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ABSTRACT

Interaction between methanol dehydrogenase and Mxal protein of a
novel methanol oxidizing bacterium, Methylophaga aminisulfidivorans
MP' and development of trimethylamine biosensor

Hee Gon Kim
Advisor: Prof. Si Wouk Kim, Ph. D
Department of Biomaterials Engineering,

Graduate School, Chosun University

A new restricted facultatively methylotrophic maginstrain MP (KCTC 12909=
VKM B-2441" = JCM 14647) possessing the ribulose monophosphate pathway of
C;-carbon compound assimilation was isolated from eawster sample obtained from
Mokpo, South Korea. The isolate was aerobic, Gragative, asporogenous, and was
non-motile short rod. It grew well on methanol, hyated amines, dimethylsulfide and
dimethylsulfoxide. Optimal growth occurred with 3%laCl at 36C and pH 7.0.
Fructose was utilized as a multicarbon source. @rofactors were not required and
vitamin B> did not stimulate growth. Its cellular fatty acmofile consists primarily of
straight-chain saturated1£s and unsaturated i6: acids. The major ubiquinone is Q-8.
The dominant phospholipids are phosphatidylethaniola and phosphatidylglycerol. The
DNA G + C content is 44.9 mol% {J. Based on 16S rRNA gene sequence analysis
and DNA-DNA relatedness (25 ~ 41%) with the typeaiss of marine methylotrophs
belonging to the genuMethonpﬁaB%We proposed the isolate MR= KCTC 12909 =
VKM B-2441 = JCM 14647) be assigned Kethylophaga aminisulfidivoransp. nov.



Methylophaga aminisulfidivoransiP’, a restricted facultative marine methylotrophic
bacterium, was able to utilize methanol as a sadeban and energy source, and
possessed a methanol dehydrogenase (MDH) that keyaenzyme in the process of
methanol oxidation. During purification of MDH, twtypes of MDH (MDH | and II)
were obtained in the cell free extracts from 'MEells grown on methanol. When
analyzed by SDS-PAGE and ESI-FT ICR MS, MDH | wamfcmed to consist of two
subunits of with molecular masses of ~66 and ~10, ki2spectively, in a form of
az2. By contrast MDH | and MDH Il contained an additional ~30 kDa t@io,
designatedy, in a form of azpzy and aP2y., respectively. MDH Il showed 1.5-2.0 times
higher activity than MDH |. Based on these obseovast and experimental data, it
seems that the original MDH conformation dsfzy. within MP', and subunity keeps
MDH in an active form, and/or makes MDH easily bital the substrate, methanol.

Methylophaga aminisulfidivoran$P™ could be grown aerobically on trimethylamine
(TMA) as a source of carbon and energy. The triglathine dehydrogenase (TMADH)
could catalyze the oxidative demethylation of TMFhe active TMADH from MP was
purified 12.3 fold through three purification stepd/e detected the trimethylamine using
an electrochemical biosensor with the electron-ootdg redox polymers, Osmium and
Ferrocene-imidazole complexes were electrode mbsiten the thiol-modified gold
electrodes. As TMA was catalyzed by TMADH, the #ieal signal obtained from a
biosensor was monitored at 0.3 V versus Ag/AgCl.e Throduced electrons were
transferred to the electrode via Ferrocene-imidazobmplexes. The detection limit of
TMA biosensor was 0.125 mM. The intensity of caialycurrent almost linearly

increased depending on the TMA concentrations.
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HE2 HECD MAIEACH (Anthony, 1982; 1986).1 =2t 429! formaldehyde
(HCHO)E 0|20l MEZP4 2&22 S3HRuMP pathway=2 serine pathwayjt )
1 08 S2H4H=201 formic acidE 4tatotti NADHE M 48t O3 ChAl BIEFS &t

StAIE = U= == MHASHTH (Fig. 1-1).
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Methylated
Methanesulfonate sulfur species
CH Cl 0, -

Methylated

amines

3-carbon compounds

Cell material

Fig. 1-1. Pathway for the oxidation of; @ompounds and assimilation of formaldehyde
(Lidstrom and Stirling, 1990). 1: Methane monooxyage, 2: Methanol dehydrogenase,
3: Formaldehyde dehydrogenase, 4. Formate dehyaasge 5. Dichloromethane
dehalogenase. 6; Methanesulfonate monooxygenasdlethyl transferase, 8: Tri-, di-,

monomethylamine dehydrogenase. 9: Tri-, di-, mortbgd@mine monooxygenase.



Methylotroph2 7081 =FH MFHE SE Jlsd W20 === EHZLCH =D
e =2 SHE SHEHE(Single Cell Protein)M At 2ted & 21014 10 (Senior and
Windass, 1980; Smith, 1984), 80 Ol=0l= =2 SE2E =M HZ0ILt =0l
A DNEXe dEFQ! poly- B-hydroxybutyrate (PHBY A AHOILE CHAIGIH XIC! BIEHS
Motk 2teEE 2200 20l AFEOURBLO (Asenjo and Suk, 1986; Park and Choo,
1993; Park, 1993)[i£Z2| methanotrople MIZ W HEZSZEZ polyester HS2|
FZold DEN=SE2 ofLtel PHBE g 4dsttt. B2 =0 [ctA PHBS A
82 X010t ALt AX ZHSE2 =1 709K MH0| Jtsst ez 2
N UCH L8t methanotropte  QIXI0  =olist Z0HC!  tri-chloroethylene (TCE),
dichloroethylene (DCE), 1,1,1-chloroethane, diabétinane, chloroform, dichloromethare=
SIHCZ Folig == US =8 OtLlet methanolILt G2l SF 2| alkene epoxidg A
&MotE S8 % UCH (Aziz et al, 1999; Byers and Sly, 1993; Uchiyanea al, 1989).
MethanoR =2 SEIJIE JHALD AJ| 20 NSt A=2 M JtEe! el ALS
S U= VHAZOIMH, AN Al JFSE0 dioh 28 B2 Zi=2S iEol=s

? Et JtEele 28I ASHE M0l= methyl tertiary
=l o g4 MIMEE It ACH HIE
=2 HEH(ESItA, HH0I1L2 JtA), AE S5, &AL shale ol &2 02
= UCH Ol = HEeE 20l & 8t Otllct 1 MHEHEE & AAHE2Z 70 ~ 230
&l

m° O2 0IF B2 RSotH 28
0l

X

=

<
N

= QUCH Lk K= Y &4E5R AEOILH AR MHF Al R&=2 FH
=20 37 522 Uiz YsSHU OtF 201 210l BHRXNLD A= AFHOICH
HE22 AIEEe= HEe Het dAIA(liquefied natural gas, LNGREEHZ RIS
=0 = MAMXIHA AHXZ 285 = 2401 ES0/XIEH 0 dHE2 HIE0l %0l =
& OfLlch AtEst ZEUEs2 UWEstD UCH TetA HES HE=22 d&t6ie A
2 029 oY gaU 2 =301 EC (Park, 1993).8 M AstE HE M3
2 3|12 ZEFMHE AMEot= 2&HH RIS HO0ICH H HM HAHUHMN=
HES &AL =3I EM otol HEAIZA LAatstEA =249 &&ItA(syn-gas)
ol A= ofd-22l =04 stol £



DSl S44 ded, otEd S
ct= methanotropE OIE6tH & 2-&&0A OHE2 & Atstol 28 HE=s2 A
&0l Jtsotlt. etM methanotropE OlE8H M2 MBS ISHO| RIISS3ES
AEotes AEC0H HMAQ HEW ASLES BHME = U= ZE0I JACH DU
methanotropE OIE6t0 HIE=S Mitcle SEUA JHE SRe e 2400 =
2 methanotropE Zc2Iot= HO0IH Ol= X232 DMSIURS BEES I 0A
i< =R0otCt. MethanotropR! At EQl SE= M= A JIE2 =ENE=H
CE SUHAZ = A= HES BH2019 JHZ D SN DIM=E AMe Meld SH0
CHet A0 =SRotCh 0 = 0IME2 M 2HE Me|E SH0 e A= DI
2O OI=20ILt ATP M4H MIXZ W NE SZO0ILE ME HAIMES Mt SO Azt
HE Sole A2 = A2 Z ot UL

197084012 EHEMA MDHOl &2t8h 2320t 2AX8C=2 AN R/ =0 =E2
AR AMEE ZF= Pseudomonasp. M27&2 MDHS2| 22X, A 24, HES
Of CHEt Km, =201 08 JI1& S0l40l &8 A0 =Y CH, TOE HES

MSMZN E=MotE MDH <Al Bl o3 S {2CH. MDHE=  methylotropl
periplasmsh 0l soluble protei®l 15% == =Hot0, HIES2 &SAIFH HE2S
formaldehyez M2tstCH HIEH=0l &tatE [ L= 8Xs 8 U=ZX Q! cytochrom
cOl 8EE0 HUXIE MASEtCl. MDH=E a8, X5 Jt& tetramee2 a LHOf
prosthetic grouR 2M PQQE E &5, MDHS RXE SXot=0dl Ccad0l =8

ot=
&= gg9otyd ULH XN2NA deHE MDHO 28 AU M Gram  positive

18

methylotropt& XI2/ &t gram-negative methylotroph MDH= M3& 501 S40| FAt
gt A2 2 LIELELD UL,
197080 =8 Yamamoto A0S0 2ol ci+=ZFH methanoE &FIAIZ =+
&l OIM20] £=2 22l /UCH (Yamanotoet al, 1978; 1980).o ==
= dimethyl sulfide (DMS), ﬂ-dimethyl-suIfoniopropionate (DMSP), dimethyl swide
(DMSO) & Ctst = 0 UM, Ol et M= £= 0
ME0 2o S £ 210% 10 UCH (Kiene, 1993).01F =
2= C, BE22M 0/2 Jhs3t methylated 3t

=
, D=2 et a4 gts= Sofl 018822 M XI72EE

A= 6552
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o
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O EtAZE IR =R &= ddotn UL =2 NMAHEczZ ML &
A RS SRAS ClAGHD MZ22 SEeZRH ¢t M2 S E=20t)|
floil Ctet =2E J|=20l10 UL Eol M=F0ME 0l=6 Y stst =22 M
AHOILE Al Qe =5 28 AR 20l H7 SHE4& Al AR &2IF A4
of dIHE M=Rol)| 20 1LRre 2=+ FAUNE &Eot=s A2 WS SKoICHD
st = QULH Odet SletE=SS EEotl] Us Y Sd32 MZ2 JissS JHE A
1 A=ZS 2200 =28 MEIE OLH= AL YL, 0I22H & RE
St & HHAHS ESY £+ U= SRet Az M2AE 0 UL
Methylophages2 o 20l Z2lE HYE NZ22ZMN SIIE0IH HE=S JIE=2
AMESHARl Rot= methylotrop®|Ct. 0] OlM==2 ol & ZS(sediment)} EHAHS
S4(Soda lakeg 2 CIsh oY SHOZRH 22IHU2H, 0122 S22 ¢ g
g=2=2 RuMP pathwag Sot0 NZERE 2&=x SHAII|LD, HH B2 multi-

&l
carbon compourfl fructos&€ OIE2E = RUCH SIHINAl  Methylophagate 54
(neutrophilicRl S&Z JtAID A= M. maring M. thalassica_12|1] M. sulfidovorans
Z0| LM ULH (Janvieret al, 1985; De Zwartet al, 1996). 2 20l= s&8.522
2| & (haloalcalophilicp! M. alcalica?t M. natronicas 0| &2 %™ M methylotroplt At

HEE0AM 20 ZEH?otH =Motl AS0l A [CH (Doronina et al, 2003a;
2003b). 0| = Methylophageé&s2 RuMP pathwag O|&3t= methylotroptE lt= Z |

Na', Mg® 0l21t vitamin B,E ZQ8&HCt= S0l AL, NaClll THE M8 &
2 G+C mol% (38.0 ~ 49.0 molY&d JtXl1] RUlt= R0l GHE SS HEEH= £
Z0|Ct otAl2 XZ20l= Red Sea alga@SE MZE Al vitamin Bp,E Z2RZ oAl
2= ME& 32 M. marina KM312t KM52t =22l & ACH (Li et al, 2007).
= A+ 0lM= Methylophagas 0l £0t0H, RuMP pathwag Sol EtAE =S3HAIT]
vitamin B,E ZR2Z otAl 2= MZ2 HetE SHHESMSINZES 226t

o
), Methylophaga aminisulfidivoransp. novZ & 3ot ALY



Table 1-1. Potential Csubstrates founds in seawater and their sourcen€K 1993)

Substrate Sources

C: compounds
Methane Sediments, seeps, microbiological
Methanol Other G compounds
Formaldehyde Photochemical source
Formate Oxidation of HCHO
Trimethylamine (TMA) Algae, glycine betine, TMAO
Dimethylamine (DMA) TMA, TMAO
Methylamine TMA, TMAO
Trimethylamine oxide (TMAO) Algae, fish
Dimethyl sulfoxide (DMSO) Photochemical source from DMS
Dimethyl sulfide (DMS) Alghae, DMSP, methionine
Methane thiol DMS, methionine, methiolpropionate
Dimethyl disulfide (DMDS) Methanetiol, methionine
Methane sulfonafe DMS, methanetiol
Carbon monoxide Photochemical source, DOC
Methy! iodide Algae
Methylated metals (Hg, Sn) Metabolites
Methylated metalloids (Ge, AS) Metabolites

Methylated compounds capable of being utilized assdbstrates
Glysine betaine Algae, invertebrates
Dimethyl glycine Degradation of glycine betaine
Sarcosine Degradation of glycine betaine
Choline All organisms
Choline sulfate Fungi, yeasts
[ -dimethylsulfoniopropionate (DMSP) Certain species of algae
3-methiolpropionate Degradation of DMSP
Methionine All organisms
Arsenobetaine Selected species of marine invertebrates
Dimethylsulfocholine Selected diatoms
S-methylmentionine : Possibly algae

a

Methane sulfonate has not been measured in seawvoaterit is present in rain and

aerosols and should occur in seawater.



HEtES E4A8 L NHXESZ2 0I=56t
T 22U =224 A

Bl methylotropt?l 22l ¥ T332 il AI=E Jl2 HiXls Kim SO0l Hetst
standard minimal salt medium (SMM ; KPQy 2 gl*, (NH.).SQs 2 gI', MgSQ:7H:0
0.2 gI*, NaCl 30 g¢f, FeSQ7H.0 0.002 gf, pH 7.0 AI23I2CH (Kim et al, 1991).

MethanoE &2 & HUHXE2=Z 0IEct=s M= =clot)| ?ote TSl &2
dHS AMESIALCH WA AMZ22 B20l= 1008f s=otH == 1 mlE 500 ml
9 HASctAI0 1% (viv) methand)| Z& =0 A= 50 mE2 SMM i X
ol ESotRUlt. X5 ANE=2FH et Hes 222t M et = OAl ddgt

g

BHXION 1% (viv) 885t & BHLoACH 01t 22 =&

FIF HIEt2 BHKIHA MHESEH 1% (viv) methand)| I

ot EotALE LiEtLE ¥ 5 M550 =20 1
=2 =

ot 0O HE= 33 Et=ot] ==

Ch @4Rxo| Mg

SMM J|2 HHXl 50 miE 500 ml flaskil €1 st =, 1 =+ =2cl& 2FS
&0t 30C XNEHHSIIMM BHYSHHA 2A12t0tCH UV-visible spectrophotometer
(Ultrospec2000, Amersham Phamacia Biot&hP|Z3dt0{ 600 nnilA SEZEE =&
SOEM WHSEIL HE ZFEg2A HEOIRULE 2k HdE= &

=
e
oFE 3= HdE0H)| ol 72AI2H B =, AXSE=S =EHoHN
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Methanol, ethanol, formate, formamide, urea, sodismccinate, sodium malate, yeast
extract, D-glucose, D-fructose, casitone, peptdangptone, trimethylamine, dimetylamine,

monomethylamine, dimethylsulfide (DMS), dimethylmamide (DMF), dimethylsulfoxide

(DMSO).
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ammonium

ammoniwanadate,

ammonium aminosulfate,

Ammonium molybdate,

yeast extract,

urea,

formamidgycine,

potassium nitrate,

dihydrogen phosphate,

ammonium oxalate, L-alanine, L-glutamine, L-glutamacid, L-tryptophan, D-asparagine,

casitone.
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Catalasegtd 2 XEfYst #S5= A 3%2 hydrogen peroxide2 ZE= Jtot
1, AN E£= 5285 =0 JIXEIt LdMSt=R IR0l Tetd ZESHACEH Catalase

g4d2 JlzJt &d5tH positive, J| It EA6HA 22H negativee Z H ot UL
o 2

-

8O =HZ2 1% tetramethyp-phenylenediaming &St oxidase disc

test (BioMerieux, Franc& AIEotRALt. 2= slide glass?I0ll discE =1 Zo&

SETE = &= BOEY discE &0l H4l = agar platél A Xtet colony=S ([

N discRI0fl &2 ol 832t 30 OILHMl dark purplee HotH positive,
([@Nn: o4 X

MOl Ho I 2™ negativee 2 FSIULCEH

(8) Z2l?=2| fatty acid & % ubiquinone &4
FeldF=2 NEYUES 240t Ue fatty acid PEAHEE L0tEI| {5t 2
Axs 2XHE O|SoIUCt. SZ2HES 2 30 mgPll 5.4 M anhydrous HCIE
200 pE HIIot 70COH M 2A12F SO+ JIZEGHRUCE 0] SHE 100 pl hexan 2
& B ==0t:H fatty acid®l methyl este®t aldehyde derivative= ZZ2I0IRULCH ===

N,O-bis-(trimethylsilyl) trifluoroacetamidg 20 ul

['[I

A0,
OG0 60COHIM 1522t BHSoHY C
Hewlett Packardg =& ot%ALCH Of M

Ultra-1 nonpolar methylsilicord =&

tS=2 1 piE Fot GC-MS (HP-5985B,

24 &4
=20

capillary column (25 x 0.25 mrbi)

AL

gﬁ

I AtESIRCH 24 X242 150CHA 22

ol



&Y 5CTH 250CHHA &&¢&t ZY 10C2A 300CHHAl =&ot 24 6HUL
Ubiguinone2 Collins (198580l 2ol =
(MX-1310, Finnigani =4 6tALCtH

00

(9) 3-Hexulose phosphate synthake2t & =&
SA8H2 ribulose 5-phosphaft formaldehyd®! =822 QI8t formaldehydél
A &g =HGIULCH (Ferenciet al, 1974). HX ZAl 0.2 g 300 pkl 50 mM
sodium phosphate buffer (pH 700) &6t =Z2L=4I12 100 pl & 1024 =32
& 2¢2l(15,000 x g/30min/4C)otH A SMH= cell free extracE Al
Z0tALE =J| BtS=8 22 50mM sodium-phosphate buffer (pH 7.0) 1 rall Of
5mM MgCh, 0.55mM formaldehyde, phosphoisomerase (10 upit/mlc|y 5 mM
D-ribose 5-phospha® &EJIIoIRULCH XS 0 BHEE=&== 30CHA 1022t BHSA
A ribose 5-phosphaié ribulose 5-phosphate 2S00l 2HUESE & OIS cell f

extracE FIIOIRUICH A3 28t formaldehyd®l AHl= 30COHA 522t BHS
M2l = sampléil 05 M2 HClI (100 uplE2 H2IotH S22 XA,
formaldehyd&| &Z&= Nash (1953 &0 28t HIMELES 412 nnbilAl ZALE S
Z2M =HOIULE 3-hexulose phosphate synth@ke®| oAl 2E formaldehyd® 284
= ribose 5-phosphaig Z&fotl) UK L2 BHESSHES control2 ot S22

M 2IE =ALHL

(10) G+C mol%

zel?F=2 G+C molE 20t=2J| ?loH DNA= Marmur 28 (19610 et &
NGt C. DNA G+C /22 spectrophotometer (DU-8B, Beckm&) Ol &6t
thermal denaturationTf) 22 & heating rat€ = 0.5CTH 2610 4oL
DNA G+C mol%= Owenldt Lapaga (1975 AtEg8t equation (mol G+C = T X
2.08) — 106.4L =2 H&tGHL), DNA standardés Escherichia coliK-122] DNAE AtE
ot Ct. DNA-DNA hybridization2 Johnson (198%) 2 2l DNA reassociation2 & 2
2 ZHGYD, type straiR! M. marina ATCC 35842, M. thalassica ATCC 33146
J21D M. sulfidovoransLMD 952102 CHZZo2 AIZ5HICH
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(11) Chromosomal DNA&| =Z|

Z 2|32 chromosomal DNAE G210 22 Y
AFI] ZII0 & 2 05 g= 50 miel EE=S
(50mM glucos&t 10mM EDTAJE SH U= 25mM Tris-HCI 2t &4, pH 8.0) 10 ml,
RNase (2 mg/ml) 500 ul, lysozyme (50 mg/ml) 100 pipteinase K (50 mg/ml) 100
HE A0 SEAIZCH SEMXS I7COHAM 1AIZtSCH ZXEt = 10% SDSEH 600
HIE 21 288t = CAl 37COIA 1AI2H s & XIGHRLE 1 mIel mercaptoethanol
Jt 3M sodium acetate (pH 5.2) 6.5 &l E&ct) 20 ml2 chloroform& €2 G2
THAEA E50 ARULE O ESFHS 12,000 xgll M 302 =0 A Z2I6HH
SHE MZ=2 tubelll 5H 11 &4=H2 0.6 volumél isopropanoE & Jtot(d
AUCH MAEZMEH S 0|25t DNASE EZAAHH eppendorf tublll SH &1 70%
ethanol 1 mE &JIot0d DNAE A0 {1 60COIA DNAE AHAXLotRULH & AXE
DNA= 50 pl TE buffer (10mM Tris-HG 1mM EDTA £, pH 8.0 & J}5t0

=0l = 1.5% agarose gelJ)|F =SS Sot0d =QIGHALE.

0z

=

(12) 16S rDNA 24

==0otH Zcl= chromosomal DNA 0|0t PCR (Polymerase Chain Reaction)
= 80l 16S rDNAZS ZS=0l%ULt. primer= 16Sfl (5'AGAGTTTGATCATGGCT-
CAG-3', E. coli 16S rRNA position 8 to 27)16Srl (5FTACGGTTACCTTGTTACGAC-
TT-3', E. coli 16S rRNA position 1512 to 149 O|E3IU 2 M denaturation 9¢ 12,
annealing 5€C 1=, extention 7L 122 X2H2Z 35 cyclee +=2otRULL. PCR A
S22 15% agarose geldI|IB=sE S5t Q
(Promega, USA)I ligation otRALCt. Cloningdl &el=l A= 2
SE 0 U=z SP6 2F T7 promotefll & Sct= primer2 0 &6t sequencingﬁr Ct.
16S rDNA MZ& & 1415 prI GIIMZE2ZM NCBIS BlastSearcE Sol & =
At ME2 HIWEAGHA D, Clustal W% PHYLIP program (Thompsomt al, 1994;

Felsenstein, 198§ 0|&3ot0 CtE methylotropt®l 16S rDNA%t Hl W Z46HAUCH
- 13 -
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(13) Plasmi® ZEMH =S

PlasmicRl =M E= Kim1t Lidstrom (19899 Acetone alkaline hydrolysi€t& 2
AE0EH ZACHRLCH R=H&EI] LI0 SHA ZXHE eppendorf tubdl 22 =
acetone 100 |l SHEGIH L20 10=2t EXIe G2 18 ot A& Z2|otRULE
ASHZE MAHGID BNMZZ2 2 mg/ml lysozymé| =0tA= 100 pl 2 24 |1 off &
EIGIRUCH. &% |2 50 mM glucos&t 10 mM EDTA) =X RU= 25 mM Tris-HCI 2
SE%(pH 8.02 AMEOIRULCtH SHEMZ I7CHM 2022t XISt = Mg UHE SH
I (0.2 N NaOHet 1% SDS =& M)E 200 ul ISt MUB ZAMAEH S0
SeAIZI O8 Z20 1022 SUXIAIZCH S0 SHUE X 1= 150 pl EIt
ot MUB ZAASEHHN E=S0H E&AIZI = 4T0M 5228 |4 =2l (12,000 x Q)
OfULCE EYIIES 5 M potassium acetate 60 #hl glacial acetic acid 11.5 m2| ]
SF= 285 mE 288 = @& EF+E Ztotd &M EZS 100 mDt &
OfRULCH RAZelIt Y ASHUE2 M=22 FE0l =HA phenolt chloroforms 1:1
E A2 =2g9E XHelotd & ¥ ==& = F4Z2I(1200 x g/302)otH ASHS
HRUCE 0122 CHAl chloroform@ & &t [ F=E5I0 ASHE2 M SJ|0 82 =

-20C 2| 95% ethanol 900 | £01 2 &= &S -70CHA 15=2F X0t 4T
UM 15=2t Aa=zclst = FM8S0 X2 95% ethanol 1 nE €0 & == [
4COA 5=2t Al E&F21(12,000 x g)ot ALt & =M= HIHotLD 65CTOIA 5

Zt @828 A AIZLE DNaset 2= pancreatic RNase (20 pg/ia) Z&ot) U
= TE buffer (pH 8.0, 20 pfl d&8== =0 =, dye 4 pE &IIotH agarose gel

electrophores® &6t plasmicRl =M HFE =CI6HULH Dye= 40% (w/v) sucrose
@t xylene cyanol 0.25% (w/v)12|1) bromophenol blue 0.25% (W0l Z&&E A2
AZ AL

- 14 -



Lt. 01 Jts&t D13 L AR

SMM SXIEBHXI0 Odef 2
Ol2ItsHES AL 2dldFe B4 2 HUXRALZ EItE JIE 5 G st
=202l methanol, methylamine, dimethylamine, trimethylamin dimethylsulfide,

dimethylsulfoxide&2t dimethylformamid&€ 0/&& = UJA2H, AN AtSst CHEFA

SII2Z2E= fructoset=2 0|EE £ UACEH XI2NHX Methylophaga=2l UEE2
methanolt methylaming€ &4 2L HUHXRASZ 0|8 = U201 SOEUC ot
Xl 8t Methylophaga sulfidovora®s 22 22| &2 di- £= trimethylaminéz 0| &
g £ AN 20EY=0l, E22l@== DMSO, DMS, DM 22 methyD|Jt
stEl sulfide £= fluoride S22 T 2dlE &+ U= &0l CtE Methylopaga = 1t
785 = SHOICH Zeld=z= HED =45 0IE6HA RotJ} LD, E£&t E, KRIIA
OtOl =&, CHEtA 22 (Cx-Ce), nutrient 2 peptoneS2 JIEEM AISSHA 2d6t=

L
Hets SEUlE=83MZ0IJTH (Table 1-2).
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Fig. 1-2. SEM image oMethylophaga aminisulfidivoransP'.
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Table 1-2. Characteristics of the type strains tgilog to the genudlethylophaga

Characteristics 1 2 3 4 5 6
Requirement of vitamin B - + + + + +
Motility - + + + + +
Nitrate reduction + - - - + +
Growth at 37°C + + + - - +
42°C - - + - - -
Optimal pH 6.8-70 7.0-75 7.0-75 7.4-7.8 9.0-95 9
Tolerance for NaCl (%) 9 12 12 12 10 10
Utilization of
Fructose + + + - - +
Glucose - - - - - -
Sucrose - - - - - -
Dimethylamine + - - + - -
Trimethylamine + - - - - -
Dimethylsulfide (DMS) + - - + - -
Dimethylsulfoxide (DMSO) + ND ND ND ND ND
Dimethylformamide (DMF) + ND ND ND ND ND
Major ubiquinone Q8 Q8 Q8 Q8 Q8 Q8
DNA G+C content (mol%) 44.9 43.0 44.0 42.4 48.3 45.0

Species are listed as; M. aminisulfidivoransMP™; 2: M. marina ATCC 35842 (Janvier
et al, 1985); 3:M. thalassicaATCC 33146 (Janvier et al, 1985); 4:M. sulfidovorans
LMD 95.210 (De Zwart et al, 1996); 5:M. alcalica ATCC BAA-297' (Doronina et al,
2003a); 6:M. natronica VKM B-2288" (Doronina et al, 2003b). All taxa are positive for
growth on methanol and methylamine.

" ND: Not determined.
- 17 _
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Fig. 1-3. Effect of initial pH on the growth of theolate.
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Fig. 1-6. Cell growth curve of the isolate undee tbptimum conditions (pH 7.0, 30,

MeOH 1%, NaCl 3%). Specific growth rate and gererattime were 0.132 h and 5.23

hr, respectively.
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Table 1-3. Cellular fatty acid composition ofl. aminisulfidivorans MPT grown on

methanol (Kimet al, 2007)

Fatty acid % of total fatty acids

Straight-chain acids

Ci20 2.20
Cua0 6.51
Cia1 05 1.01
Ciso0 1.00
Cis0 42.91
Ciea'7c 35.94
Cie1@SC 0.15
Ci7o 0.09
Cis0 0.18
Ciga w7 2.38

Cyclopropane acids
Ci7.0 cyclo 7.39
Ci9:0 cyclo -
Hydroxy acids
3-OH Goo 0.12
3-OH Gsio 0.14
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(identity)2 94 ~ 98%& 2 RUCt 11 = S0l M. marina2t2l &22H Ot OtE =UCH
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=
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2 HYHOIALCH (Kim et al, 2007).
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Table 1-4.Enzymaticactivities in cell extracts of the isolate M@rown with methanol or

methylamine (Kimet al, 2007)

Enzyme activity

- . -1
Enzyme (co-factors) [nmol min™ (mg protein) ]

methanol methylamine
Methanol dehydrogenase (PMS) 61 0
Methylamine dehydrogenase (PMS) 0 47
Formaldehyde dehydrogenase (PMS) 25 19
Formaldehyde dehydrogenase (NADBGSH) 0 0
Formate dehydrogenase (PMS) 64 57
Formate dehydrogenase (NAD 0 0
3-Hexulosephosphate synthase 194 171
Hydroxypyruvate reductase (NADH, NADPH) 0 0
Serine-glyoxylate aminotransferase (NADH, NADPH) 0 0
Ribulose-1,5-bisphosphate carboxylase 0
Glucose-6-phosphate dehydrogenase (NAD 163 125
Glucose-6-phosphate dehydrogenase (NADP 632 583
6-Phosphogluconate dehydrogenase (NAD 23 21
6-Phosphogluconate dehydrogenase (NADP 25 24
Fructose-1,6-bisphosphate aldolase 0 0
KDPG aldolase 137 119
a-Ketoglutarate dehydrogenase 0 0
Isocitrate dehydrogenase (NAD 134 95
Isocitrate dehydrogenase (NADP 38 33
Isocitrate lyase 0 0
Malate synthase 0 0
Glutamate dehydrogenase (NADH) 44 39
Glutamate dehydrogenase (NADPH) 23 20
Glutamate synthase (NADPH) 57 51
Glutamine synthetase (ATP, Mn) 110 102

"GSH = reduced glutathione; PMS,+_ phenazine metfaisul KDPG = 2-Keto-3-deoxy-

6-phosphogluconate.
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HI2Z Methylophaga aminisulfidivorans MP'2| methanol
dehydrogenase®t Mxa) EHEHEIO| AlS 2t

MH1Z &A=l

oY
=
OfH
=0)
0x

Methylotroph= EfAR 0 NI XA L Z HEt=S Ol=ot= Bl EHéEet Ml (methanotroph)
ot DEt2= Ol=gotk= HES  AtStMl?(methanol  oxidizing bacteri® =2 L& Ch.
Methylotroptil 2/&t BIIEt=2l 4tst0ll= Ol JHel 401 2H0d6t) JA2u 01 JH24
S0l HEt22 ZTELHCIEZ ASloteE MDHIF Dt H320F 201 S/ QUCH HIES
2 periplasmic spacél il =Xi6t= methanol dehydrogenase (MDH, EC 1.1.98I8y!dl
EEZ LS AIREIH, Ol 2ME=E Mits s28 S2F Ul &Motl As 8
& Al A El(periplasmic electron transport chdiih) 2ol £ S & X2 M AN 012D
DX TS 201 ®XF 010l Ol &ICH

CH,0H — MDH — Cytochrome ¢,— Cytochrome c,,

— Oxidase — Oxygen

B

OIMIMEAl E210F methanol &tat 2tEd RM RS H = Methylobacterium extorquens
AM10IA Ot & eI JALH, 0l M2 HES
Zl A 250HK0F 2E & ACHD 20ERUCH (Lidstrom, 1991). M. extorquensAM1 2|
HEtZ &3 CHAOI= 5JH2] gene cluster mixa, mxb, pqgABC/DE, pgqFG 2l 1) mxg
Ot 20t Aoz 2HM QULH (Fig. 2-1). 1 & = HM locue! mxa= 1494 2
=, mxaFJGIRSACKLDEHE —& &0 U2M, 01=2 upsteam=F =0 mxaWt
ZI&tCt. mxaFet mxal= 22 MDH2| a (~60 kDapt £ (10 kDa) subunits &S
stotl AL, mxaGe MDHO| 2loi OIEH=0l &tstE [f Yol MUE +=Eot=
cytochrome ¢ 2 233t ot Us 2 FHEXOICH (Nunn and Lidstrom, 1986).
mxal FH A= mxaFIGlI =2 & 5H42l gene clustég O0|F 0 AKXIEH OtX 0] RA X

o Jls& HA AKXl 210 ULt (Lidstrom, 1991).

ro



anA
Signal peptldase Periplasm

2 D T t t t ) 1\-"Ie111brane
MxeE beM @ . ] pqqABC/DE p— / Cytoplasm

/ ty mxaF noedfd maG oneal  maR ma(S) noA moaC mxcak nocal. mxaD ncaE mxaH nmcaB
b | MxbH Ve,
MxeEQ + ¥ MR
MxbDMH

Fig. 2-1. A model for the expression of methanolhytogenase genes dfl.
extorquensAM1.
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mxaR, mxaS, mxaD, mxaB2l] mxaH S&Xt= 02 1 J|Is0| 3 d UK &
)

