JE B RFFHNFRIWOL

7 BT BRI Nitrosomonas sp. ENI-11 ¥R D
7 BTV BALREBELRTHO S T EY FRIRNT

2002 £

RBREE A R R TTIER
ST RS RE R E I

EH B—



HX

7 BT BAtMIBE Nitrosomonas sp. ENI-11 kD
T CEZTBIEREBRTHOS TEYRHMBIT
BEH B— |

2. RFWX
(1) Ryuichi Hirota, Akira Yamagata, Junichi Kato, Akio Kuroda, Tsukasa Ikeda, Noboru Takiguchi,

and Hisao Ohtake. Physical map location of the multicopy genes coding for ammonia

#

monooxygenase and hydroxylamine oxidoreductase in the ammonia-oxidizing bacterium
Nitrosomonas sp. strain ENI-11. J. Bacteriol., 182: 825-828, 2000.
(2) Ryuichi Hirota, Akira Yamagata, Junichi Kato, Akio Kuroda, Tsukasa Ikeda, Noboru Takiguchi,
and Hisao Ohtake. Molecular analysis of the nitrification genes in Nitrosomonas sp. strain ENI-
11. Proceeding of ISEB2000 Kyoto, Japan, p67-70, 2001.
(3) Ryuichi Hirota, Junichi Kato, Hiromu Morita, Akio Kuroda, Tsukasa Ikeda, Noboru Takiguchi,
~and Hisao Ohtake. Isolation and characterization of cbbL and chbS genes encoding form I
ribulose-1,5-bisphosphate carboxylase/oxygenase large and small subunits in Nitrosomonas sp.

strain ENI-11. Biosci. Biotechnol. Biochem. (in press).

3. BEWX

(1) Akira Yamagata, Junichi Kato, Ryuichi Hirota, Akio Kuroda, Tsukasa Ikeda, Noboru Takiguchi,
and Hisao- Ohtake. Isolation and characterization of two cryptic plasmids in the ammonia-
oxidizing bacterium Nitrosomonas sp. strain ENI-11. J. Bacteriol., 181: 3375-3381, 1999.

(2) Akira Yamagata, Ryuichi Hirota, Junichi Kato, and Hisao Ohtake. Molecular characterization of
the indigenous plasmids and genome in the ammonia-oxidizing bacterium Nitrosomonas sp.
strain ENI-11. Proceeding of the 5" Asia-Pacific Biochemical Engineering Conference 1999, P-
RM30(CD-ROM), 1999. ,

(3) Akira Yamagata, Ryuichi Hirota, Junichi Kato, Akio Kuroda, Tsukasa Ikeda, Noboru Takiguchi,
and Hisao Ohtake. Mutational analysis of the multicopy hao gexie coding for hydroxylamine
oxidoreductase in Nitrosomonas sp. strain ENI-11. Biosci. Biotechnol. Biochem., 64 (8): 1754-
1757, 2000.



YL SA
1 im



am S H KR

e 1
BE L HT LSBT e o v v emrvnrenrenenaeneaaetaeta ettt )
BEOH TR TH LR v e rrnrarertata et i eeaas 4
I T RS TERCHIE DS TS DIELE v errerrrrtieeiaens 6
EWAE T T TR DR EBIRER v, 9

8% Nitrosomonas sp. ENI-11 B DR BEY IEHIBIDVERR -+ o v evvevrees 11

B e vt etetae ettt 12
2 187 Nitrosomonas sp. ENI-11 BRIZ DU T oo vvvrereovmnnnnieiininneen. 14
S8 281 Nitrosomonas sp. ENI-11 SR DR EEY BRI DIERL - - - - ovvvnvnnnn 16
T 36

$8=% Nitrosomonas sp. ENI-11 Qb ROFINTIAFI RL I &y —

ﬁiﬁﬁ%@%ﬁgﬁﬁ ......................................... 38
}# ................................................. PR 39
1 % Nitrosomonas sp. ENI-11 88D amo, hao £EIE—D 7 O —Z 7 LB 41
2 OM ENL-11 B O hao Eﬁ?wﬁﬁﬁ%ﬁ ............................... 44
R R - 5]

$5ME  Nitrosomonas sp. ENI-11 RO ROF I T I VAFI RLI & —

CRBEFOEEE ISR DA« oorrrrarrrrnareranvaas 54
- U cieann 55
BIUH hao BETD ) —FINATUFLE— 2 SR oeeveeennnn 57
BoE LRI —T TR KRR hao DETRERIT - ereeneee 61
S AH hao TIEIE— — DRSEIRT « «ovvveenverannetineenneeaaneeenns 67
- R - et eieeeieeateaieeaes 70
BAE  Nitrosomonas sp. ENI-11- 8k D (RE: B EBER B LT DT - - -+ 73
S PP 74

5 1 §fi. Nitrosomonas sp. ENI-11 £ Ribulose-1,5-bisphosphate oxygenase/carboxylase



(Rl.lbiSCO) EE?@Q@E ....................................... © 76

%28 ENI-11 #RD cbbL, cbbS DRIBEEEN TOFRIER - vovreereeen 80

% 3 gﬁ ENI-11 Hgg) cbbL, cbbS @Eg%ﬁ .............................. 82

% 4 ﬁ’ﬁ %ﬁ ........................................................ 85
%ﬁﬁ ;&E ...................................................... 88

;%%j[ﬁ ...................................................... 95

%‘ﬁé .......................................................... 100

ii



BB #E



B8 HE

E1E DIz

BRFICBITZT EDT OFKKREBLR. ECHMNERBEOY > B 7BLEE
(lithotrophic ammonia oxidizing bacteria)iz &> TiThbihz (28, 56), & 3 U4
RERESTELET Y EST IR, 7 RS 7RSI & > TEMBARILE N, #H
THERRIEMBRRIMEICE > THEBENEBILINBEFe. 1-1). ZOZDO0HEKELE
ﬁ%ﬁﬁmtﬁﬁﬂ\ﬁm7>%:70@k@%ﬂ7y%:?%%%@ﬂﬁ&%%%ﬁt
BIBSBRIDODATyTELTEETHS, ~RICTFCEZTBRIEHE S I NS OMTE
BEODDEZETIENEL, HEREBNIZT VEZTORILLETIDOIINBEELT
> EZ 7 BAL#E (heterotrophic ammonia oxidizing bacteria) & & i, BREICKA X
N5, (L. BIBD WIS, ARCTE (7 Eo 7RIS £iu
DHDEEFTILETS,) F/AFE Anammox process & KIENBEENRY > E=7
B{t%&fTS Planctomyces BONIZ TUF7 bR X NTNBH (49). TNE5DONRTFY
TRHBREEDT 7»%:7@“:!:3!/3"(.‘331&Eﬁﬁbfhéi)\@bii@k ZAHELE
DM TNRN,

T EDTRAMEIERNREETICBWTAREL, BEEBSTFTHE72ESTO
BECEI>TIRXNF—2BRBTIETTRL, ZOZRXRNF—2RANTRILRZELE
ELETOMRBRES ZERT 5. ZOERCRERETREERT/NI T 7T 1890
FIOS T OREMEE S. Winogradsky 12k >T, T8 & DT OIL 247334
HEUTHEBEIN/, LUk, EBEO7 D E7TRAHENERINAN, cho i LR
MERICE DERITE I ERBLL. TOBBRETESENTON TS, 4, B
BICEDHETRY > -7 RCMBEIL 5 BTSN TWEAS, B4 16S rRNA 12k
ST Nitrosomonas (Nitrosomonas, Nitrosococcus) & Nitrosospira (Nitrosospira,
Nitrosovibrio, Nitrosolobus) @2!%’6:k5']éﬂéé:5l:7;5f: (26, 54, 55), 7>EZ

7RIS T I XTSI LAY T Proteobacteria @ B —subdivision ®OHRIZH¥EE B A8,
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Fig. 1-1 The Nitrogen Cycle
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FISNENT f272—D Nitrosococcus oceanus D&M ¥ -subdivision IZET 3. hbng
NOT ST BIGHE S £ - Yok - AT EEBRICE AL, ENENOLEY
BICBIT5ERBRICKESFEL TS,

Rk T GV Sl Y (53

TOEZTREME DY e TBIERIE. FEIZ Nitrosomonas europaea BV THIF
BITONTERE, INEFTHLSNTWRHARICLE L, 7027 ORLITROLSIZL
THIB (Fig. 1-2)e TVEZTRETTOETFE/ AFHF—¥ AMO) IKko> Tk

FOFIINTIOABELENS (1R).

AMO
NH3 + Oz+ 2H* + 2e- d NHgOH + Hzo (1)

AMO HSICk o THEBLSNBBEEERI S NIETHD, TUNFAILTRFF
N UBREDFEFL— M. TEFLICH). Kok TEENEEINS 8, 16, 21,
22), £/ AMO WA ¥ EHMEOBEEARDAY LT )5 F—FMMO) & £H
BRED, AEFONRBEZOBBLLMEZHSE, BUNICHELEBRTHZ L
EZ5NTVWD (35 38, 48)s AMO ICK>THEUZEROFIINT I L. i TRY S
FALREETAEROFIUINTIVAFIRLI VI —F HAO) IT&-> THMEAE

feznd (23).

HAO
NH,OH+ H;O — NO,; + 5H* + 4e- (2)

HAO W=BHAMEZ Lo THED. —HTFOLFEIN 63kDa TH 5., ThehTh—5s
FIZDE S TFONLZSUIKEIII=—IRY O NNIETHS (1, 23, 30). HAO OF
I BEAEENEATHREERT Y O AZBRSDEIAMSNTEST, 7o ES
TRIEHBAIREOBRTH D LVX S, HAO REBEROFINTICORBEIZES
THERDNZ A DOBEFIE. TRTIKRKBIER O hrOb ag) KSFESHhT
FNE-ERIZEDNBOTIIRS, ZO352DRAMOKEST > EZT OBALICHE



Membrane

Periplasmic space Cytoplasmic space

NH20H + H20

NH20H+ H20

NHz+ Oz + 2H*

HNO2 + 4H*

H20
ADP +Pi

Fig. 1-2 Ammonia oxidation and electron flow in ammonia-oxidizing bacteria

AMO: ammonia monooxygenase, HAO: hydroxylamine oxidoreductase, Q: ubiquinone.
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bhd, 512, NADP)"OETIZ ATP 2B L CETETFCERERE L TIN5,
INSOEBMS, 7OESTRIMEIITRIVE—RNES ., &R B
BB LD,

B3E T UESTBRIEMEOSFENFZORA

TNETOT L ESTRIMEORER. BEOEESOITHBONY 7 7 iz~
BEBEDERLTBOT, BEFNHE - BTV IV EBICZLAok, TRTHIT
HERTRART TO—Fiek BRRARS < BER. 1< ohOEERARLIES N
D, EPRERTEABEINLEDLTOS, LALT S E-7BIMEORKE. oh
ko TES R RLDOBE—HSERBH LT ER,

REY > EZT7TBRIEHB O TFEYENRMZEL. PCR ® in situ hybridization %
AOkT Y ESTRIMEOESAHORECHEE HYE LI Fo T 5 BRI
BB, THE 72T TRIMEOBRNERETH S DI LML T
D, INETREALNTNALD bEHAT - Y BIMENEEST B - EMH 5
MCENID I T ERER BBEETHERNAEEDNS, LL, SEENEHREICL -
THLNEHRIL. ZOLETHSEVASRERERDLEELSNT. PEINET
NENOT Y ESTRMEORECRY. WS NERECHT 3 ZOMEORER E,
ZNENOMEOREE BT ENTRUD THARREE L 5T B2 505, £
DEDICY, 7 ESTBIAEOEEEI B 55T LN OFEE. FHL TH L
DENBERETHSD. UFREFDNTN ST Y ES T BIHEOH T L AL TOWSE
KOWTHEHT S, ' |

3—-1 TIERITRIERODFEMZ
TORZTBRIERRTY DEDTRIEHMBEO LRIV F—REORRTH 0. £{LFENA
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WL B AT LN TORBAROENG, 7 EZTRIEROBERTHS AMO,
HAO #3—K¥2BETIE. T N. europaea KBWTHI/O—= Y Ehit, 2055
AMO 23— FR9% amoAB 37 Y EZTBLHMEDS >NV BEI—RTBEETFEL
THUDTI/O—ZV JENRBETTHD (20). Zh2t 1993 £ THBIEEERD &,
WHARTY YEZTBRIEHEOS FL RN TORENHEBRTWENMMEL S, OBIC
amoAB O _EFRICHEEERAD amoC BREWE XN (27, 43), BHETIE amoCAB R0
A AMO DHEBETFTHBEEZSN TS, HWT HAO 23— K95 hao #17 0—
Z73h (4D, ZOTHICS MrOAL 554 20— RT3 hey &2 MY OLRD open
reading frame (ORF)EZEZS5NBBONAWEINE (41, 30), X 5ICHEEICHEEKEN
Z &IZ N. europaea DHEME EIZ amoCAB 22 I E—, hao 133 :E—Y%E‘é‘é:c‘:rbf
HE5NTED (30, 41, 43). hao THRICEET S M OABETFD hey X3 aE—. R
51 ORF 12 JE—FELTWS, £/ amoC MO 2 20T ¥—& 60%BOMRML
MREIBNDLIATOES 3DEHDIY—H amoAB L 3B TEET 543),

ZORICT S ESTRILROBETHRAK LRI —FET 2RI, 122 A
EQHWIRBEDY DETBREMEICHKBELTHEOND ZENS, TUOEDTELHE
DEFELEEREREZEFEDODDOLPHAINS, LALARNS, Z7oEZ7BALICEET S
BETFAREERIE-FET 2N EVIBHIIARATSH 2,

Hommes 513, N. europaea CBWTILY hOoflL—i 3 K ABHEEREE
WEILL. haoﬁﬁ?b:ﬁb)f*ﬁfﬁjﬁﬁﬁ&iL:J:éiﬁﬁ?ﬁ&ﬁbﬁfﬁ&'@é%:&%‘:fﬁbfc (18),
TERIOBREY 3DD hao BTRTHELTVWEHOD, EQIL—bYBRERAKT
REBWZEEHSME LR, LA UREKE FEEORBEEECZIIRBET, 2E€3D
D hao WERETH S L5 RITEMZE L L. Hommes 5 13#E T N. europaea ® amo
BEZT W, amo OWBRICEL TIIHEBIZEWRELBRZEZRWELE, b 2
AE—® amo D55, amoAl EFENZIE—D AMO REEN, $5—D0aE—D
amoA2 D dbEWI EERLE (19).

amo, hao IZDOW T, BEL NI TORFTHEDONTED, TNEFNOIE—D

7
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REFGREBOMEANRKASNTVS, Luis 5id CH, IK&k>T AMO 2&FEXB-HEAE
K7 Y ESTERMT S E, amo, hao ® mRNA BOBMMRSNEZEAS, amo &
hao DEERT Y EZT OHFEMICE > THEEETZLEWD ZEEHRELTVNS (42), £
. ZOELEBBROREBRIZ UCO, ZANTD, FRICERIN~Z mRNA 1T “C 25
ERNCEND, TOEEIIE N, europaea BENIZEFE I N TS NERNRZ IR F—
ERAWwWShEZ ERBEINE, LALARS Z0WMETIE, NHy; & NH/OEB 5
inducer THENEWIKRE, ED amo (£/kid hao) JE—DEENERILENZOMN
EVSARDVTHESAREINATHAN, TR, DEDOEMELTERIY—0
amo & hao M. BEFLARNTENEEOERWRDINRPATH- I L&, BicEHE
» BIZLTENETNOIE—2RFTHIEIWNEVS RICHER D> =D TH 5.

