygenase

Ithas been known thatCD-2,3 is a criticalenzyme forthe

bacterial degradation of aromatic compounds and chrlorine-

substitutedaromatics.However,thepropertiesofCD-2,3werestill

remained unknown.In attemptto elucidate the characteristics of

CD-2,3,the functionalstudies such asenzymekinetics,substrate

specificities,andcatalyticandsubstrate-bindingsitesarenecessary.

AsshowninTable2,TheCD-2,3ofKB35B showedthehighest

aminoacidicsequenceidentity(97%)totheCD-2,3foundinplasmid

NAH7ofP.putidaG7(Sotaetal.,2006;accessionno.YP_534833).

Theanalysisofsequencealignmentbetweentwoproteinsrevealed

thatfouraminoacidsareonlydifferentatposition116,142,215and

250,implyingthattheseaminoacidsmayplayanimportantpartin

theCD-2,3ofKB35B(Fig.4).

In order to characterize ofCD-2,3,mutationalanalyses were

performedwiththepointmutatedCD-2,3proteins.
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1MNKGVMRPGHVQLRVLDMGKALEHYVELLGLIEMDRDDQGRVYLKAWTEVDKFSVVLREA 60

1MNKGVMRPGHVQLRVLDMGKALEHYVELLGLIEMDRDDQGRVYLKAWTEVDKFSVVLREA 60

*

61DEPGMDFMGFKVVDEDSLNRLTDDLLNFGCLIENVAAGELKGCGRRVRFQAPSGHQFELY120

61DEPGMDFMGFKVVDEDSLNRLTDDLLNFGCLIENVAAGELKGCGRRVRFQAPSGHHFELY120

*

121ADKEYTGKWGVSEVNPEAWPRNLKGMAAVRFDHCLLYGDELQATYELFTEVLGFYLAEQV180

121ADKEYTGKWGVSEVNPEAWPRDLKGMAAVRFDHCLLYGDELQATYELFTEVLGFYLAEQV180

*

181VDADGIRLAQFLSLSTKAHDVAFIHHAEKGKFHHVSFFLDTWEDVLRAADLISMTDTSID240

181VDADGIRLAQFLSLSTKAHDVAFIHHAEKGKFHHASFFLDTWEDVLRAADLISMTDTSID240

*

241IGPTRHGLTHGKTIYFFDPSGNRCEVFCGGNYNYPDHKPVTWLAKDVGKAIFYHDRVLNE300

241IGPTRHGLTQGKTIYFFDPSGNRCEVFCGGNYNYPDHKPVTWLAKDVGKAIFYHDRVLNE300

301RFMTVMT

301RFMTVMT

Fig. 4. Comparison of amino acid sequences of catechol

2,3-dioxygenase of Pseudomonas sp. KB35B and

PseudomonasputidaG7.
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ThepointmutationsatQ116,N142,V215,andH250werecarriedout

bysite-directedmutagenesisasdescribedMaterialsandMethods.Each

ofaminoacidwasconvertedintothecorrespondingresiduesofthe

CD-2,3foundinplasmidNAH7ofP.putidaG7orGly.Glymaybea

influentialfactorin determining the specific pattern offolding of

polypeptidechainssincethisisthesmallestresidue.Thus,itisof

interesttoexaminecertainexperimentalandtheoreticalaspectsofthis

hypothesisinrelation totheproblem ofprotein structure(Neurath,

1943).AsshowninTable5,proteinamountsofwild-typeandmutants

weresimilarbuttheactivitiesofmutantsaresignificantly changed

comparedtothatofthewild-type.Thedifferenceofactivitymaybe

originatedfrom thedifferenceofCD-2,3expressionbetweenwildand

mutantproteins.Therefore,theCD-2,3expressionofallproteinswas

monitored by SDS-PAGE (Fig.5).Considering the difference of

expression,therelativeactivityagainstsubstratesforwild-typeandeach

mutantintheforwardreactionwasinvestigated.Therelativeactivity

obtainedformutantswascomparedtothatofthewild-type,NahH,and

expressedasthemutant/wild-NahHratio(Table6).Theactivitytoward

catecholwasdefinedas100%.However,manyofmutantsalteredat

Q116,N142,V215and H250areexhibiting differentactivity against

substratesconsideringtheexpressionlevels,suggestingthattheamino

acidsareallessentialforcorrectdomainclosureandsubstrateaffinity

(Table 6).In orderto testthis hypothesis,itwas determined the

steady-statekineticparametersofwild-typeandmutants.
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Mutants