©OM, Ct2t MDHE| stability?t assemblgff 2t X0Ict) H=24E ) UCH (Lidstrom,

1991). MDH= =84 CHIA=ZN SASHR20N ZSH0/22 E8otl JUs
metalloenzym@| 4, pyrrologuinoline quinone (PQ& prosthetic grou £ O0|&0%t=
quinoprotei®| Ct. mxaACKI2 MDHH0| ZF&0|=2S insertiorot= FEE ot UL
(Morris et al., 1995; Richardson and Anthony, 1992xaB= HIEt2 &SRFEXS2

transcriptional regulat@g 24X RUCH (Springer et al.,, 1998)pqqABC/DE? pgqFG =
& Xt= MDHEl prosthetic grouf! PQQ biosyntheslsl 2t0{ot= =& XH0I0, mxbDMt
MxcQE S &8 Xt= methanol &3t 23 FEXSC HAME Z&Eole RAENY Hez
MU X2 ULt MxbD= bacterial histidine protein kinaSe 2E0|0H, MxbM&
DNA-binding proteifil =ot= 222 M2AE 0 0l & HE¥MAEZ two-component system
CZM HEBY Jisds 2010 ULH 0 & A2 MxcQEON Sloff &0l =&
=) SLt OF& 1 JI1=s0l Hetol 94618l Hi= QUL MxaD2t MxcQ2
LRI0H & A QD% sensor kinase superfanfily =0t

((tet M methanol At S & X

J
0
I
0

S
oIr
ro

>
g 0=
o -J-.U—
on 1
5 K

g0

oo
o
i
N
N
Ql
i
wo
0
HU
>
u
n
o

P
2 EA 2JHKl 0142 signall 2tig XH2 2 M2rE [, methanalt formaldehyde
D PQQE 1 =E=EZ HEE LD UL (Springer et al., 1997).
X0 et A= =2 ELMZUM OIRHM 2Lt 22
LACIHA OIS0l Oist A1E 2335 &0 UL 08 ELAE
= It T8 S48 KL A=0 =0l DNA-DNA &80l e RC
Ol =22I8 Methylophaga aminisulfidivorandP™= XIZ2DtXl L4 & GHEAIR
=ESst SE2 LD UsE M22 @2 HE X0 (Kim et al, 2007). HIE
o JIE MZ=2 MDHIt 28t &I HEiE(pl 1052 =0 U Zcl HHES
Z¢8t native PAGEE =g =+ GQIJ| 20 mxa & JH200 mxaFet mxad
CHERA AFOI2] A S2AHO CHEE A0t OIFOUE == QIULE BtH = AHEHAUHA =
clgt @2 MDH= 2F&tY HHEHE(pl 6.5)= =0 [N native PAGE =3 & =
H=20l JIE2 MDHZ= =& & = UUE mxa AL [l HHESO| &S
2HE Aok= HIIIF ZIRULCH
INE=P)IONIR=-PION methylotroph’9?6a0totroph?—_—‘?’—E1 MDHJt =2l N0 1 S40|
26I 810 (Anthony, 1986, 1993)00I =& A E 41t X-ray crystal 728 20

=z
tol
10

methanol

Bon
o rr <
M

2
iz

:

=
o
ol
=



olof O FXRII HARCEL HHEES=Z M. extorquensAM1 (Ghosh et al, 1995)t
Methylophylus methylotrophudV3Al (Xia et al, 1996) & JiXl Z#F==2FH MDHE
high-resolution crystal? 20t 8161 USLMH, 0l =2 S FASE 2= XD R
0 F OHK SEEQ RXEAE JHXLD UCH HXH 66 kDRl PQQt binding &I U=
large subunit @ subunit, mxaBt 8.5 kD& small subunit @ subunit, mxa)Ol a2 B 22l
wXE 0[FL] ULH, small subunkl J|ls2 O S XIAl ZQUCH MDHEl a subunit
2 442 B sheebt antiparallel StH =&&0 U= FZE(antiparallel four-strandedB
sheets)0iS Ot 2oz (HEEHCZ =0U=s P X(eightfold radial symmetr@)|Ct.
Ol 2EX= B sheetRZ2| HZZE strandil tryptophan&tD|JF BISEHO 2 LiEtLlE S
25t tryptophan docking motift UM FAXE AES AJle HLE 2AEHUC

ol

R N—

(Ghosh et al, 1995). PQE EINEZ2 SARLM fXct JUD MHMEQ a
subuni€ ZMI| 22| P2 X(funnel-shaped cavitg XILIL2 QUCH (Fig. 2-2). He| 2
£ PQQ-dependen A2 Z&E0[20/LE 29t 20l2= Edotl U= =Ss 72X
E 0I210 UCLH ZH0IS Ual AEZS0ILE HIE Ol22 LML €10 2HME
BH2GHH ©&®H MDHCl Z&0l2g AEESOIL g 0l2e=2 X&E = UL A&
EE&2Z XI&tE P. denitrificans 2] MDH= 2&% ot 42l BIHE JtH= BtH
(Harris and Davidson, 1993j3t&2 & XI&& M. extorquens?] MDH& methanobl CH

St Knt Vmax a40l O =0tE 22 M MDHE 40| ROHXCHD S0EUCH (Goodwin
and Anthony, 1996)8t&0|=22 Z=0I22C 11 3710t 37| (20l MDHE| &4 =2

Ol LO0tXl= Hez M2A=CE 0/S2 Z1l= MDHIt
=] = = Z0EtSI MDH2l X E 2HESH AlIJl= O <
=Q8 9g2 sttt 212 20 =Ch (Richardson and Anthony, 1992; Goodwin and
Anthony, 1996).

MDHE= methanoE 4tstAlH MXIE ZMAID| D &L= Z X cytochromec 22 &
g2&l=0, MDHZ2H cytochromec 22 dAtdg=E2 0I2H2 SEXELH =2l
HE0] S0 2006IAUCH (Afolabi et al, 2001; Beardmore-Gray and Anthony, 1984;
Dijkstra et al, 1988; 1989). MDK} &&2 pH 90 Al ammoniaOl=0 2|6 activation
CIA SRS Melgd pHRl 70 M= Olefst Bt3S0l e el A& Ch SHAIe
ferricytochromec, S pH7OIA HIPAEE 40| S SS 2002 LA QUCH TetA
MDH®2} cytochromec. ALOIOl pH7HIA HXEEES =0 &2 = Us ¢

CteR & oIt

r

-

= T MM



factodt =M & W22 M2AGIAUCE HyphomicrobiumXZ22E A XNE MDH=E &4
Z=IHotoIA 22+t 8 8t factor (oxygen labile facto&§ JtXl 2 UA/RNLD 0| factor= MDHZ
£ & cytochromec 22 & Xt SIHAIA == 242z 2O5AULCH (Dijkstra et
al., 1988). ofX|gF CHERES| e 22 s =&t Ol &8
SIACt Matsushita 1S WA= MDHOW Mxalt binding=l o U=

£ 20t , 0 A0l MDH2 cytochromec. ALOI0 EXANMEEE =0 =& =
o]
A

roteinO| 4, MxaJ CteH &0 MDHEZE —&ol= M YW subuni® 1o =2 A2

Ral
uo
o 0
= o

N AsE 4

rr
)

1 JALH (Matsushitaet al, 1993). 052 HAFIt mxal R&E A e SN 248 F
=9 B

DOIXIH OFADMXK Mxad SHEHEO| JIs2 Y&o| 8okl 2ot RUCH
detdol H2 Yoz st methylotroptELl deletion mutarg XIZHGH
et S8 & HSZUHAN ZCL ELAZC! P. denitrificans
SHH0I2 2R mxaF REXS &S L2901 MDHS| «
subunitl OiXN3 Z=MENE =76t12 MDHS ZAH0|l =MotA 2LUACH (van
Spanning, 1991)0|= Mxal SHSHZE I MDHS| &4 A0I0 A22H I ASS LAl
Ct.

2 HF0AME i HE=S &3 MZ2RH HES Atstet 2EE |RAXE
(mxaFJGIR§E 2= 4ot 0l RHAS2 &y, &ad HHES dsHS0
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C=teri / . i R . Sy
C=terrainal -. % e

I ws

#  N-terminal

Fig. 2-2 The a B units of methanol dehydrogenase simplified to shiv ( strands in
the a chain and the longa helix of the B subunit. The PQQ prosthetic group is shown
in skeletal form and the calcium ion as a small esph(Ghoshet al, 1995). The a

subunit is shown in green anfl subunit is shown in blue.
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H2Z &8 Mz & &4

< O

1. Al & D[]
DNase, phenazaine ethosulfonate (PES), 2,6l@mbhe nol-indophenol (DCPIP),
phenylmethylsulfonyl fluoride (PMSF)ZAtgl H& HE A dialysis membrarig Sigma
MOIA FLUSHACEH HStSASD DNA ligase= Takara\tll 242 0|25+, pGEM
T-easy vector (Promeﬁ') 2240 ASotUCH M2 HEN ZRst A2
SlgmaMOHA-I A ASIF 20, Protein A agarose bead Amersham Pharmacia Bioteth
HM ot AISSHACH HEZUHM UESHE 6-histidine tagHBHE HHE 2ot

4 Ni-NTA resin (Peptrong At E ot L.

2. Nl iy =A

Methylophaga aminislufidivoran®P™S 3% (w/v) NaClt EtAS L XIS

4

2 1% (v/v) methangE Z&6t= standard mineral base medium (SMWMH S|
0, tH

Z BHoIR2M, pH 7. Y=t E= 30C2 ZEOHRLH

_I

I
|0

3. Methanol dehydrogenase (MDH) & Xl

Ot =80t IMIIE 0|88t cdl free extracte =
s4 HE fd Z2HE N=d&I SI0AM 3=otRACH 2= FHAE=2
ACOHMN =oALt sl ZH 20 il 38 22| 25 mM Tris-HCI buffer (pH
8.0, standard buffeg 13| A& = JAMZ2IGtH CAl ZXE 3 +0tALE sl+E
Z A0l 60 mi® standard buffee E01 el & A2l =, JEH0UH DNaseE & &
JtGt) sonicator (SONOIFIER 250, Bransap) UM GHACH OIS A Z
MASHZE cell free extracE AMEZSIRUCE 0 ASHES CHA

clet & 0|2 ASHZ= soluble fractioRE2 2
- 40 -
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100,000 xgOlAl 9022+ X2 Al
ot AL

H_H
o



L}. MDH S4& EHA

Soluble fractio®® 2% E MDHE AXMIGH)| fst 2E WES 4T UHA oA
J, AEE 2= columnE AKTA Prime system (Amersham Pharmacia Biotech,
Uppsala, Swedeflj & =ot0 SA2Z MO0 AtSotLCE =R SR HIMEHZ anion
exchange colum& O|&06t%UCt. Standard buffee 0|2l &3t & POROS HQ 20
(PerSeptive Biosystems, Cambridge, USA) coltinsoluble fraction 5 mEE F=2l0ot1],
1 mimin'e HE2 o 302 S0 standard buffée 24 FUCH MDH S E S
column® resindil Z2EEI/ULD, B HHWES 200 mM2 NaClol *E&f=l standard
buffers OlZotH A& sE=FHE 20 SEAIZL. &= ZE=SS2 fraction
collecto= 0|&E3dtH & 0 = MDH= fraction 43 ~ 5BUA EE%
A1, E=E protein2 native gel electrophoregs =38t & CBR staining 2 activity
stainingS ot SHEHA A S AHEUCH POROS columg 0/E6t0H MDHE &EA
s [ UIE0! SISl EEH(MDH NE 22l M ZI”YXICH JtE ™ fraction
(No. 45 ~ 48)l native-PAGE&0IM CHE OISEE & MZ22 EEH2l MDH (MDH

Mot EMetsS 2EotULE (Fig. 2-3) Olgl &2 cellE LAHE [ sonication AlJ|

I
njo

>

B
_F_I
>

HAl lysozymeE 0| &G0 23tst ZH2Z cell free extrade HNZ &2 =M
MDH ®ZJF mtil&l=e HE 2 A3 6t oL E£8F columeES Soll &
zel FME Mol% buffertf methanoE &IIotW & 2L OEX &2
MDH 112 20l E20HE= A= &olot¥, et 2= MDH ZEMME =

bufferdf = 100 mM2 methano& &Jtot0 S| M0l ALZ0HI L.

K

o H0 1 0 H
o

oy J=
njo

=
=2

o
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(A) Fraction number

43 44 45 46 47 48 43 50 51

et R Rl it ot - = <4 MDH
W Wy f— 4 New type MDH
(B) Fraction number

43 44 45 46 47 45 49 50 351

St b b binab bt 1 s - 5 - 4 WIDH
ot S —— -

4 New type MDH

Fig. 2-3. Elution profile of MDHs prepared by scation method for cell disruption. (A)
CBR staining and (B) activity staining. Elution wasade by using a linear gradient of
NaCl from 0 to 200 mM (-) through POROS HQ-20 aniexchange chromatography.
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Ct. LysozymeE 0| &8t cel free extract XHIX
Sonication 2= 0/&8 MDH & A g&2 2l 5230 DR°9 MDH CHHA
D EHEHSIRAD| =20 2 & 2= cell free extracthll =
ZHISHACH 38t @0l standard buffeE 201 &
& &HItotld lysozymeE = S=5S 100 unit/ml O ©H &t
SIEME 3022 AR20M wetst = -80C2 ZM2HS D0 2A12tS

ofTES M AlZ2= 2

2
)
T
lo
4
P
=
=
>

AL 2

4 rr e
0
0o
10
N
il
Jx
[0
-
Lg_
2
Qo
_F_l

power 7, duty cycle 5@}
C

ME cell2 & #ES

0z
o
12

[0
0>
AT 0

21510{(15,000 x g, 30=2)
cell free extracE AIE0IRULCE O &SU= CHAl 100,000 xgWl M 90= 2t
clot AL Ol ASHZ soluble fractio® 2 2+3=GtRACH O|F 2| HHEHA ni;
2 2 g8l =LotAH Mot POROS 20 HQ anion exchange col@&@hes
HHNE & MDHE= sonication 280 2ol =Hl=l AIE20 MDH IIE G %0l

0z ph

=

(al

ol
=

H

Sot) UASS & = UACHL M=22 EEiSl MDHE= SDS-PAGE #+3#35t1) CBR
staining® S0l 30 kDR MZ2 S8E 0| bindingdl f U= SEHEE & = UMA
Ch. M2t JIEN 2™ U= a2t B subuniRZ28H OIRHE a,B, X<

MDHE MDH 10|ct E&otl), 30 kDl HHAES y subuniRZ ZHOIH a2B:
JtXl= MDHE MDH II2 E 3G

ct. Ge filtration chromatography

POROS columg =ot £& M= S JHXl €Eiel MDH fraction (5 ml) S 2
2t 500 pg ==A121 & 150 mM NaCiRt 100 mM methandgE &St Tris-HCI
buffer (pH8.02 & 3t= Sephacryl S300 gel filtration colurgh 0/ 2304 0.5 mimin™
of £ 2 HHOIALE 40l U= Z&E= 20t SDS-PAGE ==&ot0H 2 HAHZE
FHEE SRIGHALE. MDH2l ZXE2 columel] SEES (Vo)of HHEHE elution 2
(Vo2 HIE (V/Vo)= &F=otR L], H&E HYEAEO| retention timelt Hlw ot Z & 6L
AE 2 O3 2Lk . B-amylase (200,000 Da), alcohol dehydrogenase
(150,000 Da), bovine serum albumin (66,000 Da),ba@ic anhydrase (29,000 Da),
cytochromec (12,400 Da).

;
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DI, MDH &4 %I-lg éx-l Ql CIHHRlI X 2F

MDH2| &4 Anthony?| ZEHS HESIH =FoIAR LD (Anthony, 1982; 1986),
X

MDHJt methanoE 4tstAlZ [ Z2ct= MXHU 2|8t DCPIPR| & EE( €60 =

1.91 x 10 cmM™)E SHGI0 ZHGIQUCH SH =SFHUS 100 mM Tris-HCI (pH
9.0), 6.7 mM methanol, 1 mM KCN, 15 mM MggCI1.1

M PES, 0.04 mM DCPIR
HSECSE MNXGHUL s484d2 30C0HA BHESEH 3 m
cZdEZ4JIZ 600 nnlilA 12 SH2| S35 HalE

1

| DCPIPE & &AlIJ|l= protein?] 2=

Ht. SDSPAGEE S8t MDH &4 dEMXZ=Sl &0l
A HE MDH &4 = SDS-PAGEE 0O|&0t EMEZE = 0CI6tULH. SDS-PAGE=
12.5% polyacrylamide (Sigm&) 0.1% (w/v) SDIt ZEEE running geB AEotH &

lgds2 8ol &IIG=S0l L gel2 0.25% Coomassie brilliant blue R250

(CBR)O| HEStE HMIHHYAN DMAIZHCH (Webelt Osborn, 1969). SAHE gel2
30% (v/v) methanalt 10% (v/v) acetic acidt L &= SMZHY I & =50 F

A EMAIZI = AXGHH 226U

Ab. Native PAGE & &4 M
Native PAGE= SDSJ} E&CIX| &S 8% polyacrylamide gal SDS)t &t

22 bufferE AIE0l0{ SDS-PAGE & 1)t =26tH +=HEUCH. MDHE| 24 &AM

2 AZE non-denaturing PAGE &gt =, activity SE A2 DCPIP L

mMS| NBT (nitroblue tetrazoliumE& 21, 20| XtttE &AEHZ 30COH A 5
A

ANZl =, SF8+2 103 AN 226t

rU >
=
H
o

AL

O SHEC| =X

O o
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dME 42 S&EE(pl)& PhastSystem (Amersham Pharmacia Biotgch)| & ot

A Ct. Polyacrylamide slab géll O|0| plgt0l AN U= E IS EECHEHE L
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ol
f

J isoelectrofocusingt0d 2 &Gt ACE.

b N-ZE OOtk A 2E
MDH 110il &Xiot= 30 kDa2l SHEHAEOl OtOl=&t AMES Z&FolJ|?Iot06, MDH
Il fractionS 20t native-PAGEE =it £ MDHS &4&0| EXot=E band? HHEREA
£ EE0IUL EBEE 242U S 5228 W 12.5% SDS-PAGE ==&dotA 1, &J|
=0l 2Lt gel2 electrobloE& & AlISt! PVDF membrangll 22! &, CBRZ &Z 4Gt
o ACHRIE 0I5 OIS Z2tUWo MYHEn JIZ=wsXHA2HEHUH 2l 26HH
N-Z & Ottt MES ZEOIRULCH AtE8H Ot0l 4t 24J|= Hewlett Packardt

©| 241 Protein sequencgr At S5t L.

OF0

Xt. EST-FT ICR mass spectrometry

ZHE MDH I2 IIZ BN-PAGE (4% stacking gel, 5 ~ 16% gradient sepegatjel)
<85t = (Schagger and Von Jagow, 1991), 12% SDS-PEGE-2HoI0{ 2+2t
MDHE 2?45t U= subuniEzZ ZIotRAUCHL HIIFYS = gel2 CBR ¥ silver
staininge Soll 2f212| subuni€& & 218t = gels ZURULL EHetH gele S 2
2& T A9 acetonitrilee ISt dehydration A2 1), Thermo Savant SpeedVac
Plus (Savant, Holbrook, N& O|&0ot0 &MISAEHOIM HAZAIZLCH MXelE AlZ0
sequencing grade trypsin (1:20, w&) &EJtst & 37CUH M 16AI2tSQF BHSAIHA &
WA= peptide2 ZollolALCt Peptid&€E2 Cig RP nanoscale LC-ESI spray (Suveyor
nanoflow system, Thermo Electréd) ol A peptidel IAIIEZ L= F A=H
©Z 7-Tesla FT-ICR mass spectrometer (Thermo ElectBremen, Germanyg =&l ot

0 S43tACH (Choi et al, 2007, Liuet al, 2004). =& & Xt== MASCOT search
engine (Matrix Science, London, UE) O|E&0ot({ databasg& =X&otJACH OHA LK
MASCOT search engifé= MDHOI 2t21% databasgl Sl= AE 0|22 MP'Q gene
OZ2H deduced OL0I:-&F ME(MxaF, Mxal, Mxal) 825 0|Edl UHSHE
home-made sequence datat@sé®|EotH Z4&otULE FT-MS =& Al AIEE «a,B

el y subuni®l s== 221 QH7, 1.58, 2.95 pdI ALk



4. Genomic library =

Jt. Southern blot analysis

M. aminisulfidivoransMP'2 2 22|= chromosomal DNAESE HEIZ A5
MXE 2c2lol)| ?Iotd DNAE HMet=s
J

30

4 BamH, EcoR, Pstit Hindlll2 2&X73|
ZHolRACH I = 1% agarose gél &J|SS6tL) capillary transferdf @S 01 &6t
Hybond-N" membranéll alkaline bridg@& Sall 16AI2t S0t transfeAlZACH Hybrid2
H=o

2 =2 digoxygenin(Dig)-detecting kit (Roch® AISoIA2H, =2 fol mxaFl
conserved region 461 Bp probe2 Al AtEZ56HRULCH.

Lt. MxaFJGIR DIgt= &3 R&EX

10

=

(1) S Mg9 24

Genomic Southern bloE4 Z 1t /58t 5.4 kb Hindlll fragment= &AM ORF &

mxaF 1.3 kb?t 2f mxalJGIR #&X MAMS ORFE IE&otl URUCE Genomic

Southern blot24 Z 1t 3.6 kb Pst fragmenf2t mxaF2| Z 0 U= 05 kb2 E&
6

ot UUCH A=2ol 22 = 5.4 kb Hindlll fragmentet kb Pst fragmenf| &=

= 222 MNHotKW 7.6kb Pst ~ Hindlll2 ZJIXNEE HHAdE = UULH (Cho,

I w

I

(2) Total RNA2| =¢|
Total RNAS =22/5t7] 3t M. aminisulfidivorans MP'S 1% (v/v) HIEF=0|

ps|

St=l BIXI0IA < 20A12F S¢F Bi&fet = 5,400 x gOllAl 1022+ @& =clot:
SUAZCL 280l MtEE 2 952 0.1% DEPG XicleEl water2 AtSotR
C

b, &8E ZAE diethyl pyrocarbonate (DEPQ) XclE &&=+ 2 washing
Trizol (Invitrogen) 1 mE 20 & & AlI[L, & 3=

HAM & 322t =0tSRAUCE 200 pRl chloroforms €10 & 42 = 102 S
ol 2H2AI2! S 4C, 15,000 xglif 1522t @

chloroform S0| ZclT=01 2 400 pkl 43H=s ME2 [FTEZ S|, 4SAHI

o
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0.6 1|0l ol &Zot= isopropanoE 0 &=0A 1022 2L XIoHULCE RNAZE & NMA|
J1J] flof 15,000 xgOllA 1522t *&E2l ot), EHE pellet) 75% ethanol 1 ml
S

21 NFet = a2 HXoiRALE 280l A= RNAS DEPC water 50 @l =

® HJIIIJ
2
o
=2
=
00
ol
£Q

re
02

(3) RT-PCRE S¢&t mxaFJGl R & Xt & 24 T A
T2l H& RNAZZFH cDNAE &40otJ)| 6t RT premix (Bioneer, Kore&
+=SHSIALCH R St= fragmenf! 32| primer= total RNA% &M 7
12l = SAl 4T 30 20 primer2t RNAZ annealing
OtA Lt Annealing td =
= total volume&& 20 pl2 St PCR machine (Roch@)A 42CT=2 1AI2F SOt BtS

Sl SL0HD| 2ot 94TCOH A 58 =02 BtSAIZCE. MDH2

M= mxaFJGl culste2 €M U2B, 0 = mxaF 2F mxal=

AEAIS A premix2t annealing @ RNA-primers 5H&E

l

stotd AL mxaG= cytochromec,
0 MK = mxald =&EXS Jls2 d=tol AN UK &
.= &E80lAd= mxaFJGlcluster 22 H MDHOt gfdE [ Hst RS XES
2ot gdE=X Z0tED| flol Tt 201 & otRUL

Transcripfl 3' prime2 &4&E cDNAZ template2 AIESt0 & 6t= transcripf
upstreamlt Cl&E = S ORFAIOISl primer= CtSdt 20 ; mxaFJ 5'-aattctctgtttggg-

g=23t ot RH
o

gtggta-3' (forward), 5'-gttatgcctttatctacccagc4&vérse); mxaJG 5'-gtcagcctctgtaccactaaa-3'
(forward), 5'-aatcttgcacatcatggc- ctg-3' (reverse¥aGl 5'-ttcctgtcgctcaatctcaa-3' (forward),
5'-gaacaaacaagatgctgcgt-3' (reversexalR 5'-atgtcgtcgcaaaaataagg-3' (forward), 5'-cacac-
tttttccctcatttacag-3' (reversagd) PCRE & otQULCH A &0 AtE2E RNA= genomic
DNAS & R E =02lot)| fI5tK reverse transcritas€f 82 &Gt &2 total
RNAA IS E template2 PCR BtS= +=dot®UL PCR &=0] MALZRX Es =R
genomic DNAY| 2|8t 20| gl 2deg HHOI/ACH WEZ2EZM trancripte] &

&5t 30|18 =H6tJ| 60 genomic DNAS template2 PCRS =& GHRILL.
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5. &xMel M= & FAl

Jh gHMel Mz

MDH2| & A28 MDHE= M. aminisulfidivoransMP’

o1
i
>
Y
Ql
A
ﬁ
ol
oo
10
0
o

A =% 22|l dMotALD, Mxal SR 9] A2 preimxald pHCEIIB vecto& XI-! E.
COiERE Y&SE CUHMAEZS AZ0IU2MH, pre MxaRl HEMEE =0/ <5tH
electroelutior® +=&ot(d ¢t HEHAZ Z2|otACH &M HMZ0 AtE S rabbit2 EH
At X 53 JHME AMESoIALH 2cleE HHBEsS 22 AZ6HH 13 =
Al OFCH 150 pgd Z 43| rabbit?] LIoHO =&otACH 2t &2 =2 3+ 2tH

S0 AMldotdy, =& etk 102 =0l IIE &0t Western blot analysig
O

ot gl dd= =oAL (Cho, 2005).

Lt &KX

o EH

Mxal e EME <ot Mxal affinity resir@ X6t LCH Affinity resin2
M Z=3tJ| 15t NHS Sepharose (Amersham pharmacia) resin 24 il mM HCI 200
HIE 20 W01 200 x gUlAM 12 =S¢ A4 Z2c2Iot: resing 2/==otALCt. Ol
resicil 100 pl coupling solution (10 mM phosphate buffed B.0)2t 100 ul (80 pg)
Of == ZolE Mxal HHAES 21 pHE 752 ZEULH, 2AI2F 302 =0oF &=
A &&ES &80 =RUC
(ethanolamineE £ 2A12F SO &=20AM BFESAIZ2I = 200 x gilA 12 SO &
Al Z2I6tN resin2 3 %=5t1], 60 pul 25 mM Tris-HCI (pH 8.8} acetate buffer (pH
382 Bt=XH2oZF 3P MEOCIH 200 x glilAl 12 =2 4 =ZllotAth =clE
resing MxaJ-Sepharose affinity resth® AIE0IACH & X2 M= Mxal-Sepharose
affinity resintfl ENI0A =clst €& 20 plt 10 mM Tris-HCI buffer (pH 7.5) 180
HIE E0 &20lAM 4A12F % BHEo6IRALCH 10 mM Tris-HCI (pH 8.0)2SEM2
£ 281 ANEGtLD JAAZCIotH resitsS ZAAZHA 3l=otULH 2= resins
100 mM glycine (pH 2.5) 100 @ 201 &=20A 302 =¢t BtSAZ2l = 1
Tris-HCl (pH 8.0) 15 | 21500 x gUliAl 12 S0 AAZ2|s = ASoo
Fot0 Mxal & iMl2 AtEoSHRUCE.

BtS0l 24 resimil blocking solution 10 pl



Ct. Western blot anaysis

MDH2t MxaJ2| antibodyE O|Z03dt0{ Western blot analysg a5t Ct = QI5}H
dxotes HYE =SS SDS-PAGE =&t = gelE PVDF membranél semi-dry
transfer system (Southam Warwickshire CV33 OHP, ENRD) 0l 2/5t0d &M 22 100
Ve |XotHA 2A12F S0 transfebt UL Western bldil= TBS buffer (25 mM
Tris HCI, pH 8.0, 137 mM NaCE AISotd ], TBS buffefil 2t SHHYE SH0| %
H AMASES EOtot A0 ALZ0HACH SHEHAEO| transfel2 membran& blocking
solution (3% BSAt ZE&E TBS)H M 1AI2F =90t blockingst =, H&EE &HME 5
mI2| blocking solutioffl 1:10,000H|E2 3|A6t0d membranéll 10 1AI2F SOt Bt
=2 AZCH B'S & membran& washing solution (0.1% Tween @D L& & TBS)
£ 1524 39 MG 1D, Anti-rabbit Alkaline phosphatasé conjugation &l O U=
2Xt gl (Amersham Pharmacia Biotech, Swedg&n)5 ml2| blocking solutiorl
1:5,002 HIEZ 3|40ot0 1At SO &20A BE8t F, washing solutio®R £ 15
= 3H NEHOIACE MAEE membran&€ 5mIS] HE=E% (BCIP 250 mg/ml, NBT
50 mg/ml, 100 mM Tris-HCI, pH 9.0, 5 mM MggE E 1 ZMEtsES AEEC=Z

M protein?| 2B QtAS =AIGHALH.

6. MDHS} Mxal HHEHAE2to| A5 HE

Jb Mxa) iAol & 2 MDH2t2 Zgf

pASK-IBA6 vector?| strep tagg codingol= sequenceE Xlgt &4 Nheldt EcoRI2
2 XMIAGHL, annealing! 6x His tag linker (5-CTAGCCATCACCATCACCATCA-
CA-3', 5'-GGTAGTGGTAGTGGTAGTGTTTAA-3E & &0t 2 multicloning sitédf| =
signal peptid&€ JtXl D UK Z£ES mature FEH2 mxal RN AE & AGHAUCEH Ol A
& E vector= E. coli DH5a £ transformation &/ A 20, 2 pg/mR| tetracyclin€@
induce® AFE0t0] Mxal SHHE S ZLSAIZCH ZEE SHYMEAEZS Ni-NTA column2
Ct (Fig. 2-4). H&EZ0A &8, EXNE mature-

ATHED| 215t eppendorf tubdl &K= Mxal
binding buffer (40 mM Tris-HC1, 10 mM Mg¢gl

AtEotd &2 Al ==+ Zcdl

mms £Q

ot
MxaJ2t nativeSt MDH2| AS &=

10 pgdt native MDH 20 ug <

kJ



Lt. Co-immunopreci pitation

M. aminosulfidivornasMP™ M Z LHS| MDH2} Mxalll AISXEg AHEI| <56
o X=&ZI12 A £ 00 x gl A
3022t AA=eE ASUE AISZ2 AECIALE &=SE AlZ 300 pbi
HHEHE & 10 pl (10 AOF=1, 1IA2tSot BtE8t =, Protein A agarose
bead 45 & 1] 2AI12F S0oF BtS AZCH B2 = NETN buffer (20 mM Tris-HCI
(pH 8.0), 1 mM EDTA, 0.5% NP-4@ bead® M=ot D 0 UHZS =2 bufferz
33 = otRULCH MAEE beadil 1x SDS sample dg@ &Itot0d 95COHIA 522 22
ol % SDS-PAGEE =+&5t1l, silver staining'® & PVDF membranél transfer St0d

MDH &'Xl2 westhern blot2A&d S =35 Cl.

E—l
;é
o
ol
|_\
oo
o

Hel

£ 3|45l sonicatio XA

el
o

7
c

124
ug

Ct. Mxal &XE 0|28 MDH &4 KXol &=
Mxal)t MDHS| &40l Fefs ==X 20t2J] st A& HOl AEOZ Mxal
SIME A= Mxald &It MDH2I MxalJetel 282 Mo Z Mollgt=Xl of
22 20I5tCH M. aminosulfidivornasMP™ NI Z 2| cell free extraddl Mxal & & S
10, 20, 50 UE 22 EIIot], A 20 A 2AI2tS0F BISAIRCH HuWASES <6t
cell free extradill MxaJ &l CH&l SEC| BSAE FItotd sZotH BFEA

BIE20| 2t AIE= HtE MDHE 242 =ZotULhL

2

400
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(A)

Replace BX his-tag linker - [Insertion of mature form mxaJ gene|
into the site of sterp-tag l

Bl S — e P

Neot / Sacn

~Hurssll Ssu

LTI D

A

pASK-IBA
3001-3330 bp

(B) 1 2 3 4

Fig. 2-4. Construction of His-tagged pASK-IBA6 maumxad plasmid (A) and purification
of expressed mature Mxad protein frdg coli (B). Lane 1 : Cell free extract dE. coli

with the His-tagged mature MxaJ- &Xpression vect@in 2 : flow thorough by Ni-NTA
column; lane 3: Purified mature MxaJ protein fromNN'A column; lane 4: molecular size

marker.