ZDRRIZ, amo, hao ZH.D&E LS TFAEYENBITICE o T, BoKIZRALTD
FERARBELSNDDHDN, DFILRINTOT VEZTRBILROLSEGEOTIFIE
—EBETORINIRZICEL<Dho>TWiaW. $BREINS OHBRANTHAL, a5icnz
7 D EZTRBEREBOHEGREORANLE T NS,

3-2 FUESTRIGMEOSTEES

ZHETIBRAE LS. MIERRRECY 2 7B & ERERR N &
yafﬁbﬂéﬁ\ﬁ%ﬁ%ﬁﬁﬂ@%?@:h%@ﬂb?UYGE%K%iDE%éhT
WL, FIRIET S EST ORREBIHEI ST VST ICANT, BRI hET VT
ZTRMUTT CESTBICHERE DL S ITHE L TRILEBDZON, ZOAN=X
LRREE HSNTWN, SALERICENTORIEOA N =X AZFERENSL.
BRBOLIATIy IRy VAL LTHRDNTNS. LALYATFAOHRLEEET S
ATH, 7 OEC T RIGEEOBBYE B AL S EET S T EREETHD. 20
—DOBENBFEE L TATENENTHRIE NSNS,

BEPICEETEY VEZTEBIEMEORX -7, A7 U— T LEEED
ﬁﬁ%ﬁﬁt@t@\U£rMW&¢ammqéﬁ—fﬂbkhtPCRﬁﬁﬁi<%h6ﬂ
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TWw3, amoA 1% 16S rRNA IZR<ST7 Y EZTFTBHEOT—h—& L THEIZBEWS R
BLSiRol, amoA &5 —5 v b ELBITORMAIL, B-, v-subclass D7 2 EZ
TRIEMEOLEESICHMIETESD Z &P, 16S rRNA &1 %ﬁ%ﬁﬂﬂ@ﬁbﬂ:%’ﬂ:&: _
D5, RRFBTICKDEREOREICRNERETD I LR ERBTENS (26), £k,
AZY—ZFENTNDT S ESTRIMED amoA & 16S rRNA ZHhEHOEFIE
b EIERL ERMBIZE N LV T—H]UTHEY. amoA 270—TELTHWBZ &
DOERAEZRELTWS (39), TL TIN5 E T 0—7 & L7 FISH(fluorescence in situ
hybridization) % in situ PCR &M, REDT »EZ7ELME D27 population %

FRBHEELLTHWLONTVWS (25, 34, 44),

3 — 3. TOMOLTEYENHF
7 S ESTRIERUA DS FEWENT —5 DERS, 7 LB 7BLMEOERIC
WHETH S, Yamagata Biiﬁmﬂﬁﬁﬁ%&“ibﬁﬁﬁé 7= Nitrosomonas sp. ENI-11 %k
Mo, 2EEOTSAI REEMLE (58). ZHIRT VESTRIMECEWTHDT
HEINETIRIRTHD, BREWCECIOTSZXI ROBEREBEEEbNS
HHR &ﬂ?&fa"téﬁﬁiﬁ&##6:@@‘&@%@@%73. ENI-11 #& N. europaea DWHD
REELCEODP-THBY, TOEZTBRMAMENSDL 77U I OBEMEBETERY

NEEZSNTNS,

BAE T UOEDTERICHEOIA EFER

FOESTRGHEOREALEREREL T, BERLAESARESHTNS,
EREBRECLZEROEL. SRROEREBREHMICEL = EMHRL - BEsEs
EbhEETOEATH 2. COERBRICBVWTHERE (FLE=TEBIE) ZH0H

o TVBORT YEZTRIMETHD.,. ZOEEEZEDRZ ZETIY AT ALK
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AN LT B EELOND, ¥, TUESTRIMENSDY VESTE ) FFL
Fr—CREENERGREEE LS, M/ OOIFL S EONDY L LANDEREL
EMENMTBIEMTEDED B), NAFL AT 4 T—Y 3 L ~OBARIEENT
VB, X510, WRLAWTHET S EST ERILL TI RN E— R EET 5L AT A0,
BT ENBBROMEIL A R 5 %I HIRTE,

T3 LRBIED 5. EEBAKT SV ES TRICHEOFESTOND & 5 1ciz o7,
HEOT BT BRIMECET 3RS L0, ChRT Ve TRIGEEOR
ROES DL IHENRBETH -7 2 ERRED—DE LTET 5N 5, 202D, i
MEEELAFEEES b, EANABECERFECED N H50NBRTHD. &
(L8 - HTEMENART LT BIEICHET 3 AROLANRD 5T 1D, Z0
HTHT L ESTRIMEORETH BT S ESTBALROBMIT. 72T 7 BILAIE
OFEIBVTEME L BRI THZA, THETICRREKL OEEORD CEENS
L, HREFT>TWA 7 N7 AN ATHE N —T RN TWS, &iELH
XTR T3VokT Y ESTRIMIBOFAOMBERESEX, 72 E27BILMEO
EBUEARORE, BT S ESTRICROSTFEWEIET BRI 2o 2.
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BE ENI-1 %045 J LB

BE

Nitrosomonas sp. ENI-11 88D %5 ) LfRHT
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B8 ENI-11 %045 / LB

FF

Nitrosomonas BO7 Y EZ7BLMEIX. 7o Eo72HMBICEBLITABIIAE ST
INVF—DHIEKEL THET 5. Nitrosomonas DHEE—D IR F—RERTHEITLEDT
BILRIL, 205> NI EOEENRERICE > THRSA TS, ZOHTRI ammonia
MOnooXygenase (AMO) & hydroxylamine oxidoreductase (HAQ) &, 7> EZ7ELRD
P EEE R TRERE UTEETSHS, SLIOMK. BFEECHST 2 RMEDS
R OADEENES M INTNS, RREWI STV ESTRILRCEET 2BRE I—
RS BBETA. 7OES7BEMEOY ) ALV FIC—E UTHELTHS 2 &0 5
NTW3 (29, 41). Nitrosomonas sp. ENI-11 BRIZBWTH AMO 23— K33 amoCAB At
23¥Y—, HAO 23— F9% hao W3TE—FHETHILEBHESMER>TWVS (59). &E
OF I NRIBEI—RTHRETN. EELTHET SHRILEETES (gene duplication)
EXiEN. EBREYIIBWTIERHERICR S 3), BEBEEMIB W TIE ribosome RNA F~R0
PERWTIEREZ<<RONZ2HETIERWN, 230, TOEDTRIEROEBEREFERITT >
ESTRHMECHBELTRSNAHETHY. ZORTHRENT ST TRIGHEO LR L
FSPOEERERE/>TVBEEXENS3, LAL, ZOBEEFHTHY, ErTheh
DRETIMIEN - WIERI ZORERZS TOES (EEREBLTHEM) BHSAIEN
TWBN, FITINLT S ESTREROEERETILOWCRIERS ki, &7
Nitrosomonas sp. ENI-11 BiZBWTREFMEHREERL., ZH50BETFORAHK L
BUBMEERLBCTHIEELE, CRETT VES TRIECBNTY ) Avy THE
WX IR, CHAMDTORATH o, ZLTICE> TINFIE—RETFERT
THZET, THENOIC—OHBRERRICT S E &L,

12



TABLE 2-1.

BE ENI-N BROY J LB

Bacterial strains and plasmids used in chapter 2

Strain or plasmid Description Source or reference
E. coli
MV1184 ara Alac-proAB) rpsL thi (d80LacZ AM15) A(srl
recA)306::Tnl0 (Tet)) FltraD36 pmAB*lﬁch lacZ AM15] (53)
HB101 subE44 hsdS20 (rg'my’) recA13 ara-14 proA2
lacY1 galK2 rpsL20 xyl-5 mtl-1 leuB6 thi-1 (10)
N. europaea IFO14298 Type strain, plasmidless IFO?
Nitrosomonas sp. ENI-11 Strain isolated from activated sludge (58)
NAP1 ENI-11 derivative, amo,:Kan® This study
NHP1 ENI-11 derivative, hao;:Kan’ This study
NHF2 ENI-11 derivative, hao,::Kan® This study
Plasmids
pBR322 Cloning vector; Ap', Tet' 3
pCRII Cloning vector; Ap", Kan® Invitrogen
pUC118 Cloning vector; Ap (53)
pUCI119 Cloning vector; Ap’ (53)
pUC4K pUC4 containing 1.3-kb Kan cassette; Apf, Kan’ Pharmacia
pPAYL Cryptic plasmid isolated from ENI-11; ORF2; pAYL HHR (58)
PAYS Cryptic plasmid isolated from ENI-11; ORF1; pAYS HHR (58)
pHP1 pCRII containing KpnI-HindIII fragment of pPMH This study
pPM8 pUC118 containing Pmel site into Hincll site This study
pPMH i pPMS containing Kpnl-Xbal fragment of hao This study

IFO, Institute for Fermentation Osaka.
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¥ 181 Nitrosomonas sp. ENI-11 R0\ T

1-1 &

© ENI-11 ®Ri. BERC¥IERBETHHKLBERROEEBRL VEEIN. ERERED
FEBIRED Nitrosomonas RE#E SNz, FHINERNART P ETRIEMETH S
Nitrosomonas europaea IFO14298 k&K VD HEREMNEN EWSHENDH D (Fig. 2-14). HEIT
BWTRERFR LIRS, £/ Yamagata SREV 7 EZT7BIMEICB W THDTT S X
T ROFENERINTBD, KBEEDOI » MR —bBEINE (58), DEVIhE
THAOMRESNTER N. europaea &0 BENLT BT RILHEP, EHLET VES
TRIEEBZF > TWHHRERD D, T TEYENRHERY —ILVBEDo TR ENS
COWREMRELUTHRZTI Z& &Lk,

1— 2 Nitrosomonas sp. ENI-11 ¥kD#53& Fik

Nitrosomonas sp. ENI-11 QBB EUTOL S 2fTok. 7 2B 7 BLRIE L Y
KEBEFHEZRIPTVI LS BECERNTEMNEEINDA, 7OEDTOWELE
HIZEHEKRD pH MET I 570, B3 2-hydroxyethylpiperazine-N"-2-ethanesulfonic
acid (HEPES)&/Ny 77— &L TRWEHET L7 > & —5i (MAEH) 2#HLE. MA
B ORI Table 2-2 IZR7, EHEOERIZIIERO 7S5 X3 (500ml) 2 100ml OEH%E A
N, EEEERICT 120rpm OEETHELUSBEKZITV 28CT3IHMBERELE. Pv—T7
— XAV —ZRWZHEI. 2000ml Yy —ZxtlL 1000ml O#F#E AL 350rpm, 28°CT“¢§
2L, BERESEZ—EREERTY > 7U 2 72T, ODgy O & MR IEEN 5 BEEE
2EZH LI, ERBBEONEICHLEREE (6) ZANTAOES cfiork, Wi
EIRICH¥ED 1% Sulfanilamide (6N HCl 25%)& N(1-napthylethylenediamide 0.2 g/1 %
WINL . FRT 10 SFREL. ODsy OEICK D EMBREZFH L L. BERHRICE
MA BEHIZ 0.9%® Gellan gum ZHFMLUTELTHZbDERA W, Nitrosomonas izao=
—FREENERS, ARK>THEENEEIND L5 (22). T — MMEROB AR T
o7z, '

14
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Fig. 2-1A Growth curves of Nitrosomonas europaea IFO14298 and
Nitrosomonas sp. strain ENI-11 on MA medium

Table 2-2. Composition of MA medium

MA medium ' Trace element
(NH4)2S04 20g CaCl2 * 2H20 Smg
K2HPO4 0.5g MnSO4 + 4H20 2 mg
NaHCO3 0.5g Fe-EDTA(II) 5mg
MgS0O4 - TH20  0.05g CuSO04 * 5H20 0.1 mg
HEPES 50 mM  Na2MoO4 * 2H20 0.05 mg
Trace element CoCl2 + 6H20 0.001 mg
up tp 1000ml [pH7.5~8.0] ZnSO4 « TH20 0.1 mg

15




%:ﬁ ENI-11 D45 7 LRHT

1—3 Nitrosomonas sp. ENI-11 BkDHIR

ENI-11 Bki32 5 LRRHET Proteobacteria ® B-subdivision IZ/&3 5. 165 rRNA EFIic
ETWHHFMELLE TIZ, ENI-11 #id Nitrosomonas europaea IFO14298 ¥RIZIE®EITIEGED
ETH5 (Fig. 2-2A). ENI-11 HOMBEBRERIIERTH Y. N. europaea SiZigE A BN
Hohizn, LML N. europaea B8 Z D4, ENI-11 BISEHMELERI AN, TUED
TRCHERZEOEHIIAHATH 50, BOERICHDS TEHEEZE OBDOEHELINHON
BEETHIENESNTHS (28),

N. europaea Ebil)‘&bt'é’éﬁiﬁ‘]ﬁ:??%:?@{b%ﬂi%ki‘ pH7.5~8.0 LAV BEEH
PH THBZEINTNBHA, BEBKD pH 2B LI B/-EHARIZE S & ENI-11 #iZ MA 5#
IZBWTIL pHB.0~8.5 A TORBROEREFRBENE, BEFT7INAULEEZFD (Fig.
2-2B). ¥k, BHET7 U ESTNH-NEERY > E-7BIEMEOEBNMRECBNTOE
DOEERBELRZSA, ENI-11 #RiX N. europaea LIZIEREIRD 15~45mM (NH),SO, TD
HEABRDRW (Fig. 2-2C). ZORRIT N. europaea & ENI-11 BRIZIABRETIIH B bODETF
BizoEHENEEZRD,

#8281 Nitrosomonas sp. ENI-11 £k O34 5 o &Y

2—1 NIWAT74 =)V RTINELIE (PFGE) 12X % ENI-11 #R¥AEOBNT

2 - 1 — | REKERER S e d OERERBAESEORR |
REAEMEBROERIC BN THENICEREED DD, REKEHID TSN

MY T B AR RE RN C EANEEL RS, £OT, BAHIRERE AL TREKE

B LSRR T B b DR ER L.