Total

Protein

(㎎)

Specificactivityagainstsubstrates(µmole/mgprotein/min)

Catechol
3-Methyl

catechol

4-Methyl

catechol

4-Chloro

catechol

3,5-Chloro

catechol

4,5-Chloro

catechol

Tetrachloro

catechol

3-Flor

catech

Wild-Type 0.900 14.0±0.06 2.3±0.01 12.9±0.01 2.8±0.00 0.0±0.00 0.4±0.00 0.1±0.00 0.0±0.00

Q116G 0.817 6.4±0.02 1.3±0.00 11.3±0.04 3.4±0.01 0.0±0.00 0.5±0.00 0.1±0.00 0.1±0.00

Q116H 0.934 14.6±0.02 2.5±0.01 10.5±0.03 3.3±0.01 0.0±0.00 0.3±0.00 0.1±0.00 0.1±0.00

N142D 0.859 31.1±0.02 4.6±0.01 17.4±0.05 6.0±0.02 0.0±0.00 1.1±0.00 0.0±0.00 0.0±0.00

N142G 0.833 8.5±0.02 1.0±0.00 5.9±0.01 1.7±0.00 0.0±0.00 0.2±0.00 0.0±0.00 0.0±0.00

N142Q 0.798 14.6±0.02 2.2±0.00 8.5±0.01 2.9±0.01 0.0±0.00 0.5±0.00 0.0±0.00 0.0±0.00

V215A 0.735 0.0±0.00 0.0±0.00 0.0±0.00 0.0±0.00 0.0±0.00 0.0±0.00 0.0±0.00 0.0±0.00

V215G 0.806 0.4±0.06 0.0±0.05 0.4±0.02 0.1±0.04 0.0±0.00 0.0±0.01 0.0±0.00 0.0±0.00

V215L 0.662 0.0±0.00 0.0±0.00 0.0±0.00 0.0±0.00 0.0±0.00 0.0±0.00 0.0±0.00 0.0±0.00

H250G 0.836 7.8±0.02 1.3±0.00 6.3±0.01 2.0±0.00 0.0±0.00 0.3±0.00 0.0±0.00 0.0±0.00

H250Q 0.744 11.9±0.02 1.3±0.00 5.0±0.01 1.4±0.00 0.0±0.00 0.2±0.00 0.0±0.00 0.0±0.00

Table5.Specificactivityofwild-typeandmutatedcatechol2,3-dioxygenase
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100  47  107  155  147   0     0     0  127  130

NahH

1   2    3    4    5    6   7    8    9   10 

Expression(%) 100  47  107  155  147   0     0     0  127  130

NahH

1   2    3    4    5    6   7    8    9   10 

Expression(%)

Fig.5.Expressionofwild-typeandmutatedcatechol2,3-dioxygenase.Eachof10μgcrudeextractw

subjectedforSDS-PAGE.lane1,wild-type(NahH);lane2,Q116G;lane3,Q116H;lane4,N142G;lane5,N142D;l

6,V215A;lane7,V215G;lane8,V215L;lane9,H250Q;lane10,H250G.
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Mutants
Expression

(%)

RelativeActivityagainstsubstrates(%)

Catechol
3-Methyl

catechol

4-Methyl

catechol

4-Chloro

catechol

3,5-Chloro

catechol

4,5-Chloro

catechol

Tetrachloro

catechol

3-Flo

catech

Wild-Typ

e
100 100 17 92 20 ≤5 ≤5 ≤5 ≤5

Q116G 47 103 20 183 55 ≤5 9 ≤5 ≤5

Q116H 107 103 18 74 23 ≤5 ≤5 ≤5 ≤5

N142G 155 41 5 29 8 ≤5 ≤5 ≤5 ≤5

N142D 147 160 24 90 31 ≤5 ≤5 ≤5 ≤5

V215A 0 - - - - - - - -

V215G 0 - - - - - - - -

V215L 0 - - - - - - - -

H250Q 127 72 8 30 8 ≤5 ≤5 ≤5 ≤5

H250G 130 45 8 37 12 ≤5 ≤5 ≤5 ≤5

Table6.Relativeactivity(%)ofwild-typeandmutatedcatechol2,3-dioxygenase
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2.1.PropertiesoftheQ116

Among4sequencesexamined,Q116isconvertedintoGlyand

His.Q116H shows similar CD-2,3 activity against substrates

comparedtothatofthewild-type.Themutantalsoshowssimilar

kinetic parameters (Km and Vmax values) toward catecholand

3-methylcatecholbutnot4-chlorocatecholand4-methylcatechol,of

whichareslightlyincreasedbothKm andVmaxvalues.