H3Z 20 & NF

1. Methanol dehydrogenase? &2l & XAl

M. aminisulfidivoransMP' 2 £F POROS HQ 20 coluni& Ol235t04 MDHE A Al
ot= WEONM MDH &40l ZMdot= &&= NaCl =& JI=2J] 2 100 mMzt 150
mM Ol S JtXl EEHSl MDHE 22t =22I5tRACt (Fig. 2-5). Strain MP2 2 E
MDHE JdAMlote UdE & 220 MEDH gEoZ HMoiAdS 2R Mxal Hed
22 gdH E0{Hd MDH 112 Eti= g 22 = 2D, R =201 MDH | EEZ
ZHEUCH Scld 52 LHOZ NEZE I ot¥U=S I MDH S = MDH | :
el HIE2 9:12 MDH 112 HIE0| dUE2=Z A UES2H, Mxal HHE2
POROS-columnZ Mt & = western blot2& U HS Sof MDHS2 ZEIHS| fractiondll
ZMotD UASS =I5t CHdata not shown)sHAI B S8 sample€ lysozyme2 2
cell2 U4t 20 MDH2l S = MDH | : 112 HIEE 312 =cl& MEZIM
dHEO0 0 EE 22 MDH Il EEE 2= &= JU/ULH (Table 2-1). L+ HHA H
Ml Al buffer0l methanoE 22X %22 &< MDH IlJ} columeS SUotHA Mxal &
A0l M MDH 12 EHEHZ2 Zel&e= Z<It ZMUsHA=0, buffer LHOI 100
mMS| methanoE Z&AIZ4 HMS2ZM MDH 112 SEHE

=

0l methanol| 3 AZAS HO= MDHS ASZEH0l o 2ol

MDH 13t Il= gel filtration chromatogragg® Soil ==&t

S5
(=)
S T, BXVOI LAK Y= BESLUEZS 018010 2NTS SIS 2

1L 2=

Ol

MDH |2 150,000 Da, MDH & 185,000 D&% MDH 112 X0 2 35,000 Da
AT AN UEISCH (Fig. 2-6). 215222 22|l dME MDH 128 MDH 112 specific
activityS Hlwdl 2 Z MDH 12 activitydt 1.5 ~ 2l 8% 40|  KUA2H
(Table 2-1),0l= MDH 110l Z&%Y 0 U= proteildl Sl= MDH 12] 22 &40 &
OlXlE Heg ECHEC,
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(A)

1.0 NaCl (mh)

0.8 -

200

Absorbance unit (A,)

Fraction number

B i
(E) Fraction number

44 45 46 47 48 49 50 51 52 53 54 55

M.UHHHH.’ <MDH |

dbed = <WDHII

Fig. 2-5. Elution profile of MDHs by enzymatic ceflisruption method. (A) Elution was
made by using a linear gradient of NaCl from 0 200 mM through POROS HQ-20
anion exchange chromatography. (B) Native-PAGE rs#jom and activity staining of the

eluted fractions containing MDH.
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Table 2-1. Purification of MDH | and Il fronM. aminisulfidivoransMP" cells disrupted
by lysozyme and freezing method

Total T‘.’t"?" Sp‘?c.'f'c Purification Yield
protein (mg) aCt'\f'ty Activity fold (%)
u) (U/mg)
I Il I Il I Il Il I Il
Cell free extracts 205.8 109.6 0.53 1 100
Soluble fraction 143.1 97.6 0.66 1.2 89

POROS 20 HQ 21.4 5.6 64.5 364 301 65 56 122 £88 33.2

Sephacryl S300 4.6 1.3 193 102 421 7.8 7.9 147 176 93

* One unit is defined as the amount of enzyme thdalyzes the reduction of 1 mol

DCPIP per minute. Enzyme activities were obtainesl average values from

three
independent experiments.
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IIIII

T

Molecular weight (kDa)

1.4 1.6 1.8 2.0 2.2 2.4
Vv IV

Fig. 2-6. Molecular weight estimation of MDH | andl through a Sephacryl S300 gel
filtration column. Ve is the elution volumn and/, is the void volume determined with blue
dextran (Mw 2,000,000). The column was equilibratedh 25 mM Tris-HCI buffer, pH

7.0, containing 150 mM sodium chloride. The proteised for calibration (MW-GF-200,

Sigma) were horse heart cytochromegCyt ¢, 12,400 Da), carbonic anhydrase (CA, 29,000
Da), bovine serum albumin (BSA, 66,000 Da), yedsblal dehydrogenae (ADH, 150,000
Da), and p-amylase (200,000 Da)O represents the points of elution of methanol

dehydrogenase | and II. - 55 -



2. MDH 11} MDH |l ttEH&lo] EH EA
M. aminisulfidivoransMP' MIZLH & Z2° MDH A SOl X0|E H| 1wl

Jl ot MDH 13t MDH II H®E =S 24 ZAit SDS-PAGE &gt 21t

orr H

Fig. 2-72t ZCt. Native-PAGEE =&t =, 24 FMsH Z1t MDH 113t MDH I
wixo] 0|SEIt HES 2 4 UUD (Fig. 2-7A), SDS-PAGEZ 42Dt MDH Il
BIX 0= MDH Il SHME0| ZXoHA 2= 30 kDl SHHE0| ZMES ¢ 4

ACH (Fig. 2-7B).

40l =Mote S JHQl fraction? X0 S &AHEI| ol plE =HGIRULCH
MDH | fraction2 ple= < 5.40/% 1, MDH Il fraction2 5.80|UCH (Fig. 2-7C). MxaJd
CteR Mol 0|22l pl gt& 6.772 MDHOI HloH basicgt proteinld= & = U=d,
MxaJ CHBHZ 0] MDHO| binding @ 22M MDHS HHM QI pl g0l £
2 AMZECH Matsushit®l AFRZNHME Mxal SHEZ FHE = CHHEAEQ|
T U= MDH 12t £ CHE MDH 12 pl g0l 22 8.0t 6.7=2 Ct=2A LIEFSC
(Matsushitaet al, 1993).

MDH IIE SDS-PAGEE =#=335t0{ PVDF membran® 2 electrotransfezt CtS
B 2l ysubunig 22 Z CHeRA = 30 kD& y subuniE gel2%
elutionctOd N-terminal Ot0| =&t AIES =4oIJALH 24 &= 20042 OOl & M E
N-NTSALKVHAADDEMPYSNKI 2 24 %410, MP'S mxal S&EXE 00l 4k A

=2 X

Z MEot Hiwet 20 EXotR20, THE methylotroplE 2| MaxJ St E 2
&

Q

QU ol
n
o

I

¢ e ro

0z

Cl= HYEO Ot0l=dt AMED Hlw 248t Z10 Hyphomicrobium methylovorum
(N-DTSALRVCAAANEAPYSVMDESGYENKI) & Methylovorussp. SS1 N-SADNPLR-
ICAGEDELPYSN)YX| Ot0l=&tM 0 10002 Ot0l =40l L XIGHACE [TetA Ol
HE Soil MDH Il =cif 30 kDal| HHEHEQ| Mxal A Y N2 F=HoIAL
B MDH Il £ SDS-PAGEE #=&ot(d 22t «a, B dclld y subuniRZ =c|=
BH& = 30 kD& y subuni€ gel2=H elutiondttd MALDI-TOF/TOF mass
(Matrix-assisted laser desorption/ionisation-timfeflmht mass spectrometryl2 &= 6t
J, mxal RAEANZRH Ot0l=4 AE2 datE A0 Hlwst 204 74%°2] A 0|

ol gXgs ¢ = UYL [[}S%H\-I MDH [110il binding &0 JA= 30 kD&l T+
X o

oy

AL



(A) 1 2

B) wa M 1 2
116 »
B2 et e Jes— -—
L «MDH1 .
a5 »
m— < MDH IT <y
TE b —
184 » —
< B
Native-PAGE SDS-PAGE
C) pr ™ 1 2
10
8 - “MMDH 1T
tan “MDHI
44
pIPAGE

Fig. 2-7. Electrophoresis analysis of purified MOHand II. (A) Native-PAGE : Each of
MDH | or MDH 1l protein (10 pg) was applied. Gel svastained with activity staining
using nitroblue tetrazolium. (B) SDs3-PAGE : Each Bf ug proteins was applied. M,
molecular size marker; lain 1, MDH I; lane 2, MDH IGel was stained with Coomassie
brilliant blue R-250. (C) pPAGE of MDH | and MDH II.



(A) 4700 Reflector Spec #1 MC=>NF1.0[BP = 1420.7, 34282]

n i \LM ﬁlﬁ .

zzzzz

(B) 1 MKRNMKQAKS GRMLPSFLAL LLGSGLAFNA QANTSTLKVC AASDEMPYSN
51 KQQEGFENQL AKILADTMDR ELEFVWSDKA AIFLVTEKLL KNQCDVVMGV
101 DKGDPRVATS DPYYKSGYAF |YPADKGLDI KNWQSPALKD MSKFAIVPGS
151 PSEVMLREID KYEGNFNYTM SL1GFKSRRN QYVRYAPDLL VSEVVSGKAD
201 [AHIWAPEAA RYVKSASVPL KMVVSEEIAP TRDGEGVRQQ FEQSIAVRSD
251 DQELLKEINT ALHKADPKIK AVLKDEGIPL L

Fig. 2-8. MALDI-TOF/TOF MS spectrum of the peptidgenerated by trypsin digestion of
MxaJ proteins (A) and Mascot search results (B)I-MS/MS of the MxaJ protein showing
the peptides matched (bold), and 74% sequence agweof the MxaJ protein sequence in

the database.
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Methanet methandBtS OlUXIE & EHARSZ 0|E6t= Methylosinus trlchosporlum
OB3bZ £ H =22/ - ME&E MDHE=E MDH 12 2XE XU JAJAKXLH JI=0 &2
El plgtol 22+ 6.3, 6.58, 6.63, 6.88 MZ CI2AH LIEIGCH (Pakeret al, 1987). 0l
22 Ol0t& M. trichosporium OB3b =3 =ci MDH L8t MxaJ SHEHE 0| &
O AU, Mxal HHEO| ZEEH A= HIESO0 GELZ oA AZ2 TE pl
LIEtHLHE HO 2 AFZ2ECt Strain MP OIAS OFMIIXI2 MDHEZE HXcts
2t= MDHS 40| U= bandt & Jf Ol& LIEtSt=0 (Fig. 2-5B), 12
HAMEZ MDHOI Mxal SHEHE Ol binding2f @ZM MDHZ2| pl 2t01 EetXle
20F MxaJ SHEHZE 0| MDH2F binding 6t= HIZ0| HIIEOIX 22 He=2
|12 A5 0lM= M. extorquensAM1 2 Methylococcus capsulatuBath® 2Xt+&
A S(IEF, SDS-PAGEE Soll HIESHAM MES a2 HHMAS UHAMS
Z40tALCH M. extorquensAM12l ZF0lA= 2XE &IIESS Sol MxaF
CHRA 2 GFLE2l main spolt 7JHS] minor spoOI 2EEIACH (Laukel et al, 2004).

0l &M= MDHE Bsubuni€ =2 pl gt (pl 9.3}t AJIJt &I =0

geltOiiAd=E 2HEEX LEA2LE methandll A A& e 2L HES A 2 E &
SXt =el SHEHEOI MxaF, Mxal, MxaG, MxaD le|l1) MxaB)t Z&E Tt 216t
CH OH&EIJEXI 2 succinatéll Al &St #3== methanolll Al & et =0 HloH &
BHEIO] HEHAUS MUQLL MxaF HHEHE L Mxal SHEHE
TUHAME OtEIERIZ M. extorqguensAM1E J|& Dt A2810] MxaF & MxaJ SHeH &
Ol SAlN gE&lies HE 2E0HF= Z 0|0

Lot 0l2t "l=olAH M. capsulatusBath0ll A = IEF running gell Al MxaF=tER 20|
7H2 CHE spol 2 2ZEEIULCH (Bervenet al, 2003). 0| HF20H M= BIS Mxal &
BHEIQ 28 AZ2 SAA2LE M. extorquensAM11t SALSH ZUHE 2012 UCH

MDHE= methanoE &tetAIA MXIE ZMAII| D MXt= == cytochromec 2 &
=2%l=0, MDHZ%H cytochromec 22| MXMZE=2 0I2XHC SEXE0 =2
H MZECtD BL6HALCH (Afolabi et al, 2001; Beardmore-Gray and Anthony, 1984;
Dijkstra et al, 1988; 1989). MDK &4&=2 pH 90 M ammonia O0[20 2ol
activatiortz| Al & X2t Me|gtd pHZE2C!l pH 70 M= 0128 23S0l R “clHA
ZIHECrH oF X2t ferricytochromécLQé' pH 7THA AU+ EH0| IR =2 A=

c

2AM UL WetA MDHEZE cytochromec. AFOIOI pH70IA &ANMEES =0 =

£ oo
nio

]
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|0 MY
¥ oA

y

i
e
o
M Hu

i

I

y
S
i
Uz
n
£Q
&
o
un
|0
Q



= Uz HYWAHOIL factodt EME H0let E0& JURULCH HyphomicrobiumX 2 £
B ZMe MDH= &t ZMot0lA =CHE st factor (oxygen labile facto§ JHXIL)
A1 0Ol factor= MDHZRE cytochromec 222 MXNNME S22 SIAIHA F= A
oz P I5IACH (Dijkstra et al, 1988). ot X|2F CHSHA O] 2red Qf
O

& £ QUL Matsushita 2 WH A= MDHO Mxalt

0z 0
ro
10
[
e
H b

ot Ol= AEUAM &=
bindingel (i U= MZ22 EEHS MDHE 21056t 1, 0 CSHHAQl MDHS
cytochrome c AtOI 0 EEEES =0 = = U= proteil0l{, Mxal SHEREO|

MDHE Z?4dt= M B subuni 2Hez 2NGHAULCH (Matsushitaet al, 1993). 6t
Xt O ARMAME Mxad HEHEOl J|ls= &H=06l FAIGHA XRotACH Lt
Toyama A2 1SUH M= MxaD SHEHE O MDHZ 2

s4d2 HMAIGHIE GtARLCH (Toyamaet al, 2003).

KNSItK MDH L& M. methylotrophusW3A1, M. extorquensAM1, P. denitrificans
o529 crystal structurgt oI U0, 228 & JH2 large subunit fixaR 2t small
subunit mxa)2 = OIFHE .82 P2 0 UACtD LM UCH SHXISH
methanoE OIEotH X == U= =et OtMELH bacteriun®!  Acetobacter
methanolicugt methano& & JIEZ2 ot Xt 22 5 JiXl OE Sei2l MDH
(MDH I, It &M etCt) 200t LCH (Matsushitaet al, 1993). Type | MDHE a2 B
2l REE ZHAUAL, type I MDH=E mxal S XHA SAE 22z FHEH= 30
kDall HHE8HZ 0| binding & A= FHEHC! a.B.y E2 a2B82¥2 22 0IFHA
UCtD BNGHAUCH 0l=2 2N0HME MDH I SHHEBHEAE2 MDH | Al =& 0
BloH 10 ~ 44%2 1 ==Jt L&EGHH LIEILEX 2UCH 01X 2 Ol0t: 2 S22
OF&OIRIZ2 Mxad =8 S8ZE 0|l MDH2L bindingS <otH 6
SOMd L2 1O 20l 2EX 22 A2 AtZ2E 0l £8F Al methanolicus
multicarbon sourc& M glycerol2 0I&0ot0H Xtg B Mxal SHEO0] 2HS0 XIX|
&0 MDH 18t 2FS0 M1, MDH2 &4 HAl methanol & ot0ll Xtgh =2 F
B =cHE 20l glycerolfl A Atgt A2 CH 5081 & MDH & 40| =UtCH.

Olgx XIZNKN2 ARZBHNS0l mxal #EL =7l SHHAEZ FHE = HSA
25t A= U/U2U Mxal HHE S 2clg == QU/AE 0lS= Mxal A 2F

i r—1 <

Of =il 2aco 258 & AL MEDMAE = Mxal SHHEO| binding= (1
c o

= AN



O doz HHEC 2 AE0ME MDHS FHME = 228 S230/1Lt XS

= columns SIotH A MDH 112 SEfDF CHAl MDH 12 S EH2 elutiontl= 22
O ZULCH 0l¥E S MxaJ HHE 2 MDHSF 28t Z28S ot= A0l OtLlieh 2F6HA
ZEol] AN JIEQ HAIRWME Mxal HBHE S HEG6H)| HARS Aoz oo

ZEHNCZ =4 ZZlE MDH It MDH II SHHEQl AXE FA5H)| ot H
X SDS-PAGEE &8t & Coomassie brillant blue R250 (CBR-250) stainiogd =2l
=l subuni| intensity (Fluorchem 8900 program, Alpha Innoteti§A)E HI W22 M
& HOEAO subunit #A&HIE AHEGIRILCE CBR stainingZdt MDH |2 S JHS band
(a, B subunitpl 2t EA20, MDH 110lA= MDH 12t &2l 30 kD&l protein (y
subunitP] Z2EZH Ues A2 ZEEUCH (Fig. 2-9A, 2-9B).

MDH 10 LIEtE a2 B band® intensity= 2t2f 82.02%t 17.98& LB
MDH 12| & 2XEHCZ 2t subuni] 2XNEH 22 Lhe= mol%w BIEE a-subunifl
87.43, B -subunibt 125722 AEEUCH 2 band?! intensity?t subuni®l mol%dt =
MOICHE & MDH 12] a:B subunil HIE0| 1:112 2D JUSS & = Us
Z0ICH S8t MDH NOl LIEFE a,B 2l y bandl intensity= 252t 63.02,
13.18 112l 23.812 LIEIS L], 2F band2 mol%= o -subuni®l 62.67, B -subunibt
9.01, y-subuni= 28.32 MEZIRULCE 0 2tz 2 &S0 AIESt MDH Il =
B:y subuni€l HI=0| 1:.1:12 285N US ==

s ¢ UAULH (Table 2-2).
OtXIBH MDH 13t MDH I HHAS 7H=ca2 1LU=dis E2Z=4I| (7-Tesla
FT-ICR MS, (1™ St=J[Z stk A2 245 20 MDH I10IA =8+ OtL
ct MDH | OIME Mxal HEHEOl EMEtle Hs & = UULCH HdEZ U=

Ishihama S0| Mottt HEHEZ O0IZ5tH proteinr® abundance indé&€ HBluWot0 2t
subuni®l HIE2 &E0IRUCH (Ishihamaet al, 2005; Choiet al, 2007; Liu et al,
2004).
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Fig. 2-9. CBR staining on a SDS-PAGE gel of pudfi®DH | and MDH Il (A) and

comparison of each subunits intensity value usibS-$AGE data (B).

Table 2-2. Constitution ratio of MDH | and MDH llukunits by CBR staining

MDH | MDH 1l

Intensit .. Intensit
y Mw Mol% Intensity y

(%) (%)
a 69219 87.43 2496 8202 69219 62.67 1755  63.02

Mw Mol% Intensity

Y 0 0.00 0 0.00 31274 28.32 663 23.81
B 9953 12.57 547 17.98 9953 9.01 367 13.18

Total 79172 100 3043 4, . 100 110446 100 2785 100




MDH 12| MxaF EHSHZEIOl sequence coverage 49%, Mxad SHEHE O] sequence
coveragee 7%= AFELEIRU D, MDH 12| MxaF HHEHA O] sequence coverage 50%,
MxaJ SHSHZE O] sequence coverage 55%= A= EIUACH (Fig. 2-10, 2-11).0] Z2E
MDH | 2t MDH 112 ion scoregt2 samplé€ mol=& LI+ 2%, & SHEHE 9
a subunit 2| HIE2 0.8930t 0.958= HE RAlst =2 BRI, y subuni&
MDH 10f HIaH N0l binding 0 U= 20| 1.698H2 =H LIEIGCH (Fig. 2-12,
Table 2-5). 6tX|2t CBR stainingt ZU0 M= MDH 12| Mxal HHSHAE0| 2L X
Z2A=0dl, O0l= Ot0tE CBR staining? Z2=2 % (30 ~ 100 ng proteid} I =
ol 2oz A= ECh

Metd dE2&0t O £2 silver staining 822 %: 1 ~ 2 ng protew% = ol
MDH 12t MDH 110l &Mote Mxal SHEHE Ol intensity2 Bl WotACH (Fig. 2-12).
Silver staining Z 3t MDH 10{l =X{ol= Mxal SHEHZE O] 2& E/JA2LE B subuni
MG X ZLUACH SHKISH CBR stainingZ 1t a2 B subunit 2 1:12 =XHole A2
HIACOZ a2 y 22 intensity=2 Hl WSt MDH 10 binding &l U= MxaJ tHeH
o g2 ME0IULE F SHESl o subuni€l intensity?! Xt0l= 282 MDH 10|
2750, MDH Dt 24562 S=Atst s&=2 S£0[XEH MDH vy 2| intensity= 2
MDH 10| 660, MDH 11Dt 159222 MDH 1I1Jt 2f 241 % =H UEISCH (Table
2-3). ZE&HCZ NFdis EFEA M CBR, silver staining ol MDH 12 MDH I
O subunit} 2t subuniE2l 4 HIES =g = UYL, MDH 12 a2B2y¥ 2

A2 MDH IIE 0a2B2y¥22 PAZ 0/R0(H ASS < 4= UUCH (Table 2-4).

I

lO

4. MxaFJGIR cluster =4

7.6 kb Pst ~ Hindlll fragment?] Z2& & HJIMZE = NCBIS| Blast search®2Z ]
= AFEot Hlw 24 & 2 OUE JIE0 24 & methylotroph&l SJ| MES
b AYol X 2= URUACH (Fig. 2-14). 7.6 kR I|2| fragmentll= mxaFJGIRS
O ORPI 2% Z=MotR 204, NCBI Blast searchl (=X mxaF R& XA 2H0l HKR
(Histidine kinase Regulator), TCRPfTwo component regulatory protel) = AtSt ORF
Jt EMOIAUCH (Table 2-5). 24 Z 1t mxaFJGI ORF= M. extorquensAM11 A=A

O =A1D (mxaF 77%, mxaJ 45%, mxaG 51%, mxal 61%), mxaRS M. capsulatus
Bath?t &'=&0] =ULH (mxaR 65%, mxaS 30%).

L

in =
ol
L
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S AMATRIX ]

tscirneis Wlascot Search Results

O=ser : Cho Fun

Email : chokmn@kbsi.re.kr

Search title : Cho Sun ONT

MS data file ¥ E:\Choi\bmﬂ72.ml

Database : MDH 20070813 (4 segmences; 1192 residues)
Timestamp : 16 Ang 2007 at 02:25:39 GMT

Enzyme : Trypsin

Variable modifications : Carbamidomethyl (C),Oxidation {(M),Pyro-glo (N-term E),Pyro-glm (N-term Q)
Mass values : Monoiscotopic

Protein Mass : Unrestricted

Peptide Mass Tolerance : * 10 ppm
Fragment Mass Tolerance: % 0.8 Da

Max Missed Cleavages : 2
Instrument type : ESI-FTICR
Nombsr of cmeries : 3657

Select Summary Report

| Format As | Select Summary (protein hits] Help
Significance threshold p< |0.05 Max. mumber of hits |AUTO
Standard scoring ' MudPIT scoring = lons score cut-off |0 Show sub-sets []

Show pop-ups 2 Suppress pop-ups ) Sort unassigned Decressing Scors ~ | Require bold red []

1. Mass: £32% gueries matched:
ge subunit [a subu
To in 2 Rit in errar tolerant seavoh oY avohive veport
Observed Mr(expt) Mr(cala) Delta Miss Score  Expect Rank Feptide
423.7321 845.4497 845.44%4 0.0003 O az 3e-006 1 R.DLETGLAK.F
69. 4881 965.4879 0.0002 O 54 2.2e-007 1
)32.5110 1032.5087 0.oo22  © 28 8.6e-005 1
45.5125 1043 0.o0008 O 45 1.5e-006 1
63.5681 1063.5662 0.001% O 55 6.4e-008 1
78.4757 1078.4753 0.0004 O 52 2.9e-007 1
-c.0003 o 43 Te-007 1 EK.VDLETGLPIR.D
0.0023  © 43 §.5e-007 I RB.GLAYWPGDDK.A
o.0014 © 63 2.75-008 1 g.SNENWVMQGE.D 264 265 266 268
0.0010 © 55 3.5e-007 1 K.DFSGTHYSTAK.Q
1431.5864 0.0006 O 76 1.2e-003 1 [.SPYDDVSLGEYGM.- 7
6736 1463.6681 0.0055 @O 52 3e-007 ! R.GLGTSTWEDNAWE.T
7131 1498.7052 0.0035 O 78 8.4e-010 1 RK.AYNAITGEFAWER.
1459.7967 1499.7943 0.0024 O 100 4.6e-012 1
c.oo38  © 30 4 T
0.0048 © 104 L. 1  R.NTQMOGGVMVFSLDGE.S
0.0021 o 67 9.3 1 K.LPSGVIGHPMTYTHE.G
0.0042 © 101 4 1 B.AGDFFVGANVWTYEGEE. G
o.0003 I 54 = i I LAYWEGDDEAPAMIVE. 5
189 0.0086 O 104 1  R.GYVTAYDIHETGEMVWR.W
1312.0025 ©0.0013 1 80 4 i E.FRLPSGVIGHPMTYTHE.G 3
2010 . 1 81 3.9 1 R.WYATGPDADVGLDRDFNK.H 549
2032 . c. o L= 1  F.VENGDISVGQTETAAPFVAR.D &
687.0330 2058.0772 2058. 0. 2 40 4.9e-006 ! [.EVDLETGLPIRDPEYGTR.M
.050% 2230.0873 2230.0905 -0 [} 73 6.32-010 1 g.SLIDGEVVALNAETGEEYWE.V
784.0223 2349.0450 2345.0405 O. o 58 8.7e-008 1 [.TPHDEWDYAGVNVMMLSEQR.D
2 Score: T1 gueriss matched: 2

[Jcreck to inciude © in tolerant search or archive report
Query Observed Mr (expt) Mr{cala) Delta Miss Score Expect Rank Peptide
1204 .6223 1204 .6200 0.0023 o 50 5.5e-007 1 R.QQFEQSIAVR. S

603 .3184

1230.6288 1230.6278 o o 28 0.00G235 1 KE.MWWVSEETIAPTR.D

MAlascof: hitp ‘www matrixscience com

Fig. 2-10. 7-Tesla LTQ FT-ICR MS analysis of MDH plrotein. ldentification of protein
by LC/MS/MS and protein database searches. Sequeant@mation obtained from
Nanospray/LC/MS/MS of MDH | was taken and submittewl MASCOT search engine
(Matrix Science, London, UK) fo[ 6E)tr(?tein identifitan using the home-made database
containing MxaF, mxal, MxaJ from strain MPSequence coverage of MxaF protein was

49% and sequence coverage of MxaJ protein was 7%.



S AATRIX

tocmners WMascot Search Results

Ms data fils
Database
Timestamp

Mass valmss
Protein Mass

Peptide Mass Tolerance
Fragment Mass Tolerance:
Max Missed Cleavages
Instrument type

Number of gueries

Select Summary Report

Cho Ran
chokuntkbsi.re.kr

Cho Sun UNT
E:\Choi\MDH_3.xml

MDH 20070813 (4 seguences;
16 Amg 2007 at 02:09:48 GMT
Trypsin
Carbamidomethyl
Monoisotopic
Unrestricted

+ 10 ppm

+ 0.8 Da

2

ESI-FTICR

3930

(C) ,Oxidation

11952 residues)

(), Byro-gln

(N-term E) , Pyro-glno

(H-term D)

Help

| Select Summary (protein hits)

Significance threshold p< |0.05 Max. mumber of hits | AUTO

Standard scoring () MudPIT scoring @ Ions score cut-off | Show sub-sets []

Show pop-ups & Suppress pop-ups () Sort unassighed | Decreasing Score | Require bold red [

1. Eilgooool Mass: 63219 Score: 3662% Queries matched: 574
MDH large subunit [a subunit mxaF]
[ check co include ©
Query Observed Mr (cale) Delta Miss Score Expect Rank Peptide
517.2628 1032.5087 D.0024 o 34 2e-005 R.ETGDLVSANK.M
525.7636 1049.5117 o0.0010 o 45 1.6e-006 1 E.WTMTIWGR.D
532.7913 0.0018 o 59 &.5e-008 R.NGIIYTLDR.E
540.2455 1078.4753 0.0011 o 45 1.6e-0D06 1 F.MDDTANWVE.E 1
556.8188 1111.6237 —D.DOOS o 50 5.5e-007 i K.VDLETGLPIR.D
561.2675 1120.5189 0.0015 o 51 3.7e-007 I R.GLAYWPGDDK.A Z
596.7745 1191.5342 0.0002 o as 6&-007 1 K.SNENWVMQUGK.D
507.2781 1213 .5411 0.0005 o 53 4.6e-007 1 K.DFSGTHYSTAK.Q 3
520.8673 1239.7186 D.D014 2 57 1e-008 1 K.RVDLETGLEIR.D
716.8033 1431.5864 0.0057 o 37 .Te-013 1 K.SPYDDVSLOEYOM.— 7T
732.8442 1463.6681 0.0057 o 54 .2e-007 K. GLOTSTWEDNAWE .
750.3632 1498.7082 0.0027 o 20 =.
750.9052 21409.7843 D.D0L1E o 104 .
754.3582 1506.6990 0.0028 o 1] .
§15.4289% 1636.83585 0.0037 o 55 K. LPSGVIGHPMTYTHE.
820.8945 1635. 7637 0.0048 o 106 K.NTOMGCCUMUFS LDOR. S
515.9671 1837.9151 0.D046 o 108 R.AGQFFVGANVWTYPGPE. G 32
924.4708 1 56 1 R.GLAYWEGDDEATAMIVE.S 2
949.4510 o 102 1 R.GYVTAYDIHTGEMVWE.W 36
638.3421 191i2.0029 0.0016 2 a1 1 K.FRLPSGVIGHPMTYTHR.G &
) -8s80 1935.9796 0.D0Z20 1 29 i R.VDLETGLPIRDEEYGTR.M 257
006.4747 2010.9323 0.0028 1 8z 3. I R.WYATGPDADVGLDRDFNK.H 524 525 526 52
1017.0150 2032.0112 o0.0041 o 101 3. 1 K.VENGDISVGOTETAAPFVAK.D 27383
1030.0454 2058.0745 D.D01E 2 28 8. 1 K.RVDLETGLPIRDPEYGTR.M 62
1116.0513 2230.0905 —0.D013 o 87 5. 1 R, SLLDGHVVALNAETCEEYWE.V
1175.5336 2345.0405 0.0121 o 71 2.92-000 1 R
875.1111 2622 . 3005 0.0109 o 71  4.3e-0039 1  R.FEVWOOTTATECGGLVFYGTLDGFIR.A
2. [FESE-ELTE} Mass: 31274 Score: 4568 Queries matched: 24
MDH binding protein
[Jcneck te include this hit in error telerant search or archive report

Observed  Mr(sxpt) Mr(calc) Delta Miss Score Expect Rank Peptide
463.25932 224 .5038 924 .5029% 0.0010 o 29 5.%e-005 ;S W.EINTALHK.A
40 472 .2539 942 .4932 942.4923 0.000% o 24 0.00018 1 K.NWQSPALK.D
72 496.2952 990.5758  ©990.5749 ©0.DDO8 O 59 5.8e-008 F.AATFLVTER.L 65 6
522.2565 .4984 0.0013 o 44 2.2e-006 R.VATSDPYYK.S T
576.7825 .5505 0.0007 © 37 5.4e-006 1 R.ELEFVWSDK.A 227 2252
584.3540 L6935 1166.6510 0.0024 1 48 8.6e-007 1 R.AVLRDEGIPLL.-
603 .3133 6220 1204.6200 O.0D20 o 63 ©6.3e-0D03 1 R.QOFEQSIAVR.S 261 272
16.3037 .5525 1230.5520 0.0008 O 50 5.1e-007 1 K.SGYAFIYPADR.G 33
616.3217 .6288 1230.6278 0.0010 O 65 6.42-005 1 R.MVVSEEIAPTR.D 353 540 542 355
.5241 1290.6204 ©0.0037 O 52 1 K.QDECFENQLAR.I 4
.7282 1415.725% D0.0D23 O so 1 m.
.7881 1475.7871 D.0010 O a7 1 B
. T334 7.7911 ©.0023 o 53 ®.
.83862 17828286 0.0075 o a7 1 .
3355 1135.0481 2268 .0816 2268.0772 0.0045 1 24 B
Alascot Www matrixscience . com’

Fig. 2-11. 7-Tesla LTQ FT-ICR MS analysis of MDH frotein. ldentification of protein
by LC/MS/MS and protein database searches.

Nanospray/LC/MS/MS of MDH Il was taken and subndttéo MASCOT search engine

Sequdant@mation obtained from
(Matrix Science, London, UK) for- psotein identifitan using the home-made database
containing MxaF, mxal, MxaJ from strain MPSequence coverage of MxaF protein was

50% and sequence coverage of Mxad protein was 55%.
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Fig. 2-12. SDS-PAGE analysis of purified MDH | amMdDH 1l stained by silver staining
(A) and comparison of each subunits intensity valiseng SDS-PAGE data (B).

Table 2-3. Constitution ratio of MDH | and MDH lluBunits by silver staining

MDH |

MDH I

Intensity

Mw Mol% Intensity (%)

Intensity

Mol% Intensity (%)

Total

69219 62.67 2750 80.65
31274  28.32 660 19.35
9953 9.01 0 0.00

110446 100  34i0°° ~ 100

69219 62.67 2456 60.67

31274  28.32 1592 39.33

9.01 0 0.00

110446 100 4048 100
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MDH-binding protein, MxaJ of MDH-I

Sequence Coverage :

MKRNMKQAKS
AASDEMPYSN
ATFLVTEKLL
IYPADKGLDI
KYEGNENYTM
TAHTWAPEAA
FEQSIAVRSD

GRMLPSFLAL
KQQEGFENQL
KNQCDVVMGY
KNWQSPALKD
SLIGFKSRRN
RYVKSASVPL
DQELLKEINT

1%

LLGSGLAFNA QANTSTLKVC
AKILADTMDR ELEFVWSDEKA
DKGDPRVATS DPYYKSGYAF
MSKFAIVPGS PSEVMLREID
QYVRYAPDLL VSEVVSGKAD
KMVVSEEIAP TRDGEGVRQQ
ALHKADPKIK AVLKDEGIPL

MDH-binding protein, MxaJ of MDH-IT

Sequence Coverage :

MKRNMKQAKS
AASDEMPYSN
ATFLVTEKLL
IYPADKGLDI
KYEGNFNYTM

GRMLPSFLAL
KQOEGFENQL
KNQCDVVMGY
ENWQSPALKD
SLIGFKSERN

IAHTWAPEAA RYVKSASVPL

55%

LLGSGLAFNA QANTSTLKVC
AKILADTMDR ELEFVWSDKA
DEGDPRVATS DPYYKSGYAF
MSEFAIVPGS PSEVMLREID
QYVRYAPDLL VSEVVSGKAD
KMVVSEEIAP TRDGEGVRQQ

FEQSTAVRSD DOQELLKEINT ATHRADPKIK AVLKDEGIPL L

Fig. 2-13. Typical LTQ-FT MS/MS spectrum of pardntan (m/z 1782.83) from MxaJd of
M. aminisulfidivorans MP' (A). Mascot search results of MxaJ were shown aidb(B).