2-1-2 A NMEAE

EX DNA 4Fit. AEHHICBL THERYNZ 2 50T, HE kb LD DNA 24
BOEEROES ORI AENBEL 55, AERCBO TR VABEER W, T
7bb, HE L IHEITES® ENI-11 8f6%, NT buffer (1.0M NaCl, 10mM Tris-HCI(pH
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Cell growth (ODgg)

Nitrosomonas
europaea

Nitrosospira briensis
Nitrosovibrio tenuis

Nitrosomonas : : ,
eutropha Nitrosolobus multiformis

Nitrosomonas

marina

Nitn osospina Nitrosococceus oceanus
gracilis \
0.1 ] B
Nitrosococcus mobilis

Nitrosospira marina

Fig. 2-2A Phylogenetic tree based on 16S rDNA sequences
of Ammonia-oxidizing bacteria

0.1 0.07
0.09
0.08 | ,/1 0.06 7_,\
/ \ 0.05
/\

0.06 A // \: 0.04 * \

\
0.05
0.04 V \ \ \
0.03 /75! \\\ 0.02
0.02 L ] : \_
oor L&A | b\L:‘n_ 0.01 _

o . . . . 0 . ) .
6 7 8 9 10 ' ) 50 100 150 200
pH _ [(NH#2504] (mM)

Cell growth (OD600)

Fig. 2-2 (B)Efféct of pH on growth of N. europaea (@) and ENI-11 (O) on MA medium.
(C)Effect of ammonium sulfate concentration on growth of ENI-11.
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76D TZEHR LK, SBO 1 %EMATHO—RITBEBL 4CTELLE. £0% 10ml @
EC buffer (6mM Tris-HCl[pH 7.6], 1.0M NaCl, 0.1M EDTA[pH 7.6], 0.5% Briji-58, 0.2%
deoxycholate, 0.5% sodium N—léuroylsarcosinate) IZ 1lmg/ml OUYVF I L, 20meg/l
RNaseA %M% 37C T 10 KMY 5 oA CEBUEELE, KIZZ DXL % Proteinase K
(SIGMA) Z 1mg/ml 2725 &5 IMA % ES buffer (0.5M EDTA[DH 9.0], 1.0% N-
lauroylsarcosine) IZ# L. 50CT 10 KD 5 ONITIRED LTRY >/ 27072, W T
1mM & PMSF (SIGMA)%1% 72 TE buffer (pH7.5) T 43C T 2BMIX 2BHRE S Ui, &
D% TE buffer T304 X3EHRES L, e EfTobDEY I TINVTS T EL TR,

2-1-3 HTNT 5 ORERRLE |

FIFRBERABIIT N I—NEBELEZANRF 2T Z2ANWT L 772 (# 5mmX8mm X 1lmm)
% 15ml Ty RY KV 7Fa—TIcAN, 280.25m OFT sunit DEREMA. THEND
FRMEOTERET 12 BED ML LA, HEERI S HARBOL 02 H LI —RHIE
FBHEEMENEINZBOEAVE,

'2—1—4 PFGE IZ& % DNA ¥tk OB

B LR BT S TN TS S % 08~1.0%7 HO—2 7)) (SeaKem GTG, FMO)
K7 7oL, REZE 1 %EME7 HO—X5 )V Tz, 0.5XTBE buffer 1.50 &k Lix
contour—clamped homogeneous electric field (CHEF)S 1 7 DR &4 DNA BXKE%E

(Biocraft, Japan) 2t FL%E 180V (6.0V/cm), /Nv 7 7 —iRE 10CTHkE L, Pulse
time & Run time [AE#&&T 5 DNA Bl X1 U T E €, DNA ¥4 X7—H—Ic
&, 0~600kb ¥TDL >2IZid lambda DNA ladder (FMC)%. 600kb~2Mb DL > izl
Saccharomyces cerevisiae chromosome DNA (FMC) Z /e,

PFGE 12k% DNA BiH ONBMOBES 5. £U BB KA < BEIEE < SRTE M
FREEFE % Table2-3 IR 9. ENI-11 #fa&iL Pmel (NEB)?F?H EiZk - "C 1193kb. 600kb. 550kb.
487kb D 4 &D/N > B(PmA, PmB, PmC, PmD)’és Xbal, Ascl, Pacl(NEB), Swal (Roche)iZ
J:‘D'C 10~25 ROFHIBZN REEL S :&ﬁﬁ)i)‘a 7=(Fig. 2-3A), Xbal, Ascl, Swal, Pacl
HIEBTHE, B8t LY A XDBWSNY ROBENSE UKL > O TRAMTER VDD,
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' N SN
A Q ‘(\,Ql ?’sﬁ 4‘:00' QO‘C

(kb) (kb)
1000 =
; 250 =
150 =
500 =
100 =
' Pulse time .
60-120sec Pullssietléne
Run hour Run hour
45.5hr 50 - 12hr
B , Fragment size (kb)
Pmel Pacl  Xbal Asc1

A1193 AS500 J100 A431 J 63 A275 T 76*
B 600 B270 K 60 B314 K41 B211 K74

C 550 C 250 C294 L 31* C179 L 71*
D 487 D 248* D277 M 28 D153 M 67*
E 235 E189 N 26 E 116 N 60
F 200 F169 O 22 F 107* O 41
G 140 G122 P 19 G101 P -
H 125 H 91 Q18 H 100* Q -
I 110 I 75 R 16 I79 R-
total 2830 2860 2818

¥2EKL FONY REER->TVRDHD

Fig. 2-3 Nitrosomonas sp. ENI-1 1 5EAE D S EHIRBERIC L 2935 — >

(A)ENI-11R O Pmel, Pacl, Xbal, Asclii{E# OPFGE
(B) ENI-118&{0 Pmel, Pacl, Xbal, AscliH{L#tF o v X
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BT”E ENI-11 kD% J LIRIT

Bigotb00H 5 LBbNS. K/ Pmel HLiF OY 1 X5, ENI-11 OREEKDY A X
E# 2830kb L RAED 5/ (Fig. 2-3B).

Table 2-3. RBEBIFIZA W FIRER - KELY

FINBER GEAES) A g RaE (o) o HEEE
se time, Run time )
Pmel (GTTT | AAAC) 4 2830 60s, 24h
Xbal (T | CTAGA) 21 2818 175,20h
Pacl (TTAAT | TAA) 12 2860 20s, 22h
Ascl (GG | CGCGCO) 15k - 17s, 20h
Swal (ATTT | AAAT) 178k - 15s, 20h
*RENI U B

2 — 2 Nitrosomonas sp. ENI-11 Eﬁ@%@ﬁ%ﬁﬂ@@f‘ﬁ%
2—2-1 BIAIEETFD Pmel Wik EOEE

INETIZ M’trosonionas BONITFUTIRBWTHLNTWBERTMN. 4 DD Pmel W
F (PmA, PmB, PmC, PmD) OWTHIZHFET &R/, Nitrosomonas KBWTH SN
TWBBREFRF—IR—ZLOVREL, ZORAESERTSAT—REMLE, ZH50T
54 T—EMNT ENF11 Bf@EEF > 71— ELT PCR kK& D ENENOBRETIH &
HRf& L 7. PCR IZid Takara Ex Tag DNA polymerase (Takara)ZE/H L7z, RaKOHER
E, EFRNZBRETHRERICE L Tid Sambrook 5 (40) OFEIZHES /2. PFGE ic &> T DNA
WREDBLETIVE, AVTVIADNS VAT 7—58% LT 57912 0.25N HCl T 15 4
MABELE. ZOXVEBEBEOT Oy 74 27 ERAUKI Biodyne™ FA 02 A TL>

(PALL) IZh 57X7?*‘b\ RSA4A4A—72ZT 80CT1 BRN—F 2L TAT L

DNA ZEELZ. ZHZHLT PCR kK& VBonklihE27Oo—-7& LT, ¥ NI TUSF
1E¥—T 3 froi. DNA D IR 25 EEHIZiZ Amersham fluorescein DNA labeling and
detection kit (Amersham)Z AW, FEEFy MRMFOTZa 7 IIViclEo 7.

UTFICNRE LBET. N TUF 1 XUk Pmel Bifr. 7541 ¥—%R T (Table 2-4).
FRCERRENZ LI, T ESTER{EROREER AMO, HAO 21— R BBEFTH S amo
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3 ENi-ll 0L RN 5

& hao #70—7EUIHEE, WIND PmD MK USTKDOBZICNA US4 XL, 23¥—
® amo &3 AE—0 hao BFNTZOBERICEFL TNB T ENASMER -7 (Fig, 2-4).

Table 2-4. ENI-11 %O #=FEE (Pmel fragment)

gene function locus (forwgg?fgerse) accesz?éibr?z;ber
HHR el DA e oy, AB0I8483
. 5’ ~CACCAATCCGGAAAATACCC
dnakK heat shock protein PmA 5/ - CTTCTCAGCCAGTTTATGOG U15305
o ouemomerso pmC 3 Tohomastover yisys
’ ~GCT CCATA
pyrG CTP synthase PmC e acs AF061753
- GAA
€no enolase PmC 2 , _gﬁgﬁ;ﬁgﬁzﬁ G cziggg AF061753
. = TGAT
rm 16S ribosomal RNA  PmC .. [ops ety ABO79053
amo () o e PID ooy, AF037107
haoy) | BSOSBERe T pppy 5] CrmcmsmrmsomnIcnse 1o

2—2—2 ENI-11 %34 D Pmel macro restriction map DOfES

ENF11 QR Poel HiEick D 4 OB CABE NG Z Eithiok, 2T,
Pmel ZRWTHRAKYBHMOERZIT o/, FHEE Pmel CXDREERORIEE AW
HECK DT o7, BREHY S TIINTS5J % lunit @ Pmel T. 10 HELEL, 0.5M EDTA T
KitZ1k®, CHEF 8KKEIT/VAS A A 100 %, BF 4V/cm T 10 K. 400 # 3.3V/cm
T 85 BFfIKE) L 2 HEL 72 (Fig. 2-5A),

hao i3 PmD BiFICDBEFEET B DT, hao 27 0—7 &L T PFGE TH#EL /= Pmel 4%
HEDIH L THF NS TV T =2 a2 2B IRo7. STFINBEBLNENS ROV A
XEBEL. Pmel REAYEHBRZERL L (Fig. 2-5B). PmD M DU XL, PmA-PmD-
PmC-PmB(-PmA)DIEFTHo%z. TORRID. ENI-11 OREFIZFRTHZ Z &by

>57=,

21



* Southern hybridization

211 (AsB) - 211 (AsB)

=179 (AsC) == 179 (AsC)
86 (XbH) 86 (XbH) == - — 100 (AsH)
74 (XbI) 42 (XbM) =

Fig. 2-4 PFGE T/ BE L 7=DNAWT - & amo, hao DEC &
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(kb)

2100 PmA+PmD+PmC (2230)
1818

1700 PmA+PmD (1680)

1630 PmB+PmC+PmD (1637)
1193 (PmA)

1150

1020 PmC+PmD (1037)

600 (PmB)

550 (PmC)

487 (PmD) PmD (487)

C A amoCAB, ,amoCAB,,

hao, ,hao,, hao,

rrn, cyp,
eno, pyrG

dnak, rbcAB,
HHR ENI-11 chromosome
\ 2,830Kb
PmA

Fig. 2-5 Nitrosomonas sp. ENI-11#k4: 4k D Pmel macro restriction map®{E#&!

(A) ENI-118RRE4D Pmel#fsHLBT R OPFGE (I RIE @)
B WOYYFUNATY YA ¥—3 3 (Probe: hao) (KIEIZEHE)
(C) ENI-118:5:f{E® Pmel macro restriction map
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2 —3 ammonia monooxygenase BT (amo). hydroxylamine oxidoreductase #E&TF
(hao) DREEFE EICBITDMEDORE
2-3-1 amo & hao DR LIBT3 B _

PFGE IZ& > TH#BEL /= ENI-11 BB DNA BRI LT, amo, hao 270—7&L
THYINATIFAE— a VW ET> 2. amo, hao O 7 O—TIZiE, F—FR—Zz%
@|ENTWD N. europaca @ amoB DEFIZH LIEHL AT T 17— Amo3 (5°-TATGT
ACTGCAGGCAGAAGTTGCGCTTG) & Amo4 (5-CGAATTCGACAGGCTAATTGATGCTTC
G ZEHRWT ENI-11 OREaEEF 7L —h &L T 98C 5min (1 cycle), 95°C 30sec, 55C
30sec, 72°C 120sec (x27 cycles) DE&EHT PCR ZfT\, #%‘5“7’: 2.3kb @ DNA Wik %
BamHI-Sphl LU TAU 0.3kb @75 A hE& amoB 70—7& LU THWE, hao ©7
O—7IIEARICERLAEZT T v — Haol (5~ CTCTAGAAATATGGCAAATACGGCAC
AAGC) & Hao2 (5'-CTCTAGATAACGATACGGCGCTGTGTC)Z AW T.98C 5min (1 cycle),
95C 30sec, 55C 30sec, 72C 3min (x27 cycles) D&HD PCR THS N/ 2.2kb ® DNA K
FEAWE,

amoB 70—, Xbal WLHITHLTIX XbH (86kb) , XbI (74kb) 757 X Mz,
Ascl HE#ITX U Tid AsB(211kb), AsC(179kb) 7 5 F X > M1 T U 51 XL 7 (Fig. 2-4),
hao 70—71%. Xbal HE#TIZ XbH (86kb) , XbM (42kb) 737 A > M. Ascl Hit#
Tld AsB (211kb) , AsC (179kb) , AsH (100kb) 75 7 A > MINA 71U ¥4 XU 7= (Fig. 2-4).
ZO&>iz XbH (86kb) , AsB (211kb) , AC (179kb) 797X > Mk amo. hao DES
SBNTTUFAXTHIENS, ZDD 'amo. & hao BENENEVWNBICEEL TWS T &
AWRBEI N,

2—3—2 PmD K ® Ascl, Xbal map D/ER
PmD Wi Eic&T?D amo & hao BEELTWS Z EAbAH2/=DOT. PmD EHO Ascl,
Xbal map ZHEE L. ZOEROX SICHMAMTETD 2L & L2 PFGEIZL D8 L 7= PmD
WiFEZ VNS YID ML, TE buffer T3 EI¥E%# buffer B# L7, TH% Ascl, Xbal THik
LHUPFGE ICft L THBEL /=& 23, Ascl T 64, Xbal T 11 &0/ RAHER TE = (data
not shown)e TNEYTT 5T AL hE YA XDRENVIRIT AsA™-AsF’, XbA-XbK’ & & {41
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B=F ENI-11 BRDY J LR

Fzo Eie. £5 7 AD Ascl-Pmel OZEMHLIZE ST, amo & hao £1 I¥—FDEE Ascl
BiF ASB, ASC 2827 hL. ZOKEIHBT F LEBK O—ANENEN AsA’, AsCHHT
TITARONTINTHB I EMbAMok. TOTENS AsA’, AsCHENEN PmD B
FOMmICAUBTS I L&, AsA’, AsC'IZ 1 IE—F D0 amo & hao WEET B Z ENHS M
&i3o7. PmD Wiy @ Ascl WY T 75T A2 MM LT, hao 270—T & LU THY R
EfTD &, BN hao B AsA’, AsCRNA TUF A XTHTENHEREN, EBICBIOVDE
DD hao & ASBYTTISTAMINATUFAL AL, ZTRMUBELTWBZ Ebho/-
(data not shown).