The decrease ofCD-2,3 activity against4-chlorocatecholand

4-methylcatecholatQ116H mutantwillbe originated from an

increaseinKm values(Table7).

Q116G shows similar CD-2,3 activity against catechol, and

3-methycatecholbutnot4-methycatecholand4-chloro-catechol.The

kinetic analysis ofQ116G revealed thatKm and Vmax toward all

substratesmostlyaredecreasedcomparedtothatofwild-type.In

particular,itwasalsoobserved thatmorethan 50% oftheVmax

valuesreduce.Itwassupposedthatthisphenomenamayresultfrom

thelow expressionlevelofQ116Gcomparedtothatofwild-type.

From theseresults,itwassurmisedthatQ116domainwillbea

criticalaminoacidinvolvedinbothsubstrateaffinityandcatalysis

sincethemutationoftheaminoacidat116positionresultsinthe

changeof Km andVmaxvalues.
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Km (µM) Vmax (µmole/mgprotein/min)

Catechol
3-Methyl

catechol

4-Methyl

catechol

4-Chloro

catechol
Catechol

3-Methyl

catechol

4-Methyl

catechol

4-Chloro

catechol

Wild-type 0.26±0.04 0.18±0.03 0.11±0.02 0.13±0.01 5.83±0.25 1.05±0.08 4.57±0.39 3.83±0.13

Q116G 0.13±0.05 0.10±0.02 0.14±0.07 0.08±0.01 2.25±0.16 0.43±0.04 2.11±0.17 1.60±0.06

Q116H 0.27±0.02 0.16±0.03 0.25±0.05 0.22±0.01 5.69±0.35 1.16±0.05 6.19±0.17 4.73±0.07

Table7.Kineticparametersofthewild-typeandQ116domain
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2.2.PropertiesoftheN142

Among4sequencesexamined,N142isconvertedintoAsnandGly.

N142D showssimilaractivitytowardsubstratescomparedtothatof

wild-typebutcatechol(Table6).N142D activitytowardcatecholis

increasedabout1.5-foldcomparedtowild-type(Table6).Inorderto

kineticanalysis,theKm andVmax valuestowardsubstratesatN142

domainweredetermined.TheKm andVmaxvaluesofN142D against

substrates aresimilarto thewild-typebutnotthe Vmax against

catechol,whichisincreasedabout2-fold(Table8).Theseresults

indicatethatthemutationat142positionwithAsnaffectincatalysis

ofcatecholbutnotothersubstrates.

The mutation into Gly at142 position results in dramatical

reduction of CD-2,3 activity against allsubstrate.However,no

significantdifference was observed in the Km and Vmax values

compared to wild-type. These results strongly suggest that

substitution oftheN142withGly providespotentially non-optimal

interactions due to difference in side-chain length and the

stereochemistryoffunctionalgroups(Parketal.,2008).

Consideringaboveresults,itwasspeculatedthatN142domainwill

beacriticalamino acid involved in substratecatalysissincethe

mutationofN142withAsn resultsinthechangeofVmaxvalues.
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Km (µM) Vmax (µmole/mgprotein/min)

Catechol
3-Methyl

catechol

4-Methyl

catechol

4-Chloro

catechol
Catechol

3-Methyl

catechol

4-Methyl

catechol

4-Chloro

catechol

Wild-type 0.26±0.04 0.18±0.03 0.11±0.02 0.13±0.01 5.83±0.25 1.05±0.08 4.57±0.39 3.83±0.13

N142G 0.29±0.05 0.14±0.04 0.10±0.02 0.13±0.00 4.96±0.26 0.49±0.07 3.75±0.08 3.10±0.09

N142D 0.27±0.01 0.12±0.00 0.10±0.03 0.08±0.02 10.34±0.27 0.30±0.01 3.46±0.25 2.36±0.19

Table8.Kineticparametersofthewild-typeandN142domain
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2.3.PropertiesoftheV215

Among4sequencesexamined,V215isconvertedintoAla,Gly,and

Leu.AllV215 mutants lack detectableactivity (Table 5)and the

expressionofV215A,V215G,andV215Lisalsonotdetected(Fig.4).It

hasbeenknownthatValisusuallyfoundintheinteriorofproteins

andisseldom usefulinroutinebiochemicalreactionsandplaysarole

in maintaining correctconformation duetotheirhydrophobicnature.