Sequence coverages of MDH | and MDH Il complex weé#, 55%, respectively.

Table 2-4. Constitution ratio of MDH | and MDH llulunits determined by LTQ FT-ICR
MS data

0. Ssubunit Yy subunit
lon Score
total Scored. mole ratio total Score/ mole ratio
MDH | 24787 4051 0.893 71 711 1
MDH I 36628 4346 0.958 4568 1207 1.698
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Fig. 2-14. Schematic diagram of the isolated gecoBINA fragments. Empty boxed arrows

show possible ORFs which are highly homologous e known proteins listed in NCBI

Genebank Database.

Table 2-5. Identification ofmxa genes from M. aminisulfidivorans MP' based on the
comparison with functionally characterized homologs

ORE Represegzz\:)a homolog Id?o;:)t)ity Organisim N;:(ilessro'ltqecif
orfl Putative response regulator 43MethylococcuscapsulatusBath YP_113279
mxaF MDH large subunit ioxB 77 MethylobacteriumextorquensAM1  P16027
mxaJ  Unknown protein fioxJ 45 MethylobacteriumextorquensAM1  P16028
mxaG Cytochromec. (moxQ 51 MethylobacteriumextorquensAM1  P14774
mxal MDH small subunit hoxl) 61 MethylobacteriumextorquensAM1  P14775
mxaR  Unknown protein 65 MethylococcuscapsulatusBath YP_113981
mxaS Unknown protein 30 MethylococcuscapsulatusBath YP_113982
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5. Mxal2t native MDHE2| in vitro binding assay

Jt. Native MDH 13t Mxal S84 & Q| direct binding assay
MxaJ SHERE 2 periplasmic spaddl =Hot) U2 Z cell2| inner membrang =
gt = U= signal peptideE JHAILD RUCH et Mxald HEHEES E. coli?
periplasmic spa(fﬁkl HSHAIIII] R0 Mxad SHEHE Q| signal peptide sequende E &
SIX &ZAH PCRZ =S ZZot¥ 1, E. coliel OmpA signaE Jt&l pASK-IBA6
vectolil SZ& PCR & &FRIGL0T LB AIZICH MDHE wild type MP 22 XK

rﬁ
=
0

= type | S EHE OISot¥ D Mxal HHME = HE WA 288 = Ni-NTA column2
2 HHotH AtEotALt M = Mxal HHRE 2 gel filtration chromatograptg <ol
|

ZAE0| 2 35 kDS QIGHALH (Fig 2-15). &QlE Mxal SHHHEE native MDH
12t &M binding buffefll 201 BtESAIZI =, Native PAGBIA =telst A1t
MDH-MxaJ complex bandt M&A&Es & == JU/ULH (Fig. 2-16A). L&+ native-PAGE
O0/|Eot0d MDHE &4 gGMst 20 QA ME& bandilAl MDH 40| LIEHE
2 = A/ULD, MDH Xl estern blotZ 1t £&t MDH2t MxaJ CHEH A
Ol AEA2CZ binding & = USS = UJULH (Fig. 2-16B, 2-16C).0l= native
MDH?2t E. coli DH5a 0l 28 ZHE MxalDt M2 Z8tot= A2 2/0Istt. 6t
K8 molar ratilE &0l SIHAIIIALE HdAAHAE MZ0| @4E = band
SItEI Rl &2 %ACH Ol= MDH 12 O Mxal SHHEOl A ZETNH U=
Ol1], 9 ZE0A E0M U 212 HRNH =0T CHAl Z&0otHAl
o=z EHECH

Mo HJIHJ
i
o
00
ol

e
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Lt. Co-immunoprecipitation

Protein agarose & O|&0tH MZLH2 Mxale Mxal X0l 2o EEAIZILD
et =, 0| ¥NM=S SDS-PAGEE +=&ot(] silver stainingt)l Z5F= MDH &
ME AtE6t0 western blot analysg =& 0ot%iCt. Western blot analysi$ 4 MDH 2!
a subunithl S ol= bandt LIEFSCH (Fig. 2-17A). 12l SDS-PAGBRIME S
s X0l bandt ZEEACH (Fig. 2-17B). Ol= M. aminisulfidivorans MP™ Al & 2|
in vivoAt2| Mxalet MDHJ} ﬂ’égg?é%‘orﬂ s B0WHF= ZH0IH, in vitro

binding assa@t column binding assay® t2t 2 XIot= 2 0| Ch.
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Fig. 2-15. Molecular weight determination of esgsed mature Mxad protein on a
Sephacryl S200 gel filtration columi/ is the elution volumn and/, is the void volume
determined with blue dextran (Mw 2,000,000). Thduom was equilibrated with 25 mM
Tris-HCI Dbuffer, pH 7.0, containing 150 mM sodiumhlaride. The protein used for
calibration (MW-GF-200, Sigma) were horse heartoclkitome ¢ (Cyt c, 12,400 Da),
carbonic anhydrase (CA, 29,000 Da), bovine serufourain (BSA, 66,000 Da), yeast
alcohol dehydrogenae (ADH, 150,000 Da), agdamylase (200,000 Da)D represents the

point of elution of mature MxaJ prof8ln.
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Fig. 2-16. Column binding assay with MDH and expess MxaJ protein inE. coli
MDH-MxaJ complex | and Il considered w3;y and a232y2, respectively. Lane 1: soluble
fraction of strain MP, lane 2 : purified MxaJ protein by NI-NTA columigne 3: MDH |
and MxaJ complexes. (A) Native-PAGE analysis of MRIHd MxaJ protein complex. Gel
was stained with CBR250. (B) Gel was stained witttivdly staining using nitroblue

tetrazolium. (C) Western blot analysis of MDH | arMdxaJ complexes with anti-MDH

polyclonal antibody.
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(A)

Fig. 2-17. Co-immunoprecipitation analysis of Mxadbtein with MDH I. (A) Western blot
analysis of immunoprecipitant with anti-MDH polyola antibody (pull down with
anti-MxaJ antibody). (B) SDS-PAGE analysis of imroprecipitatants with CBR staining.
M; molecular size marker, 1; strain MRell free extract, 2; purified MxaJ protein fro

coli, 3; E. coli cell free extract, 4; Co-immunoprocipitant.
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6. Methanol oxidation genell transcript & &
MethanoDll M Ategt 2 XHZFH =clst & RNAZE templatee AtE0tH RT-PCRE

+aist 2 mxaFJ (843), mxalG (699), mxaGl (780), mxalR (837)2 RT-PCR Z2 =22
IS0 WM, 2UECR MP'S MDHS X SAIHmxaFJG)= oHLESl mRNAS
DIECH=E 212 2 & ATt (Fig. 2-18B). MP2 mxa K& Xt= methylotroph = S &
SIMOZ MolstNoz JHE EHE2 HAFI MU= M. extorquensAM1  (Lidstrom,

1991; Zhang and Lidstrom, 2003}l. methylovorum GM2 (Tanaka et al, 1997
mxaFJGIR R &8 X2t SAFE0l =QUCH XIZ2DHK methanol &3t &0l 210 St= gene
2 502 ST HHUSZ 0IR0HM UL ZA 25JHK] OlAS RAX=S=E AT
UCHD AN JU2M, MP2l mxaFJGlI & A A0 MAIRE SIS

| = st & £ UJUCH AM12| methanol &gt DX
= = 13 =& (mxaFJGIRSACKLDERE otLE2] mRNAZ MALE = A
2 AUACH (Amaratungaet al, 1997; Zhang and Lidstrom, 2003)| 2t &2 &
t= strain MPS CI2 methylotorptet OFEIIIXIZ2 P2ESFXC mxaFJGl gene
clustei= StLt2| transcripg Bt=1), &4 U= MDHE S &SHI| oAM= cell LA
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2ot 2XAEES JHALD YLD MDHZRH MIUE &0l s I JUJUT
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(A) a1 kb

M ethylobacterium extorquens AM 1

Paracoccus denitrificans NCIB 8944

Hyphomicrobium methylovorum GM 2

M ethylophaga aminisulfidivorans M P

(B)

mxaFJ mxaJG mxaGl mxalR

kb M 1 2 3 4 5 6 7 8 M

Fig. 2-18. Gene organization of thmxa cluser of M. aminisulfidivoranssp. strain MP.

(A) Comparisons with homologous genes from other thgiethrophic bacteria. The
directions of transcription are indicated by arreatls. Numbers underneath the arrows
indicate the similarity index (MegAlign software, NAStarinc., USA) between the amino
acid sequences deduced framxa and corresponding homologous genes in strain’ MR
other methylothrophs, respectively. (B) RT-PCR fbee intergenic regions ofnxa genes.
Lane 1, 3, 5 and 7 indicates positive controls gissthromosomal DNA as the template.

Lane 2, 4, 6 and 8 used cDNA as the template.
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Fig. 2-19. Comparison of reduced absorption speatfa wild type and recombinant

cytochromec. (Kim et al, 2005).

—&— Wile type cytochrome
-0 Recombinant cytochrome

0.16 1

0.15 -

0.14 1

Absorbance (420nm)

0.12 o

0.11 T T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20

Time (min)
Fig. 2-20. Reduction of potassium ferricyanide withDH and wild or recombinant type
cytochrome ¢, (Kim et al, 2005). Reduction rates were measured by theedser of
absorbance at 420 nm at room temperature. The assgms differed from each other as
follows: 3 uM KszFe(CN}, 13.4_- mM MeOH, 25 uM wild type or recombinant

cytochromec,.. Reactions were started by the addition of MDH (20/).
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Fig. 2-21. Relationship between methanol concdotraand relative activity of MDH (A)
and Western blot analysis of MDH and MxaJ protexpression profile depending on the

growth phase (B). After 42 hr, MDH activity drantaily decreased as Mxad protein
expression decreased.
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012t S8t L facultative methylotrotrop®l M. extorquensAM1 #F2| &<
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Hioh = & 20g =0t OtLi2t growth phasgle= =822 oo LEECe
AE BOZACH 018 BES strain MPUMNE SAGHH UEHGoD, 22
fructose2l trimethylamin€ J|&2 2 MESIAS HUHEZ MDH=E & I UCH

MDHE= methanobll Al &S 1 Jt&E B0l Z230] DAL, trimethylaminé&t
fructosdil A= ZES A2 ZEAHSJUA2LE MDH (o subuniteE 8t& 23S & SDS-PAGE
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Fig. 2-22. Expression of MDH and MxaJ protein ire tieells grown on different carbon

source. (A) SDS-PAGE analysis of cell free extradB) Activity staining of MDH. (C)

Western blot analysis. Symbol :

fructose.

I\_/I,79m_arker; MeOH, tmeol; TMA, trimethylamine; Fru,



LSt methanoB J|& 2 AIEZ0tH Xidt= acetic bacteriufdl Acetobacter methanolicus
ol ZX glycerol2 0IZ3dt0{ Xiet 2Lt methanolll Al Atet #==2] MDH activity

=
— T
oz 2IEULY, =0l methanolil Al Xtet #F= Mxal &
=

Jf 508 8% =2 A
A2 FHEH= A 2olH e s 2422 LIESCH (Matsushitaet al, 1992).

ZIIH 22 Paracoccus denitrificans?] 2 MDH2l SIH2l subunit (xaF mxal)zt

cytochromecss; (mxa@ot L= € XletE mxal SE A DA E mutantes & &0

&5 8l= MDHE ZH=(0h 2106HRUCH 0 ZUA Mxal HEHE Q] A2 X
O| periplasm=2t UWOIA &4 A= MDHE 4ot=0 20{E 24012t Mot

Ct (Van Spanninget al, 1991).

It Mxal &XE 0|8 MDH &4 Mol &&

MxaJJt binding &l U= MDH 2&0H F&ES ==X LO0tEI] 2ctH Mxal &
HE A0=0{ MDH2 Mxaletel Zefs JAMHCIF MNollot= &S =oAL
M. aminosulfidovornasviP'2| cell free extradil MxaJ & &2l %S 22t 10, 20, 50 pg
AOEIECZ SIHAIA Fototld &420AH 2A12ts0F BHEAIZCH HIWASES
ot cell free extraddl MxaJ & Xl CHal =22 BSAZE &Kot
Ct. BtE0l 2 Al2= MDH 4= =&E06tH Mxald & HMJt MDH &0 HH
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Ct MxaJ &ME E0HE MM 22 8%, 12%, 20% MDH2 240l =0 E
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(A)

(B)

RTIRTEE

Fig. 2-23. Effect of sonication on MDH activity. t&f native electrophoresis gel was
CBR staining (A) and activity staining (B). MDH Mas sonicated by Branson sonifier

microtip (Power 9, duty cycle 50%). Lain 1: confrd&in 2: sonication 20 times; lain
3: sonication 40 times.
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Z HF0MeE HLLZRH =2cIet & HESAstAZ ! M. aminisulfidivorans
MPT 22H S JiXl type (MDH I, 1)@ Methanol dehydrogenase HMGtD 1 4
= X AMGIRCH Sel@F=2 5 H genomic DNAE =422l ot 2FE genomic library
£ HIE2=Z OHE= &ttt 2EE 2XR A8 XPI mxaF (methanol dehydrogenase,
MDH, large subunit), mxaJ (MDH binding protein, unknown function),mxaG
(cytochromec., MDH electron accepter)mxal (MDH small subunit) =& X222 & X
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2 il
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S EEEAI|IZ2 248 20 2128 MDHOI OHgF Mxal S E ol B E I 20
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MDH 1€ &===2| & UAJUCH. otXICH MDH 12| &Ei= MDH &4 &Z& ot%

A
Olotz 1 20l O &= activity staining Z 2t=20t Stolgt =
SIX Z4UCH O 22 20t MDHL JAFRHE2 JIE0 ek
Bay2 H2Z AMEEMH, ZelEAH UE S0 =cld SH0 2ol Mxal HHE=2
HH BN Ut a8, E2 a2B2¥ & UEU=E H2Z AZECH EHE MDH
12t MDH 112l 24 A a, B, y subunit2 25 SLotAH UEIS2UL O
2HHIOF UM pl 2 A2 552 5.82 MxaJ HEHAC binding 22 & &0
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2&0 [HE methanol At et 2ted = HHEHA S (MxaF, Mxal, MxaG, Mxalpl &2
A Y MDH E4HHSIE TAIGHUCEH 1 Z3F MxaF, G, | SHSHE 2 MECHH 0 &bt
0] HHEHAOS] HAHAO| LHOIH FAE BHH Mxal HHES AR ZI|K=EH
JIRH =I| N=8EII0 K= HeEol 20| dEHOHH SANEU2LE, E M|
0 OlI2= A& =, JI&02! methanod| ZE &= AMEUMA Mxal 2 gades Xt
SHEAU2H, 8 MDHS &4 L8t EXt ZHESQUCE 0 2= Mxal HEHE O

=0

MDHOl bindingdttd & 40| A= MDHE F&35t1) MDHS &4 2 oSS
== A2Z AIZE 012 SZotJ| flof M= MDH IIE 202!, 403| sonication
IHA MDH Il 22H QRHCZ Mxal thHES YLel Za 22+ 31, 35%Hl
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oz 20[MH, CAIZoH MDHOl MxaJd SHEH A O
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O e s 9g= & &0t otLict, MDHS XAl 481 tE3 82 S AIot=0
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HI3Z Methylophaga aminisulfidivorans MP'S| trimethylamine

dehydrogenaseE 0| &8t trimethylamine biosensor JH &

H1Z A0l 2Rd

]

|2 0t2! (trimethylamine, TMAER O &0 &=X{ot=

-SAMOIEZFH Dld=2 HS0 2o dd5=s =
=
TT

ol
==

et =Z0IC ANZE ditols SHUA &dots HEHAME &
JdEllh TMAE HEdid S22 AIES Zgs 277 s82 25 A0 RAH
ol O

20| UZS £ OtLIct DNA, RNAZL proteing &8t macromoleculd| HAS &
ZOoZ M SSUHEHEZAC JI&2 =clistlt (Guestet al, 1997). 1282 &ZES
Z2H TMASE SUHE2=Z HMAHGHHOF St A2 methylotrophic bacte&= 0|4 XI&
© 2 methylamine, dimethylamifg@ Ol = U= =0t OtLI2t TMAZ 0IEE = UCL

TMAE Zdll & %= Us &A= trimethylamine monooxygengse Soll trimethylamineN-oxide

r

2 MEtE = trimethylamineN-oxide demethylagdi 2|0l formaldehyd&t dimethylaminé 2
Hdettl= JIHE2 Sol EoHEHXIALE (Colby and Zatman, 1973; 1975), trimethylamine
dehydrogenase (TMADH, EC 1.5.99i)2lolf A& A2 formaldehyd&t dimethylaminé =
o= & JHKC2l 28 JHX|L] UCE TMADH= iron-sulfur flavoprotei®| 04 (Lim et
al., 1982; 1986; Barbeet al, 1992), TMA2| oxidative N-demethylatioftS= =0 &
©2M TMAE dimethylaminelt formaldehydee =0listCt. O 4= Colby2t Zatman
O 2o =IZ=Z Methylophilus methylotrophusW:A; 22 E  nicotinamide-dependent
TMADHOI E0NE/ACH, EAE0| 83,000 DRI & Mo =SSt subuniE& EEGHLD
= homodimeb|Ct. 2! subunithl= otLtS| [4Fe-4S] cluste?t oFLES|l FMN prosthetic
groupS E 8ot U= A2 BOEUCH (Kasprzaket al, 1983; Boydet al, 1992).
19624 ClarkO| & At3l& A (glucose oxidase, Go® &St 942 MASH M39 &
ol 220t EE2= MdFYELZ SHE Ol HIOIREA=E E2otH HP2EAHN
SLCH O1D1A HiolHdl A et M2 2 i
A

g FdE0 EAotdA ofe =22 8RNz ZXE = U MAet J|+E N&e
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S0 =2 = ULt (Palmisanoet al, 2002).

Olgfst EYHAS PXTE AHEH FMIIHO MsHas & £+ s 8=
(electrode®! Ol glucoséE AtSHAID|l= &4°2 GOXxE 11 & Ak(polymerHl 10 & 36+
Ad30 S=EAIZI SEiDF 2 =20ICH oFXIEH glucoset glucose oxidad#l 2ol 4&tst
T gdote @22 dAsS AE &30 82 dEohile 249 24358
(active centedyt HclJt US ZI| 20 Oledst 8K MZEtS(electron transfer

reactions ZO0I0tH & &3/ 0O MI(redox mediatogt 222 U0 O0F SHLH.

= MU 22 =22 AAR2Z gdel Aot 01

= = g Sl 222 84 =
2l(active centefPE &30 MAE HLE22ZM glucose! =& o2& 2l OtA D
288 22 &) = [, 0|2 CldH

U0l Egot) Us HIsetHel AH=220 Z2 MehEd &P (redox
potential& =) UOCIOF ©tCh L8 M=0ILE &2 2HE 0 Fers 22X &) 8H0]

o
=)
alll
2
z
(=)
ro
[w

QUMZ AN &IIHCI SE(electric respons€) . NSt X = H
Z Mi(ferrocene)t HIZMO| RTHM 22 Z=3te=, polyanilinedt polypyrrole 22
dEA Z2|0, tetrathiafulvalengt N-methyl-phenaziniumtetracyano quinodimetha&ie2
ded & S0l iPHMZ A2EA=0, =20 ESH2Z 85 =52 iron, ruthenium,
osmiumstef2=0 A& H X 12 ULt (Eskelinenet al, 2003; Haddox and Finklea, 2004;
Palmisanoet al, 2002).0|E1§+ =252 A dEIOE g | Xotd A2, 6H1
= 2 ZMetCh ©8t Il 2l H(pyridine)st OI0ICHS
(imidazole) 2|0l A= A2t HHRIE &ot], 53l 2,2-bipyridine complexe8| X E 2t
= ClZ2tEQ HHRIZ2 S0 K= RISt =S 2 IS H 2 OHE e Ateh2t3 A= 0
A d(reversibilityle == L2 Z=C0h el pyridine ring
O 4H X0 MXE D= XI2tD|(electron-withdrawing substituentd) ™8 XtE == X| &t
Jl(electron-donating substitueng8)H ol Bi It e I XI2l & <l (potentiallz =& 0] It
SOtCH CHEE QI 0l 2 rutheniundil 0424 X
MO0l E42 20t A2t L HEUCH OsmiumESH 0 & pyridine complexeE
of ®est o xss ol 2ot (Tsujimuraet al, 2002; Yanget al,

2002; Zanget al, 2000).

alll

H MIIEe=2 £2 It

| 80| (substituentsg 2= pyridine2 B2 Al A



Ol OHOHME Sl EYHANE HP2E I SAIE = & SHLS ARIF A=2<100 Of
WX et 2401 glucose oxidasel J&ESELHOICH DESH =2 EYUANAE NS22
N EZAIGH] Pl E JHE SRAl De Jl=2 SN 22 S2HES0l A5 2O
ol el nEsteHE2 XISMA polymeldl] 2EsteE2S 20 MIIBL2 &
(electrodepositiojt= 28 (Gregg and Heller, 1991) XiJ| L& SE Xt (Self
Assembled Monolayer ; SAM, Faucheex al, 200450 0| 0l2% 1 UCH &I
HOZ S&ol= LEH2 M2 Atsh2tR W0l BHESote S8 dRIE XF10 2F
=S Jioli==0 &30 SHAI= 2EHOILL, XAI| £ SHENHUZ2 DHEHU
AgEeZ 4= ]I HEANUS 0l8ctes YHLZ 2 = 20 d8 28
= 2= Mercapto ((SH)AEJ|IE =2EHUH SSZ0 2/st A FH0l O
ZMol oIt & 2 Meld d30IU E= 2 d322 2% =20 otEESIIU
2=SAXZINE A= H22ZEL2H(mercaptoalkan&g 22 =210 HZZE AOI<
SHRZE=S g4A2110 2% Z0§ OI2IEZI|L JIE2SHHEIIE SSR/ASE2
G =0UA= X OtIEEIILE 2= HEIIE EDC N-(3-dimethyl-aminopropyl)

-N'-ethylcarbodiimide hydrochloride)/NHSN¢hydroxysuccinimide) M 2lE Soif O0t0t0l &

Z & (amide couplingg AlZl= ZEOICH 0 HEHE = ZH AWM HE2E2H2

I8 HENS 220 &2 &M /U, S| SIS 2Hdd2=2 2ol =0l A
EXH, dIsstd UMM E HEd0l =8 & W20 S0 UL

(Tsujimura et al, 2002; Markset al, 2007).
= HH0lA= TMAE EEECZ Z40t)| fIotH dIlgtstad HEHS2| oLt

=S HFEHS AEotL &J|stet=

A
ol =gt StEAEE2 IH & XHE (potentiometry), & J| &F
2 (coulometry), & = & (amperometry), & &-& S & (voltammetryP 2 Lt= = UL 01S
M- MFTEH=2 MdAdS B ADIBEN MFE HHotl &2-M8F L (voltammogramE
Mo MoldRZ SHZ2ES F4otl, O Mo MFIUez FHE £ QUChH
Cyclic voltammetry= 0|48t M-MFJEHO| (HEEQ HZM &3t SRSl MI|st
SINQOl Hs2 AHED, O|2FH AS-2JABS2l HotLIESE nYdt=dl JI258

o=z JtE 0l AEEH= &MI|sterEel J|=0IC (Marks et al, 2007). Cyclic
voltammetryl Al = Fig. 3-1A2% 22 A2 OE ol M2 working electrodéll 20 &
Ch =, AlZHOI @2t g2 2350018 A o0 2 MRS Ao a4

otH &I Ol= voltammogran® = LIEHE == QUL+ (Fig. 3-1B). Fig. 3-1EE &I
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SESW MH29 =TI BES SN £ s FYRE SSCh 01218 Cyclic
voltammetry= 318202 FMI|5E= QI A58 HES AHP=0 =2 01220,
02 Soll 2 Br=29 kineticll 28t HEE 22 £ QUL 0l 8222 ARG
= 22 FZ Pt, C, Au, 22 HgE0| AFZEC
2 HRMME BE 2% 29 S2HQO E2NELS MIFEECR DLIHY
& & Q= HIOIQMAIME NSl A1 M. aminisulfidivoransMP'2 £E TMADH S
=2 Qe Al A2l O IH A

- ZHotAUCH EXHE TMADHE 0|20t TMAE 2 =
2N 8% 202! osmiuntll HEDIJF Z&E 4,4-disubstituted 2
BHRIAIZA OS2l &tehetd MRAE SEHGIH &MI|Ze EA= ZAGHRCH Xl =
g HEXY f0M TMADHZE TMASZHS BtE =

complex 2 ferrosen gtet== MANEHZUIHMZ AtES BIOIQUMAE JHE ot DAt

ot ALt
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Fig. 3-1. Potential wave form for cyclic voltamnyeffA) and a typical cyclic voltammogram
showing reduction and oxidation current peaks (Barks et al 2007).
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H2Z T & &Y

Jt. Soluble fraction HIZ=
TMADH?2| =2| ¥ JHME <Ist L= HE2 4CHM =HIACH XI=
210 S0 2= 10,000 xgZ 1022t A& =ZlotAL sl 2 20 gil 60
ml2 25 mM Tris-HCI buffer (pH 8.0, standard buffet) 18| A& & JAA=
Ct. Standard buff@& 20! M&E& Al2! =, DNas&€ 24 &Jtotld =
£ Iafst =, |A22l6t0 (15,000 x g, 302) A SHZS cell free extracE ArE05t
&

ALH 0l &s9= CHAl 100,000 x gOllAl 90=2F =& EClot &2

0lo
=
HI
;é
S~

soluble fractio® 2 2tZ=oI L.

Lt. Anion exchange column (POROS 20 HQ) chromatography

Soluble fraction 5 mE 25 mM Tris-HCI (pH 7.0 0|2l B&3AI2I POROS 20
HQ columil 1 mi/min? &2 ZSAIZCH Columil Z&&E A2 1Mo
NaCIlol =X U= Tris- HCI buffer2 =& FHHE 20 ESAIA2H, 2 =2
miA ~Z5t0 4= SHEOIULL 24 2= SHAH 240 U= 28 20t =

S ZMEH2A ANESZ2 AHZ0HUL

Ct. Hydrophobic (HiPrep 16/10 Phenyl) chromatography

2Xt HME 2220 (NH):SQ2 =%Jt 1.5 M & H &EIIotdd, 1.5 M (NH).SQy
2 0l2l EE3tAI21 Phenyl hydrophobic colunth =&6t1] 1 mi/mine &2 E& Al

ZACh Columml Z&&E SHEES 25 mM Tris-HCI buffer (pH8.08 EZ AIZiLH.

ct. Gd filtration (Sephacryl S-200) chromatography
- 95 -
240| A= ZE= 220+ 500 pE ==AlI2I = Sephacryl S-200 gel filtration

-/

columnil 0.15 M NaCE ZE&gt Tris-HCI buffer (pH8.08t & 0.8 ml/min &=



ESANULL 2E=E2 S0A 240l A= 282 20t SDS-PAGEE 0|0t 2 &
HE ZHEE =0ClotUCt. TMADHS =2XEH2

chromatographg O0|&6t0{ =&TotU 20 0.15 M NaCE E&st 25 mM Tris-HCI
buffer (pH 8.0 OlE0ot3 0.8 mlimin2 E=0oIRULE 842 2AE=2 HE HHHEC
retention timelt HlWoltd ZHoIRULCH AtEet HE HE =2 OUsS &0 Ff-amylase
(200,000), alcohol dehydrogenase (150,000), bowseeum albumin (66,000), carbonic
anhydrase (29,000), cytochrome c¢ (12,400).

Sephacryl S-200 gel filtration

2. Trimethylamine dehydrogenasel S4 XAl

=

o
fol
-
o
0x
I

TMADH &4&& Colby 2t Zatman (19733 ZHE S 242t HEolH SHotAULCH gt
SA=SENY 3 mllfl= 10 mM Tris-HCI (pH 8.0), 0.04 mM DCPIP, 1.1 mM plegme
methosulfate (PMS), 1.0 mM KCN, 5 pM sodium hydtbse) 10 pM sodium
bicarbonaté| SHULH, JI&EZ2= TMAZ 155 uM HIIot D, TMADH soluble
fractione 10 ul EACH BrS2 30CHAM TMADHE E2 &AF AI&GIRLD

[ —

2,6-dichlorophenol-indophenol (DCPIR) 1= =022 &% BIStE 600 nnilMd =&

OH
el
0z
0x
mn
~
c 0
A b
=
mn
2 rr o

) N=2E of dlelotH &tsh/eRtEssS
HFRE HEGHH Eole =4AAAHOILH 84 K= 0420 839 HEH
AAELESE SO0IotH ot foted EIIELOHIHMZ osmium complex (PVI-Os

=
MediatolE OI25t0 2CH H25610 WXy TSRS H2s & AL (Fig. 3-2).



v

CH,);N+H,O
(CH,), 2 Catalytical current

2 =
(CH,),NH + CH,O +2H*

Fig. 3-2. Schematic diagram of TMA biosensor useigctrochemical method.
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X Eol= st A SH AHEHZ2 Varian Mercury plus Spectrometer (200
MHz)E AIE6t0d CDChLES S0HZ AMEoIJ2lH &= HEHO SHols 28 SEM

[IQ_
Ay
o

(Scanning Electron Microscopy, S-4300, Hita&hi)AtE0tUCH MI|gtst A&
ML MZE (Cyclic VoltametryP| =& & Al2HM [ X (Chronopotentiometry)S & 2

Electrochemical Workstation model 660B(CH InstrutserlJSAE AtZ ot Lt

Lt. Mediator XIZE=
Osmium complexe St=Cistw 26t HAAM0MN SHE =S ALE6H
ALt Potassium hexachloroosmate((DW)ethylene glycalt ethanoE Z0HZ ALE0HH
pyridine ringdl ==0 Zd0IEYEE0 & D= BS=S 01E8d 4,4-di
-dipyridyl2 21, [Os(4,4-dimethyl-2,2"-bipyridingll;]*"*'S & A5tCH MAS 2t
HAE2 sodium hydrosulfite EMAIH E2LE S 5= UIACH
= [Os(4,4"-dimethyl-2,2"-bipyridinefl,]***2t 1-(3-aminopropyl)-imidazolg =<
st HlEz €1 SlZ2= ethylene glycall ethanoE AtE5tH [Os(4,4'-dimethyl-2,2'-
bipyridinek(ap-im)CI[*'S & AGIUCH (Fig. 3-3). A ZMAH 2SS 2 JZOIEDHIIE
Olgot EHME & = UJULL P =0lg =SHYNFHS SotH [Os(4,4-
dimethyl-2,2"-bipyridine)Cl;]*"* Ot Ag/AgCl JIZ&= (0 Volt)ol Tatel &<l 2ol
-0.123 WM LI2= 21 0 BH?IStef=0l polyvinylinidazoled| otLt O BH<IE [
HA0F 2 200 mV It Sllole 22 0/S0ol0] 0.118 WA &< g0l Les
£ 81 Poly(vinylimidazole- [Os(4,4 -dimethyl-2,2"-bipyiite), Cl]?h) 2| &4 S &0l

Sy

o

= UAJLCH (Fig. 3-4). O I scan rat& 100 mV/sec Ol ALt Ferrocenestg 22
ferrocenglt imidazoleE =2 Hlg=Z €1 Z0HZ= ethylene glycalt ethanoE AIE
ot0d ferrocene-ap-imidazolee & &otRULt (Fig. 3-5A). =8t dFHES Sot0 =Z&t
Z 1t ferrocene-ap-imidazofé Ag/AgCl J|=&=(0 Volt)dil CHotH &9 gt= 0.3V0ll

A HSIZH0l MARE 242 BOISIACH (Fig. 3-5B).
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—N N ethylene glycol
—_—
+ 160C

HsC

ORY *
PVI ?‘: lIIl'll:lQ:I W\rﬂ/\}l\*
(Poly Vinyl Imidazole) &? &?
(NN

+ —
Eihylene glycol /EtOH
feflex |

Os{dme-bpy),Cl,

Fig. 3-3. Synthesis of Poly(vinyIimidazole—[Os(4d4r'nethyI—2,2'—bipyridine2)CI]+’2+).
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Fig. 3-4. Structure of poly(vinylimidazole-[Os

(4-dimethyl-2,2"-bipyridine) CI] ") (A) and

cyclic voltammograms of poly(vinyIimidazole—[Os(er,dimethyl—Z,2'—bipyridine)CI]+’2*) (B).
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Fig. 3-5. Synthesis of ferrocene-ap-imidazole (Ap ayclic voltammograms of ferrocene-ap-

imidazole (B).
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Ch. HI|SIStAEE P8t dectrode@ XI&

(1) A3l 22l &AL 839 M
=(screen printed carbon electrodes; SEEs)EHAIS 4| D|

model BS-860AP (Bando Co., Kor&) 0|&6t0 CIMGHACH. AA= Electrodag

423SS (Acheson, USA AtE3t0 OHP film0Ol CIMBIRUCEH oM &= AXXH2
0COIA 3022t HAXoIALE O IR0 S AIRE = &Y 8322 AtEot

9

AULCH (Fig. 3-6A). J| =& =(reference electrod® == Ag/AgCl electrod&€ AtE3dt

4, &0H&Z(counter electrod& 2= 3z &= ALSoHRLH (Fig. 3-6B).