2—3-3 Ascl BAWILICES PmD HROMEHEHE O

RIT Ascl 1I2&3 PmD BB OFREBREROEMZT>%E., LITBENEZFEERCELDIC
PFGE TH# L7 PmD M 22 V5910 HiL. TE buffer THEE Asd KL DROEHT
MWLz, PmD MR 73572 AN/ 1.0ml ORIBKRIC 20U OFEREMA 37C T > Fa
- R— 3L, Omin, 90min, 150min, 720min %Iz 0.5M EDTA (pH 8.0) 50 £1 MMz Kt %
BilLEE/, 2% PFGE 12XV 5sec - 15hr, 30sec — 25hr (Pulse time— Run time), 6V/cm
DEETHKEI L (Fig. 2-6). ZOFNERROFETAS T LI NS VX771,

PmD Wi OmICAIBT 2 AsA'H T 755 A b%E Xbal TH{Ed 5 &, PmD WA Xbal
YTT755 A2k XbB’, XbF’, XbK'&., # 15kb D757 X bR E N, F2T amo
BWE hao ZEXRW XbK'RZ70—7E LT, BOACTLVIINATVF A XERE,
ZELTHELSNES T TNOYL XEHEL., BREEILRE>TECETISTAL P FAXERS
LEabt. EFOoBEBEEREREL 2Fg. 2-6). CORBRYT IS AL MOLEDIE
AsC’(98kb) — AsE’(76kb) — AsF’(15kb) — AsD’(65kb) — AsB’(100kb) - AsA’(142kb)TH 3 =
ERhhoi,

2—3—4 Xbal #AHELICXS PmD EBOHRERHRK OMESR
Xbal &% PmD SRR O fiFREE R HIBER % Ascl & RIRRICER ML % AW TfT > %2, PFGE
THEELTZ PmD Wil @ Xbal MAHELERIINL, XbK'E2TO—T ELTHFINAS T &A1
Y= a 270, ST FNRRBSNENS ROV XER/E L. BEEBEHRZIE L/ (data not
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§ < AsA’(142)

< AsB’ (100) 400~
4+ AsC’ (98)

<+ AsD’ (76)
< ASE’ (65)

300"

< AsF’ (15) 1507

500~

4+ As(A’+B’+D’+F +E’+C’)

4 As(A’+B’+D’+F4E’)

1: AsgA’+B’+D’+F’)
As(A’+B’+D?%)

< As(A’+B)

+ AsA

Fig. 2-6 PmDWH D AsclER ALz & 2 AT

(APFGE. a : ENI-113 8k AscIié{t.. b : PmDErH Ascli¥{t
(B) BB A D AscTif 3 I L IT Fr o9 5 AHS 7T Hr D Southern hybridization
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shown),

2—3—-5 #ELZ2DD amo & hao HIOMEIEZEREDORE
YHEINATVFA -2 a DIREKBEFEDS 28D amo & hao X, 720 EWEEREICAT
BLTWAIENFREEN/, £ZT amo, hao AT 51 —%#5t L. Long PCR I2&k>T
TRGTHRIERERE TS L2/ A . hao BEFRACEEHRERMEED Haot 751<
— (6"~ CGGCAAA’ITCTCTTAAGTGACAGG’ITCCGC). hao TRICEETAL M7 OLRD
¥ >0 &1~ RTBEET oyt NICEEHE & MEHRIC Hao? 751 T — (5'- AGGATCGAT
TGGTACTCTGTTGACAGGAGC). HHERIZ amoA BERFHICTHEFMIZ Amo5 (5'- CCGAA

TGCGGTAACATCATTGCGATGTACG). amoB WIZIEAFIZ Amo6 (5~ GGTTCA’I'ITCAGG
| TCCTCTGCAAATTGGCC) 2B L /= (Fig. 2~7TA)e ZNLETIAT—D4FED DHEAEHHEIC
& 0. ENI-11 #&&%5 7L — b & LT PCR 2fFo%. Kbl 98T 5min (1 cycle), 98C
30sec, 68°C 5min (x30 cycles), 72°C 15min (1 cycle), 98°C 5min - (30min gradient) ~ 50°C
(1 cycle) Tfro 7=, Mi#{E DNA polymerase V& Takara Z-Tag™ (Takara)& M Lz, ¥—<
WA 7 5 —Id GeneAmp9600 (AP biotech) Z 7z,

- RISEMET AO—-ZT)VEBIXRBTHMLIE TS, Amo6 & Haob 0751 X— D%
GHET 23kb. Amob & Hao? DA EHYE T 15kb DMIBEYVHEE TE = (Fig. 2-7B). D
FVENENDT T T —HOEMEN 23kb, 15kb THB I Ldtbd o7k, =0 23kb DMIEK
Fr# AH66. 15kb OWiH % AH57 &£ 7. AH66, AHS57 OREFEEEZ T O0—7 & LTy
SR EIT, AH66 I ASC’ITVAHST X AsA’ RNATUF AL XL &S, AHE7 & AH66
OERIALET B amo & hao 122 THDTE—TH 5 T & AWM E 1172(data not shown).

2—3—-6 amo, haoDIYE>Y
PmD D Ascl, Xbal ¥y T BN TUF ¥~ 3, Long PCR IZ & 2BHH
5, amo & hao @kiiﬂmﬁﬁﬁﬁ%c‘: amo, hao MOWEMIERIbh >/, LML ZhED
EREZZ(rBRIfRE Long PCR THSNAN BV VEDD hao OHERFRETHB, £IT
RZINSOERINBERETSZ L E L,
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hao : cycA cyt

-+ >
Hao6 Hao7
amoA amoB
> - > -
Amo6B Amo3 Amob6 Amo5B
1kb

1 23 45 6 7

Lanel: A/HindIII digest
2: Hao6, Hao7
3: AmoS5, Amo6
4: Amo35, Hao6
5: Amo6, Hao5
6: Amo35, Hao7
7: Amo6, Hao6

Fig. 2-7 Long PCRIZ & % amo-haofEi FEgE D T
(A)Long PCRIZA W=7 54 v —D B
(B)PCREMO T HO—AT NVBRAKEGE /51 7 —O@BE DY
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a. XOEZITDARSTIV—

Hommes 5V Nitrosomonas europaea \ZBWTHF 1 & U EREFER DTS X3
REZLVZ bORL—2 a3 2FALT, HEERZZEZTIECKRTILE (18). TITH
#}AZZFALT ENI-11 @ hao (XIiE amo) T Pmel ¥A1 FEEATHI ENTENIT, i
AMROREHEZE Pmel TUK L TESKEITHBET 5 Z & T hao @ Pmel Y1 S5 OFEEAD
A0, Pmel 94 N OE#ET hao MOEMERET ST EMNTEDEEX 5N 5, |

b. M#MZATIXI ROEHR

E9RAIC pUCL118 @ Hincll ¥ MZ EcoRI-Pmel-Notl polylinker (5’~-GAATTCGAC
AATTCGTTTAAACTCGCGGCCGC-3) &AL 7 X X R pPM8 2E& L 7=, K\ T Haol
& Hao2 754 —ICk o THIEL /= 2.2kb ® DNA WiF % Xbal-Kpnl Y16 L7 1.8kb D75
JAZb% pPM8 i/ 0—Z=F L. ZOT A3 RE Hindlll MEL, £U7% 1.8kb WK
% Hindlll #{t L7 pCRI(Invitrogeniz 54 4 —>a> L., ZOFIAI K% pHPL &L=
(Fig. 2-7. ZOTSAI RERFIC amo 25—y FELEMEBAATSZI RHROREIZL
THEML 7. Amo3 & Amod 7 F41 T—%fWwik PCR Itk > TAESHk 2.3kb @ DNA KiH %
Hincll #{6L. £U74 1.0kb ONiH% pPMS O Pstl $-1 McHALE. COFIRS k%
HindIlI-BamHI ¥{tL. £U7=7 5% X > h% HindllI-BamHI ¥{L L7 pCRII i25A 4 —3
a> Lk, Zh# pAXl & L7 (Fig. 2-8).

c. ILZ7haRL—alilEBTS5AIROEA

SRS OB O ENF11 BAEAHNELETERL. 555 UoRe L TBNREK
THEL. BURHELRTEETEREE 3 ER0EL, BEE ODg, ETH 5.0 25 &
S LB CHEA TIRE LK BT TRE L. © OBARBE 40041 ICERAE TS XS K 5
png EANTHICEMEET 2mm gap OF a2y FBETX)IEALBEW®K EIZTRAE L,
Gene Pulse(BTX) 2T 2.4kV,50 1 F,720Q D&EE TV L. T<IeHLus MA Bl
100ml IBLT, 28CT 24 WMHRE S Uik, £OENFTA S 2 2HBE 10ng/ml 085X
SIRINLT, E 51 24 BEMES 5 &%, OBEWS 15,000rpm, 10min, ACELLT
KE LIS OEBRAFEMS T, HF<1 2% 10ug/ml S MA BREHIZZ T L vy R
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E ﬂ ' X Pmel casette

»
Kpnl-Xbal
k pPMS Hincll d1g
Kpnl- Xbal
KH

, Pm
H x| H
HindII :
pHP1
@ (5.8kb)

B HPm

B: BamHI , K: Kpnl , HII: Hincll, H: HindIIl, Pm: Pmel, X: Xbal

Fig. 2-8 #i#1 2 75 X I RpHP1 & pAX1DESR
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B ENI-11 DY ) LIRAT

Lk, I 28CT2BREEHERLITM I UVEoIn=—2RmE L,

d. X BROMAT |

pHP1 Xid pAX1 #BEE#RL TESNZMEMIBD PFGE AY > TNV T S5 YV 2ok oS
BICEDERLAE, ThE Pmel THE{LL PFGE THBEL =(Fig. 2-9A). ZO&E pHP1 OF
BT PmD Wi & 441kb & 52kb B9 S4B IC Pmel Y1 FNEA S /-8 % 5%
(NHP1) &, 339kb & 154kb IZZ#IT BAIEIC Pmel 1 FHMA I hAK (NHP2) 02
BEOMBABENEON LI LR TEZ(Fig. 2-9A). INSOHEBAKIIERLEZTS5Z
SROBENS I INIORAF—N—-I2&D hao BRETAOHPAANBI-EEZ N
fro T THBMAKD Pmel MBI L T pCRI O—FHETO—T L THHF NS TY 51
T—a & TS5 T & T hao DMEFZREL = (Fig. 2—9B,C); K7 Ascl, Xbal T®FIfRICEE
FUE - BREXEHETV, TEMEZ o7 hao £HEREL(data not shown), Zh 5 DR
0,220 hao DREBERESH &I 72 O & DI PmD Wil @ AsA'BID Pmel ¥ b5 52kb
DALBICH 7272 Pmel U FBABASTNTHD., MARENEZRIF—DOWHFE (2kb) 2RU
T AsA’HID Pmel ¥ S 50kb OBy EFE3Nz, ZOaV—id AsAY T 7545
A2k (AsC WiF) REETBZEMS, IO hao id AHS7 @ hao EF—THD. DI &
5T 15kb IZ amo N~ v E a3 ik,

©3VEDD hao W ASBHT TSR b (AsH WiF) &L, ASA'BIO Pmel -1
M5 152kb OEIZT v EZahik (Fig. 2-9C). BOUED® hao ICHEBZMNEZ -7
BIZMG T2 2 ENTERM 272D, pAX1 2HWT amo 2 Pmel ¥ FEBA LS Z
BROMITZITo 7z, BB LRI (NAPD) I3 PmD Wik % 39%kb & 453kb 489 2@
i Pmel ¥ FAAZINTWAZ EXbN -k Fig. 2-9A), =0 amo ORIEIE hao M Ak
ERRICHYT NI TUF I E—2a ko Tfiio k. ZLTHAINAER Y ¥ —DE X (5kb)
ZWUC T, AsC' D Pmel 05 34kb ONBIZY v E Va3, £/ Ascl. Xbal THEEEIC
BERUHE - BRXKEEToZETA, Z® amo 1d AsCHT TS5 A2 (AsB WiF). XbGH
775722k (XbH BiR) KEFET5IE—Th5 & EMH S Mol fesd, AHEE O amo
ER—THBTLBbhok. FLTID amo OTFTH 23kb BN VEDD hao BNIv LY
=3 g
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——
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Pmel Pmel Pmel
NHP!1 | il =32
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Pmel
“* hao
Pmel
39 453
NAP1 | |
-+ amo

(HFiZkb, TREO—TOME)

Fig. 2-9 pHP1, pAX1#H#: X SR DA
(AJNHP1, NHPZ2, NAP1 &0 Pmelig{bl i O PFGE
(DR AN T > B ORRE & 70— T DR E
(CREBMAKIT IS N8 7273 Pmel 1 b ORE S METFOR =
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E"E ENI-11 RO J LIBIF

BEDXSZ. TRTDamo & haoDI vy B TNET L. ZNFNDa¥—% amo,,
amo;, hao;, hao, haog EHMITRENTSBZEE L, amo; & hao, & 23kb. amo, & hao,
id 156kb EWSEWEEBICAEL TWd, BOVEDD hao iZEESD amo H5bHR &
b 87kb LU EBEN TR Z EAHS M &R0k, B oyt BETWEELRW hao VI X5 —
& hao, 7S A —THBDZEMHHAL ., £L2TD amo & hao BEEOAFMRFE—THo
7=(Fig. 2-10).