Considering above,itwasspeculated thatV215 domain willbea

criticalaminoacidinvolvedinfoldingoftheCD-2,3ofKB35B.

2.4.PropertiesoftheH250

Among4sequencesexamined,H250isconvertedintoGlyandGln.

BothmutantsatH250positionresultinreductionofCD-2,3activity

againstallsubstrate(Table6).Also,nosignificantdifferencewas

observedintheKm andVmaxvaluesofH250Gcomparedtowild-type

aslikeN142G (Table9).However,H250Q resultsinthechangeof

theKm valuesanddramaticalreductionoftheVmaxvalues,suggesting

thatH250domain willbeacriticalamino acid involved in both

substrateaffinityandcatalysis(Table9).
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Km (µM) Vmax (µmole/mgprotein/min)

Catechol
3-Methyl

catechol

4-Methyl

catechol

4-Chloro

catechol
Catechol

3-Methyl

catechol

4-Methyl

catechol

4-Chloro

catechol

Wild-type 0.26±0.04 0.18±0.03 0.11±0.02 0.13±0.01 5.83±0.25 1.05±0.08 4.57±0.39 3.83±0.13

H250G 0.29±0.07 0.22±0.01 0.16±0.03 0.34±0.00 5.03±0.84 0.75±0.05 4.46±0.18 3.88±0.03

H250Q 0.12±0.04 0.22±0.04 0.24±0.04 0.11±0.04 1.53±0.24 0.77±0.12 3.19±0.11 1.53±0.24

Table9.Kineticparametersofthewild-typeandH250domain
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3.pH stability ofwild-typeandmutantcatechol

2,3-dioxygenase

Itwasinvestigatedthephysiologicalpropertiesofwild-typeand

mutants.TheopticalpH forCD-2,3wasdeterminedbyincubating

the enzyme atdifferentpH values.The enzyme showed optimal

activityatanarrow pHrangebetween7.0and8.0(Fig.6-Fig.12).

This is in agreementwith mutants.In order to determine pH

stability,theproteinwasincubatedfor24hat4℃ ineachbuffer,

andtheactivitywasthenassayedafterthemixturewasadjustedto

pH 7.4.Thewild-typeandmutantsmaintainedanactivitylevelin

excessof80% forupto24hinapH rangeof6.5-9.0(Fig.6-Fig.

12).
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Fig6.OpticalpH (A)andpH stability(B)ofwild-type.pH 5.0-7.0,100mM citrate-phospatebuffer(◆),

pH 6.5-8.0100mM sodium phosphatebuffer(■);pH 7.5-9.0,100mM TrisHClbuffer(▲).ForpH

stability,theproteinwasincubatedat4℃ for24hineachbufferandtheactivitywasthenassayedafter

themixturewasadjustedtopH7.4.
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Fig7.OpticalpH (A)andpH stability(B)ofQ116G.pH 5.0-7.0,100mM citrate-phospatebuffer(◆),pH

6.5-8.0100mM sodium phosphatebuffer(■);pH 7.5-9.0,100mM TrisHClbuffer(▲).ForpH stability,

theproteinwasincubatedat4℃ for24hineachbufferandtheactivitywasthenassayedafterthe

mixturewasadjustedtopH7.4.
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Fig8.OpticalpH (A)andpH stability(B)ofQ116H.pH 5.0-7.0,100mM citrate-phospatebuffer(◆),pH

6.5-8.0100mM sodium phosphatebuffer(■);pH 7.5-9.0,100mM TrisHClbuffer(▲).ForpH stability,

theproteinwasincubatedat4℃ for24hineachbufferandtheactivitywasthenassayedafterthe

mixturewasadjustedtopH7.4.
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Fig9.OpticalpH (A)andpH stability(B)ofN142G.pH 5.0-7.0,100mM citrate-phospatebuffer(◆),pH