(2) Carbon electrodg 0|E8 TMA & &
Carbon electrodd StZ 0= 10 mg/ml &2 TMADH2F mediatoP! osmium
compleXe S&0ot0 & AT JIEZN TMAE ST E2Z HIGIHHM &tshEH
=2=

BSUHAN Zdots S0HE

(3) Cyclic voltammetry= &
Cyclic voltametry= Electrochemical Workstation (model 660B, CH Instants, USA)

ol degXez MYgs SIHAZ = A58 Y22 =0 = UK

0l

E éo VN =)
Of MY-MF 2, BtSO| JIEH L A ABIS O] AUSEX S0 ot =&

4) HANM=20 = L Xe MI|S2 (electrodeposition)

A& RAX A2 LTS AStMILE SRANMFE A2S ZEGHH Jtol=AH &
o 25 ANE EHAXSRU deposition AIZ == UCH ATl Zelg Iz &=
(screen printed carbon electrodes; SPEK)l KAuCls (1 mM in 1M HSQ) SHZ 40
pul oot L, JIEM I A= SHUH A2l T AAN/AVE Sol 3

20l depositionh|ZiCE. OIMHS B2 XHS 141 x 10 A2 SN

>
i
m
-
r

=

10

%

>

[

I©

=

HU

>

I

) - 102 - _
Jtolf =01 EFA&=210 Au(lll) It &S

JU qu e
i
w
o
i
O
L

S0l E=EUCH (Fig. 3-6, 3-7).



(A) |

(B)

Fig. 3-6. Carbon electrode (A) and cyclic voltamnoal analysis (B).
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Current

KAuCl, 2 mM
p o ! | :W Chronopotentiometry
e — 1.41X10% A, 300 sec

045 L L R L L L L i PR T
0484+ - Cathodic Current (4) 1.41e-005 S
: ) Anodic Current (&) 0 Eataal '
0514 . . . . . High E Limit {4 1 Hel ——
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Jt. TMADHS A HI

TMADHE & AHlist Z2it= Table 3-11} ZCt. Cell free extracBlAEE Ul SHHE
HXle S & 12018 EMIALD, =B =22 2%UCH (Table 3-1). M

-

_I
TMADH 2| %=|Z specific activity= 2.29 unit/mg proteinOIA2MH, 1 unit= Y 1
mol DCPIFEZ 2 AI2|=0 228 &42° 22z HGHRULH dHME TMADHE=E %
S LIEHUHALEH 250 228 =2CHEGHRULE. Gel filtration chromatographyst &

= Nd EHNE s4= SDS-PAGE &6t TMADHS| EXl H#EE =0QIotRULt.

[HJII

Lt. TMADH £4& XAl

=d 20X 2f 50%° gd= UHEIUWA2U, 70C0H A= 102 2 X0

s 242 &RULH (Fig. 3-8B). 0O|X 2 TMADHIt 20 2lZst 248 & =+

UULH =42 240 &= O0IXl=s pHE 22 &elot ea224d=S HluwotLh
.0~ 10

pH= phosphate buffét Tris-HCI buffer= 0/ &36t0 pH
OtA2M pH 7.0 ~ 8BIA= A9 Hl=x& 4= EJA2U pH NAN= &40l
25| 2AGICH (Fig. 3-8C).

sTE CH2oHA 8P011 5%%'%@ S42 BtE AZZ [ DCPIRR S&
T BISIE T E Michaelis-MentenBtE4AI2 2 256101 Hanes ploP 2 LIEHWICH TMA

H i8St Vmai= 7.934 nmol/min/mg proteird| 2 Kn2 1.5 g molO| i CH.



Table 3-1 . Purification of TMADH fronM. aminisulfidivoransviP’

Total protein Total activity Specific activity Purification Yield

(mg) ()} (U/mg protein) Fold (%) (%)
Cell free extract 67.02 12.53 0.19 1 100
Soluble fraction 42.16 10.04 0.24 1.27 80
POROS HQ 4.62 5.05 1.19 6.36 44
Phenyl hydrophobic 0.61 1.32 2.18 11.66 11
Sephacryl S200 0.11 0.25 2.29 12.27 2

"One activity unit is defined as the amount of eneythmat catalyzes the reduction of 1 mol DCPIP
per minute. Enzyme activities were obtained as ameervalues from three independent

experiments.
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screen printed carbon electrodes (C and D).
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depending on TMA concentration. 1 @alibration graph TVA biosensor using osmium
complex (B).



(A)

61 — Ttma2s0 uM
—— TMA 125 uM
-5 1 TMA 62.5 pM
—— TMA 31.2 uM
44 — TMA156 M
< —— TMA 7.8uM
S 34 — TMA  OuM
c
o 27
=
O .11
O -
1 -
2 T T T
0.0 0.2 0.4 0.6 0.8
Potential (Volts Vs. Ag/AgCl)
(B)
-5.0
4s)  y=-0.0125x-15164

R?=0.9972

Current (pA)

-l.O T T T T T T
0 20 40 60 80 100 120 140

Trimethylamine Conc. (uM)

Fig. 3-11. Cyclic voltammograms of ferrocene-apdaziole in the presence of TMADH and
TMA (A). Changes of catalytic oxidgtion current ¢es depending on TMA concentration.

Calibration graph of TMA biosensor using ferrocesmmplex (B).



-4 4
—— pH8
— pH7
pH 6
-3 A
<
=
+— -2 1
c
o
=
O -1-
04—
l T T T
0.0 0.2 0.4 0.6 0.8

Potential (Volts vs. Ag/AgCl)

Fig. 3-12. Effect of pH on TMA biosensor using @men-ap-imidazole. Experiments were

performed in 100 mM phophate buffer (pH 6 to 8).nGentration of TMADH and TMA
were 5 mg/ml and 62.5 puM, respectively.

- 114 -



H4E 2 E

HOIRQANZ HMAH=E2S =g M dUE =28tot= HIHME  redox
complexe€ 8% 2= 402! osmiuntil XI&J|E Bi1gtAI2] pyridine ligande 2+t

20 Bl ZEAIA 4BHRIE ot U= osmium complexes & &OHULCH &&=
ligand?t i Stef=e =SMLMIYS 0|0t RAE 0I5, &IIE E4
2 I AMOIICH G210 LX0eIES ES6tD Ues 1-(3-aminopropyl)-imidazoE osmium
compleXl Bl AlZ4 BBHRIE ot U= LI Or2IE Z&st MEZ2 osmium compleE
gfdoty, O etef=S2 MIIE E42 S MYdTHE Sof &l & = UULH &
A8t osmium compleg &=%0 2&E36HI| o H&Est SPERN = LI=2 Xt (Au
nanoparticleE AlZt &2(Xt HE 0188t &I|E &2 2 SEMS Sofl &=<I0

S&E = =2 XHAu nanoparticlell 3012t X0 CHoll &l & = U/ULCH 2 L
gz DEE M20 SAMEEHE Sot0 osmium complexes DAF A2 = UA/UD,
Zct)l= osmium complexed 20| LA =E HE =SNYATZIYHES Soll =2I15HH
HSEd2 2 &= URUCHL XA Y ORI
== S0t TMAS TMADH2tS| BIESE = dUNFHE Sol SMHEF
(e} PN

0I5t L], TMASl &0l et o FHERIE Balgs sk

JIZES HiOI2dA0IA AFZE redox complexes =2 FIIES0H0IA MIHQ £
]

AE TAGHOF St BUAM SES S Yo 22 202 JtAS=E, 01
HAPRUHA &AS osmium complexeas =8480|cte &S %

- 115 -



H5E HJ=8

Barber, M.J., Neame, P.J., Lim, L.W., White, S.davatthews, F.S. (1992) Correlation of
x-ray deduced and experimental amino acid sequenads trimethylamine
dehydrogenasel. Biol. Chem.267(10), 6611-6619.

Barton, S.C., Kim, H.H., Binyamin, G., Zhang, Y.nda Heller, A. (2001) The "wired"
laccase cathode: high current density electroremlucof G, to water at +0.7 V
(NHE) at pH 5.J. Am. Chem. Sod?23, 5802-5803.

Boyd, G., Mathews, F.S., Packman, L.C., and Sanuttt.S. (1992) Trimethylamine
dehygrogenase of bacterium 3. Molecular cloning, sequence determination and
overexpression of the genBEBS Letts.308, 271-276

Bradford, M.M. (1976) A rapid sensitive method fdhe quantitation of microgram
guantities of protein utilizing the principle of giein-dye binding.Anal. Biochem 72,
248-254.

Chaubey, A. and Malhotra, B.D. (2002) Mediated éisors.Biosensors and Bioelectronics

17, 441-456.

Clark, L.C. Jr. and Lyons, C. (1962) Electrode esy& for continuous monitoring in
cardiovascular SurgeryAnn. NY. Acad. Scil02, 2945.
Colby, J. and Zatman, L.J. (1973) Trimethylaminetahelism in obligate and facultative

methylotrophs.Biochem. J 132, 101-112.

Colby, J. and Zatman, L.J. (1974) Purification ammoperties of the trimethylamine
dehydrogenase of bacterium 4BBiochem. J 143, 555-567.

Colby, J.,and Zatman, L.J. (1975) Enzymological eatsp of the pathways for
trimethylamine oxidation and ;Cassimilation in obligate methylotrophs and restdc
facultative methylotrophsBiochem. J 148:513-520.

Cooper, J. and Cass T. (2004) Biasensors-secortibredOXFORD university press. New
York



Eskelinen, E., Haukka, M., Kinnunen, T.J. J. andkkBaen, T. A. (2003) The effect of
bipyridine modifications on the electrochemical anelectronic properties of
Ru(ll)-bipyridine carbonylsJ. Electroanal. Chem556, 103-108.

Faucheux, N., Schweiss, R., Lutzow, K., Werner, &d Groth, T. (2004) Self-assembled
monolayers with different terminating groups as mslodubstrates for cell adhesion
studies. Biomaterials. 25, 2721-2730.

Gregg B.A. and Heller, A. (1991) Redox polymerm#&l containing enzymes. 1. A
redox-conducting epoxy cement: synthesis, chaiaatewn, and electrocatalytic
oxidation of hydroquinoneJ. Phys. Chem95(15), 59765975.

Guest, I. and Varma, D.R. (1997) Teratogenic andronaolecular synthesis inhibitory effects of
trimethylamine on mouse embryos in cultude.Toxicol. Environ. Healtl86, 27-41.

Haddox, R.M. and Finklea, H.O. (2004) Proton-codplelectron transfer of an osmium
aguo complex on a self-assembled monolayer on Gald.Phys. Chem. B108,
1694-1700.

Kasprzak, A.A., Papas, E.J., and Steenkamp, D983{l Identity of the subunits and the
stoicheiometry of prosthetic groups in trimethylasidehydrogenase and dimethylamine
dehydrogenaseBiochem. J 211, 535-541.

Lim, L.W. Mathew, F.S., and Steenkamp, D.J. (1982jystallographic study of the
iron-sulfur flavoprotein trimethylamine dehydrogeeafrom the bacterium ;. J.
Mol. Biol. 162, 869-876.

Lim, L.W., Shamala, N., Mathew, F.S., Steenkamp,.DHamlin, R., and Xuong, N.H.
(1986) Three-dimensional structure of the iron+ulfflavoprotein trimethylamine
dehydrogenase at 2.4 resolution.J. Biol. Chem 261, 15140-15146.

Marks, R.S., Cullen, D.C., Karuve, I, Lowe, C.Rnd Weetall H.H (2007) Handbook of
BIOSENSORS AND BIOCHIPS: Part four-Transducer tedbgies for biosensors and
bioarray technologies. John Wlllclay & Sons Ltd, We&stssex. England. pp.343-345.

Mewies M., Basran, J., Packman, L.C., Hille, R.d &@crutton, N.S. (1997) Involvement of

a flavin iminoquinone methide in the formation ofhdroxyflavin mononucleotide in



trimethylamine dehydrogenase: A rationale for theistence of & -methyl and
C6-linked covalent flavoproteindBiochem. 36, 7162-7168.

Nakabayashi, Y., Omayu, A., Yagi, S., Nakamura, &d Motonaka, J. (2001) Evaluation
of osmium(ll) complexes as electron transfer medgtaccessible for amperometric
glucose sensorsAnal. Sci.17, 945-950.

Palmisano, F., Zambonin, P.G., Centonze, D., andntQu M. (2002) A disposable,
reagentless, third-generation glucose biosensoedbamn overoxidized poly(pyrrole)/

tetrathiafulvalene-tetracyanoquinodimethane Contpoginal. Chem.74, 5913-5918.

Steenkamp, D.J., Kenney, W.C., and Singer, T.P.9784) A novel type of covalently
bound coenzyme in trimethylamine dehydrogendseBiol. Chem.253, 2812-2817
Steenkamp, D.J., Mcintire, W.S., and Kenney, W(C978b) Structure of the covalently
bound coenzyme of trimethylamine dehydrogenaseddfwie for a 6-substituted flavin.

J. Biol. Chem 253, 2818-2828.

Tsujimura, S., Kano, K., and lkeda, T. (2002) Hlecdbhemical oxidation of NADH
catalyzed by diaphorase Conjugated with Poly-1diimgazole Complexed with
Os(2,2'-dipyridylamine)lCl. Chem. Lett.31, 1022-1023.

Yang, H., Chung, T.D., Kim, Y.T., Choi, C.A., Ju@.H., and Kim, H.C. (2002) Glucose
sensor using a microfabricated electrode and elgolymerized bilayer films.

Biosensors and Bioelectronicks, 251-259.

Zhang, C., Haruyama, T., Kobatake, E. and Aizawa, NK§ROOO) Evaluation of
substituted-1,10-phenanthroline complexes of osmasnmediator for glucose oxidase
of Aspergillus Niger Anal. Chim. Acta408, 225-232.

- 118 -



CURRICULUM VITAE

- 119 -



CURRICULUM VITAE

Hee Gon Kim

Home Address

#104-1209 Juklimmaeuljugong Apt., 234, Dongnim-dong
Buk-gu, Gwangju 500-908, Korea
C.P: 82-10-4615-2492

Mailing Address

Environmental Microbiology Lab.

Department of Environmental Engineering

Chosun University

375 Seosuk-dong, Dong-gu, Gwangju 501-759, Korea
Tel: 82-62-230-6649 Fax: 82-62-225-6040

e-mail: micro6649@hotmail.com

Education

Ph.D. 2002-2008 Department of biometerials, Chosmversity, Korea

M.S. 2000-2002 Department of Environmental Scier€eosun University, Korea
- 120 -
B.S. 1994-2000 Department of Environmental Scieri@eosun University, Korea



Dissertation Titles

* |solation and characterization of an obligate methaxidizing bacterium,
M.S. thesis
Advisor : Prof. Si Wouk Kim, Ph.D.

* Relationship between methanol dehydrogenase and] Npxatein of a novel
methanol oxidizing bacterium,Methylophaga aminisulfidivoransMP' and
development of trimethylamine biosensor
Advisor : Prof. Si Wouk Kim, Ph.D.

Magjor Research Interests

* Marine microbe

* C, compound (methane and methanol) utilizer
Methanol production

* Protein purification and characterization
Protein-protein interaction

Honors and Awards

2006 Poster prize, "Isolation, characterization golaylogenetic position of a
novel marine methylotrophic bacteriunMethylophaga aminosulfidovorans
sp. nov." 2006 International Meeting of the Micailbgical of Korea,
Korean Society of Microbiology, EXCO, Daegu, 3-4 Wa

1998 Scholarship, Department of Environmental SmerChosun University

- 121 -



Publications

1. Lee, S.G., Goo, J.HKim, H.G., Oh, J.l., Kim, Y.M., and Kim S.W. (2004)
Optimization of methanol biosynthesis from methansing Methylosinus
trichosporium OB3b, Biotechnol. Letts.26, 947-950.

2. Kim, H.G.,, Phan, T.N., Jang, T.S., Koh, M.J., and Kim S.W2006)
Characterization ofMethylophagasp. strain SK1 cytochrome_. expressed in
Escherichia coli, J. Microbiol.43(6), 499-502.

3. Kim, HG. and Kim, S.W. (2006) Purification and charactdima of a
methanol dehydrogenase derived fraviethylomicrobiumsp. HG-1 cultivated
using a compulsory circulation diffusion systemiotech. Bioprocess Engin.
11, 134-139.

4. Kim, H.G.,, Kim, Y., Lim, HM. Shin, HJ., and Kim, S.W. (@6)
Purification, characterization, and cloning of tetlmylamine dehydrogenase
from Methylophagasp. strain SK1Biotech. Bioprocess Engirill, 337-343.

5. Kim, H.G.,, Doronina, N.V., Trotsenko, Y.A., and Kim, S.W. 0@®)
Methylophaga aminisulfidivorans sp. nov., a restricted facultatively
methylotrophic marine bacteriuntnt. J. Sys. Evol. Microbiol.57: 2096-2101.

6. Kim, H.G.,, Han, G.H.,, Eom, C.Y., and Kim, S.W. (2008) Ismat and
taxonomic characterization of a novel type | metitephic bacterium,J.
Microbiol., 46(1): 45-50.

- 122 -



Patents

1. Application Number :2007-63885, Korea
Title of the Invention : Method for Trimethylan@ Detection
Application Date : 2007. 06. 27.
2. Patent Number : 055171Korea
Title of the Invention :METHOD FOR HIGH YIELD PRODUCTION OF
METHANOL USING METHANOTROPHIC BACTERIA
Registration Date : 2006. 02. 06.

Participation in Professional Meeting

1. Kim, HG., H.S. Choi, E.H. Cho, and Kim, S.W. (2002) Isolation
characterization, and phylogenetic position of aveho methanotrophic
bacterium, Molecular basis of microbial one-carboetabolism, July. Poster.

2. A=, R&E, zstd, He2, 047 (2002) Optimization of methanol
biosynthesis by Methylosinus trichosporiumOB3b: to improve methanol
production using sodium chloridest=0| =2 M H S53|, Poster.

3. ZA=2, RAE, zstd, dAA, 232, 0&H, Z&H (2002) Purification
and properties of methanol dehydrogenase fidethylomicrobiumsp. HG-1
et 0= HZBS3!, Poster.

4. Kim, Y., JK. Kim, H.G. Kim, JH. Goo, and Kim, S.W. (2003) Isolation
and purification of trimethylamine dehydrogenasenfr Methylophaga sp.
strain SK1, International Symposium of Korean Sgci®f Microbiology,
Chuncheon, 2-3 May, Poster.

5. Kim, J.K., S.G. LeeH.G. Kir_n,lzli._s. Hahm, and Kim, S.W. (2003) Indigo and

indirubin production by recombinant bacterial flagontaining monooxygenase



of a marine methylotrophic bacteriumMethylophaga thalassica 25th
International Symposium on Biotechnology for Fuelsd Chemicals, National
Renewable Energy Laboratory, Breckenridge, USA, Mi&/, Poster.

6. Kim, J.K., EH. Cho,HG. Kim, JH. Goo, and Kim, S.W. (2003) Molecular
cloning, expression and characterization of a nd@ein-containing monooxygenase
from Methylophagasp. strain SK1, Annual Meeting & International $@sium of
Korean Society of Microbiology and Biotechnologynd 24-26, Muju. Poster.

7. A=, Olsd, d&d, Za 2, 0/&4+ (2003) Bioconversion of methane
to methanol usingMethylosinus trichosporiumOB3b in the repeated batch
reaction systemgt=4M=2335'3|, Poster.

8. Goo, J.H., S.Y. ChoH.G. Kim, Y.M. Kim, and Kim, S.W. (2004) Cloning
of methanol oxidation genes and relationship betweeanethanol
dehydrogenase andixaJ product of Methylophaga aminosulfidovoranSK1,
Gordon Research Conference on the Molecular Badis Ome-Carbon
metabolism, Mount Holyoke College, Massachusett6, Aug, Poster.

9. Kim, J.K.,, JH. Goo,H.G. Kim, and Kim, S.W. (2004) Cloning and
characterization of a novel bacterial flavin-contag monooxygenase from
Methylophaga aminosulfidovoranSK1, Gordon Research Conference on the
Molecular Basis of One-Carbon metabolism, Mount ydke College,
Massachusetts, 1-6 Aug, Poster.

10. 2AI=, Z2&AH, dAH, 252, 2 (2004) Cloning, purification and
characterization of trimethylamine dehydrogenaseomfr Methylophaga
aminosulfidovoransSK1, &t=0|M2&3| ZH I M =Uz2l, Poster.

11. ZAI=, a2, 28, gdat0l, M2t (2004) Expression, purification
and characterization of cytochrome of Methylophaga aminosulfidovorans
SK1 in Escherichia coli et=(|d =35 EA=HM==Uz=l, Poster.

12. Kim, H.G. and Kim, S.W. (2005) Expression, purification and
characterization of trimethylamine dehydrogenase dflethylophaga



13.

14.

15.

16.

17.

18.

19.

aminosulfidovoransSK1 in Escherichia coli 2005 International Meeting of
the Microbiological Society of Korea. Hoengseongporé&a, 12-13 May,
Poster.

Kim, S.W., J.K. Kim,H.G. Kim and G.H. Han (2005) Development of an
efficient Bio-indigo  production system, The KorearSociety for
Biotechnology and Bioengineering, Jinju, 27-29 Cetster.

Phan Trong NhatZ 3|, ZdAl= (2005) Construction and characterization
of a recombinant cytochrome of Methylophaga aminosulfidovoranSK1 in

| ]

E. coli, St=ME2 383 EH =Wzl Poster.

Kim H.G., D. Kim, and Kim, S.W. (2006) Preliminary promotanalysis of
the trimethylamine dehydrogenase gemmd( from Methylophaga sp. strain
SK1. 2006 International Meeting of the Federationf dorean
Microbiological Societies, KyoYuk MunHwa HoeKwan,e&il, 19-20 Oct,
Poster.

Kim, S.W., J.K. Kim,H.G. Kim, B.R. Oh and G.H. Han (2006) Hydrogen

production by Citrobacter amalonaticusY19 and Clostridium beijerinkii

KCTC1785, 6th International Symposium on BiochemicBngineering

Science, Salzburg, Austria, 27-30 Aug, Poster.

Kim, H.G. and Kim, S.W. (2006) Isolation, characterizationnda
phylogenetic position of a novel marine methylolmop bacterium,

Methylophaga aminosulfidovoransp. nov. Korean Society of Microbiology,
EXCO, Daegu, 3-4 MayPoster (Poster Prize).

Kim, H.G., G.H. Han, B.R. Oh and Kim, S.W. (2006) Charagedron of

trimethylamine dehydrogenase and analysistrofl gene from Methylophaga
sp. strain SK1, 31st FEBS Congress, Istanbul, fyrk4-29 June, Poster.

Kim, H.G.,, D. Kim, J.Y. Son, and Kim, S.W. (2007) Overe)gmien and
purification of bacterial -fld¥in-containing monoamgnase to detect a
hazardous trimethylamine, 2007 International Megtof the Microbiological



20.

21.

22.

23.

24.

25.

Society of Korea. PyeongChang, 10-11 M&gster.
Kim, SW. HG. Kim, J.E. Lee and G.H. Han (2007) Optimization of

indigo production by recombinantE. coli harboring flavin-containing
monooxygenase, Biorefinery 2007, Symposium of thaterhational
Conference on Biorefinery, Beijing University of €hical Technology,
Beijing, China, 20-23 Oct, Poster.

Kim, H.G., J.Y. Son, and Kim, S.W. (2007) The role of 30 kbmding

protein of methanol dehydrogenase from a novel mearmethylotrophic
bacterium, Methylophaga aminisulfidivorand/1P, 2007 International Meeting
of the Federation of Korean Microbiological Soasti KyoYuk MunHwa
HoeKwan, Seoul, 11-12 OcPoster.

Kim, HG. and Kim, S.W. (2008) Detection of hazardous tringktimine

using trimethylamine dehydrogenase and flavin-damtg monooxygenase,
The 7th International Symposium on Advanced Envirental Monitoring,

Hawaii, USA, 25-28 Feb, Poster.

Kim, H.G., S\W. Kim, H. Shin, and H.J. Shin (2008) Produttiof novel

microbial transglutaminase irEscherichia coli The 48th MSK Annual
Meeting and 2008 International Symposium on Micotdgy, Daejeon,
Korea, 15-16 May, Poster.

Kim, H.G., Y.B. Choi, HH. Kim, and S.W. Kim (2008) Detemti of

hazardous trimethylamine using an trimethylaminehydeogenase based
electrochemical biosensor. The 48th MSK Annual Megetand 2008
International Symposium on Microbiology, Daejeon,or&a, 15-16 May,
Poster.

Kim, H.G.,, J.Y. Son, and Kim, S.W. (2008) Relationship of adxprotein

and methanol dehydrogenass activity from marinehyhatrophic bacterium

Methylophaga aminisulfidivoran®P'. The 48th MSK Annual Meeting and



26.

2008 International Symposium on Microbiology, Da®me Korea, 15-16
May, Poster.

Kim H.G. (2008) The interaction between methnaol dehydragme and
MxaJ protein of a marine methylotrophic bacteriuriMethylophaga
aminisulfidivorans MP'. The 48th MSK Annual Meeting and 2008
International Symposium on Microbiology, Daejeonor&a, 15-16 MayOra

presentation.

- 127 -



The Journal of Microbiology, February 2008, p. 45-50
DOT  10.1007/s12275-008-0017-2
Copyright (€1 2008, The Microbiological Society of Korea

Vol. 46, No. 1

Jl)epar.'mem of Environmental Engineering, BK 21 Team for Biohydrogen Production, Chosun University, Gwangju 501-759, Republic of Korea

Isolation and Taxonomic Characterization of a Novel Type I
Methanotrophic Bacterium

Hee Gon Kim', Gui Hwan Han’, Chi-Yong Eom’, and Si Wouk Kim'**
fDe;mmnem of Biomaterials Engineering,
¥ Metabolome Analysis Team, Korea Basic Science Institute, Seoul 136-713, Republic of Korea
(Received January 15, 2008 | Accepted January 31, 2008)

A methane-oxidizing bacterium was isolated from the effluent of manure and its molecular and biochemical
properties were characterized. The isolate was aerobic, Gram-negative, and non-motile. The organism had
a type I intracytoplasmic membrane structure and granular inclusion bodies. The outer cell wall surface
(S-layers) was tightly packed with cup-shaped structures. Colonies were light yellow on nitrate mineral salt
agar medium. In addition, the organism was catalase and oxidase positive. The isolate used the ribulose
monophosphate (RuMP) pathway for carbon assimilation, and was able to utilize methane and methanol
as a sole carbon and energy source, however, it could not utilize any other organic compounds that were
tested. The cells grew well in a mixture of methane and air (methane:air=1:1, v/v) in a compulsory circulation
diffusion system, and when grown under those conditions, the optimum pH was approximately 7.0 and the
optimal temperature was 30°C. In addition, the specific growth rate and generation time were 0.13 per h
and 5.43 h, respectively, when grown under the optimum conditions. The major ubiquinone was Q-8, and
the G+C mol% of the DNA was 55.3. Phylogenetic analyses based on the 16S rRNA gene sequence com-
parisons showed that this bacterium belongs to a group of type 1 methanetrophs, and that it is most closely
related to Methylomicrobium, with a sequence similarity of 99%. Therefore, the isolate was named Methyl-
omicrobium sp. HG-1.

Keywords: Methanotrophic bacteria, intracytoplasmic membrane structure, ribulose monophosphate (RuMP)

pathway, Merhylomicrobium

Methane-oxidizing bacteria (methanotrophs) are widespread
in nature and play an indispensable role in the global carbon
cycling of methane. The atmospheric concentration of meth-
ane, which is an important global warming gas, has been
increasing for many decades (Whittenbury et al., 1970;
Hanson and Hanson, 1996). Methanotrphs are a ubiquitous
group of microorganisms that possess the unique ability to
utilize methane as the sole source of carbon and energy,
and are therefore considered to be important regulators of
atmospheric methane fluxes in nature (Reeburgh e al.,
1993; Mancinelli, 1995; Fjellbirkeland er al., 2001). Methano-
trophs are aerobic bacteria that convert methane to meth-
anol in the first step of their metabolic pathway using meth-
ane monooxygenase (MMO). In addition, methanol dehy-
drogenase (MDH), which is an enzyme responsible for the
oxidation of methanol to formaldehyde, is assimilated into
cellular biomass or oxidized to CO;, thereby providing re-
ducing power for biosynthesis. In vitro, MDH is coupled to
the clectron transport chain at the level of cytochrome ¢
(Ro et al., 2000; Brantner et al., 2002; Koh et al., 2002; Kim
et al., 2005, 2006).

Methanotrophs have been difficult to identify because in-
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formation regarding their phenotypic and chemotaxonomic
properties is limited. This has led to nomenclatural prob-
lems, especially concerning the assignment of species to
genera. However, several studies have evaluated the species
and genus organization of the methanotroph groups using a
more thorough polyphasic taxonomic approach, which has
led to redefinition of several species and genera (Bowman
et al., 1995).

The current classification separates all known methano-
trophs into three groups (Types I, 11, and X) based on mul-
tiple criteria, including cell morphology, the arrangement of
intracytoplasmic membranes (ICM), the pathway for form-
aldehyde assimilation, the DNA G+C content and the major
cellular fatty acid profiles (Whittenbury et al., 1970; Higgins
et al., 1981; Bowman et al., 1993, 1995; Kaluzhnaya et al.,
2001). Type I methanotrophs include three broadly homolo-
gous clusters of species, referred to as Methylococcacea, and
it has been proposed that this group should also contain
the genera Methylococcus, Methylomicrobium, Methylobacter,
and Methylomonas (Bowman et al., 1995). The type II meth-
anotrophs contain closely related groups that belong to the
genera Methylocystis and Methylosinus. In addition, a new
group, type X, was added to accommodate methanotrophs
similar to Methylococcus capsulatus that, like type T meth-
anotrophs, utilize ribulose monophosphate (RuMP) as the
primary pathway for formaldehyde assimilation. Type X
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methanotrophs are also distinguished from type I methano-
trophs because they possess low levels of ribulose-bisphos-
phate carboxylase, which is involved in the serine pathway
by which carbon assimilation occurs (Hanson et al., 1996).
Due to the ability of methanotrophs to catalyze a large num-
ber of biotransformations, they have attracted the interest of
scientists studying the development of biological methods
for degradation of toxic chemicals and the use of bacteria
containing MMO for the production of chemicals with com-
mercial values (Han et al., 1999; Han and Semrau, 2000).

In this study, we isolated, characterized, and phylogeneti-
cally positioned a novel strain of type I methanotrophic
bacterium that grows rapidly in the presence of methane.

Materials and Methods

Isolation and culture conditions

A novel strain of bacteria was isolated from the effluent of
manure in Goksung, Republic of Korea using the modified
nitrate-mineral-salt (NMS) medium described by Higgins et
al. (1981). The bacterium was cultured using medium in
which the pH had been adjusted to 7.0 at an agitation
speed of 150 rpm at 30°C.

An appropriate dilution of the liquid culture samples was
spread onto a NMS plate that contained 1.5% (w/v) noble
agar (Difco), and then placed in an airtight box. A mixture
of methane and air (1:1, v/v) was then passed through a 0.2
pum pore air filter and injected into the box. Control plates
were also incubated in the absence of methane to deter-
mine if the samples were contaminated with non-methane
oxidizing colonies. The plates were incubated at 30°C in the
dark and then observed at 3 day or 1 week intervals over
3~4 weeks. In addition, the gas mixture was exchanged every
3 days. Single colonies that formed on the NMS agar plates
were transferred onto fresh NMS agar plates and then re-
incubated for another week. Isolates were considered to be
pure if they were morphologically similar in appearance.
Methane-oxidizing colonies generally appeared after 5~7
days, and small, non-methane-oxidizing colonies also ap-
peared on plates that were incubated with and without
methane. The purity of the methanotrophic bacteria was as-
certained by phase-contrast microscopic observation. For
long-term storage, 500 ul of 50% (v/v) glycerol was added
to 1 ml of late exponential phase liquid culture, and the
mixed suspension was then frozen at -70°C.

The pH range at which growth could occur was deter-
mined to range from 4.0 to 10.0 and the growth temperature
range was determined to range from 10 to 45°C. In addi-
tion, the tolerance to concentrations of NaCl ranging from
1 to 5% (w/v) was also evaluated.

Morphology and electron microscopy

Cell morphology was determined using 5-day-old liquid cul-
ture medium by Gram-staining, with detailed morphological
examinations being made using electron microscopy. Briefly,
the cells in the NMS medium were initially fixed with gluta-
raldehyde, which was added to the medium at a final con-
centration 2% (v/v), during the late-exponential phase. The
cells were then subjected to an additional fixation using 1%
(w/v) OsOy in 0.1 M cacodylate buffer, followed by two water
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washes. After dehydration in a series of alcohols, the cells
were embedded with Epon resin and then polymerized at
60°C for 18 h. Sections of 70~80 nm were then cut using
an ultramicrotome (LKB 2128 Uliratome; LKB) and viewed
on a transmission electron microscope (JEOL JEM-2000F
X2) operating at 80 kV.

Utilization of carbon and nitrogen sources

The ability of the isolate to utilize the following carbon
sources at a concentration of 0.1% (w/v or v/v) was tested
in the presence of potassium nitrate, which was used as a
nitrogen source; ethanol, formate, formamide, urea, sodium
succinate, malate, yeast extract, p.glucose, p.fructose, meth-
ylamine, casitone, peptone, tryptone, and methanol. In ad-
dition, the ability of the isolate to grow on methanol was
tested in a liquid medium that contained concentrations of
methanol ranging from 0.1~5.0% (v/v). Volatile liquid carbon
sources were filter sterilized and then added to the basal
medium after autoclaving. This solution was then dispensed
in 3 ml volumes into 20 ml glass vials. Nitrogen sources were
tested similarly in the presence of methane using NMS me-
dium in which the potassium nitrate was replaced with one
of the following compounds at a concentration of 0.1%
(w/v): ammonium molybdate, ammonium amidosulfate, am-
monium vanadate, ammonium dihydrogen phosphate, po-
tassium nitrate, formamide, glycine, urea, yeast extract, am-
monium oxalate, L-alanine, L-glutamine, L-glutamic acid,
L-tryptophan, L-asparagine, and casitone. All test prepara-
tions were incubated for 1 week in duplicate. For carbon
and nitrogen source tests, growth was confirmed by com-
parison with negative controls. Sensitivity to antibiotics was
examined by plating the cells onto agar-solidified medium
and then placing BBL sensi-discs containing the following
antibiotics (ug/ml) on the medium: Penicillin (10), Amoxici-
llin (30), Piperacillin (100), Aztreonam (30), Imipenem (10),
Cefamandole (30), Cefazolin (30), Cefotaxime (30), Genta-
micin (10), Amikacin (30), Netilmicin (30), Tobramycin (10),
Tetracycline (30), Erythromycin (15), Chloramphenicol (30),
Vancomycin (30), Ciprofloxacin (5), Clindamycin (2), and
Sulfamethoxazole (23.75). Growth under methane was as-
sessed after 5 days.