2—4  amo—haoiifE@iE (AH66, AH57) DR

Nitrosomonas sp. ENI-11 BROR{k#) 2.8Mb O 487kb & (PmD #i) 12.”£T® amo
& hao MEHLTHEEL TV, 25122 IE—0 amo & hao WEFEL TEELTWS 2 &4t
HoMNER- I, ZORIKT VEZTRIEROBEBROBETFHRRBEO—RICEFLTWSR
S5, D7 D EZTRALRCEETZ2EEFDIINSOEFICEEL I IXAFY—2BRELTY
SHREENH B, T T T Long PCR IZX>THELE AH66; AH57 (2—-2—-2ZR) o0&l
ERFZRELT. IS OEBOBHET> 72,

2—4—1 AH66, AH57 0% DNA HERFIORE
PCR iz & D ##L 7= AHG6 DNA BiF 23kb. AHS7 BiF 15kb OHIIRBRMEEERL.
FRBR THEL LT AW LSRR TS/ A M EH T/ O—2VF Lk, RKICZNED
DNA BEEFIOREZIT> /2. ¥ > TNV ORI Thefmo sequenase kit (APbiotech.), DNA
=2 L3 73 ALFred DNA sequencer (Pharmacia) % 37z, DNA OfH7TIZ1Z DNASIS
ver. 2.0 (HITACHI software engineering)%. MEOREIZIZWEB ETD FASTAGBN %7z
i3 BLAST2)7 05 I Az,

2—4-2 AH66 (23kb)DRAT | |
AH66 1Z amoCAB, F#A 5 hao, LFREIHIFTTO 23kb OEBTH S, Z DERICIE. |
ribosomal protein ® RNA polymerase BEFRENTAF—ELTROBETFNEESN
7z(Fig. 2-11). U L. amoCAB, FHRICEMDOBETF L IZMHRED R 5N, W< D50 open
reading frame (ORF)MREE Lz, TORMNDHK 2.1kb ® ORF i, 2BOELBHER
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B ENI-11 BRDY ) LR

OF < EEQHRAMNES N, 20 ORF OFESNST 3/ BESIOBAT Dy M.
MEE BB T BMRER O ME< B THB = & 2FB L. AMO 13815 > /87 BT 0 . 0D
A OB E > TEELENBZ &5 (8). =0 ORF i amo OEAEE 15 OBEIEA
BBOHELATN, FHFINTTUFLE—2 3> ORI TIR. 20 ORF 3> ZLar—

T & o 7= (data not shown),

. 2—4-3 AH57 (15kb) DfE#T

AHB7 1X hao, 7 5 A% — cyt BETTHM®S amoCAB, LRIZMNTTD 15kb OEBETH
- %, ZOFES ribosomal protein, t-RNA synthetase 2 EDNTAF—E > 7 R OBETFN
BEAETHY, BMCRHBNDERETIREE LM o (Fig. 2-11).

BIE EBEE

Nitrosomonas sp. ENI-11 #RIBERLBBRE DEBEEINETY D EoTRICHEE TH 5.
16S rRNA Z &2 ETRRENR T > EZTEBLME N. europaea LIEEITIEZRTH B8,
SIFEREE IS ENI-11 $ROH AN < BHRINR B &1, %7k, N, europaea BB HE 57925, ENI-11
HISEBE 2 RS, ETRD-EEEED,

ENI-11 #RIZ7 > EZ7B{LROHEEE AMO & HAO #3—R93 amo & hao 23k
LiZENTN 28— 3T —HRFEL TS Z Edtbh o TWwiz, Nitrosomonas BOWE T
REL< amo #23¥— hao M3 AE—HFELTRZBOMEEAETHB M, Nitrosospira
BONZFUTTIX amo b3 IE—FETHIERASNTNS (43), EFORVIEH 21T
BE7 CES T RIS BREICEEIC—07 > EoTBEROBET 2D, LhLans
5. ZHE T Nitrosomonas DEREEL )V TOFRTIITONTE ST, ZIsh TWw amo, hao
® DNA HEEFIAMIOIE L EDLI KRB TNBENEND ZERFRHTH %, T2 T
ENI-11 #3RIZBWTHF J ARy 7OHEEZTW, ZHOOEGEFORGBE LB T IRREHS
o el Iy ,

ENI-11 HORAKEIRRTYA LK 2.8Mb Thok. THRNAZFUT7OFTIRLD
MEVWEEIZASZ, TAUVAZRNF—EDOOE)DY JA7aPz s Mok N. europaea
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BE ENI-11 %04 J LB

DORABEDOYL XL 2.3Mb ThdEWnbi (5), R THZELEZISNTWS ENI-11 %kD
BRI AT, i, IFOL4298 #dY ) A¥A XIXBLE2Mb THB LEMS 51k (data
not shown). Z0& 3 IKIEROBTH O BRES, 7/ AOHA XICBVAESHB 20D C
Lit, —REPRIEOLSICLEDNBN NZFUTRBNTIRLELIEES . BicsA
BOY ) ATIOEIBRBERMERSNBRTHS (33), TOF ) A1 XOENAEE
THONRIBEEDEZAFRATH B ENI-11 #ICBEELT N, europaea ICI3HEL R E
EINHB00b LI, TLTIOI EMMEICBII 222D, BEROREDBVE
b5 TEREEMSNOMEFENS 00 LA,

ENI-11 SR EHTHERRE Pmel IckoTaRIUE N, BRENT 10 05 5EA
? 487kb DK (PmD) 1L T® amo & hao BMEHLTWE, ZOEROBMBENEF
amo, hao My Er 7 ENz, ZOZ LKV ENEFNOIE— DB B RERZ S »
T BT ENTE, KBTS C EMAIREE R 5 = (Fig. 2-10), £/, amo; & hao, & 23kb. amo,
& hao, & 15kb DHBEBEVERICRT #HATEEL TV, BETOBREMNEL 3 M s
LTh, BREEOERMEE 3HABERAD NS AR Y H BV T 7 — Vi & 23R
KREBABBAENTNE(E). WTNHTOBENSEZEZ T, EEEGTORMBICEARS
AP RERFZERESNBEENRE N, £, MOT S E-TRILRICEET 2 BETNE
BIcEET DTS EX SNED. Z0 amo-hao FEEROSELREFIOREEF o7,
AH57 @ amo FHRICIW: < DAD ORF BMEWAE XN REOREIIAH TS -k, N5 ER
QENYRF—ELFCHTERETHAEL TWAEITT. SENZEETS DNA HERS
BROUEShBHo, BEDETS, TO amo & hao OREMITSHhORKNS M E S
DERETHS, ZOMICT S ESTRERCHET S S5 X SNBRETRAVE S NEH 5
oo Sk, BETEEMEC >AEMEELSNS DNA AL ESESAN, THBID
VTR, SERT 2 ERERONEE T TS, ZOMRICEET S &V AEED S
5EEDbNG, HE. TAUHAD D. 1. Arp EL5DFIV—"T Nitrosomonas europaea D% J I
TOTzs FREFLTBED. Thick > TREKOSHEEREFINE 5 H s NAILE =z LR
MELhBMB LA, |
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B=E  hao BETOEREEMIT

B=E

Nitrosomonas sp. ENI-11 kOt ROoFI )V 7 I >
T+ RUF D& —EBIET DHEEERET
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BER  hao BET OHBEEN

FF

FOEZTBREMBEOT DESTRERCBNTHLARKEZE LT ammonia
monooxygenase & hydroxylamine oxidoreductase %3— K9 2#&&ET amo, hao &, #
A EICERIE—FET 5. Nitrosomonas sp. ENI-11 #£iZid amoCAB #2 2 ¥—. hao #!
3AE—HFHETD, LArLARNS, REZORCERIVC—RETHEINEWSEHHED, Zhd
BRI —FEITIBETFENTNORECHEBRBIITHATS S, amo, hao THENOIE
—DBEVRHSHMZINTVWARNERAOD LD, THSDOBETOIE-HTORUNTET
B5T, ETOAE-BI/O—Z 2 7INTOURVERSD S, YHFINATUFM¥—-2a iz
L BEHT T, V&DDIE—D DNA Bz 0—7E93E amo, hao DELBIZBNWTD
FABREOREDS JFNABREEIHN, —KEBECBIT 3 IC—HOBEMERTREIhB, LHL
BRETOMTZT I 2Dt —HTOHEERZHEICTOLEND 2, ERBELRTFOHE ,
ERNE BB AEEL T, TORBFERERD D VWERACK> TREE(LS B2 BETH
BERVHY, TNHEEFTTHRDITTI/O0-Z0 T ENSBEIIR ZERTERNY,

FETIRBEIETOIYESVICE DRI LAEZLTD amo. hao BEFEI/O-=271,
BERTOERREHASNICLE. BWT hao BEFEOWTEGTFHEZRZTW, ThF
D hao BRI TFOHEEZ AN,
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BEE  hao MR TFOBAERYT

TABLE 3-1. Bacterial strains and plasmids used in chapter 3
Strain or plasmid Description Source or reference
E. coliMV1184 ara A(lac-proAB) rpsL thi (080LacZ AM15) A(srl
recA)306::Tn10 (Tet") F{traD36 proAB* laclg lacZ AM15] (53)
E. coli HB101 supE44 hsdS20 (rymy’) recAl3 ara-14 proA2
lacY1 galK2 rpsL20 xyl-5 mtl-1 leuB6 thi-1 10)
N. europaea IFO14298 Type strain, plasmidless IFO*
Nitrosomonas sp. ENI-11 Strain isolated from activated sludge - (58)
H1 ENI-11 derivative, hao;::Kan® This study
H2 ENI-11 derivative, hao,::Kan' This study
H3 ENI-11 derivative, haoy::Kan'
H13 ENI-11 derivative, hao,::Kan', hao::Ap” This study
Plasmids
pHSG396 Cloning vector; Ap* Takara
pCRI Cloning vector; Apf, Kan® Invitrogen
pSTV29 Cloning vector; Cm' Takara
pUC118 Cloning vector; Ap’ (53)
pUC119 Cloning vector; Ap’ (53)
pUC4K pUC4 containing 1.3-kb Kan® cassette; Ap", Kan® Pharmacia
PAP29 pSTV29 containing 1.3-kb Ap’ cassette; Cm"*, Ap° This study
pHAO3K pHSG396 containing hao; inserted 1.3-kb Kan® cassette This study
pHAO3A pHSG396 containing hao; inserted 1.3-kb Ap® cassetie This study

*IFO, Institute for Fermentation Osaka.
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BZE  hao BIETF OREERT

% 181 Nitrosomonas sp. ENI-11 ¥f® amo, hao &1 —D 70— 5 L ik

1—1 ENI-11 %® amoBEmFRIrO—=%

% 1 ETHRA L Long PCR Wi AH57 (23kb) & AH66 (15kb) KKiZFNENREZSZ 3
E—® amo & hao MHERICEEL TwWiz(Fig. 2-11,—P.35), LA L72A5, PCR iICAWETS
54 X—7% open reading frame DEPTHo/DIT, T2 ORF BFEZNhTWiaEho 7=,
% 2T AH66 D EIE Amo6B & Haob %, AH57 OHEIE Amo5B & Hao? KA E L (Fig. 2-
7, P.28), ®fEH%7> 7L —hELT Long PCR 2fo 7, L TEHEND amoAB J¥—
EEBIICHRBTBIENTE L, PCR OFBE2E 2-2-2 LARKCT 2. ThsFheh
D amo &7 O—= 7 U BHEF| % LB U 4R, amoAB B L Tk amoCAB,; & amoCAB,
® DNA HEEFIZ5E£I—F L Tz (data not shown).

1—2 ENI-11 #%® hao BzFOra—=%
1-2-1 hao@EFLHEORE

33E—D hao RENTNDLRORARZEREY T v bELETS I —2ERL T,
PCR R&->THFHT B I L2EB. ENEND hao LI, inverse PCR ZHWVWTUTFOK
3ICUTfFo/. ENI-11 Hefafk% Pstl THEL. hao @ BamHI-HindIll ¥{t# 0.3kb 27
O—FELTHIINA TV I I E—2 a0 %F5 &, 9.1,4.0, 2.6kb D FF AR E iz,
DED hao LRD Pstl H1 MEIZNENRB - LMNBICEET 3 (Fig. 3-1B,0). FZTHUY
k% Pstl TREWELA—N—F A b TRV TS ¥~ ali. ChESRELT, 7
I4 < —I HAO4 inv. (6~ GGTCGACAAAACAACCTGCGCTCGATGG) HAOS inv. (5-
GGTCGACTTCCAGGCTCTTACCCATACC) % FI W T(Fig. 3-1A)PCR %o, RIEKET H
O—Z2 7 VEKKENZHLEZE A, # 9kb. 4kb. 2.5kb DHIE DNA KiFAREBTER, Z
N5 % pSTV29 (Takara) iz 7o/ 0—= 7 LT, —I2 T3 27 %Fo7,

33¥—® hao 13T R & 0 L 15bp B2 TOIP—T—HKLTHY, 22K SD &
FEEZSNDHEFINRENWEXNE, :0)5 BE2D03E—IZEL TIEE 51T K 145bp 28
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1.0kb
(kb)
~ hao 9.] — |=——
B H P
—— 4. .> 40— —
BHO.3 probe \ 2.6 — |
l HAOS inv.
HAO4 inv.
C
I 9.0kb _ >|
1|> H P
|
hao,
e— 37—
P B H P
| )
hao,
e—— 27kb — 3|
P B H P
1
hao,

Fig. 3-1 hao LFREEFI DS
(A)BH0.3 70— &HAO4 inv., HAOSinv. Primer®D4L &
(B)ENI-1 1 B EPsA LI T BBHOI T O — T OHYHF N TUF(¥—a >
(C) hao LI DTS
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B=E  hao BETOBREEF

EEIRFEINTWEFe. 3-2), ZOEBIC open reading frame (ORPIZRAWFE I o
oo ZTDRESIZLERISEREDOELAERSNAN, ZNENRANLZEFITH =, /=, £
NENEFDRIZ>TWS hao LFikFE270—7& LT, PFGE IZXDBEL 7= Ascl Bz
MNUTHH U BFEITIZET, ED hao DLERETH 2% %E L (data not shown), %
ORE LN 145bp IHERIEH L TWADR hao,, hao, THY. EEEFIZHEEL hao
JE—37 ) AL THEMTHNTEEL TWE hao; THo -,

1-2-2 haoBETFOLHE

EFIRELR>TWS hao LREBICH 127 51 ¥ — haolsp, hao2sp, hao3sp Z&¥EHL
(Fig. 3-2). PCR IZ& > TENTEND hao ® ORF #EE DNA WiHZBBL~. PCRICEL-T
BELEENTNOIE—0 hao 2¥770—=F L, =212 32 %ok, 2hd
 DNA HERFIZHBLEET S350 E—0 hao i, EWI 1718bp D5 EHFHIC L
EELF2EENERZDOHTHo(Fig. 3-3). hao, LB LT hao, ® DNA HERFNI. T
521C (V174A). haozid T290C (V97A). G445A (E149K)ERAZ->TWwi Gy amiE7 2 v
JB), LU, 2F8ICAT hao O—RBEIRIEZLALRALTHD. BERIKBVWTHENE
ERERBNZABVEEDNS, hao, hao, haos ® DNA ##E 5z DDBJ, EMBL, NCBI @
F—FR—ARBRE LIz, ENETND Accession F>/N—id AB030385, AB030386, AB030387
TH5.