6.5-8.0100mM sodium phosphatebuffer(■);pH 7.5-9.0,100mM TrisHClbuffer(▲).ForpH stability,

theproteinwasincubatedat4℃ for24hineachbufferandtheactivitywasthenassayedafterthe

mixturewasadjustedtopH7.4.
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Fig10.OpticalpH (A)andpH stability(B)ofN142D.pH 5.0-7.0,100mM citrate-phospatebuffer(◆),pH

6.5-8.0100mM sodium phosphatebuffer(■);pH 7.5-9.0,100mM TrisHClbuffer(▲).ForpH stability,

theproteinwasincubatedat4℃ for24hineachbufferandtheactivitywasthenassayedafterthe

mixturewasadjustedtopH7.4.
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Fig11.OpticalpH (A)andpH stability(B)ofH250G.pH 5.0-7.0,100mM citrate-phospatebuffer(◆),pH

6.5-8.0100mM sodium phosphatebuffer(■);pH 7.5-9.0,100mM TrisHClbuffer(▲).ForpH stability,

theproteinwasincubatedat4℃ for24hineachbufferandtheactivitywasthenassayedafterthe

mixturewasadjustedtopH7.4.
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Fig12.OpticalpH (A)andpH stability(B)ofH250Q.pH 5.0-7.0,100mM citrate-phospatebuffer(◆),pH

6.5-8.0100mM sodium phosphatebuffer(■);pH 7.5-9.0,100mM TrisHClbuffer(▲).ForpH stability,

theproteinwasincubatedat4℃ for24hineachbufferandtheactivitywasthenassayedafterthe

mixturewasadjustedtopH7.4.
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Conclusion

3,4-Dichloroaniline(DCA)hasbeenconsideredapotentialpollutant

duetoitstoxicityanditshighproductionrate.Itpreviouslyreported

the isolation ofPseudomonas sp.KB35B,capable ofgrowth on

3,4-dichloroaniline(DCA)asasolecarbonsource.Thisstrainisalso

ableto degradeseveralchloroanilinesand showsahigh levelof

catechol2,3-dioxygenase (CD-2,3)activity by 3,4-DCA exposure.

However,thepropertiesofCD-2,3werestillremainedunknown.In

attemptto elucidate the characteristics ofCD-2,3,the functional

studiessuchasenzymekinetics,substratespecificities,andcatalytic

andsubstrate-bindingsitesarenecessary.

Inattempttoelucidatetherelationbetweendegradationof3,4-DCA

andCD-2,3activity,agene,nahH,encodingCD-2,3wasclonedand

itspropertieswascharacterized.Whentheaminoacidsequencesof

CD-2,3werecomparedtootherhomologousprotein,theCD-2,3of

KB35B was97% identicaltothatofPseudomonasputidaG7.The

analysisofsequencealignmentbetweentwoproteinsrevealedthat

fouraminoacidsisonlydifferentatposition116,142,215and250,

implyingthattheseaminoacidsmayplayanimportantpartinthe

CD-2,3 of KB35B.In order to characterize CD-2,3,mutational

analyseswereperformedwiththepointmutatedCD-2,3proteins.The

pointmutationsatQ116,N142,V215,andH250werecarriedoutby

site-directedmutagenesis.Eachofaminoacidwasconvertedintothe
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correspondingresiduesoftheCD-2,3foundinplasmidNAH7ofP.

putidaG7orGly.

Asaresult.itwassurmisedthatQ116andH250domainwillbea

criticalaminoacidinvolvedinbothsubstrateaffinityandcatalysis

duetothechangeof Km andVmaxvalues.Andthesubstitutionof

N142withAsnresultsinthechangeofVmaxvalues,suggestingthat

N142 domain willbe a criticalamino acid involved in substrate

catalysis.AlsoAllV215mutantslacktheactivityandtheexpression,

implyingthatthisdomainmayinvolveinfoldingoftheCD-2,3of

Pseudomonassp.KB35B.

Forthephysiologicalpropertiesofwild-typeandmutants,itwas

investigated the pH stability and optimum pH ofwild-type and

mutants.Asaresult,theoptimum pHrangewasbetween7.0and8.0

andtheenzymeskeptover80% ofitsactivityupto24hinapH

rangeof6.5-9.0.
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