Chemotaxonomic characterization

Fatty acid methyl esters were prepared from a biomass har-
vested from the NMS medium after 7 days of incubation at
30°C, and then analyzed using a gas chromatograph (GC-
14A, Shimadzu) according to the instructions provided by
the Microbial Identification System (MIDI). Ubiquinones
were extracted and purified according to the method de-
scribed by Collins (1985). Analysis of the ubiquinones was
conducted using a HPLC apparatus (Agilent 1200, USA)
equipped with a C-18 reverse-phase column. DNA was ex-
tracted using the method described by Marmur (1961), and
the DNA G+C content was determined following the method
described Tamaoka and Komagata (1984) using a HPLC
apparatus (Agilent 1200, USA) equipped with a C-18 re-
verse-phase column.

Enzyme assay
The activity of hexulose-6-phosphate synthase (HSP), the
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key enzyme involved in the RuMP pathway, was measured
following a modification of the method described by Nash
(1953). Briefly, the HPS activity was assayed at 37°C by
measuring the decrease in the amount of formaldehyde that
occurred after the reaction of the added formaldehyde with
the ribulose 5-phosphate formed in the reaction mixture.
One unit of enzyme activity was defined as the amount of
enzyme required to consume 1 pumol of formaldehyde per
min.

Analysis of 168 rRNA and pmoA gene sequences

Chromosomal DNA from the isolate was obtained using
the following method: Two liters of batch culture (Kim and
Kim, 2006) were pelleted and resuspended in 5 ml of sol-
ution T (50 mM Tris; pH 8.0, 25% sucrose). Next, 0.5 ml of
Iysozyme (20 mg/ml in 0.25 mM Tris; pH 8.0) was added
and the solution was then incubated for 1 h at 37°C. After
incubation for 1 h at 37°C, 1ml of 0.25 M EDTA (pH 8.0)
was added, followed by incubation for 1 h at 37°C. Finally,
Sarkosyl was added to a final concentration of 1% (viv),
and the mixture was incubated at 37°C for 30 min and then
at 60°C for 5 to 30 min until lysis was complete. The lysate
was then subjected to CsCl gradient centrifugation for 16 h
(Sambrook et al., 1989; Gilbert et al., 2000). The 165 rRNA
gene was then amplified by PCR using the following pri-
mers: 168F; 5-GAGTTTGATCCTGGCTCAG-3', E. coli 168
rRNA position 9-27 and 168R; 5-AGAAAGGAGGTGATC
CAGCC-3', E. coli 168 TRNA position 1542~1525. The sam-
ples were subjected to the following conditions in a Roche

Tahle 1. Morphological and biochemical properties of the strain
HG-1

Characteristics Strain HG-1
Morphology Short-rod
Gram reaction Negative
Size 1% 15 pm
Colony color Light yellow
Motility Negative
Exospore Absent
Cyst Absent
pH

Growth range 6.5~9.0

Optimal 7.0
Temperature

Growth range 25~35

Optimal 30
Oxidase Positive
Catalase Positive
Carbon assimilation pathway RuMP
Specific growth rate (u) 013 ki
Generation time (G) 543 h
Quinone system Q-8
DNA G+C mol % 553
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Diagnostic System (Applied Biosystems, GeneAmp PCR
system 2400): initial denaturation at 94°C for 5 min; 30 cy-
cles of denaturation (1 min at 94°C), annealing (1 min at
52°C), and extension (1.5 min at 72°C); and a final ex-
tension at 72°C for 5 min. The pmoA gene was amplified
by PCR using primers pmoAF; 5-TTCTGGGGNTGGACN
TAYTTYCC-3 and pmoAR; 5-CCNGARTAYSTHMGNAT
GGTNGA-3’ following the method described by Steinkamp
et al. (2001). PCR for pmoA gene amplification was per-
formed in 50 pl reaction mixtures in 0.3 ml microcentrifuge
tubes using a Roche Diagnostic System.

165 rRNA and the deduced pmoA sequences were com-

(e

Fig. 1. Phase-contrast micrograph (A) and transmission electron
micrograph (B) of the isolate: (A) phase-contrast micrograph: (B)
thin section of the cell with cup-shaped structures (CS) on the
outer membrane surface and large granular inclusion bodies (G);
(C) enlarged cup-shaped structures. Bar: 10 ym (A) and 1 um (B).
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pared with available sequences in the GenBank database
using the NCBI tool, BLAST. Next, the DNA sequences
were aligned to representative sequences of closely related
organisms using the CLUSTAL X 1.81 program. Phyloge-
netic trees were then constructed using the Tree-View 1.6.6
program.

Nucleotide sequence accession numbers

The 16S rRNA gene and partial pmoA gene nucleotide se-
quences were deposited in the NCBI GenBank nucleotide
sequence database under the accession numbers AF495887
and AF495888, respectively.

Results and Discussion

Morphology and ultrastructure

The isolate was a non-motile, Gram-negative, non-spore
forming short rod that formed light-yellow, opaque, round
colonies when grown on NMS agar medium. However, the
isolate did not form cyst-like structures that are often found
in Methylobacter species, which is a key differential trait
that divides Methylomicrobium from Methylobacter (Wise et
al, 2001). The isolate was catalase and oxidase positive and
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reproduced by binary fission (Table 1). In addition, the in-
tracytoplasmic membrane structure of the isolate appeared
to be comprised of stacks of vesicular disks, which are the
typical appearance of type I membranes (Fig. 1). The isolate
also had tightly packed cup-shaped structures on the outer
cell wall surface, similar to those found on haloalkaliphilic
and haloalkalitolerant methanotrophs such as Methylomi-
crobium alcaliphilum, M. modestohalophilum, and M. bury-
atense, which are known to live in environments with high
osmolarity and pH (Sorokin ef al., 2000; Kaluzhnaya et al.,
2001). Furthermore, similar structures that are not identical
to S-layers have also been found in M. album BGS, which
is a neutrophilic and nonhalophilic methanotroph (Jeffries
and Wilkinson, 1978). However, the taxonomic importance
of bacterial S-layers is still obscure, although it has been
proposed that they are related to the osmoadaption mecha-
nisms in haloalkaliphilic methanotrophs (Khmelenina et al.,
1999),

Physiological and biochemical characteristics

The physiological and biochemical characteristics of the iso-
late are shown in Table 1. The optimum pH and temperature
were 7 and 30°C, respectively, and NaCl was not required

Table 2. Comparison of major fatty acids of type I methanotroph genera with the strain HG-1

Fatty acid Methylomonas Methylobacter Methylomicrobium Methylococcus Strain HG-1

14:0 22+3 9+32 1+1 1+1 1.7
16:1w8c 30=11 0 16%3 0 14.6
16:1w7c 11+4 571 17+3 28=10 14.0
16:1wbe 9+4 5+1 10+4 3+2 8.1
16:1m5¢ 42 7x1 61 3+2 21.2
16:1w5t 12+4 111 20+10 <1 159

16:0 T2 8+1 15+3 44=8 24

Values are percentages of the total phospholipid fatty acids (for genera : Mean+5D) ; data are from Bowman ef al. (1995).

g r Methylomicrobium album ACM 3314" (EU144025)

Methylomicrobium agile ACM 33087 (EU144026)

58

100 | F
90 Methylomicrobium strain HG-1 (AF495887)

Methylosarcina lacus LW 14 ATCC BAA-1047" (AY007296)

100 Methylobacter alcaliphilus 20Z (EF495157)
Methylomicrobium alcaliphilum (AF096091)

100 Methylomicrobium buryatense VKM B-2245" (AF096093)

99—1—_ Methylomicrobium sp. 5B (AF307138)

Methylobacter whittenburyi ACM 3310" (X72773)

Methylobacter luteus ACM 3304" (AF304195)

Methylobacter marinus ACM 4717 (AF304197)

Methylobacter sp. BB5.1 (AF016981)

Methylobacter psychrophilus VKM B-2103" (AF152597)

100 Methylobacter tundripaludum SV96' (AJ414655)

-Methylomonas methanica ATCC 35067 (AF150806)
44:[ Methylomonas scandinavica VKM B-2140" (AJ131369)
100 Methylomonas rubra NCIMB 11913" (AF304194)

Fig. 2. Phylogenetic analysis of the 165 rRNA gene sequences of type | methanotrophs and the isolate. The dendrogram shows the results
of analysis using CLUSTAL X and TREE-VIEW. Bar, (.005 substitutions per base position. Bootstrap analysis from 100 replicates is shown

(values less than 50% are not shown).
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for growth. In addition, the isolate could not utilize any
carbon sources evaluated except for methane and methanol,
and no growth was observed on nutrient-rich media. However,
the isolate was able to grow well using a novel culture system
(compulsory circulation diffusion system) that contained a
mixture of methane and air (methane:air=1:1, v/v) (Kim
and Kim, 2006), and under these conditions it was found to
have a specific growth rate and generation time of 0.13 per
h and 5.43 h, respectively. The strain was also capable of
growth in NMS medium that contained a high concentration
of methanol (3%). This result shows that methanol is not
inhibitory to the growth of the isolate, which is uncommon
for the type I methanotrophs. The isolate could also utilize
urea, yeast extract, potassium nitrate and ammonium-con-
taining chemicals as nitrogen sources, however, the isolate
was not able to fix nitrogen. In addition, the isolate was re-
sistant to erythromycin, chloramphenicol and clindamycin,
but sensitive to other antibiotics tested. Additionally, the iso-
late was positive for hexulose phosphate synthase, the key
enzyme involved in the ribulose monophosphate (RuMP)
pathway for formaldehyde assimilation. The isolate also
possessed a O-8 with ubiquinone system. The G+C content
of the isolate’s DNA, as determined by HPLC, was 55.3
mol%, and, as seen in Table 2, the predominant cellular
fatty acids of the isolate were unsaturated Cigiuse (14.6%),
Ciatwre (140%), Cisause (21.2%) and Cisres (15.9%). The
profiles for strain HG-1 suggest that, based on the significant
amounts of Cisiwses Ciotoze, and Craiws: that were detected,
the strain is most similar to the genus Methylomicrobium.
However the strain contained four times more Cigiuse than
other Methylomicrobium species (Table 2), and when com-
pared with other type I methanotrophic genera, the major
cellular fatty acids profile of the isolate was unique.

Phylogenetic analysis
The 165 rRNA gene and partial pmoA gene sequences of
the isolate were determined, and the phylogenetic tree de-
rived from these data revealed that the isolate branched to-
gether with a cluster of Methylomicrobium species within
the Gammaproteobacteria (Fig. 2). The relatively high level
of 165 rRNA gene sequence identity between the isolate
and members of the genus Methylomicrobium indicated that
they were closely related, with the closest relatives being M.
album ACM 3314" [formerly Methylobacter albus (Bowman
er al, 1993)] (99%), M. agile ACM 3308' (99%), and
Methylosarcina lacus LW14 ATCC BAA-1047" (96%). Lower
sequence similarities were found when the sequence of the
isolate was compared with those of all other species with
validly published names in the genus Methylobacter, includin$
M. whittenburyi ATCC 517387 (94%), M. lureus ATCC 49878
(94%), and M. alcaliphilus (94%). Phylogenetic analysis of
the deduced amino acid sequence of pmoA using CLUSTAL
X showed that the pmoA sequence of the isolate branched
within the Methylosarcina/Methylobacter group of pmoA se-
quences, however, there is a shortage of pmoA sequences
from type strains of these groups of methanotrophs, there-
fore, the precise position of the pmoA sequence from strain
HG-1 could not be determined (data not shown).

Based on the phenotypic and genotypic characteristics of
the isolate, it was preliminarily classified as a species of the
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genus Methylomicrobium. The isolate is closely related to
Methylomicrobium album, however, some features are different.
For example, strain HG-1 was capable of growth on NMS
medium that contained a high methanol concentration (3%),
whereas M. album cannot grow on media that contains
greater than 0.1% methanol. In addition, strain HG-1 con-
tained a higher concentration of Cisjuse than M. album, and
the phylogenetic similarity of the deduced pmoAd sequence
obtained from strain HG-1 and that of M. album was not
very high. Therefore, we propose the name Methylomicrobium
sp. HG-1 for this isolate.
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A novel restricted facultatively methylotrophic marine strain, MP", possessing the ribulose
monophosphate pathway of Ci-carbon compound assimilation was isolated from a seawater
sample obtained from Mokpo, South Korea. The novel isolate is aerobic, Gram-negative,
asporogenous and a non-motile short rod. It grows well on methanol, methylated amines,
dimethylsulfide and DMSO. Optimal growth occurs with 3% NaCl at 30 °C and pH 7.0. Fructose
is utilized as a multicarbon source. Growth factors are not required and vitamin By, does not
stimulate growth. The cellular fatty acid profile of the novel strain consists primarily of
straight-chain saturated C,5.0 and unsaturated C,5.4 acids. The major ubiguinone is Q-8. The
dominant phospholipids are phosphatidylethanolamine and phosphatidylglycerol. The DNA G+C
content is 44.9 mol% (T.,,). Based on 16S rRNA gene sequence analysis and DNA-DNA
relatedness (256—-41 %) with the type strains of marine methylotrophs belonging to the genus
Methylophaga, it is suggested that isolate MPT represents a novel species, Methylophaga
aminisulfidivorans sp. nov. (type strain MPT=KCTC 12909"=VKM B-24417=JCM 14647").

Bacteria belonging to the genus Methylophaga are a unique
group of aerobic, halophilic, non-methane-utilizing methy-
lotrophs. These organisms have been isolated from various
marine sediments and soda lakes. They use the ribulose
monophosphate (RuMP) pathway of C,-carbon com-
pound assimilation and some grow on a single multicarbon
compound, fructose. Three neutrophilic species, Methyl-
ophaga marina, Methylophaga thalassica and Methyl-
ophaga sulfidovorans, have been described (Janvier et al.,
1985; De Zwart et al., 1996). More recently, Methylophaga
alcalica and *Methylophaga natronica’ — moderately haloal-
calophilic obligately and restricted facultatively methylo-
trophic bacteria were described by Doronina et al. (2003a,
b). Species of the genus Methylophaga are distinguished
from methylobacteria of the other RuMP pathway by their
requirement for Na®, Mg’™ and vitamin By, tolerance of
NaCl and the low G + C content (38.0-49.0 mol%) of their
DNA. On the other hand, two strains, Methylophaga
maring KM3 and KMS5, isolated recently from Red Sea
algae were not found to require vitamin By, (Li et al,
2007).

Abbreviations: HaMPT, tetrahydromethanopterin; PMS, phenazine metho-
sulfate; PQQ, pyrrologuinoline quinone.
The GenBank/EMBL/DDBJ accession number for the 165 rRNA gene
sequence of strain MP' is DO463161.

Here, we report the taxonomic characterization of a
neutrophilic, moderately halophilic, vitamin B,,-independ-
ent, RuMP pathway restricted facultative methylotroph be-
longing to the genus Methylophaga. The name Methylophaga
aminisulfidiverans sp. nov. is proposed for this new isolate.

The novel strain was isolated from a seawater sample
collected from Mokpo, South Korea. A 1 ml sample was
used to inoculate a 500 ml flask containing 50 ml mineral
salts medium [MSM; 2 g KH,PO, 17'; 2 g (NH,),50, 1"
0.2g MgSO,.7H,O 17 30g NaCl 17'% 0.002¢g
FeSO,.7H,0 17" pH 7.0] supplemented with 1% meth-
anol (v/v) and the flask was then incubated at 150 r.p.m.
for 2 days at 30 'C. An aliquot of 0.5 ml of the turbid
suspension was then transferred to fresh medium with 1%
(v/v) methanol and incubated as before. After serial
transfers, a small amount of the suspension was spread
on an agar-containing methanol plate and incubated at
30 "C for 3 days. From the plate, fast-growing colonies
were selected and transferred to fresh plates. After several
purification steps, a novel fast-growing strain, MP", was
obtained. The culture purity of the isolated methylotrophic
bacteria was tested by examining colonies and cell
suspensions with light and electron microscopes.

The pure culture of strain MP" was stored in liquid MSM for
10 days, on agar slants at 4 'C for 2 weeks or freeze-dried
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with a protectant (skimmed milk) for over a year. Cell
morphology was examined using batch cultures in the
late-exponential growth phase. An aliquot of cell suspen-
sion was mounted on a Formvar-coated copper grid and
stained with 0.2% (w/v) phosphotungstic acid (pH 7.2).
For thin sectioning, cells were collected by centrifugation
and pre-fixed with 1.5% (w/v) glutaraldehyde in 0.05 M
cacodylate buffer (pH 7.2) and washed three times with
1% (w/v) OsO, in the same buffer for 3 h at 20 'C. After
dehydration in a series of alcohols, the cells were
embedded in Spurr epoxy resin and sectioned with a
microtome (LKB 2128 Ultratome; LKB). Ultrathin
sections were mounted on copper grids and double-
strained with uranyl acetate and lead citrate (Reynolds,
1963). Negatively stained preparations and thin sections
were viewed with a transmission electron microscope
(JEM-100B; JEOL) at operating voltages of 60 kV and
80 kV, respectively.

The methods, reagents and media used for phenotypic
characterization were as described by Doronina er al
(1995). Utilization of a wide range of growth substrates was
determined in MSM after cultivation for 2 weeks with
methanol replaced by the other carbon compounds (more
than 60 were tested). Organic acids, amino acids and
methylated amines were added at concentrations of 0.2 %
(w/v), while carbohydrates and alcohols were added at
concentrations of 0.2-0.5% (w/v or v/v). To test
alternative nitrogen sources, (NH,),S0, was replaced by
other nitrogen compounds. Methane utilization was tested
in an atmosphere containing methane and air (1:1, v/v) in
700 ml conical flasks containing 100 ml MSM and fitted
with rubber stoppers. Hydrogen utilization was tested by
the same procedure but under an atmosphere consisting of
HzJ’Ozn"COZ (7:2:1, v/v).

Fatty acids were extracted from cell biomass dried by
lyophilization. A 200 pl aliquot of a 5.4 M solution of
anhydrous HCl in methanol was added to 30 mg of dry
biomass and the mixture was heated at 70 "C for 2 h. The
methyl esters of fatty acids and aldehyde derivatives
obtained were extracted twice with 100 pl hexane. The
extract was dried and silylated in 20 pl N,O-bis-(trimethyl-
silyl)trifluoroacetamide for 15 min at 65 "C. A 1 pl portion
of the reaction mixture was analysed with a GC-MS system
(model HP-5985B; Hewlett Packard) equipped with a
capillary column (25 x 0.25 mm) consisting of fused quartz
containing an Ultra-1 nonpolar methylsilicone phase. The
temperature program was run from 150 'C (2 min
isotherm) to 250 “C at 5 °C min™ ' and then from 250 to
300 “C at 10 °C min ', Data processing was carried out
with a computer (HP-1000; Hewlett Packard) by using the
standard programs of the GC-MS system (Hewlett
Packard). Phospholipid composition of the cells was
determined according to previously described methods
(Govorukhina & Trotsenko, 1989). Ubiquinones were
extracted and purified according to Collins (1985).
Analysis of ubiquinones was carried out using a mass
spectrometer (MX-1310; Finnigan). Enzyme assays were

performed as described previously (Trotsenko et al., 1986;
Doronina et al, 1995).

DNA was isolated and purified according to Marmur
(1961). The DNA G+C content was determined by using
the thermal denaturation (T},) method with a spectropho-
tometer (DU-8B; Beckman) at a heating rate of 0.5 'C
min~'. DNA G+C content was calculated according to
Owen & Lapage (1976) using the equation: mol
G+C=(T,, % 2.08)-106.4. The DNA of Escherichia coli
K-12 was used as the standard. DNA-DNA relatedness was
defined by DNA reassociation (Johnson, 1985). M. marina
ATCC 35842", M. thalassica ATCC 33146" and M.
sulfidovorans LMD 95.210" were used as the reference
strains.

The 16S rRNA gene of the novel strain was amplified and
sequenced (Lane, 1991). The 165 rRNA gene sequences
determined were aligned against the sequences of repres-
entative methylobacteria by using the CLUSTAL program.
The position of sequence uncertainties was omitted; in
total, 1415 nucleotides were used in the analysis. The
phylogenetic relationships were determined by the neigh-
bour-joining method and programs from the TREECON
software package (Van de Peer & DeWachter, 1994), by
maximum-likelihood using the puzzLE program (Strimmer
& von Haeseler, 1996) and by maximum-parsimony with
the DNAPARS program from the pHYLIP package (Felsenstein,
1989) with bootstrap analysis of 100 trees. The sequences
were compared with representatives of the class Gamma-
proteobacteria, including recognized methylotrophic spe-
cies. In preliminary trials, a total of 98 sequences were used
and several phylogenetic trees were generated. Phylogenetic
analyses that employed different algorithms showed similar
results.

Cells of the novel isolate were Gram-negative, non-motile,
non-spore-forming rods and 0.2-0.4 x 0.8-1.0 pm in size,
Reproduction occurred by binary fission. No internal
complex membrane or capsules were observed. When
grown on methanol agar medium, colonies were 0.5—
1.5 mm in diameter after 3 days at 30 “C and were opaque,
milky and raised with a smooth surface with a round edge.

The novel isolate utilized Ci-compounds: methanol,
methylamine, dimethylamine, trimethylamine, dimethyl-
sulfide, DMSO and dimethylformamide (Table 1). Fructose
was utilized as a multicarbon source. Strain MP" could not
utilize other sugars, organic acids, amino acids, C,—Cg
alcohols, nutrient or peptone broth supplemented with 3%
{w/v) NaCl at pH 7.0. It did not grow under gas mixtures
of CO,/H,/O; or CH,/O,. Nitrate was reduced to nitrite,
Hydrolysis of starch was not observed. No cell aggregation
and pigmentation occurred in MSM. The novel isolate was
catalase- and oxidase-positive. The isolate grew in the
presence of 9% NaCl (optimum 3 % NaCl), over the pH
range of 6.0 to 8.0 and over the temperature range of 25 to
32 "C (optimum pH 7.0, optimum temperature 30 'C). No
growth occurred at 45 ‘C. Strain MP" did not require
additional growth factors when grown on methanol and

http://ijs.sgmjournals.arg
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Table 1. Characteristics of the type strains of species of the genus Methylophaga

Taxa: 1, strain MP'; 2, M. marina ATCC 35842"%; 3, M, thalassica ATCC 331465 4, M. sulfidovorans LMD
95.210% 5, M. alcalica ATCC BAA-297 ': 6, ‘M. natronica’ VKM B-2288. All taxa are positive for growth on
methanol and methylamine. All taxa are negative in tests for utilization of glucose and sucrose. +, Positive; —,

negative; ND, not determined.

Characteristic 1 2 3 4 5 6
Requirement for vitamin Bj, . + + + + +
Motility - - + + - +
Nitrate reduction + - - - + +
Growth at:
37 °C + - - +
42 °C = = + = = =
Optimal pH 6.8-7.0 7.0-7.5 7.0-7.5 7.4-7.8 9.0-9.5 ND
Tolerance for NaCl (%) 9 12 12 12 10 10
Utilization of:
Fructose + + + = - =
Dimethylamine + - - e - -
Trimethylamine + = = -
Dimethylsulfide + = — + = =
DMSO + ND ND ND NI ND
Dimethylformamide + ND ND ND ND ND
Major ubiquinone Q-8 Q-8 Q-8 Q-8 Q-8 Q-8
DNA G+C content (mol%) 449 43.0 44.0 42.4 48.3 45.0

the addition of vitamin B,; or yeast extract did not
stimulate growth.

As seen from Table 2, the predominant cellular fatty acids
of the novel isolate were straight-chain saturated C4.( and
unsaturated C,s. 7¢ acids. The presence of 3-hydroxy
fatty acids was observed, but 2-hydroxy fatty acids were not

Table 2. Cellular fatty acid content of strain MP' grown on
methanol

observed. The novel isolate had a cellular fatty acid
composition of type A and was similar to group 11 of
the marine methylobacteria (Urakami & Komagata, 1987).
Analysis of the cellular phospholipids revealed the presence
of phosphatidylethanolamine and phosphatidylglycerol
as the dominant phospholipids and phosphatidic
acid, phosphatidylserine and cardiolipin  (diphos-
phatidylglycerol) as minor components. The major iso-
prenoid ubiquinone is Q-8.

The enzyme profiles of methanol- or methylamine-grown
cells indicated that the novel isolate oxidized methanol to
formaldehyde by an inducible pyrrologuineline quinone
(PQQ)-linked methanol dehydrogenase (Table 3). Methyl-
amine dehydrogenase PQQ was present in methylamine-
grown cells. Formaldehyde and formate dehydrogenases
were active with phenazine methosulfate (PMS) while
NAD " -dependent activities were absent. Formaldehyde
assimilation occurred via the RuMP cycle (Entner—
Doudoroff variant), as confirmed by the presence of
3-hexulosephosphate synthase and 2-keto-3-deoxy-6-phos-
phogluconate (KDPG) aldolase. Glucose-6-phosphate
dehydrogenase and 6-phosphogluconate dehydrogenases
were active with both NAD™' and NADP ™. Rather high
levels of these enzymes indicated the preferential oxidation
of formaldehyde to CO, via the dissimilatory hexulosephos-
phate cycle which provided the methylotroph with the
reduced equivalents and energy for biosynthesis. However,
we could not rule out the same potential role of the
tetrahydromethanopterin (H;MPT)-dependent oxidation
pathway in formaldehyde dissimilation in the novel isolate
because high activities of methenyl HYMPT cyclohydrolase

Fatty acid Total fatty acids (%)
Straight-chain acids:
Ciz.0 2.20
Cian 6.51
Cyy. 005 1.01
C]j;;n 1.00
Ciali 42.91
Ciaw7c 35.94
Cig105¢ 0.15
Ciz:0 0.09
Ciste 0.18
Cyg 107 2.38
Cyclopropane acids:
Ci7.9 cyclo 7.39
Cig.9 cyclo -
Hydroxy acids:
3-0H Cyp.q 0.12
3-0H Cy5.¢ 0.14
2098
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Table 3. Enzymic activities in cell extracts of strain MPT grown with methanol or methylamine

GSH, Reduced glutathione; PMS, phenazine methosulfate; KDPG, 2-keto-3-deoxy-6-phosphogluconate,

Enzyme (co-factors) Enzyme activity [nmol min™' (mg protein) ']
Methanol Methylamine
Methanol dehydrogenase (PMS) 61 0
Methylamine dehydrogenase (PMS) 0 47
Formaldehyde dehydrogenase (PMS) 25 19
Formaldehyde dehydrogenase (NAD™, GSH) 0 0
Formate dehydrogenase (PMS) 64 57
Formate dehydrogenase (NAD ™) 0 0
3-Hexulosephosphate synthase 194 171
Hydroxypyruvate reductase (NADH, NADPH) 0 0
Serine glyoxylate aminotransferase (NADH, 0 0
NADPH)
Ribulose-1,5-bisphosphate carboxylase 0 0
Glucose-6-phosphate dehydrogenase (NAD™) 163 125
Glucose-6-phosphate dehydrogenase (NADP™) 632 583
6-Phosphogluconate dehydrogenase (NAD ™) 23 21
6-Phosphogluconate dehydrogenase (NADP ™) 25 24
Fructose-1,6-bisphosphate aldolase 0 0
KDPG aldolase 137 119
x-Ketoglutarate dehydrogenase 0 0
Tsocitrate dehydrogenase (NAD ™) 134 95
Isocitrate dehydrogenase (NADP ™) 38 33
Tsocitrate lyase 0 0
Malate synthase 0 0
Glutamate dehydrogenase (NADH) 44 39
Glutamate dehydrogenase (NADPH) 23 20
Glutamate synthase (NADPH) 57 51
Glutamine synthetase (ATP, Mn) 110 102

and NAD(P)-dependent methylene HyMPT dehydrogenases
are found in Methylobacillus flagellatus KT (Vorholt et al.,
1999).

The absence of the serine pathway-specific enzymes (hydroxy-
pyruvate reductase and serine glyoxylate transaminase) and
the ribulose bisphosphate pathway enzymes (ribulose bispho-
sphate carboxylase) enabled these pathways to be discounted
from operating in the methylotroph studied.

The tricarboxylic acid cycle was deficient in a-ketoglutarate
dehydrogenase activity. The absence of isocitrate lyase and
malate synthase activities indicated a non-functional
glyoxylate shunt in the novel isolate. Primary ammonia
assimilation occurred by reductive amination of o-
ketoglutarate to glutamate and via the glutamate cycle
(GS/GOGAT system).

The DNA G+ C content of strain MPT was estimated via
T, as 44.9 mol% (Table 1). The level of DNA-DNA
relatedness between the novel isolate and reference strains
of the genus Methylophaga (M. marina ATCC 358427, M.
thalassica ATCC 33146" and M. sulfidovorans LMD
95.210") did not exceed 25-42%, consistent with the
assignment of the novel strain to a separate species of the

genus Methylophaga. According to 165 rRNA gene
sequence analysis, strain MP" had gene sequence similarity
of 96-98% with M. marina, M. thalassica and M.
sulfidovorans.

In the phylogenetic tree derived from 165 rRNA gene
sequences (Fig. 1), strain MP" consistently branched
together with the cluster of species within the genus
Methylophaga within the class Gammaproteobacteria. The
relatively high level of 165 rRNA gene sequence identity
(94-98 %) between strain MPT and members of the genus
Methylophaga indicated their close relationship. Thus,
phenotypic and genotypic data allow the separation of
strain MP' as a distinct genospecies of the genus
Methylophaga. Consequently, strain MPT is classified as
the type strain of a novel species of the genus
Methylophaga, Methylophaga aminisulfidivorans sp. nov.

Description of Methylophaga aminisulfidivorans
Sp. nov.

Methylophaga aminisulfidivorans (am.i.ni'sul.fi.di'vo.rans.
N.L. n. aminum the amine group; N.L. n. sulfidum sulfide;
L. v. voroe to devour; N.L. part. adj. aminisulfidivorans
amine-sulfide-devouring, amine-sulfide-utilizing).

http://ijs.sgmjournals.org
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Methylomicrobium album NCIMB 111237 (X72777}
Methylobacter whittenburyi NCIMB 11128T(X72773)
Methylobacter marinus A45T (AF304197)
Methylomicrobium pelagicum NCIMB 22657 (X72775)
‘Methylobacter alcaliphifus' 5z (AF096091)
Methylomonas scandinavica SR5T (AJ131369)

0.1

100

100
Methylomonas methanica S1 (AF150806)
Methylococcus capsulatus Bath (L20842)

100

97

100

Escherichia coli 0157:H7 (AY513502)

100
74

Methylocaldum tepidum LKBT (U89297)
Methylocaldum szegediense OR2T (UB9300)

Methylophaga alcalica M39" (AF384373)
‘Methylophaga murata’ Kr3 (AY694421)

Methylophaga aminisulfidivorans MPT {DQ463161)
Methylophaga thalassica ATCC 331467 (X87339)
‘Methylophaga natronica’ Bur2 (AY 128533}
Methylophaga sulfidovorans RB-1T (X95461)
Methylophaga marina ATCC 358427 (X87338)
g| | Methylophaga marina KM5 (DQ400508)
Methylophaga marina KM3 (DQ400507)

100 Oceanospirillum multiglobuliferum IFO 136147 (ABO0B764)

Oceanospirnilium maris ATCC 275097 (ABO0B771)

Fig. 1. 16S rRNA gene sequence-based dendrogram showing the phylogenetic position of Methylophaga aminisulfidivorans
sp. nov. MP among methylotrophs of the class Gammaproteobacteria. Numbers at the branch points are bootstrap values from
100 replicates. Bar, 10 nucleotide substitutions per 100 nucleotides.

Cells are Gram-negative rods, 0.8-1.2 pm in length and
0.2-0.4 pm in diameter. Colonies on mineral salts/
methanol agar are white to slightly cream and 1-2 mm
in diameter. Non-motile, strictly aerobic and does not
require vitamin B;s. Moderately halophilic. Able to grow at
20-37 °C, at pH 6.0-8.0 on MSM with 1.5-9% (w/v)
NaCl. Optimal growth takes place at 30 "C, pH 6.8-7.0 and
3% NaCl. Catalase- and oxidase-positive. Reduces nitrate
to nitrite. Restricted facultative methylotroph that utilizes
methanol, monomethylamine, dimethylamine, trimethyla-
mine, dimethylsulfide, DMSO, dimethylformamide and
fructose. Utilizes C;-compounds via the RuMP pathway.
Does not grow on peptone-yeast extract medium with or
without NaCl. The prevailing cellular fatty acids are Cy4.0
and Cs.;. The major ubiquinone is Q-8. DNA G+C
content is 44.9 mol%.

The type strain, MP' (=KCTC 12909"=VKM
B-2441T=]JCM 146477), was isolated from a seawater
sample collected from Mokpo, South Korea.
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W= Purification and Characterization of a Methanol
Dehydrogenase Derived from Methylomicrobium sp. HG-1
Cultivated Using a Compulsory Circulation Diffusion System
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Abstract Methanotrophs are microorganisms that possess the unique ability to utilize methane
as their sole source of carbon and energy. A novel culture system, known as the compulsory cir-
culation diffusion system, was developed for rapid growth of methanotrophic bacteria. Metha-
nol dehydrogenase (MDH, EC 1.1.99.8) from Methylomicrobium sp. HG-1, which belongs to the
type | group of methanotrophic bacteria, can catalyze the oxidation of methanol directly into
formaldehyde. This enzyme was purified 8-fold to electrophoretic homogeneity by means of a 4
step procedure and was found in the soluble fraction. The relative molecular weight of the na-
tive enzyme was estimated by gel filtration to be 120 kDa. The enzyme consisted of two identi-
cal dimers which, in turn, consisted of large and small subunits in an &/, conformation. The
isoelectric point was 5.4. The enzymatic activity of purified MDH was optimum at pH 9.0 and
60°C, and remained stable at that temperature for 20 min. MDH was able to oxidize primary al-

cohols from methanol to octanol and formaldehyde.