B2H ENI-11 RO ROFINT I OFF I RV I —ERETORBER

2-1 hao METFHEKOEY
2-1—-1 HMARATIAIROBE
hao DBETHEL. HRAERICEDINF <1 L UERETFOEBACL > T & (18),
ERAORDDOTSZI RIZAFORICLTHR LA, 575 <7— Haol & Hao2 ZRWT
hao, BB L 7z, 751 7 —ic B3t L7 Xbal #4 N &R LT pHSG396 O Xbal # ki PCR
E¥E s O—=2F Uk, TN%pHAO3 & L7, 7. pUCLK % Pstl 1 hTHIL,
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\
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> hao -
Haol Hao2
pHSG396
Xbal Xbal
HE X HPKm (Ap)pEg
pUC118K (pAP29)
HindIII-EcoRI partial HindllI-EcoRT
X HKm(Ap)E
pHAO3K (pHAO3A)

Fig. 3-4 haokl# X fi 75 X 3 R DR
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Homologus recombination
via double crossover

hao mutants

B
(0]
Q.
2>
1
s I I I =T
— e e wma| +— hao,
ooy e Baven <_haO3

Probe : HHE

Fig. 3-5 haolZBBHR D ERL

(A) double cross overlZ &k Bz DR
(B) haoR SERR B E AR 14 > ST
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BER hao MIET ORIERYT

AFIATOWERET Iy PERODML, Z8h#% pUCLI8 @ Pstl ¥ MCERKL &
pUC118K ZBEL/=. pHAO3 % Hindlll. EcoRl THIMILL . hao; NED HindITI-EcoRI
0.3kb 4 ZYERL. &5iT pUCIL18K & U HindIll & EcoRI THWD L7~ HindlII-EcoRI B
FIAL Ay MR, pHAO3 OYRERTICERLZ, LAEDRIEIZED haos DWERIC
AFIA T VIERBBETMEASINALT T A F pHAO3K 2HEL 2 (Fig. 3-4). £, Zh
LRBNCT Y ELY ViEBERTF RS- A —BETFELAHBATIXI RBUTOL 3 ICER
L7, pBluescript KS(HE#HE &L TS 51— AP1 & AP2 2FWT PCR 2T\, ¥
) UG TFEEEL . 20 PCR E®%: pSTV29 @ Hincll ¥ Mcr/o—=>2L, &
% pAP29 & L 7. pHAOS % HjndIII, EcoR1 ’6%‘!35:}%4 b L. hao, Bi=FHNE @ HindIII-EcoRI
0.3kb 7 ZUIBRL . =512 pAP29 &V Hindlll & ECORI TH]D H:'rbfc HindIH~EcoRI»7v‘/l:°
VU UHitEEET E. pHAO3 OYIRERTICERZ L. S EOBREI K> T hao; DWEBIZT >
B U CtERETABRENZT T A2 R pHAO3A EHE L /= (Fig. 3-4).

2 —1—2 Nitrosomonas sp. ENI-11 $%kORBE#
PHAO3K & pHAQO3A 12X % ENI-11 BB HEERIZ, F2E2 -2 -4 ¢c LEEDOHE
Tfro 7=,

2-1-3 BEEBRKOMEN

ENI-11 #IC pHAO3K ZBHEESRLMABMH I L — MIZX 7Ly RUAR, 2EMIEET
AF<A T HERSBES N, IS OHERNERND hao BEGTFERKTHINEHREL
ko RTMEROREBEEZREL AT Aty b2TO—T E LY U ETICL D, hao
BEFIAFTIAI Ay PBBAZINTWS Z & 2R LK (data not shown). KIZER
BRI o7 hao ZUTOHEICK> THR L2, BEKROREHEE Pstl TYWER, EXRKkH2
fiofz. 3I¥—0 hao RBETHORUMEC Pl ¥ MR ERICHFET S Pstl ¥
1 hOBEBEZNENRESD (Fig. 3-1C), TITHMADBICRES® hao BETFHHOD
HindIlI-EcoRI 0.3kb #£4&70—TELTHFINITUFA =2 a v &F5 LT, fR
AMEI o/ hao BETERETED LEX . ZOHBICEDE hao BETOLEEHKEKE]
T&Jz(Fig. 3-5); CNHLDRRED., 2EHAEFEAZEILEEEGN IBERETER
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BZE  hao BETF OBERN

TENHERTE, TORIENTND hao 2B LEERMEZRETA LN TERENS,
EDIE—D hao HDEFEIIHEHTIEZRZVNEWS ZEVNHShER-T, THEOERKER,. &
B L7 hao BTFICHE L TEREN HL. H2. H3 &&FH1T =,

2 — 2 hao OSEERRNT
2 — 2 —1hao BETERKDBMILEK _

EFNEND hao A —DEREZFS72DIT, hao Bk H1. H2, H3 LBk E2
FWEBICBT2RABOBVWETARE, BBE2 LALLM S y—T7— A2 ¥ — GLENAF
IPZT7USY) T 1.00 OMAB#IEARN, 27C, 350rpm, BE&EIE 1.0 Air SL/min Tig#%
Lize 327U 2 TR, BRBRE (ODgy ) - ERBBEONE 2T/,

BBEEROHKR., £TO hao BERIIFERELERTENEERER L2, TOBEERIT,
3DDERKTREAERUTH - =(Fig. 3-6)s DEDVBRRKOBEREZBS2DICIII DD
hao BBETHBENWI T L&, ED hao bBELTHWBE ENDS :c‘:iﬁfﬁéi)\c‘:f;oto E
ED hao EHBEL THHBEEEOHIBIIAEEDANVIENS, ZHEND hao OREER
BRECADLNIVTHS Z ERFHEINE.

2-2-2 WEKO HAO EHERIE

RICHEBEBRO HAO EH2HEL kL. HAO BROHEIIZRO LS BHETH- .
FERL =88 % 0.240m ® MIXED CELLULOSE ESTER 7« )]/5’ — (Toyo Roshi Kaisha,
Ltd) &AW TRIIEEEICE > TRB LA, 20mM OY CEBEEKEH?.8) THEE 3 Eke
L7, ODgpo THI 0.05 1285 XS ICHB L, ZOMEIK 100, 0 & 2g/ 0 DL RO
9»73)%1mu0\éEKU)@&@ﬁT@%ES%uléb‘%t?loﬁﬁ%ﬁbfi
RLU-EMBEEZNEL:. EMBRONERLANEE BE 1-2) KL0ffok. HAO &
ﬁm%&ﬁﬁttFD#&»?Sy#%i&?éﬁﬁ@@%&%%%ﬁf%ok%@%1mm
rLTE#LE,

Bifkd/- 0 O HAO BEHIZ. MEMEMICAZICONTERLE, 2L THBERIIIVS &
BETFLE. ZONF—2 3Bk EEKEDICEAL TH> 2. HAO BHENBK &7 5050
B HIIC BT HAO IEHE & BT 5 & Ml HAO BHIZBHHRE D BETLTWE
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8 oos} type \ —o— Hi
a 1 'H3
8 E —&— H2
0.03 —m— H3
—A- H13

0.02

0.01

Time (h)

Fig. 3-6 Growth of the wild-type ENI-1 1 and mutant strains

Table 3-2 Growth rates and HAO activities in the wild-type ENI-11 and mutant strains

HAO specific activity Growth rate

Strain (nmol/mV/min/OD600) (%) (1/day)
wild -type 191 £ 12 (100) 1.61 £ 0.067
H1 170 £ 32 (89) 1.11+0.24
H2 110 + 13 (65) 1.20 +0.091
H3 146 £ 11 (76) 1.13 £ 0.062
H13 707 £ 92 (37) 1.11+£0.13
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BZE  hao BETOBEERIT

(Table 3-2), WERRELOESZELET S L hao, DWEKTH S Hl & hao, DEBHRTHS
H3 ORHIIAE <Ebanokdt hao, DEEKTSHS H2 OEMEIVWTHLDS 40 1oy
FULEEWERR U, #5 T, hao, ick® HAO EHLGADEERb-EbAENEND T
ERZOBENSEL 5N, |

2-2-3 haoBETO 2 BREEKONE

B0 hao BETOWREEE S SICHL <BHT 2251, 300 hao BETFO 2 DAV
AN 2 BERKOMBERAE, pHAOIK OHF<1 L MERETFET L B U Lt
ETICERLL pHAOSA % HI, H2, H3 WHEERLE, TNEHFIAILETIELYY
EMAT MA EBEHTERLEED S, 02588 Hl CREERLE SOOI 0=~
RENz, ZOMERZRIROFE (2-3) KIOMFLAEEZS, RELEDEKI hao, 8
BT L hao; BETFO2EERKTH S ZEMRATER, ZOKE HI3 L&/, DD,
ENI-11 B3 hao, DB TOEENAMETHSB C LN Sh RS, O hao —ERBHIIR
BT B EMTERNSR,

HI3 HROBEREZFANL LS. BHEKOTINIDIZE S DOOMOKEKEABET
Hot (Fig. 3-6). LLEAS, MEMEMENO HAO B MOBERE D & ABICH
HUTBY. BEKD 40%BEToH - (Table 3-2),

B3 ER

FETIRIINFIE—FETS amo. hao BETOMEZFARZ DI, FAFhoar |
—DrO0—Z2T%ETTok. 2DDamo &3 DD hao 2FNFHRILTrO—=FL.,
ZO LRI 2SO EERIEZRE L. %Zﬁffﬁﬂbf:%ﬁjﬁt%ﬂi&lﬁli@ amo;; & hao; ,s
K—H&Eg/, JE—MTO DNA HEEEFZLET S L. amo,;, 1 ITLICA—THY hao b
EWZHOTN1EEN 2EENBERBOATHoZ. INBETI/BE2ELIBIEERBR
THo e, HAO DREHSLMATHSESNS8 DD Heme binding motif (C-X-X-C-D)

(41) WICIXBFERT, £/ hao, (174Val—Ala), hao; (97Val—Ala) DBMIIHT I /B D
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BEE  hao EET OBEERNT

BEASELL T 3750, HAO OHEIBIL TS BEASAZLIIBNOTIRAWS EHA S
N3, 72, hao; (E149K)DT X ) BBRIZTINVIIDENS U P ADOEHRTH O, BLH
BB TE I EDOMANTMEDDEEERIFL TWAAEEND S, LALWThicE L
ZFRICRT HAO O—XBEIED THSREINTHRD., 07 I /BERN HAO Ok
BECREEEEZREITLIORAZRTRVRY, HENICAREARZZELRVWEEZ SRS,
N. europaea [ZBWTIE hao DHERIZIZI DOIE—THTNIZ lbp OATHD (20). HEAEHE
WEMNELSARERIRESIENnEEZ NS,

ZIE—D hao BETFTORELZFANSZ DI, FNFNOIV—2BE L AKOERIZR
BIAER hao,, hao, hao; TNENOIC—2MBELEKERBT S EMTEL, N5D
BEHRORFMERENSD LT, THENOIC—OBERHSNITRD Z ENMFS Rk,
HAO BEHZRXNTHZ L, ETOWBEKRD HAO BHRBMEKIVBEL., O 5L T
@ hao WEEEL TW2 EWHIERbMh oz, WEKOF TIE hao, BEKDOELE S > EHES
RoTHBD., TDTEMNS hao, DRFABN Do EDBENEEZISNSD, LAML. D hao BiE
BEZEACHEHEEIIED ST, 3512 hao, & hao; D-EBRBHIZBNWTIE HAO HEHENE
LSETLEEZS2DST, BEREIITRTOWEKRERBETH > = (Fig. 3-6), DFD
OEDLED hao BBHRIZBWT hao DAE—EK (H5W0WiE HAO i) FEEOMEEE &
DEZEMNZBERIZR VLR IENT S,

TORZTBRACRITZECHRBROMERCL > TRIISTEY, AMO 2&B7 2 EDT
 OBLITHAO It B E ROF N T I 0Bbick > TELABTFAFME L THPH 3. HAO
CEOTHHEERBEROFIINTILIE. AMO TXB7 Y EST ORMLIc k> THIBE NS
(Fig. 1-2,~p.5). DEDT I EZTBILENEIR AMO. HAO OE#OAIELESNLDOTRE
< INSESUEBRBOBANSERCK s TEESETSEFHEENS, Z0LdIEX
2L, BESLINSOWBEKRIZBNWTD hao DBEICE > T HAO BEHRIZIRBENELCTHS
B, 2ENRT CEZTEAEE (TRVE-H#ER) 13 AMO PHIOBERIZE>THRESINT
WELEDITHEEROBEREICENEC RO TIRRLWNEEZ SN S,

Hommes 51 N. europaea 12 BWTHARIC hao DBSEMEEER L, £ REITEE
HE - BREEEABESSICHEREENEL T, 512 AMO BEiEE HAO EiicbEEIT
BRI EL T ZhidkbNi hao A¥—IZ&D HAO # 27 DEREMO I -7
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BEE  hao BT OHEERIF

SETHBERLTNS (18). ZIUTMME - HAO FEMEE b ICEFIEbR S B OENE 5 M
EERORREFETBECHTHS, W5 OML THERFENEMICERE N T ah o
DT, HETBZEIITERNWY, FERICBVWTHROT7SAI2ANWERTEEEFVEL
BRENRD L. BEKREERBOBBEEEOERIFZLAEEL 2h o= (data not shown). LM
L. Pv— Ty —ALF—2RWEHETRHESABEVERLEFR. 3-6, thid. BER
E—EIRDEVIAICBNTEVWREL LD TIRAAVWMEZEZTWS, £/, N. europaea
& ENI-11 %iIZERTEH 2500, MEHREDY ) AT AR EEED, WS DOHOERS
BEZDD, INSOHEBREFU L DIT hao BBEHROEED N. europaea & ENI-11 # Tk
ERoTWEOABLARZL, LHAL, TXNVF—RHBOFRTHE7 > ETRIEROS X7
L, EBROMALTREE > TWAENSEREX IS WD, EREBEOENIE->TELE
R THBTHRMENE L L BEbT 3,

hao;, hao, hao; DWTNEHEL THEEDEFIIWETH V. hao, & hao, D 2 Bk
HHETHoE. DEDED hao BEBFRBWTHATIRLEL, BROBEEEZESL-DIT
iT33E—D hao BBETHBA, 2IV—0 hao £7213 hao,l TE—DBTOEF AT
Bole. THTIRZE ENF11 %1, 33F—0 hao Z2EBLTWBDESSH, DEDDH
BHEELT, 3D0BEBRAL TS, REEHCRENBE I N8N TRThOIY—
TEBoTWBENS ZENEXBNS, hao LFO DNA BEEFIELETS &, BAD K
LD EF 15bp H3IE—2TITBWTRILTHY. hao, & hao, 13X 51T 145bp DILEEF
EELTWE, &34 hao, O ZOEBICIE. 5 OEFIEIEEAEHARIZES Ao
feo TRBOTERENEND hao MEFL VBV TRESHEERI TS Z 2R
TBHDTHB, 2T, KET3 DD hao DREREZEST L )L THAK,
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BOE  hao OEREMRN

RIUE

Nitrosomonas sp. ENI-11 BOEROFIILTI
FTF R & —FEETFOERERIEEERE O EN
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BIE  hao OESRAT