Keywords. methanol dehydrogenase, Methylomicrobium sp. HG-1, methanotrophic bacteria

INTRODUCTION

Methane plays an important role in global warming,
and its atmospheric concentration has been increasing
over many decades [1,2]. Methane-oxidizing bacteria
(methanotrophs) are widespread in nature and are con-
sidered important regulators of atmospheric methane
fluxes in nature [3,4]. Methanotrophs possess the unique
ability to utilize methane as their sole source of carbon
and energy. These acrobic bacteria convert methane to
methanol in the presence of methane monooxygenase in
the first step of their metabolic pathway. The current
classification system separates all known methanotrophs
into 3 groups —types I, I, and X— on the basis of multiple
criteria, including cell morphology, the arrangement of
intracytoplasmic membranes, the pathway for formalde-
hyde assimilation, the guanine plus cytosine content of
the DNA, and major cellular fatty acid profiles [2].

Methanol dehydrogenase (MDH) is an enzyme re-
sponsible for the oxidation of methanol to formaldehyde,
which is assimilated into the cellular biomass or oxidized
further to CO, to provide the reducing power needed for
biosynthesis. In vitro MDH is coupled to the electron
transport chain at the level of cytochrome ¢ [5-9]. When
prepared aerobically, this coupling is irreversibly de-

*Corresponding author
Tel: +82-62-230-6649 Fax: +82-62-225-6040
e-mail: swkim@chosun.ac.kr

stroyed. As a result, MDH requires ammonium salt to be
activated (this can be replaced by methylamine, but not
by di- or trimethylamine) [10]. Most of the MDH en-
zymes that have been described, especially those derived
from facultative or obligate methylotrophic bacteria, are
very similar in their molecular and biochemical properties,
with exceptions in those derived from several gram-
positive and thermotolerant bacteria [11].

The oxidation of methanol is usually catalyzed by a
MDH that was originally described in Pseudomonas M27
[12]. This enzyme is found in large amounts especially in
organisms that grow on one-carbon compounds (e.g.,
methane and methanol) and is known for its relatively
broad spectrum of substrate specificity [13]. MDH has
pyrroloquinoline quinone as a prosthetic group and cyto-
chrome ¢; as its primary electron acceptor.

MDH has been characterized in several methanotrophs
[14,15]. Methylomicrobium sp. HG-1 is a type I novel
obligate methane-oxidizing bacterium that was isolated
from the effluent of manure by this lab. In this study, we
describe a novel culture system for the rapid growth of
methanotrophic bacteria and purification as well as some
of the biochemical and molecular properties of MDH
derived from Methylomicrobium sp. HG-1.
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MATERIALS AND METHODS
Microorganism, Medium, and Cultivation

Methylomicrobium sp. HG-1 was isolated from the ef-
fluent of manure distributed at Goksung, Jeon-Nam,
South Korea. The modified nitrate-mineral-salt (NMS)
medium [13,16] with 1 uM copper ions was used for
cultivation. Cells were cultured in a 500 mL Erlenmeyer
flask, containing 50 mL of the medium and covered with
a gas tight seal. The head space in the flask was displaced
with a methane mixture (methane:air = 1:1, v/v), that
was used as the sole source of carbon and energy for cell

growth. Cultivation was carried out in the 30°C incubator.

The pre-cultured cells were inoculated into a 5 L Erlen-
meyer flask containing 3 L of the medium, and gas mix-
ture contained in a separated reservoir was supplied to
the flask (Fig. 1A). As soon as a fresh methane mixture in
a gas bag was injected into the gas reservoir, it was trans-
ferred to the flask through an air filter using an air bub-
bler. The mixture dispersed evenly in the NMS medium
by continuous stirring and was consumed by the bacteria.
Part of methane mixture was fed back to the gas reservoir
and recirculated into the flask until the fresh gas mixture
in the gas bag was consumed completely. This compul-
sory gas circulation system, which was developed in this
laboratory, was very effective in cultivating methanotro-
phic bacteria.

Enzyme Purification

All purification procedures were carried out at 4°C.
Cells were harvested when the optical density of the cul-
ture reached 1.0 at 600 nm. Harvested cells were washed
with 25 mM Tris-HCI buffer (pH 8.0, standard buffer)
and disrupted by 2 passes through a French Pressure Cell
(SLM Instruments, USA). Cellular debris was removed
by centrifugation at 15,000 x g for 15 min and, when
necessary, the membrane [raction was removed by fur-
ther centrifugation at 100,000 x g for 60 min [17,18].

The soluble fraction was concentrated with Centricon
(Millipore, Billerica, Mass, USA) and applied 1o a

POROS 20 HQ column equilibrated with standard buffer.

After elution with a standard buffer, bound MDH was
released along a linear gradient of 0 to 1 M NaCl dis-
solved in standard buffer. Active fractions were pooled,
concentrated, and applied to a FPLC Superose 12 HR
10/30 column that had been equilibrated with 20 mM
Tris-HCI buffer containing 0.15 M NaCl. The purity of
the MDH was determined by 15% SDS-PAGE.

Enzyme Assay

The protein concentration was determined using the
Bradford method [19], with bovine serum albumin (BSA)
used as a standard. MDH activity was assayed photomet-
rically at 30°C using a two-dye linked assay system,
phenazine ethosulfate (PES) was used as an artificial
electron acceptor, and 2,6-dichlorophenol indophenol
(DCPIP) as a terminal acceptor. The reaction mixture (3
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Fig. 1. Schematic diagram of cultivation system for methano-
trophic bacteria. (A) Compulsory gas circulation diffusion sys-
tem, which was developed in this lab. (B) Simple diffusion sys-
tem. A, gas bag; B, 0.2 um pore size air filter; C, bioreactor; D,
stirrer; E, water trap; F, gas reservoir; G, air bubbler.

mL) contained 100 mM Tris-HCI buffer (pH 9.0), 13.4
mM methanol, 1.1 mM PES, 0.04 mM DCPIP, 1 mM
KCN and 15 mM NH,CIl. Reactions were initiated by
adding MDH, and the reduction of DCPIP was meas-
ured by the decrease in absorbance at 600 nm [20]. One
unit was defined as the amount of enzyme needed to
catalyze the reduction of DCPIP at a rate of 1 mol/ min.

Analysis of MDH

The molecular weight of the native MDH was deter-
mined by gel filtration on a Sephacryl S200 column using
the following standard proteins: B-amylase (200 kDa),
alcohol dehydrogenase (150 kDa), BSA (66 kDa), car-
bonic anhydrase (29 kDa), and cytochrome ¢ (12.4 kDa).
The molecular weight of the subunit was determined by
SDS-PAGE using 15% polyacrylamide gels, as described
by Laemmli [21].

Native 8% polyacrylamide gel was used to determine
the activity staining of purified MDH. After electrophore-
sis, the gel was stained with an active staining solution
that contained 100 mM Tris-HCI buffer (pH 9.0), 13.4
mM methanol, 1.1 mM PES, 0.04 mM nitro blue tetra-
zolium, 1 mM KCN and 15 mM NH,CI.

The isoelectric point for MDH derived from Methy-
lomicrobium sp. HG-1 was determined by native isoelec-
tric focusing [22]. The MDH was visualized by active
staining.

RESULTS AND DISCUSSION
Effect of a Novel Culture System on Cell Growth

The novel culture system developed in this laboratory
is summarized in Fig. 1A. As described in the Materials

and Methods section of this article, a methane mixture
that was kept in a separate reservoir was supplied com-
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Fig. 2. Comparison of specific growth rates for each culture
systen. Symbols: @, compulsory gas circulation diffusion sys-
tem; O, simple diffusion system.
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pulsorily to the flask using an air bubbler. Because meth-
ane solubility in water is poor, the concentration of meth-
ane in the medium acts as a limiting factor for cell growth.
Compared with the conventional simple diffusion culture
system (Fig. 1B), a compulsory circulation diffusion sys-
tem is better able to increase methane solubility. We
found that cells growing in the compulsory circulation
diffusion system demonstrated higher optical density than
those growing in the simple diffusion culture system (Fig.
2). The growth rate (p) and doubling time (Dy) of cells
in the simple diffusion culture system were 0.067 h™' and
14.9 h, respectively, compared with 0.127 h''and 7.9 h,
respectively, for cells in the compulsory circulation diffu-
sion system. This suggests that our compulsory circula-
tion diffusion system is very effective in cultivating bacte-
ria growing on methane.

Purification of MDH

After Methylomicrobium sp. HG-1 cells were disrupted,
more than 95% of MDH activity was found exclusively in
the soluble fraction and only a trace of MDH was de-
tected in the membrane fraction. This observation dif-
fered from that seen with MDH derived from the type I
methanotrophic bacterium, Methylocystis sp. GB25 [14].
It has been known that after cell disruption, MDH de-
rived from type Il methanotrophs appears mostly in the
soluble fraction [15,23], however, in the type | and type

Table 1. Purification of MDH from Methylomicrobium sp. HG- 1

Biotechnol. Bioprocess £ng. 2006, Vol. 11, No. 2

X methanotroph, MDH activity was found both in the
soluble and particulate fractions in nearly equal amounts
[24]. Although Methylomicrobium sp. HG-1 is a type |
obligate methanotroph, MDH was found only in its solu-
ble fraction. It has been suggested that the MDH in me-
thylotrophs is a peripheral membrane protein localized to
the periplasmic face of the membrane [25-28]. Methano-
trophs are distinguished from other methylotrophs by the
presence of an intracytoplasmic membrane (ICM). MDH
has been found in both the soluble and particulate frac-
tions of the methanotroph [24,29]. The formation of an
ICM in a methanotroph is dependent on its growth con-
ditions [30-33]. It has been suggested that the ICM is
continuous with the cytoplasmic membrane [34-36] and
that this continuity further implies continuity between the
periplasm and intra-ICM space.

Copper is known to be important in the formation of
ICMs. High copper concentrations are essential for the
formation of extensive ICMs, and copper is thought to
play an active role at both the catalytic site and along the
electron transport chain [37,38]. Methylomicrobium sp.
HG-1 also required copper for growth. As the copper
concentration increased, the formation of ICM in cell
increased remarkably. When the cells were grown on a
medium containing 1 uM copper, 99% of the MDH ac-
tivity was found in the soluble fraction. By comparison,
when the cells were grown in a medium containing 50
uM copper, 10% of the MDH activity was detected in the
membrane [raction. This indicates that the distribution of
MDH is dependent on the formation of ICM. MDH de-
rived from Methylomicrobium sp. HG-1 is detected only
in the soluble fraction; authentic MDH is bound loosely
to the cytoplasmic membrane and ICM, but it was re-
leased into the soluble fraction when the cells were force-
fully disrupted through French pressure. Moreover, the
cells needed for MDH purification were cultivated in the
1 uM copper containing medium, because the cells
grown in the presence of a high copper concentration
were not easily disrupted (data not shown).

The steps involved in the purification of MDH are
summarized in Table 1. MDH derived from Methylomi-
crobium sp. HG-1 was purified about 8-fold through a 4
step process, with a yield of 17.6% and specific activity of
4.21 units/mg protein. An electrophoretically homogene-
ous preparation was obtained during the final purification
on a Superose 12 HR 10/30 column. Purified MDH, dis-
solved in 50 mM potassium phosphate buffer (pH 7.0), lost
20% of its activity during 24 h of exposure to air at 4°C.

T.otal "]'_otal 'Sfpcc-iﬁc Purification fold el

protein (mg) activity! (U) activity (U/mg) (%)

Cell free extracts 205.8 109.6 0.53 1.0 100.0
Soluble fraction 145.1 97.6 0.66 1.2 89.0
POROS 20 HQ 21.4 64.5 3.01 5.6 58.8
Sephacryl $200 4.6 19.3 4.21 7.9 17.6

*One unit is the amount of enzyme that catalyzes the reduction of 1 umol DCPIP per minute. Enzyme activity represents the mean of 3 in-

dependent experiments.
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Fig. 3. Determination of the molecular mass of MDH by gel
filtration on a Sephacryl 5200 column using the following stan-
dard proteins: B-amylase (200 kDa): B, alcohol dehydrogenase
(150 kDa); C, bovine serum albumin (66 kDa); D, carbonic
anhydrase (29 kDa); E, cytochrome ¢ (12.4 kDa).

Molecular Mass and Isoelectric Point

The molecular mass of the MDH derived from Methy-

lomicrobium sp. HG-1 was estimated to be 120 kDa (Fig.

3). This enzyme consists of two identical subunits with a
molecular weight of 62 kDa each (Fig. 4A). It has been
suggested that the MDH derived [rom methylotroph has
an a/ conformation, which indicates that they consist
of two large (60 kDa) and two small (10 kDa) subunits
[39]. However several MDHs derived from methano-
trophs, such as Methylosinus trichosporium OB3b [40],
Methylocystis sp. GB25 [14], Methylomonas methanica
[41], and Methylosinus sporium [23], consisted of only
two identical large subunits, although the molecular
masses are slightly different. An analysis of methanol oxi-
dation genes (mxaFJGI genes) in the Methylomonas sp.
strain A4, a type I marine methanotroph, showed that its
MDH has an /3, conformation and that it consists of
two different subunits with a molecular weight of 59 kDa
(mxaF) and 12 kDa (mxal) [42]. Similarly, a genetic
analysis of the MDH derived from our isolate showed
that it also has an «,/3, conformation and consists of two
different subunits with molecular weights of 62 and 10
kDa (GenBank No. DQ463162). Consequently, it is as-
sumed that the MDHs of methanotroph have an o/,
conformation, although the small subunit was not de-
tected by SDS-PAGE or gel chromatography. The results

of activity staining of purified MDH are shown in Fig. 4B.

The isoelectric point was 5.4.
Substrate Specificity

Purified MDH showed broad substrate specificity with
primary alcohols and aldehydes (Table 2). Similar to the
MDH derived from Methylocystis sp. GB25, the activity
of MDH of Methylomicrobium sp. HG-1 decreased as
the number of carbons in the alcohol increased; however,
it showed relatively high activity with hexanol and hep-
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< MDH

Fig. 4. (A) SDS-PAGE of MDH derived [rom Methylomi-
crobium sp. HG-1. Lane 1, molecular size marker; lane 2, cell
free extract; lane 3, soluble fraction: lane 4, PORQS 20 HQ
column; lane 5, MDH purified through the Sephacryl S200
column. (B) Activity staining of MDH.

Table 2. Substrate specificity of MDH derived from Methy-
lomicrobivum sp. HG-1

Relative activity® K
Substrate (%) ¥ (mM)
Methanol 100.00 0.81
Ethanol 85.13 5.73
Propanol 59.93 184.0
Butanol 49.13 186.0
Pentanol 67.40 172.0
Hexanol 94.10 162.0
Heptanol 101.88 80.78
QOctanol 16.33 ND"
Formaldehyde 73.24 ND
Acetaldehyde 7.06 ND

® Activity in the presence of methanol was assumed to be 100%.
® Not determined.

tanol among the alcohols tested in this study. Unfortu-
nately it was very difficult to obtain a real value for MDH
activity with primary alcohols with longer carbon chains,
because those alcohols could not be solubilized suffi-
ciently in the enzyme reaction mixture before the assay
was carried out. Sometimes a period of vigorous shaking
is required to ensure complete solubilization. Similar to
other MDHs, the MDH of Methylomicrobium sp. HG-1
showed high activity with formaldehyde, but low affinity
with acetaldehyde [14].

Effect of Temperature and pH

The optimum temperature was determined in a 100
mM Tris-HCI buffer. MDH activity was highest at 60°C.
After a 60 min incubation period at a temperature below
60°C, more than 70% of enzyme activity remained. The



138

Table 3. Effect of divalent cations on MDH activity

Concentration Relative activity
(mM) (%)
Control 100.00
Zn*" 1.0 77.16
Mg?t 1.0 90.16
Ca*! 1.0 81.89
Fe** 0.1 93.59
Co?* 0.1 92.50
Cu? 0.1 80.16
Mn?* 0.1 0.00
EDTA 0.1 110.59

effect of pH on MDH activity was tested in the range of
pH 7.0 to 10. The optimum pH was found to be 9.0.

Effect of Divalent Cations

The effect of divalent cations on MDH activity is
shown in Table 3. As indicated, 1 mM of Zn?*, Mg?*,
and Ca’* did not affect MDH activity significantly,
whereas the same concentrations of Cu®*, Co®*, Fe’*,
and Mn®* inhibited completely. The inhibitory effects of
these cations at a lower concentration are shown in Table
3. MDH is not inhibited by metal chelating agents such
as EDTA. It is well known that most MDH activity, while
strongly inhibited by EDTA in vivo, is not inhibited by
EDTA when phenazine methosulfate is used for electron
transfer [10]. This may be due to the functional coupling
of MDH with the electron transport chain at the level of
cytochrome ¢ in vivo [14].

Acknowledgements This work was supported by grant No.

RTI-04-03-03 (BPF-2004- S-1-5[A]) from the Regional Tech-
nology Innovation Program of the Ministry of Commerce, In-
dustry and Energy (MOCIE).

REFERENCES

[1] Whittenbury, R., K. C. Phillips, and ]. P. Wilkinson (1970)
Enrichment, isolation and some properties of methane-
utilizing bacteria. /. Gen. Microbiol. 61: 205-218.

[2] Hanson, R. S, and T. E. Hanson (1996) Methanotrophic
bacteria. Microbiol. Rev. 60: 439-437.

[3] Reeburgh, W. S., S. C. Whalen, and M. ]. Alperin (1993)
The role of methylotrophy in the global methane budget.
pp. 1-14. In: J. C. Murrell and D. P. Kelly (eds.). Micro-
bial Growth on C, Compounds. intercept. Andover, United
Kingdom.

[4] Mancinelli, R. L. (1995) The regulation of methane in soil.
Annu. Rev. Microbiol. 49: 581-605.

[5] Duine, |. A., ]. Frank, and |. Westerling (1978) Purifica-
tion and properteis of methanol dehydrogenase from
Hyphomicrobium X. Biochem. Biophys. Acta. 524: 277-
287.

Biotechnol. Bioprocess Eng. 2006, Vol. 11, No. 2

[6] Duine, J. A., |. Frank, and L. G. De Ruiter (1979) Isola-
tion of a methanol dehydrogenase with a functional cou-
pling to cytochrome c. J. Gen. Microbiol. 115: 523-526.

[7] Dispirito, A. A. (1990) Soluble cytochromes ¢ from Methy-
lomonas A4, Meth. Enzymol. 188: 289-297.

[8] Kim S. W., Y. T. Tae, and Y. M. Kim (1991) Methanol
dehydrogenase of an obiligate methanotroph, Methyloba-
cillus sp. strain SK1. Mol. Cells. 19: 407-413.

[9] Koh, M. J., C. S. Kim, Y. A. Kim, H. S. Choi, E. H. Cho,
E. B. Kim, Y. M. Kim, and S. W. Kim (2002) Properties
of electron carriers in the process of methanol oxidation in
a new restricted facultative marine methylotrophic bacte-
rium, Methylophaga sp. MP. ]. Microbiol. Biotechnol. 12:
470-482.

[10] Anthony, C. (1986) Bacterial oxidation of methane and
methanol. Adv. Microbial. Physiol. 27: 113-210.

[11] Arfman, N. and L. Dukhuizen (1990) Methanol dehydro-
genase from thermotolerant methylotroph Bacillus C1.
Meth. Enzymol. 188: 223-226.

[12] Anthony, C. and L. |. Zatman (1964) The microbial oxi-
dation of methanol. Purification and properties of metha-
nol dehydrogenase of Pseudomonas sp. M27. Biochem. .
92: 614-621.

[13] Higgins, L. ]J., D. . Best, R. C. Hammond, and D. Scott
(1981) Methane-oxidizing microorganisms. Microbiol. Rev.
45: 556-590.

[14] Grosse, S., K. D. Wendlandt, and H. P. Kleber (1997)
Purification and properties of methanol dehydrogenase
from Methylocystis sp. GB 25. J. Basic Microbiol. 37: 269-
279.

[15] Grosse, S., C. Voigt, K. D. Wendlandt, and H. P. Kleber
(1998) Purification and properteis of methanol dehydro-
genase from Methylosinus sp. W1 14. |. Basic Microbiol.
38: 189-196.

[16] Kim, H., H. ]. Eom, ]. Lee, ]. Han, and N. S. Han (2004)
Statistical optimization of medium composition for growth
of Leuconostoc citreum. Biotechnol. Bioprocess Eng. 9:
278-284.

[17] Lee, J. H., M. H. Choi, J. Y. Park, H. K. Kang, H. W. Ryu,
C. 5. Sunwo, Y. |]. Wee, K. D. Park, D. W. Kim, and D.
Kim (2004) Cloning and characterization of the lactate
dehydrogenase genes from Lactobacillus sp. RKY2. Bio-
technol. Bioprocess Eng. 9: 318-322,

[18] Lee, Y. ., J. H. Kim, H. K. Kim, and ]. S. Lee (2004)
Production and characterization of keratinase from Para-
coccus sp. WJ-98. Biotechnol. Bioprocess Eng. 9: 17-22.

[19] Bradford, M. M. (1976) A rapid sensitive method for the
quantitation of microgram quantities of protein utilizing
the principle of protein-dye binding. Anal. Biochem. 72:
248-254.

[20] Anthony, C. and L. |. Zatman (1964) The microbial oxi-
dation of methanol. 2. The methanol oxidizing enzyme of
Psudomonas sp. M27. Biochem. . 92: 614-621.

[21] Laemmli, U. K. (1970) Cleavage of structural proteins
during the assembly of the head of bacteriophage T4. Na-
ture 227: 680-685.

[22] O’Farrell, P. H. (1975) High resolution two-dimensional
electrophoresis of proteins. /. Biol. Chem. 250: 4007-4021,

[23] Patel, R. N. and A. Felix (1976) Microbial oxidation of
methane and methanol: Crystallization and properties of



Biotechnol. Bioprocess Eng. 2006, Vol. 11, No. 2

methanol dehydrogenase from Methylosinus sporium. |.
Bacteriol. 128: 413-414.

[24] Wadzinski, A. M. and D. W, Ribbons (1974) Oxidation of
C, compounds by particulate [ractions from Methylococcus
capsulatus: Properties of methanol oxidase and methanol
dehydrogenase. [. Bacteriol. 122: 1364-1374.

125] Alefounder, P. R. and S. ]. Ferguson (1981) A periplasmic
location for the methanol dehydrogenase from Paracoccus
denitrificans: implications for proton pumping by cyto-
chrome aa3. Biochem. Biophys. Res. Commun. 98: 778-
784.

[26] Jones, C. W., §. A. Kingsbury, and M. J. Dawson (1982)
The partial resolution and dye-mediated reconstitution of
methanol oxidase in Methylophilus methylotrophus. FEMS
Microbiol. Let. 13: 195-200.

[27] Kasprzak, A. A. and D. J. Steenkamp (1983) Localization
of the major dehydrogenases in two methylotrophs by
radiochemical labeling. /. Bacteriol. 156: 348-3533.

[28] Fassel, T. A., L. A. Buchholz, M. L. Collins, and C. C.
Remsen (1992) Localization of methanol dehydrogenase
in two strains of methylotrophic bacteria detected by im-
munogold labelling. Appl. Environ. Microbiol. 58: 2302-
2307.

[29] Ferenci, T., T. Stom, and |. R. Quayle (1975) Oxidation
of carbon monoxide and methane by Pseudomonas meth-
anica. J. Gen. Microbiol. 91: 79-91,

[30] Takeda. K. and K. Tanaka (1980) Ultrastructure of intra-
cytoplasmic membranes of Methanomonas margaritae cells
grown under different conditions. Anfonie van Leeuwen-
hoek 46: 15-25.

[31] Scott, D., |. Brannan, and 1. J. Higgins (1981) The effect
of growth conditions on intracytoplasmic membranes and
methane mono-oxygenase activities in Methylosinus tricho-
sporium OB3b. J. Gen. Microbiol. 125: 63-72.

[32] Prior, S. D. and H. Dalton (1985) The effect of copper
ions on membrane content and methane monoxygenase
activity in methanol-grown cells of Methylococcus capsula-
tus (Bath). J. Geir, Microbiol. 131: 155-163.

- 145 -

139

[33] Collins, M. L. P., L. A. Buchholz, and C. C. Remsen
(1991) The effect of copper on Methylomonas Albus BG8.
Appl. Environ. Microbiol, 57: 1261-1264.

[34] Best, D. and 1. ]. Higgins (1981) Methane-oxidizing activ-
ity and membrane morphology in a methanol-grown obli-
gate methanotroph, Methvlosinus trichosporium OB3b. [.
Gen. Microbiol, 125: 73-84.

[35] DeBoer, W, E. and W. Hazeu (1972) Observation on the
fine structure of a methane-oxidizing bacterium. Antonie
van Leeuwenhoek 38: 33-47,

[36] Suzina, N. E., V. V. Dmitriev, E. V. Chetina, and B. A.
Fikhte (1984) Cytobiochemical features of methanotro-
phic bacteria. Mikrobiologiya. 53: 257-260.

[37] Semrau, ]. C., D. Zolandz, M. E. Lidstrom, and S. . Chan
(1995) The role of copper in the pMMO of Methylococcus
capsulatus bath: A structural vs. catalytic function. /. Inorg.
Biochem. 58: 235-244.

[38] Basu, P., B. Katterle, K. K. Andersson, and H. Dalton
(2003) The membrane-associated form of methane mono-
oxygenase from Methylococcus capsulatus (Bath) is a cop-
per/iron protein. Biochem. J. 369: 417-427.

[39] Nunn, D. N., D. Day, and C. Anthony (1989) The second
subunit of methanol dehydrogenase of Methylobacterium
extorquens AM1. Biochem. [. 260: 857-862.

[40] Parker, M. W., A. Cornish, V. Gossain, and D. |. Best
(1987) Purification, crystallization, and preliminary X-ray
diffraction characterization of methanol dehydrogenase
from Methylosinus trichosporium OB3b. Eur. . Biochem.
164: 223-227.

[41] Patel, R. N., C. T. Hou, and A. Felix (1978) Microbial
oxidation of methane and methanol: Crystalization of
methanol dehydrogenase and properties of holo- and apo-
methanol dehydrogenase from Methylomonas methanica. |.
Bacteriol. 133: 641-649.

[42] Waechter-Brulla, D., A. A, Dispirito, L. V. Christoserdova,
and M. E. Lisdstrom (1993) Methanol oxidation genes in
the marine Methylomonas sp. strain A4. [. Bacteriol. 175:
3767-3775.

[Received December 28, 2005; accepted March 31, 2006]



Biotechnology and Bioprocess Engineering 2006, 11: 337-343

©KSBB

Purification, Characterization, and Cloning of Trimethylamine
Dehydrogenase from Methylophaga sp. Strain SK1

Hee Gon Kim', Yan Kim', Heon Man Lim?, Hyun-Jae Shin?, and Si Wouk Kim'#*

' Department of Biomaterials Engineering, Chosun University, Gwangju 501-759, Korea

? Department of Biology, Chungnam National University, Daejon 305-764, Korea

? Department of Chemical Engineering, Chosun University, Gwangju 501-759, Korea

* Department of Environmental Engineering, BK21 Team for Biohydrogen Production, Chosun University, Gwangju

501-759, Korea

Abstract Trimethylamine dehydrogenase (TMADH, EC 1.5.99.7), an iron-sulfur flavoprotein
that catalyzes the oxidative demethylation of trimethylamine to form dimethylamine and for-
maldehyde, was purified from Methylophaga sp. strain SK1. The active TMADH was purified
12.3-fold through three purification steps. The optimal pH and temperature for enzyme activity
was determined to be 8.5 and 55°C, respectively. The I, and K, values were 7.9 nmol/min/mg
protein and 1.5 mM. A genomic DNA of 2,983 bp from Methylophaga sp. strain S5K1 was cloned,
and DNA sequencing revealed the open reading frame (ORF) of the gene coding for TMADH.
The ORF contained 728 amino acids with extensive identity (82%) to that of Methylophilus me-

thylotrophus WSA,.

Keywords: trimethylamine, trimethylamine dehydrogenase, tmd gene, Methylophaga sp. strain

SK1

INTRODUCTION

Trimethylamine is toxic to animals including humans
because of its tissue-corrosive and tissue-penetrative
properties. Trimethylamine has also been shown to inhibit
the synthesis of macromolecules such as DNA, RNA, and
proteins, and to have teratogenic effects on animal em-
bryos [1]. Elimination of trimethylamine from contami-
nated environments by using microorganisms, therefore,
would be beneficial to mankind. Methylotrophic bacteria
are a group of microbes that can grow aerobically on
compounds that contain one or more carbon atoms, but
not compounds having carbon to carbon bonds. Obligate
methylotrophs will grow only on C,; compounds, whereas
facultative methylotrophs are able to grow on a variety of
multicarbon substrates.

Three different enzymes capable of oxidizing trimethyl-
amine have been identified in methylotrophs. The major-
ity of methylotrophs that use trimethylamine as a sole
carbon source utilize trimethylamine monooxygenase to
generale trimethylamine-N-oxide, which is subsequently
converted to dimethylamine and formaldehyde by trime-
thlyamine-N-oxide demethylase catalysis [2,3]. In obli-
gate methylotrophs and in some restricted facultative me-
thylotrophs, however, trimethylamine is oxidized by a
nicotinamide-independent trimethylamine dehydrogenase
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Tel: +82-62-230-6649 Fax: +82-62-225-6040
e-mail: swkim@chosun.ac.kr

(TMADH, EC 1.5.99.7) [2]. TMADH is a complex iron-
sullur flavoprotein enzyme that transfers electrons to a
soluble flavoprotein known as electron transferring flavo-
protein [4]. In one case, a nicotinamide-dependent
TMADH has been reported [5]. Since Colby and Zatman
first purified the nicotinamide-independent TMADH [6],
this enzyme, obtained from Methylophilus methylotrophus
W;A,, has been extensively studied. The TMADH is
composed of two identical 83,000-dalton subunits, each
of which folds into three different structural domains [7].
The largest domain, at the NH, terminus of the molecule,
is folded as an eight-stranded parallel a/p barrel and
contains the [4Fe-45] and covalently bound FMN cofac-
tors [8]. The medium and smaller domains bear a strik-
ing resemblance to the FAD and NADPH-binding do-
mains of glutathione reductase.

We have isolated a novel marine methylotrophic bacte-
rium, Methylophaga sp. strain SK1, from seawater ob-
tained near Mokpo, Korea [9]. This bacterial strain could
be cultivated aerobically in a media containing trimethyl-
amine as a source of carbon and energy and interestingly
could also grow on methanol, monomethylamine, di-
methylamine, dimethyl sulfide, glucose, and fructose (a
restricted facultative methylotroph) substrates. In this
study, we report on the purilication and characterization
of TMADH from Methylophaga sp. strain SK1 in our
efforts to develop a biosensor that detects trimethylamine
generated from decaying fishes. We also report on our
cloning of the gene for the enzyme and the function of
the gene.
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MATERIALS AND METHODS
Bacteria, Medium, and Culture Conditions

Methylophaga sp. strain SK1 was cultivated on an artifi-
cial seawater medium [9] containing 0.45% (w/v)
trimethylamine HCI as carbon and energy sources. The
pre-cultured cells were inoculated into a 100 L fermentor

(KF-100L, KoBioTech, Korea) containing 70 L of medium.

Cells were incubated at 30°C and aerated by continuous
air flow (35 L/min). Cells from the late exponential growth
phase were harvested by centrifugation at 10,000 x g,
washed with 25 mM Tris-HCI buffer (pH 8.0, standard
buffer), and kept frozen at —80°C. E. coli DH5a. cells were
cultured at 37°C on Luria-Bertani medium and used as a
host strain for the gene cloning experiments [10-14]. Vec-
tor plasmid pUC19 was used for cloning and recombinant
DNA was introduced into E. coli DH5a by electroporation
[15]. Transformed E. coli DH5a cells were grown on LB
medium supplemented with ampicillin (50 pg/mL).

Enzyme Purification

All purification procedures were carried out at 4°C.
Harvested cells were disrupted by two passages through a
French Pressure Cell (SLM Instruments, USA). Cell de-
bris was removed by centrifugation at 15,000 x g for 15
min, and when necessary the membrane fraction was re-
moved by further centrifugation at 100,000 x g for 60
min. Ammonium sulfate was slowly added to the super-
natant to achieve 60% saturation. After removal of the
precipitate by centrifugation at 5,000 x g for 60 min,
additional ammonium sulfate was added to give 80%
saturation. After centrifugation, the precipitated proteins
were dissolved in standard buffer and dialyzed. The
dialysate was concentrated using a Centricon (Millipore,
USA) and applied to a POROS 20 HQ column (PerSep-
tive Biosystems, USA) equilibrated with standard buffer.
After elution with standard buffer, the bound TMADH
was released using a linear gradient of 0 to 1.0 M NaCl
dissolved in standard buffer; TMADH eluted in the range
of 0.4 to 0.5 M NaCl. Fractions containing TMADH
were collected and dialyzed against standard buffer and
the supernatant applied to a hydrophobic column (High
prep 16/10 Phenyl, Amersham Bioscience) equilibrated

with standard buffer containing 1.5 M ammonium sulfate.

After the unabsorbed materials were washed from the
column using equilibrating buffer, the adsorbed proteins
were eluted with a linear gradient of ammonium sulfate
(from 1.5 to 0 M) in standard buffer. TMADH was
cluted by ammonium sulfate frec buffer solution. Each
active fraction was pooled, concentrated and applied to a
Sephacryl S200 (HiPrep™ 16/60, Amersham Biosci-
cnce) which was cquilibrated with 20 mM Tris-HCI
buffer containing 0.15 M NaCl. The purity of TMADH
was assessed by 15% SDS-PAGE.