T

Nitrosomonas sp. ENI-11 SRICIEE ROFINTF I A+ Ry y—E2a—-RT3
BET hao N3 IC—FETS. CHETOMFIZED. ZhEDLTIHBEL TED. 2h
ZFho DNA HERFIZDTNIC—HEZ R ETHEOS LAEDEN T ERHE 5N ERo Tk,
hao DBARAT R> &0 EROEFIE. hao;. hao, T} 160bp M5ERICF LU TH kA5, haos D
RUEBTIHIEEASHRAKZR ok, DEVAZL &S hao k. MOIE—EBER
PEEHBOL EKRBESBHINTNWBEEX5N5, hao DEEIX N. europaea DI
BT EZTZ2RMTBIETHEEINAIEVNISERREZINTVWAN (42), Eoar—o 7
hao BEBEINTVAHIRAHATH Y. BEEERICSNTLZRTNO I —0RERRETH
%, X7 Nitrosomonas IZBWT., BEHBENETINZBETIE. INETICh TN
LPBEZINTHEST, 0705 —OBECBREZTASH TS HDOIERE RN,

7 RS TBIEREEMT S S AT, hao ORFANZXLELSD Z LB EETH D,
¥/, hao P—OBEFWRS LN MBNTH, BEL AL TOBHERS 2 & TH5H
DHRMESND LEbNS, £ TIOE T, Nitrosomonas sp. ENI-11 #® HAO #f
TFROWTEEREINTZT, 3202 —0EBEELVRIVTOENE, IREANZXAZERSEZ
Lk, ZLTERTNOIE—OBEEEB LT, hao B3IV —FET ST LORKEE
ERTBIEELE.
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TABLE 4-1. Bacterial strains and plasmids used in chapter 4

BUE  hao OEEMRT

Strain or plasmid Description Source or reference
E. coliMV1184 ara A(lac-proAB) rpsL thi (080LacZ AM135) A(srl
recA)306:Tnl0 (Tet) FliraD36 proAB*  laclg lacZ AM135] (53)
E. coli HB101 supE44 hsdS20 (rgmy) recAl3 ara-14 proA2
lacY1 galK2 rpsL20 xyl-5 mtl-1 leuB6 thi-1 (10)

Nitrosomonas sp. ENI-11 Strain isolated from activated sludge (58)

Plasmids
pKLUX Broad-host—rhnge uanscﬁptional fusion vector; Km', luxAB 24)
pQF50 Cloning vector; Ap", Kan® k Invitrogen
puUC118 Cloning vector; Ap’ (58)
pUC119 Cloning vector; Ap 58
pKZ27 Broad-host-range transcriptional fusion vector; Knv', lacZ This study
pKZH1-2.0K pKZ27 containing 2.0-kb Kpnl fragment of upstream region of hao, This study
pKZH1-0.8K pKZ27 containing 0.8-kb Scal-Kpnl fragment of upstream region of hao; This study
pKZH1-398 pKZ27 containing 398-bp upstream region of zao, This study
pKZH1-316 pKZ27 containing 316-bp upstream region of kao, This study
pKZHI1ACR pKZH]1-398 deleted conserved sequence of hao, and hao, This study
pKZH2-1.2k pKZ27 containing 1.2-kb Kpnl fragment of upstream region of hao, This study
pKZH2-428 pKZ27 containing 428-bp upstream region of hao, This study
pKZH2-205 pKZ27 containing 205-bp upstream region of hao, This study
pKZH2ACR - pKZH2-428 deleted conserved sequence of hao, and hao, This study
pKZHCR pKZ27 containing conserved sequence of kao, and hao, This study
pKZH3-1.0k pKZ27 containing 1.0-kb Ps:I-Kpnl fragment of upstream rég-ion of hao; This sFudy
pKZH3-389 pKZ27 containing 305-bp upstream region of hao; This study
pKZH3-305 pKZ27 containing 305-bp upstream region of hao; This study
pKZH3-205 pKZ27 containing 205-bp upstream region of hao, This study
pKZH3-73 pKZ27 containing 73-bp upstream region of kao, This study

? IFO, Institute for Fermentation Osaka.
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FEE  hao DEEEA

¥ 18 haoBmFOD/—YINA T A — a L EH

1—1 hao,, hao, hao BETiRHOEE

3E 1-2-1 IZBNT hao LR OWiF 27 0—=> 7L . BEa R XD E&E bp EH O DNA
EEEFIE LB UL (BSE Fig. 3-1. BETORTRMEHAS AT, EHOBETHIE
ZAB LR, EEBTHAREREARD D5, £I T, & hao BEFOLRITDOWT FASTA,
BLAST HEDF—FR—ZARBRIATFLEZAWT. FMEHERERRET>~. BETHIULE
ST LFROI O—Z T bfTolk.

hao, ® LHiKCIZ 160bp @ hao, & DHFEFAAEIEL . = 512k 60bp EFICH RNA
JAS—EDBRYT12y bEI—RTS rpoC BEELEFE. 4-1). T0OE 51 EFHICIKRA
CKRNARURGT—EDBY Ty b2I— KT 3 rpoB NEHE Lz, hao, D EFIZIE hao,
EDHRIRFINEFEL. 3512 EHHM 50bp 1213 320bp @ open reading frame (ORP)AEEL
Je DO ORFIZTF—IR—AEB{IN TN EBLEFEHRERIZEA ERE A5 2. hao,,
@ 160bp DFHFEEFICIL 18bp LA LD ORF FFEERT. RICHREDH S DNA BEF RV
Ehzrolk. LAL, ZOHBERFIOFREHAZDIZ, BEEHI RNV F—EIK-
25.7kcal/mol DAT LA &N —TBEOFEENRB I N, £, ZOESIC 10 HED.
palindrome BECFINFFEIEL 7. hao; D LRIZIZ 15bp OHEFEEFINH 0. %032‘9‘3’753 15bp ki
IZ1d ribosomal protein S20 23— R¥ 3% &Ebh 3 ORF MEEL & (Fig. 4 1)o Z DERIC
FOE—F— RS — I X — 5 —REFIGRVE S HULH 5 B Fig. 3-1),

1-2 J—PINAT7VF1E—~ a @R
1—-2—-1 Total RNA DFFAH
hao DEWITiIH % OBETNEEL TWe, £IT hao DEFEEMPFHEHBERNS
DI, J—HFINATVF ¥~ a&fFo/. RNA OFET ISOGEN (BRI I—2)
ZRAWT, ZERBERUTORZRWTERNIKEMOY a7 lo7/Ora— -k,
SOMMMIRIO ENI-11 B/AS6% 200ml % 15,000rpm. 4°C TR L THAELEE €
R, EMEESICHTESIC ISOGEN Lml #MA. KIVFy 7 X T5A CME L Tk bic
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moC CR hao1 orfl  cycA

e -l

orf CR hao2 orfl  cycA cyt

—— ey —— - > > Pl

acok pIS hao3 orfl  cycA oyt

—4——_——%

1kb

Gene Function (description)
rpoC RNA polymerase 8’ subunit

CR conserved sequences of upstream of sao, and hao,

" cycA Cytochrome c-554 _

cyt putative cytochrome protein
acoE acetyl CoA synthetase

rpsT ribosomal protein S20

Fig. 4-1 hao,, hao,, hao,ABDEBELTFEE
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BNE  hgo OEREMIT

5OMEBELE. FDH. 50CT 30 441 >Fax—hrL7, UBROBEIIRMHGOT2T7IVIC
W total mRNA ZEEL 7=,

1—2—2 RNAEXKKE

REL%Z mRNA B#Z ODy DEICK > THEMHL, 1.0ug/pl ICRZESICHR L, RNA ¥
CTNVOERERVEZKENL, FIVALY I REICEDITo%. T72bB RNA ¥ 5ul i 10pl @
FIAT IR, 3.5ul FITY 2, 2.0ul 5XMOPS buffer (0.1M MOPS [pH 7.0], 40mM sodium
acetate, 5mM EDTA) Zinx, 65CT 10 /1 >FaX— L%, IXMOPS N 77—
W= % 22M ZRALIITMA, ThE 0.9%7 Ho—ATEkLE. ZOF5NIZ. RNA ¥
>INV a—F 4 ?/71\“777"%1][!27":%@%377‘34 L. 1x MOPS Ny 7 7—HT
4V/cm T 3 BFElvk&EI L 7z,

1-2-3 hao@/f—'ﬁ*‘//\/rj’)ﬁ*rﬁ—*‘/a‘/

BIIEERDOT )V &, RNase free O F KT 30 X3 EIRED L., BE 2T~
ZOF NG, RNA EEERRETEE (BRI K—) KX, 7102221 S (PALL)
KrS A7 7—LEELE. 2RI L HHE 7Y0—7 (3 % 2-1-3) 2 AT 65T, over night
TNLTUFAE—2 a2 efiork, 7o—7 OHEBIZIE. Gene Images random prime
labeling module (Amersham)# W 7z, BHIZ Gene Images CDP-Star déteétion module
(Amersham)ZfEH L7z,

/f“ﬂ:‘//\’f 7 y’f"lf-—:‘/a > DFER. K 2.0kb DMEIC 1 FD)NY RHER TE /- (Fig.
4-2). hao ® coding region & 1713bp DT, FHICHEEBEETDREW hao;, hao,lcDWT
I38% 5 < monocistron #® mRNA &L TEEINTWSEEZ 5NS, haoglIcDW Tt
¥ 30bp i 264bp @ rpsT &EXS5NS ORF BEEL. TOVAI XEeEXD L, polycistronic
llﬁ'gféﬂfb\%&?)%i 515, LAL, Zhé%ﬁ‘@%(ﬂi hao; @ mRNA @ 5HEIEZE R
DEBLENRDY, /Y UBAOATIRERDTZ L3 TERN, XN~ 2.0kb D F
WV, & hao JE—OHERAEEEZS &£, 320 mRNA AEKICRHI Wb EEL 50,
TS EIC—BICRAT S LR TERA L, |

59



(kb)
2.8—

1.9— <4— hao

1.6—
1.0—

Fig. 4-2 hao® J — ¥ Y NA TV ¥4 ¥ —3 a gl

KENZhaoDEBEMZRT ., L—2 OEMICT—H—DEBERLE,
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BEE  hao DEEMAT

= 0 & LR—%—7S5 X3 REBWE hao DEER A BT

2—-1 BEMSTIZI REMAWE hao DEE L )V OEH
2-1-1 7OE—F—LBR—F—R7F—-DHEH

hao DEFELVNIVEERICHEFTZDITE,. /TN TIVF1 - 3 > TR
THolkled, hao LV F—F—BEFEEEMSIE T, LTI —BEFOERICL> TE
BLANERARDTEELE, THET. Nitrosomonas THEL THETER 7 OE—F —L
R—=F—=RIF=BBPo7e/eDiz, ETCNEERTILELE, BBEEXRIY—TH3
pKT240 2X—X &L T, k%%@ 5S rRNA rho-independent terminator Trrn &HF< A &
CHHBETERS, uxAB ELR—F—BETFELELVR—F—XT & — pKLUX27 (24)
EEHIRGKASHOBRELDSEL TWEEE, ZOTI X RO luxAB % pQF50 @ lacZ
EBBLZ. ThEpKZ27 &L (Fig. 4-3).

2—1-2 hao-lacZEBERET I3 ROEH
pKZ27 @ lacZ ® LW, hao,, hao, hao; @D Kpnl B M &FNFh L 0.8kb, 1.2kb,
1.0kb ODNA W 2BA L7275 X X R pKZH1-0.8, pKZH2-1.2, pKZH3-1.0 Z{ER L 7= (Fig.
44, TNEDTSAIRE, B2FE 2-2-4 LFAUFET ENF11 BRICHEERLZ. Thb
DHEERKEZIEN HZ1, HZ2, HZ3 & L7z, a2 b=l L TR ¥ —DHEHEER
LebDHER-L 7,

2-1-3 B-Galactosidase B DRE
BEGREEEEL., €M OEEE AW TB-Galactosidase EEDORIEE T, FiEiL
Miller @751 (31) iCHEo 72, ENI-11 OIS 35 2-2-2 LRAKICT 4 Ny —Ic K DEE L,
ODgpo 237 0.1 12725 & 3 I 20mM phosphate buffer (pH7.8)IZf#E L 7z, Z OB ARRE#K 400ul
W2, 400pl @ Z buffer (19g Na,HPO,12H,0, 6.2g NaH,PO," ZHZO, 0.75g KCl, 0.246g
MgSO,* 7H,0, 2.7ml B-mercaptoethanol, per 1000m! H;O [pH 7.0]) & 20ul @7 O ORIV A,
10ul @ 10%SDS ZMA. RINTFv I AT3 OPMEBEE LR, Th#E 28CT5 41
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BamHl|
Sphi

II;(? =3BE=%EEEE%§
JuxAB ESRE85SE8
LUXZ\
pKLUX27
9419bp PQF50 —— =
Lact LacZ Lac2

KmR

PCR (Lax1, Lax2 primer) PCR (Lac1, Lac2 primer)

ligation

Dral
Xhol*

Hindlll*

* : non unique site

Fig. 4-3 Construction of promoter-reporter-vector pKZ27
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— *

) ; Te .=

s conserved region —So=—SESE G50
noLosa8EQEDS
AUNXMUVXOWNXWNXT

© Kpnl
|
pOC  ——- 1111 ] - 80 1

Kpnl
1

l""j—-b hao2

:
Pstl .

rpsT >———> hao3

1kb

DNA fragments cloned into pKZ27 Promoter reporter vector pKZ27

e 4 Transformation —_—

B-Gal assay

Fig. 4-4 Construction of hao-lacZ transcriptidnal fusions
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SBNE  hao DEEMAT

YFaANR=Ta LR S5 LD 28TIRIR L THWE 4mg/ml ® ONPG (O-nitrophenyl

p-D-galactopyranoside) Z 160ul A TRIEZAY— Lz, T ORBEZHRTELBAT
4004l @ 1M Na,CO; £MATHARE LRINEBIL LT, FRICKERMEERLE, KW
% 5 FFEDLL. EiED ODyyy & ODssy, ODge ZHIEL T, FTRICHES TP-Galactosidase &
PREH L, |

1000 X (ODa420 - 1.75 x ODss0)

units of - gal activity = 1.25 % £ X v X ODeoo

t: time [min], v: cell suspension [ul]
hao-lacZ BEMET 5 Z I RZBHEEN L ZKIZH S 2 72p-Galactosidase EHEZERL., £
I ha—=VOKTR, Nv2F7592 RiZEELAEELCT. pKZ27 # ENI-11 #koSOE—
S —RICERR L R—F —RII—TH BT LR TE,

2—1—-4 hao&EL~)OHE

3D® hao DEELV AN ELBETE20I1Z. 3O L FE—F —#E 3% L p-Galactosidase
EHOMEEF ok, BEREORNOES LD, BEED v —7 72> 5 — T, BH
BKICH > 7Y U TRIERfTo 2. BRIIDFTAI 22 50ul/ml T3 XSIcmark MA
i HB.0)ZAWT. ROV AOTHIEEBLULEBIK B 2MEE L THESEZHBLE.,