Enzyme Assay

Protein concentration was determined by the Bradford
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method [16] using bovine serum albumin as standard.
TMADH activity was assayed photometrically at 30°C by
a two-dye linked assay system; phenazine ethosulfate
(PES) was used as an artificial electron acceptor and 2,6-
dichlorophenol indophenol (DCPIP) as terminal acceptor
[2]. The reaction mixture (3 mL) contained 100 mM
Tris-HCI buffer (pH 8.0), 4.6 mM trimethylamine, 1.1
mM PES, 0.04 mM DCPIP, 1 mM KCN, 5 uM sodium
hydrosulfate, and 10 pM sodium bicarbonate. Reactions
were started by adding the TMADH and reduction of the
DCPIP was measured by the decrease in absorbance at
600 nm. One unit of enzyme activity was defined as the
amount of enzyme required to catalyze the reduction of 1
mol DCPIP per min.

Molecular Weight Determination

The molecular weights of native TMADH was deter-
mined by gel filtration on a Sephacryl S200 column using
the following proteins as standards: B-amylase (200,000
Da); alcohol dehydrogenase (150,000 Da); bovine serum
albumin (66,000 Da); carbonic anhydrase (29,000 Da);
and cytochrome ¢ (12,400 Da). The molecular weight of
the subunits was determined by SDS-PAGE as described
by Lacmmli [17] using 15% polyacrylamide gels; electro-
phoresis was carried out at a constant current of 50 mA
for 90 min at room temperature.

Activity Staining

Native 8% polyacrylamide gels were used to identify
activity by staining the purified TMADH. After electro-
phoresis, the gels were treated with staining solution until
the blue-black band was observed. The staining solution
(30 mL) contained 100 mM Tiis-HCI buffer (pH 8.0),
4.6 mM trimethylamine, 1.1 mM PES, 0.04 mM nitro
blue tetrazolium, 1 mM KCN, 5 uM sodium hydrosulfate,
and 10 uM sodium bicarbonate [18].

DNA Extraction and the Cloning of a tmd Gene

Genomic DNA of Methylophaga sp. SK1 was extracted
by the method of Goldberg and Ohman [19], and plas-
mid DNA was isolated by the alkaline lysis method [20].
Extracted genomic DNA was fully digested with HindlIII
and subjected to agarose gel electrophoresis. DNA frag-
ments in the desired size range were cut out from the
agarose gel and extracted using a Qiagen Gel Extract Kit
(Qiagen, USA). HindIll digested plasmid pUCI19 was
treated with bacterial alkaline phosphatase and ligated to
fractionated genomic DNA using T4 ligase. Ligated DNA
was transformed into competent E. coli DH5a cells.
Transformant (ampicillin-resistant white colony) contain-
ing the trimethylamine gene (tmd gene) were screcned
using degenerate PCR (tmdF primer 5'-AARGCYGAA-
GGCGGNTGG, and tmdR primer 5-GCCNCCGTAYT-
YGTC KGTRC, probe F1). This primer was designed
based on the known amino acid sequence of TMADH
from M. methylotrophus W5A,. Probe F1 (100 pmol) was
5'-end labeled with [a.-*2P] ATP and T, kinase according



Biotechnol. Bioprocess Eng. 2006, Vol. 11, No. 4

Table 1. Purification of TMADH from Methylophaga sp. strain SK1
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Total Total Specific activity Purification Yield

protein (mg) Activity* (U} (U/mg protein) fold (%) (%)

Cell free extract 67.02 12.53 0.19 1.00 100
Soluble fraction 42.16 10.04 0.24 1.27 80
POROS 20 HQ 4.62 5.05 1.19 6.36 44
Phenyl hydrophobic 0.61 1.32 2.18 11.66 11
Sephacryl S200 0.11 0.25 2.29 12.27 2

*One activity unit is defined as the amount of enzyme that catalyzes the reduction of 1 mol DCPIP per minute. Enzyme activities were ob-

tained as average values from three independent experiments.
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Fig. 1. SDS-PAGE of TMADH from Methylophaga sp. strain
SK1. Lane 1, molecular size marker; lane 2, cell free extract;
lane 3, soluble fraction; lane 4, POROS 20 HQ column; lane 5,
phenyl hydrophobic column; lane 6, purified TMADH with
Sephacryl S200 column.

to the manufacturer’s instruction. Colony hybridization
was performed using the labeled F1 probe. Hybridization
was performed at 42°C for 16 h with hybridization buffer
containing 6 X SSC (0.15 M sodium chloride and 0.015
M sodium citrate), 1 X Denhardt solution, 100 pg/mL
yeast tRNA, and 0.05% sodium pyrophosphate. Final
washes were performed al increasing temperatures (55 (o
65°C) in a 1 x SSC. Autoradiographs were subsequently
obtained by exposing the hybridized filters to Fuji RX
films for 16 to 24 h.

Nucleotide Sequence Determination and Analyses

The isolated 3 kb Hindlll fragment was sequenced by
a DNA sequencer (Applied Biosystems Model 373A,
USA) using a Tag DyeDeoxy Terminater Cycle sequenc-
ing kit. Custom-made oligonucleotides (Bioneer, Korea)
were used for DNA sequencing and cloning. The Basic
Local Alignment Search Tool (BLAST, version 2.0) nct-
work service [21] was used to search similar sequences
in the international database (NCBI). DNA sequences
were aligned and analyzed by the DNASIS program (Hi-
tachi, Japan).

RESULTS AND DISCUSSION
Purification of TMADH

TMADH has been suggested to be a peripheral mem-
brane protein of the methylotrophs and localized in the
membranes periplasmic face [22]. However, after disrup-
tion of the cells using a French press, the TMADH activ-
ity of Methylophaga sp. strain SK1 was found exclusively
in the soluble fraction. The purification steps of TMADH
are summarized in Table 1. TMADH was purified more
than 12-fold through a three step process, with a final
yield of 2% and a specific activity of 2.29 units per mg
protein. Gel filtration on Sephacryl S200 was nccessary
to obtain a single band in SDS-PAGE (Fig. 1). Solutions
of the purified TMADH stored in 50 mM potassium
phosphate buffer (pH 7.0) showed an approximate 20%
loss of activity during 24 h at 4°C.

Relative Molecular Mass and Isoelectric Point

The molecular mass of TMADH, by gel filtration, was
estimated as 143 kDa. The molecular mass of the subunit
in SDS-PAGE appeared to be 80 kDa (Fig. 1). The tmd
gene of 2,187 bp encodes a protein of 728 amino acids
with an apoenzyme subunit molecular mass of 81.6 kDa
(Fig. 2). The calculated subunit molecular mass, there-
fore, is in good agreement with the SDS-PAGE value
approximating 80 kDa. Together these results suggest
that the enzyme is a dimer consisting of two identical
subunits. The isoelectric point determination for the en-
zyme was determined to be 7.2.

Substrate Specificity

Purified TMADH of Methylophaga sp. strain SKI
showed narrow substrate specificity with methylated
amines (Table 2). Enzyme activities toward substrates
such as dimethylamine (DMA), diethylamine (DEA), and
benzylamine were 85.1, 59.9, and 49.1% of that toward
trimethylamine, respectively. Moreover, the TMADH de-
monstrated no activity with primary amines such as
monomethylamine and n-butylamine, and tertiary trie-
thyla-mine (TEA). Similarly, the TMADH of M. methylo-
trophus WA, was only able to oxidize substrates such as
DMA, DEA, and TEA [3]. A detailed study on the sub-
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Fig. 2. The entire nucleotide sequence and deduced amino acid sequence of tmd gene. 2,983 bp genomic fragment which contain
entite TMADH ORF was isolated by colony hybridization with 437 bp fragment as a probe. Potential Shine-Dalgarno sequences
(underlined) was found at —10 bp of the upstream of tmd gene. A putative promoter region of TMADH has the following conserved
sequences; “GTATCA” sequence at —35 (boxed), “TATACT” sequence at —10 regions (dot boxed) from a putative transcription start
site A (bold). Termination codons are indicated by an asterisk, and the potential Shine-Dalgarno sequences are underlined. Arrows

indicated primer sequences.

Table 2. Substrate specificities of TMADH

Relative activity K,

Substrates %) (mM)
Tertiary amine Trimethylamine 100.0 1.5
Triethylamine 0
Secondary amine Dimethylamine 85.1 3.9
Diethylamine 59.9 21.5
Primary amine Monomethylamine 0
n-Butylamine 0 152.3
Benzylamine 49.1

“Relative activity in the presence of trimethylamine was taken as
100%.

strate specificity of the enzyme has been carried out over
a wider range of substrates for the TMADH of bacterium
4B6 [6]. The TMADH could oxidize both tertiary amines
(such as TMA, TEA (very low activity), dicthylmethyl-
amine) and secondary amines (such as DMA, DEA); by

contrast, primary, quaternary, and poly-amines were not
substrates. The V,,, and K, values for TMADH from

Methylophaga sp. strain SK1 were 7.9 nmol/min/mg
protein and 1.5 mM, respectively.

Effects of pH and Temperature

The effect of pH on TMADH activity was studied in
the pH range of pH 7 to 10. Similar to the TMADH
from bacterium 4B6 [2], the TMADH of Methylophaga
sp. strain SK1 showed a high activity at pH 8.5 (Fig. 3A).
The TMADH activity was assessed at various tempera-
tures in 100 mM Tris-HCI buffer (pH 8.5) (Fig. 3B),
and was determined to peak at 553°C. After 60 min of
incubation at 60°C, the enzymes activity remained at 50%
(Fig. 4).

Effects of Divalent Cations
The effects of several divalent cations on TMADH ac-

tivities were tested under the assay conditions noted in
Table 3. TMADH was strongly inhibited by Fe?* and to-
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tally inhibited by Cu?*, Co?*, and Mn?*. However, Cd?**,
Mg?*, Ca?*, and Ba** did not suppress enzyme activity.

Isolation of the tmd Gene from Methylophaga sp.
Strain SK1

The genomic library of Methylophaga sp. strain SK1
was constructed, and we have isolated a 437 bp DNA
[ragment that encodes a portion of the trimethylamine de-
hydrogenase gene (specifically amino acids from 49 to
194) from the Methylophaga sp. strain SK1 using PCR.
This fragment was subsequently used as a probe to isolate
the tmd gene from the genomic library. A total of 1,200
recombinant clones from the library were screened by col-
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Table 3. Effects of divalent cations on TMADH activity

Concentration Relative activity

(mM) (%)
Control - 100
Cd? 1 175
Mg*! 1 123
Ca?* 1 120
Ba*' 1 115
Zn™* 1 90
Fe?* 1 40
Cu?* 1 3
Co™' 1 0
Mn** 1 0
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Fig. 5. Alignment of TMADH from Methyiophaga sp. strain
SKI1 (upper line) with that from M. methylotrophus WA, (lower
line, Swiss-Plot accession number P16099), Identity = 82.83%
(603/728), Similar residues = 13.74% (100/728). The box
indicates the 4Fe-4S binding motif (C-X-X-C-X-X-C). The dot-
ted box indicates ADP-binding site. Underlined residue indicate
substrate-binding region. Symbols on the amino acid, *: S-6-
FMN cysteine; #: FMN-binding site; @: FMN phosphate
group binding site; ¥: iron-sulfur (4Fe-48S) binding group.

ony hybridization using this probe to find a single clone
with a positive signal. The clone contained an insert
measuring 3 kb. The nucleotide sequence of the entire 3
kb-HindIIl DNA fragment was determined as described
in Materials and Methods.

Nucleotide Sequence Analysis of the TMADH Gene

DNA sequencing of the 3 kb insert revealed the open
reading frame (ORF) of the tmd gene, and 5' untranslated
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Table 4. Sequence alignment of the C-X-X-C-X-X-C motif of trimethylamine dehydrogenase with the TMADH family in SWISS-

PROT/TREMBL and closely similar ferredoxins

Protein Species Residue No.* Sequence Accession No."
TMADH Methylophaga sp. strain SK1 345 CIGCNVC In this study
TMADH M. methylotrophus WA, 345 CIGCNVC P16099
DMADH Hypermicrobium X 352 CIGCNVC Q48303

BaiC© Eubacterium sp. 332 CIGCDQGC P19410
Ferredoxin C. vinosum 8 CINCNVC P00208
Ferredoxin 11 R. capsulata 39 CIDCGVC P18082

“Residue No. indicates the starting position of the 4Fe-48 binding motif in the primary sequence.

"Swiss-Plot accession number (http://www.expasy.ch).
“BaiC: Bile acid-inducible operon protein C.

region (Fig. 2). The ORF was comprised of 2,187 base
pairs coding for 728 amino acids (GenBank accession
number DQ675455). The ORF had the highest match to
the tmd gene from M. methylotrophus W;A, (82% iden-
tity) [23,24]. A putative ribosomal binding site (AGAAA)
was also found (underlined in Fig. 2). A supposed pro-
moter region of the gene has been assigned; “GTATCA”
sequence at -35, “TATACT” sequence at —10 regions
from an accepted transcription start site “A”.

Comparative Analysis of Deduced Amino Acid
Sequences of the tmad Gene

TMADH is a homodimeric protein with identical sub-
units. Each subunit contains the following cofactors: a
covalently linked 6-S-cysteinyl FMN (linking the flavin
via its 6-position to Cys30 of the polypeptide), a bacterial
ferredoxin type [4fe-4S] center, and an equivalent of
tightly bound ADP having no known function [25-27].
The deduced amino acids of the tmd gene from Methylo-
phaga sp. strain SK1 (728 amino acids) were compared
with those of M. methylotrophus W5A, (Fig. 5) wherein
the amino acid sequences matched putative FMN-
binding sites (Cys-30, Glu-103, Arg-222, Asp-267, and
Arg-322). The incorporation of FMN and covalent at-
tachment were important in TMADH. Flavinylation pro-
ceeds via a nucleophilic attack by the thiolate of Cys-30
at C-6 of the isoalloxazine ring of enzyme-bound FMN
[28]. Potential amino acids involved in the 4Fe-4S bind-
ing motif (Cys-345, Cys-348, Cys-351, and Cys-364)
were also found by our analyses. The first three of these
cysteines are separated by two groups ol two residues,
lle-Gly and Asx-Val, respectively. This C-X-X-C-X-X-C
motif has been found in several [4Fe-4S] ferredoxins
[24] (Table 5). The amino acids in the motif are com-
pletely conserved among the TMADH and dimethyl-
amine dehydrogenases [29]. In addition, this deduced
amino acid showed an ADP-binding site at positions 391
through 420. Several other interacting residues had con-
servative changes.
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Methylophaga sp. strain SK1 is a new restricted facultative methanol-oxidizing bacterium that was iso-
lated from seawater. The aim of this study was to characterize the electron carriers involved in the
methanol oxidation process in Methylophaga sp. strain SK1. The gene encoding cytochrome ¢, (mxaG)
was cloned and the recombinant gene was expressed in Escherichia coli DH5a under strict anaerobic
conditions. The recombinant cytochrome ¢, had the same molecular weight and absorption spectra as
the wild-type cytochrome ¢, both in the reduced and oxidized forms. The electron flow rate from meth-
anol dehydrogenase (MI)H) to the recombinant cytochrome ¢, was similar to that from MDH to the
wild-type cytochrome c,. These results suggest that recombmanl cytochrome ¢, acts as a physiological

primary electron acceptor for MDH.

Key words: cylochrome ¢;, methanol dehydrogenase (MDH), methanol oxidation, Methylophaga sp. sirain

SK1

Cytochrome ¢ is an electron transport protein that is
involved in the respiratory processes of almost all organ-
isms. The main distinguishing feature of this protein fam-
ily is the presence of a heme group covalently linked to a
polypeptide by one or two thioether bonds (Moore and
Pettigrew, 1990). In Gram-negative soil methylotrophic
bacteria, methanol is oxidized to formaldehyde by peri-
plasmic methanol dehydrogenase (MDH), which has a
pyrroloquinoline quinonc (PQQ) as a prosthetic group and
cylochrome ¢, as ils primary electron acceptor (Anthony,
1986). MDH and cytochrome ¢, are found in the periplasm
at high concentrations and torm ‘the first part of a methanol
oxidation electron transport chain. A typical class 1 type
cytochrome (cytochrome ¢,,) is also involved in methanol
oxidation, and cytochrome c¢,, is oxidized by a terminal
oxidase according to the following scheme:

Methanol—=MDH—c¢yt. ¢,—cyt. ¢, ~terminal oxidase
Most soil methylotrophic bacteria contain at least two sol-
uble c-type cytochromes whose molecular weights, iso-
electric points and absorption spectra differ from each
other. The ¢-type cytochromes can be classified based on
the isoelectric point and the isoelectric point of cyto-
chrome ¢, is usually lower than that of cytochrome ¢,. A
new restricted facultative marine methanol-oxidizing bac-
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(Tel) 82-62-230-6649; (Fax) 82-62-225-6040
(E-mail) swkim@chosun.ac.kr

terium, Methylophaga sp. strain SK1, was isolated from
the seawater at Mokpo, Korea, and the electron carriers
involved in the process of methanol oxidation in this bac-
terium were characterized (Koh ef al., 2002).

There are several reports regarding the expression of bac-
terial ¢-type cytochromes, which address both homologous
and heterologous strategies (Karan ef al., 2002; Kellogg
and Bren, 2002; Londer et al., 2002; Miller et al., 2003;
Evers and Merk, 2005). This study describes the cloning
and expression of the gene, mxaG, which encodes cyto-
chrome ¢, from Methylophaga sp. strain SK1. Under strict
anacmhu. conditions, the hc,lc,rologouq expression of the
mxa( gene can be achieved in E. coli DH5a at levels that
allow the protein to be isolated. The heterologously
expressed protein was purified and compared with the cyto-
chrome ¢, isolated from the Methylophaga sp. strain SKI.

Materials and Methods

Bacteria, media and culture conditions

The Methylophaga sp. strain SK1 was grown aerobically
in an artificial seawater medium (NaCl 30 g, NaH, PO,
234 g, K,HPO, 6.1 g, (NH,),SO, 1.0 g, NaNO, 10g
MgSO,- 7TH,0 0.2 g, CaCl,0.01 g, and 1 ml of trace c.]c-
ments aolulmn per lllcr) ccmlammg 1% (v/v) methanol as
the sole carbon and energy source. Expression studies were
carried out using E. coli DH5a, which were performed
using rich TYS medium (1% trypton, 1% yeast extract,
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0.5% NaCl and 50 pg/ml ampicillin) at 37°C.

Construction of genomic library and identification of mxa
genes

DNA manipulation was performed using the method
reported by Sambrook and Russell (2001). A genomic
library of the Methylophaga sp. strain SK1 was con-
structed by cloning the HindIll treated chromosomal
DNA fragments into the pUC19 vector. A 5.4 kb HindIIl
fragment of genomic DNA was selected using colony
hybridization with the conserved region of mxaF as a
probe, which encodes the a-subunit of methanol dehy-
drogenase involved in the methanol oxidation. The fully
sequenced fragment revealed four tightly linked genes
(encoding partial mxaF, mxalJ, mxaG, and mxal) to be
involved in methanol oxidation.

Construction of expression plasmids

The Plasmid pGEM T-easy (Promega, USA) was first
ligated with the mxaG gene. The mxaG gene was sub-
cloned from the genomic library using the following
primer set (5’-CTCGAGTTATAAAAGTGGGATGCC-3’
and 5-AAACTCGAGICAAATAGGCTTAGATCI-3. The
underline sequences indicate the Xhol and Xbal sites,
respectively). The resulting plasmid was digested using
Xhol and Xbal, and the DNA fragment containing mxaG
was ligated into the expression vector, pASK-IBA®, that
had been digested with Xhol and Xbal. The recombinant
plasmid pECO5 was introduced into the E. coli DHS5o
cells by electroporation. An E. coli DH50 was trans-
formed using this vector and incubated at 37°C overnight
on an LB agar plate containing ampicillin. The recombi-
nant plasmid contained the 585 bp DNA fragment origi-
nating from Methylophaga sp. strain SK1.

Expression and purification of recombinant cytochrome c,
Sfrom E, coli

Fresh colonies of E. coli DH5a containing the pECO05
plasmid were inoculated into the TYS medium and grown
overnight under aerobic conditions. The preculture was
inoculated into the TYS medium fully contained ina 5L
flask under strict anaerobic conditions, which were main-
tained by continuous flushing the growth chamber with
N,. The growth medium was supplemented with 50 pg/ml
ampicillin, 200 ng/l tetracycline and 10 mM KNO,, and
mxaG gene expression was induced with 0.1 mM IPTG
when the OD,,, reached 0.5 - 0.6. The cells were harvested
by centrifugation at 15,000 = ¢ for 5 min at 4°C. The pel-
let was resuspended in 10 ml of a precooled buffer P
(500 mM sucrose, 1 mM EDTA, 10 mM Tris-HCI, pH
8.0) containing 1 mg/ml lysozyme and placed in ice for
30 min. The suspension was then centrifuged at 20,000 =
g for 5 min at 4°C. The clear supernatant was applied to
a Ni-NTA affinity column in order to purify the recom-
binant protein with 6xHis-tagged proteins using the QIA
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Fig. 1. Construction of the pECOS vector.

express system. Heme staining was carried out according
to the method reported by Thomas ef al. (1976).

Electron flow from MDH to cytochrome c,

The electron flow from MDH to cytochrome ¢, was deter-
mined using potassium ferricyanide as the final electron
acceptor. The assay mixture contained 3 uM K, Fe(CN),,
13.4 mM MeOH, and 25 uM cytochrome c,. The reaction
was started by adding MDH (20 uM). The rate of potas-
sium ferricyanide reduction was determined by measuring
the decrease in absorbance at 420 nm. The rate of electron
flow from the MDH to cytochrome ¢, was also deter-
mined using the following procedure: cytochrome ¢, was
oxidized completely by adding potassium ferricyanide,
and the excess reagent was removed by gel filtration using
a PD-10 column. Subsequently, active MDH (20 uM) was
added to the cytochrome ¢, solution, and the rate of cyto-
chrome ¢, reduction was determined by measuring the
increase in absorbance at 551 nm.

Results and Discussion

Expression and purification of recombinant cytochrome ¢,
The heterologous expression of a bacterial ¢-type cyto-
chrome in E. coli has been problematic because E. coli
lack the ability to covalently attach the cysteine thiols to
protoporphyrin IX, which has been shown to be a crucial
step for yeast to produce the enzyme heme ¢ lyase
{(Dumont ef al., 1987). An analogous enzyme has not been
identified in E. coli but E. coli produces an assimilatory
nitrite reductase containing heme ¢ under anaerobic con-
ditions. Similarly, mature Thiobacillus versutus cyto-
chrome ¢-550 (Ubbink et al., 1992), Chromatium vinosum
cytochrome ¢ (Even et al., 1995), cytochrome c¢-551
(Miller ef al., 2000), horse cytochrome ¢ (Kellogg and
Bren, 2002) and equine cytochrome ¢ (Rumbley er al.,
2002) have been successfully expressed in E. coli at rea-
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Fig. 2. SDS-PAGE analysis of the wild-type and recombinant cyto-
chrome ¢,. Lane 1, cell-free extract; lane 2, purified wild-type cyto-
chrome ¢;; lane 3, purified recombinant cytochrome ¢,; lane 4, protein
size markers.

A

Fig. 3. A. Native PAGE analysis of the wild-type and recombinant
cytochrome ¢,. Lane 1, cell-free extract; lane 2, purified wild-type
cytochrome ¢;; lane 3. purified recombinant cytochrome ¢,. B, Heme
staining of cytochrome ¢,. Lane 1, wild-type cytochrome ¢;; lane 2,
recombinant cytochrome ¢,

sonable levels.

E. coli DH5a containing the mxaG gene was used to
produce preparative amounts of the His-tagged protein.
Recombinant cytochrome ¢, containing the 6xHis-tagged
proteins was bound to Ni-NTA resin. The bound protein
was washed with 250 mM Tris-HCl buffer containing
10 mM imidazole and 300 mM NaCl and eluted with a
linear gradient of 20 -250 mM imidazole in the same
buffer. Fractions containing the respective proteins were

Recombinant cytochrome ¢, 501
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Fig. 4. Comparison of reduced absorption spectra of the wild-type
cytochrome ¢, (—) and recombinant cytochrome ¢, (--).

pooled and concentrated. Yields of the recombinant cyto-
chrome ¢, obtained were approximately 0.3 mg/l of cul-
ture. Fig. 2 shows the SDS-PAGE analysis of the
authentic and recombinant cytochrome c,. The molecular
weight of the recombinant cytochrome ¢, was similar to
that of the wild-type cytochrome ¢, (21 kDa). Fig. 3A and
B show the native PAGE and heme staining of the authen-
tic and recombinant cytochrome c,, respectively. Accord-
ing to the molecular weight measurement and heme
staining results, the heme was covalently linked to the
recombinant protein. Fig. 4 shows the absorption spectra
of the reduced wild-type and recombinant cytochrome c;.
Both proteins had the same three absorption peaks at
551.0, 521.0 and 415.5 nim.

Electron flow from MDH to cytochrome c,

Fig. 5A shows the electron flow rates from MDH to the
wild-type or recombinant cytochrome ¢,, which had been
oxidized by potassium ferricyanide prior to the reaction.
The oxidized cytochrome ¢, was reduced by MDH and
the absorbance at 551.0 nm increased in a time-dependent
manner. The electron transfer reaction was complete
within 20 sec.

Electron flow between the electron carriers during
methanol oxidation was determined using an artificial
electron transport system in which potassium ferricyanide
was used as the final electron acceptor (Koh ef al., 2002).
The decrease in absorbance at 420 nm as a result of the
reduction of potassium ferricyanide was monitored. Fig.
5B shows the rates of electron transfer from MDH to
potassium ferricyanide via cytochrome c,. Regardless of
the source of cytochrome c¢,, the potassium ferricyanide
was completely reduced within 20 min.

In summary, a recombinant cytochrome ¢, from Meth-
ylophaga sp. strain SK1 was expressed in £. coli DH5w,
and characterized under strict anaerobic conditions. The
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Fig. 5. A, Comparison of the reduction rates of the wild-type and
recombinant cytochrome ¢,. The wild-type and recombinant cyto-
chrome ¢, (25 pM) were oxidized with 3 uM potassium ferricyanide
and the oxidant was removed by passage through a PD-10 column. The
reaction rates were measured by the increase in absorbance at 551.0
nm. Each reaction mixture contained either the oxidized wild-type
cytochrome ¢, (A ) or recombinant cytochrome ¢, (M), and the reac-
tions were started by adding MDI (20 uM). B, Reduction of potas-
sium ferricvanide with MDH and cytochrome ¢, (wild-type or
recombinant type). The reduction rates were measured by the decrease
in absorbance at 420 nm at room temperature. The assay systems dif-
fered from each other as follows: (a), 3 uM K Fe(CN),, 13.4 mM
MeOH, 25 pM wild-type cytochrome ¢,; (l), 3 uM K,Fe(CN),, 13.4
mM MeOH, 25 uM recombinant cytochrome ¢,. The reactions were
started by adding MDH (20 pM).

biochemical and spectroscopic properties of the recombi-
nant cytochrome ¢, were the same as those of the wild-
type. This indicates that both the wild-type and recombi-
nant cytochrome ¢, act as physiological primary electron
acceptors for MDH and will be useful for examining the
roles of the mxaG gene in the mxaFJGIR gene cluster of
Methylophaga sp. strain SK1.
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Abstract

Methylosinus trichosporium OB3b oxidized methane to methanol in the presence of a high concentration of Cu*,
Further oxidation of methanol to formaldehyde was prevented by adding 200 mM NaCl which acted as a methanol
dehydrogenase H inhibitor. The bacterium, 0.6 mg dry cell ml™', in methane/air (1:4, v/v) at 25 °C in 12.9 mM
phosphate buffer (pH 7) containing 20 mM sodium formate and 200 mmM NaCl accumulated 7.7 mM methanol over

36h

Introduction

Methanotrophic bacteria can grow aerobically on
methane as a sole source of carbon and energy. The
first two enzymes involved in methane oxidation are
methane monooxygenase (MMO) and methanol de-
hydrogenase (MDH) (Anthony 1986). MMO oxid-
izes methane to methanol, and MDH catalyzes the
oxidation of methanol to formaldehyde. Methylosi-
nus trichosporium OB3b is a methanotrophic bac-
terium and contains two forms of MMOs: a soluble-
(sMMO) and a membrane-bound particulate (pMMO)
one whose syntheses depends on growth conditions.
M. trichosporium OB3b growing on methane in Hig-
gins nitrate mineral salt (NMS) medium (Fox et al.
1990) containing 5 1M Cu?", produced only pMMO
(Murrell et al. 2000, Nielson et al. 1997, Takeguchi &
Okura 2000).

Dithiothreitol, phenylhydrazine, metal chelating
agents, iodoacetate, MgCl,, high concentrations of
phosphate, cyclopropane, and cyclopropanol act as
MDH inhibitors (Anthony 1986, Carver et al. 1984,
Frank et al. 1989, Shimoda & Okura 1991). Among

these cyclopropanol has the highest inhibitory effect
and has been used as an inhibitor for the experimental
production of methanol from methane (Takeguchi
et al. 1997, Furuto et al. 1999). The cyclopropanol,
however, is very difficult to synthesize chemically and
to maintain its stability under aerobic conditions.

The primary electron acceptor of MDH is cyto-
chrome ¢;. The two proteins interact by electrostatic
interactions which can be disrupted by high salt con-
centrations (Cox et al. 1992), thereby preventing fur-
ther oxidation of methanol to formaldehyde. In this
paper, we have identified optimal conditions that in-
hibit MDH activity but retain MMO activity by using
NaCl, resulting in the production of methanol from
methane in high yield using M. trichosporium OB3b.
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Materials and methods

Bacterial strain, cultivation conditions, and cell free
extract preparation

Methylosinus trichosporium OB3b, provided by Dr
I. Okura of the Tokyo Institute of Technology, was
cultivated in the modified NMS medium containing
5 pM CuSOy4 under 30% (v/v) methane/70% (v/v) air
at 30 °C. Cells were harvested in the early station-
ary phase by centrifugation at 15000 x g for 10 min,
washed once with 12.9 mM phosphate buffer (pH 7)
and resuspended in the same buffer. Cells in the sus-
pension were then disrupted by sonic treatment (10 s
ml~!) and centrifuged at 15 000 x g for 30 min, and the
resulting supernatant was used for MDH and pMMO
assays.

Enzyme assays

pPMMO activity was determined by measuring the
amount of propylene oxide produced following pro-
pylene epoxidation (Burrows et al. 1984). The activ-
ity was calculated from the initial slope of a time
course of propylene oxide formation. MDH activity
was measured by a cytochrome ¢/DCPIP-linked assay
system (Cox et al. 1992). Horse cytochrome ¢ and
2,6-dichlorophenol indophenol (DCPIP) were used as
artificial primary and terminal electron acceptors, re-
spectively. The reduction of DCPIP was measured at
600 nm.

Methanol biosynthesis

The determination of methanol produced in the batch
reaction was carried out as follows. The sample (5 ml),
which contained a cell suspension treated with ap-
propriate amounts of NaCl and sodium formate in
12.9 mM phosphate buffer (pH 7), was introduced into
a 20 ml bottle. The bottle was sealed with a Teflon
septa and incubated for 5 min at 30 °C. The reaction
was initiated by replacing 3 ml air in the head-space of
the bottle with 3 ml methane using a gas-tight syringe.
Methanol concentration in the reaction mixture was
determined after 36 h by gas chromatography using a
25% sorbitol Gasport B (60/80) column (3 mm x 4 m,
GL Sciences, Japan). Conditions were: column 80 °C,
injector 100 °C, detector 100 °, carrier gas He at 30 ml
min—!.

100 O

B0
S T
2
= 60
k]
]
]
= 40 -
=
s
[
x —&— MDH

20 —C— pMMO

0 T T T T -
0 50 100 150 200 250 300

NaCl (mm)

Fig. 1. Effect of NaCl on the MDH and pMMO activities. MDH
activity (@) was measured by the cytochrome ¢ /DCPIP-linked as-
say system. pMMO activity (O) was determined by the propylene
epoxidation assay procedure as described in Materials and methods.
All values are average of three independent determinations.
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Fig. 2. Effect of NaCl on the methanol accumulation. The reaction
mixture contained cell suspension (0.6 mg dry cell mI~"), sodium
formate (200 mM), and various concentrations of NaCl in 12.9 mM
phosphate bufter (pH 7). The reaction was carried out for 36 h at
25 ®C by injecting methane gas (3 ml) into a 20 ml reaction bottle
containing 5 ml of reaction mixture. All values are average of three
independent determinations.
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Results and discussion

Effect of NaCl on the pMMO and MDH activities

As shown in Figure 1, both MDH and pMMO activit-
ies decreased concomitantly with an increase in NaCl
concentration in the assay mixture. To achieve a high
yield of methanol, MDH should be inhibited but
pMMO has to maintain a high activity. With 300 mMm
NaCl MDH activity was completely inhibited but
pMMO lost only half of its original activity. However,
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as shown in Figure 2, the optimal concentration of
NaCl for methanol accumulation was 200 mM. Where
7 mM methanol accumulated over 36 h.

Optimization of methanol biosynthesis

To establish the optimal reaction conditions for meth-
anol synthesis by M. trichosporium OB3b, several
parameters such as the cell density, reaction temper-
ature, and sodium formate concentration were ex-
amined.

As shown in Figure 3a, methanol accumulation
increased as cell density increased up to 0.6 mg dry
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Fig. 4. Time-dependent methanol production by M. trichosporium
OB3b. The methanol biosynthesis was carried out under the op-
timal conditions described in Results and discussion. All values are
average of three independent determinations.
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cell mI™'. M. trichosporium OB3b produced most
methanol at 25 °C (Figure 3b) above which possibly
pMMO became unstable. Accumulation of methanol
also increased with an increase in the concentration
of sodium formate up to 20 mm (Figure 3c). Un-
der the optimal conditions, M. trichosporium OB3b
accumulated 7.7 mM methanol over 36 h incubation
(Figure 4).

As an inhibitor acting on MDH, NaCl has advant-
ages over cyclopropanol in that it is cheaper and stable.
It may therefore open a door for cheap and efficient
biological production of methanol from methane using
methanotrophic bacteria.
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