L~ 5 R Op-Gal M. EAORHME & BRI, HEMMEI D 3E AT
B-Gal EHIEIBAKERZ -7, HENEEHIZIINS &B-Gal EHII—ETH > 7=Fig. 4-5). =
DEMIZIDDOLR—F —BHETIKEBL THENE. B-Gal FUNERERDNEHEHO
HZ1, HZ2, HZ3 £ TDp-Gal HEtEid., ZHEh 965152, 1448+73, 2017113 [miller units]
Tholz. ZOHENS LV R—F —BETOEETHEZES. BEOEBREICIBVWT hao ©
REEHEI=EETRR2THED., hao; MHEBML. KWT hao, B# <. ZL T hao, BB bHH
WEWS ZEBb ok,

2—2 hao 7OE—¥—fHEBEORTE
hao 0)7°D°&~5’——‘5E1ﬁ7é§ﬁ’\‘%7‘:&)b:‘ 2-1-2 TR FHE LRI pKZ27 I hao L
DRZBEIOMFEBALRETS XA I RE2EE-Gal EHOMIZB L% 800unit THZ1 &1F &
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Cell growth [OD600}

HZ1 (haoT) HZ2 (hao2) HZ3 (hao3)

01¢

puncspppees]

12,000

1,600

A
0.01 [:Tr_/

1,200

\Zadla

1 800

1 400

..0

0.001 Lwsbovssdesdiinbinnluinlu,

100 200 300 O 100 200 300 O 100 200

—@-— : B-Gal activity =={Je= : cell growth

Fig. 4-5 HZ1, HZ2, HZ3®D B-Galactosidase & £ D&t
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hao1 HHHH : conserved region

Scal Kpnl B-Gal activitx [Mille: Units] )
1 } o © . oy P
IE———- .- o g g 3 3 g
(bp) rpOC haot T T ;
2000 4 ’ 968+52
548 J 922+ 48
398 1 1 1385+81
-316 ¥ 1 1420+ 91
haoz2
Kpni Kpn . - »
) 1 e @ o > it
HHHIHH - © 3 8 8 8 S
; hao2 . i ' : - -
-1200 7 ! 1448+ 113
428 ! ! 1602+92
205 1 ' 163698
hao3s
Kpnl . . o
' 5 8 % 3 3
rpsT -ﬂ o 3 8 g 3 8
a0 . ! v T T .
1000 1 2017+113
428 | ! 1974+95
805 ! 158828
- >

500bp

Fig. 4-6 hao® 70 &— 4% — BB O BT

EOBGIIT X3 RICEA LA OERERT, 7770 B-GalactosidaseEHEI
HIx< & HIEEL QMY Ui ERIT & 5T S EEEEER L1,
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BWOE  hao DESREHN

AWEBUTHoM, £ 300bp M5 LFEEREEEH HZ1(-398)& HZ1(-316)Tid. B-Gal 1%
ERBXLE 1300unit IC LR L (Fig. 4-6) DF VD hao;, D_EF 400~550bp IZi3E O HfEII-E
%% DNA EIFINEET 2 EE L S hi.

haoy IZDWTIE, L3 428bp, 205bp & D FH D DNA WiF & JacZ Z2BE X7 HZ2(-428)
& HZ2(-205)ic BV TH-Gal FHEANIM, EHREHEREEIESB T LIk T hao, DREIC
EESEMT 2L DRAKZR NN o/, hao, & hao, CHEEL ZH&BREFIZKR < &p-Gal
EHIZEEAERONAEL Aok, ZOZEND, hao, & hao, DT OE—F —ERIIIERE S
MICHEEL, &5 EROESICE > TEOEREL TS EEA SIS,

hao; @ ¥ 305bp & O LHES 2R WA HZ3(-305) TiX. HZ3 EHARTR-Gal &
500unit IZEETF L7, haos OHEFH 30bp LFIzi ribosomal protein 23— R§ 3 rpsT 8
FELTWBA(Fig. 4-1, 4-6). FRINSD rpsT D7 OE—F —EFIE-305bp LD b & SITE
P D-316~-345bp lC#EETEQ HZ3 OV R—F—TS5ZAI RIZEBAETNEL 1.0kb @ DNA
WHICIRZ OBERbEEh, E hao, DT OE—F —IIBHBI R X0 EF 54bp EE25h
TWBED (200, BE5< haoy & mpsT & haoy OFHADTOE—F —itk > THEESNB &
HEZBN5B. T3 BE, ~305bp & D LHERVAE TS X I REZ DM HZ3 & 0 BEVS-GCal
EHERLIEOR. BES< T 0T OE—F —HRELEEDTH S EEL 5N 3.

% 3# hao TOE—5 —DIEERT

3—-1 LRI —HROKELEEFEOLE

| INETORRNS, BEOREBERMHICBITS hao,, hao, hao; DEEFEHIL, ZHEELHE
BoTWBEWS ZEMHEHLE, LML, BEOEREHLIZ. BSETERELNIVOER
BRBBTH D, Nitrosomonas DERRAICBIZEFRBIIFERBICERITBOTHS, FLT,

EIVoAEFEFHTRENENOILE—D hao . RBLIBREZERLZLTVBOTRAELD
LEZOND, EITENENDLR—F —BERLBRGETEEL., BELRIVOL{LEEH
§B5IET3DD hao DREEZFARB L ELE, B2 RZERE L TR, Nitrosomonas
ORI Lo TEEARTF THBHEBEAONSE, EROFIILY I Ll - BRHREE - RS
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SEE  hao DEEMEN

EBIZDWT, SokEAORBICLIGEEFEHOEL AL D, BEOREHMIZOWTD
B BHfTo .

3-2 EROFIILT I LME - BREIEE - BEBEICE S hao BEEEROL/L

HIBRIGEE D MA B 100ml TROVSZA2ZBANWTITW. 3HEEELE, 2h2s
HROBTHREL . WEIKT 3 EH% L. BHED ODg, 2t 0.01 10725 & 51z BRIz
HE L, SHRUTOLSKANLE, L ROFILT I VBB 2R B LR~ 2881,
0~0.5mM OHEE FOFI V7 I (MR #MAk MA BHEAENL, EREBERC
BILTH: MA M2 0~5mM QERET U AEMA R bOEER L, BRBEELIIE
HEUSTITS DR TI S D THRU I, FRSBSARORN 75 2 22 A HREF .
BB 50ml Fv v PRENT 7RI MA BHEHEL. SR TERLEDDER
W, THS ORI L R—5 —HEREE L, 28CT 36 BAESEEICE-Gal BHEERIE LT,

B-Gal EHHEDBES Fig. 4-7A ITRT. LE—F —HREFRTHELLZ b0, BEM
CHELZSDELNT, p-Gal BHOSERREMAA SN, 5mM OEMBEEHIINAL
BEL. SHMICE-Gal FEHABA LTV, DE DBRICE > T hao DESHETERLI A,
ERIEBEEN 5mM M EI2% & hao ODEFREE ST Ebhok, LnL, £TOBAIS
WTERENOIE—DEERMKENICAE<EDBENS C &k, 3D0EERILEE
FL TEL L,

3—-3 HBEORFREBIZLS hao BEREHEOE(L

Arp BT EZT DHEMICK > T, HEHEKILIREIZH S N. europaea ® hao DEEMNIE
BLEhs ZE28ELTRS (2). 2ZTIOBEEOEMAEZOI—c k> TalSET
SNTVWBHERANT. FEE Arp 5OFEKICHS T, BIEERO hao ® mRNA I2E3/%y 7
759 RETFFBEDIC, LR—F —HOMISHEEA 2SR LS BE TEES 3 EREAT
Bl TOESTEANAL MA B#N-FICT4CTIBRMBELE, TLTIOLR—%
—BREIfEE . B MA BT ODgo 28 0.1 10725 K S BB Lk, ZhE 28T T 6 BsfsE
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| 0, NO, NH,OH
1800 1600 2000
1600 u 1400 ] 1800
— | 1| . 1600
1400 1200 n 1600 —
1200 —
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800
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400
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400
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hao, (H21) [ hao, (HZ2) [] haof{HZ3)

3000

2500

2000

1500

B-Gal. Activity [miller unif]

1000

500

hao, hao, hao,

ONH;- B NH-

Fig. 4-7 haol ®—# —#HZ1, HZ2, HZ3DBEHE

W) LE—F—HROBE - BRE - £ ROF VLT IS AOKE
(B) AT T 3 BEHEE L 7 L — & — s OMAKH (NH3+, NH3OF TOEE RE(L
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SBE  hao DETMAT

L. B-Gal BiERELE, ZOME. HZL, HZ2 THP-Gal EHOELIZIZEAERE
S 7R, HZ2 1L Tid 4 TT 3 BRI L7 L ft—5 —HOp-Gal WH 0 L R 5 s (Fie.
47B). T hO— e L THSREEOL F—y —HEM WA, p-Gal HHED ERITED 5
NEMok, DEDEEOMEMAL LS, BHEBRT BMICE hao, DETOERENE
BREIBENS Z ERRENL,

a4t ER

hao O LHEBEHOEFNI 3 I E—THUTIdRZL, & hao BBEHD HAO BB ZNENR
RoTW3, THHNTER. ZhENOIP—DEEL RV TORVERBTEHOTHS &
EZZ. FETIZ hao DEBBFZT >, BRETSICHED., TTBRICENENO hao ©
REROBVWERAISZ L E,. TORMAFEBEOEIVEENZ, hao D/ —HF N1 TUFA¥—
Y a VR TI. BEEORBIODHIN—EKD/NY RARHE N, hao SEOESREM2 T
LIZTERM, 3D0BEY @) EXHTHILATERNAE, TRETORET hao O
TOE—F—EBBEETI/ - 073 TH0., BEGERESEILILTWE, FZTCLR—%
—EBRERFEAWCEERITZHE A, N.europaea IZBNWT, luxAB %Vﬂf*f—iﬁ{ﬁ?&: L7
pKLUX 7OE—F—LR—F—R7 ¥ —MERINTWE (24). UL, luxAB Kk 0 %5
LENY 75— POBBEEICR, 75EVE/ X7 LEFFREMNEETLTEE2H0
NAD(P)H RHETH S, Nitrosomonas (TBLREE OBILIZHEW NADP) 2B T5 I &
TET, ATP EMBLTHFEFEEREZEHL T NADO OBETEES 46). c0OT &t
Nitrosomonas DLFNF—HROBEDVEDORETH Y. MEHICLZED ATP 2H4EL
TERICIN Y T 2 S —PREORER, RELETF—5 285 L LARBETH B E S h Tk,
COBMBEDEDIC. PKLUX 2&EL T—RMICHN 505 hcZ 2L R—F —BETFELE
DKZ27 ZRBEL k. lacZ IT&k > TEEX 1 BHp-Galactosidase &, ENI-11 BEERNICBWTE
FTHD, HENEREL<F— YRS T ERTEL, TOTSRI Kid ENF11 BATHE
HETHD, Nv I TS50 FBEL, BTCERECEY TH - 7=,

Z® pKZ27 #FWT. hao,, hao, haos @7 OE—F—%+4ICELEEHNS DNA Hi
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BME  hao OEEMRHT

ERALEVR—F—T7SAIR2EEUL, CheBEsER UL R—4—K HZ1, HZ2, HZ3
EEHELZ, BEOBREFCBVWTENETNDOLR—F —KIZRIZBp-Gal EHEZRL. BEE
WME X hao>hao>hao, THU 3 DDEERITE>TWBZ EMHBAL ., hao, & hao, i3 LH
2 160 BEDOHKBELEEFAZF > TWARZHMMD ST, ﬁgféﬁmiﬁo’(‘hf‘:; DT &
5 HEEFIL D b S 51 LREAC. BECHET BEENEET L5 C ENEX 5N 5.

RIZZDUVR—F—ZEROF VT I, GHE. BREBEECELEZ DI EHTER
L. Lf—5—H0p-Gal EEEEND T ET, TNEND hao TOE—F —CHERIEES
HERN, TOBR, BELXGEEMIVD LRI > TLENRZ hao BEEEOERIZES
N7, WINHAD hao BREERNIEE TR LSRR ESNREN>&, LAL, LR—F—
#%E 4°C, ammonia free DRBTI3IHERELLZDDIZDWT, ERHET HZ3 (ha@b:ism
TOHB-Gal FEEDLREVED SN, ZOITEMNDS hao; DOEDOREIE LT, BEHHE5HE
ZEIELEAKRIERBICH DRI, TOEZTOFECHRE L THEZERT2EDREFEDN
BZENDTENTFHEND, FHROEROATRTFHOBER LR WA, hao, M5 OEHE
RICEFERBHEZ2TILTHIE. ChERETH2DITHAIRE hao, DOWEKR (H3) Z2HWT.
BB ERBY 5BEEITV, Lag phase DRI ZHMEMERIIX HL, H2 & H3 & THETSHZ
ETHSMRBMS LN, .

hao O7OE—F—RHELTIE, TNETHEVHELIFARGN TR SN, LR—%
R —EZRAWEBTRTOE—F—BIFICOENTHo%. 7TIRXAIRIZEALK hao £
ROBFEE LIETFAI REERLT, ThE ENF1L SIS EERL TP-Gal Ei2RIE
L7, ZD#ER. hao, ITDWTIE EF 400~550bp 2 REZIHB ZE T, B-Gal &M hao, &
EWLRIVZETER LD, hao, CRASLOEDHFERMR o TWBEEEZSNAE, T
DG DV THREERRIZ 2T o240 EEHBICHET 2 &5 REFIRREWE S
7zo hao, WL THEFRBERWET 5 X2 REFDHKIT, B-Gal BHEMNZLACEL 2ZEN
’5‘ HEERIC T OE—F — 0T 5 C ENRBE NS, KBRS, EERTFOS—Fy b
ERBATLEN—THEECEXEFVNR LN, BEICEVWERNRSZEEZ NS, #-oTZ
h%@:tﬁié'ﬁbbibé#iﬁﬁﬁiﬁwiﬁﬁiﬁﬁf hao; & hao, DEBELNIVOBENCEBLTWS &
ZAbN%, haog ERD rpsT DT OE—~F—%2RKIEDE, VR—F—DP-Gal IEHEMNMET
Uiz, ZOTEMNS haosld rpsT & hao; PMADTOE—F—ilL o THREINTNS Z &M
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SEUE  hao DEERIF

AR EN, £/ rpsT & hao; OFEIEHTNT 30bp TH Y, F—-Ix—F—BEBRShAL
Z&ENS haoy W rpsT & polycistronic RKEEESNTWAHRESRNEZ S5NB, rpsT 2 70—
TELE I —FINATUTAE—2a 275 &, hao LEEFRCABICI Y FIBREEH
7z (data not shown), ZDEEYN rpsT DEEEIN—LTWBINESIMNIZ. 2D mRNA O
BB ERRRFIUTDH S RN, CDZ i haos & rpsT % polycistroﬁic WWEEIND &
WO R R XRT S, INET. hao LT monocisfronic KBREINTWSE EEDbNTE
et (41, YRV —LF /7 & hao OHEEREZ DL, ZhbsRVWTNbMENEETSRE
CHABHICAELSNGZEhS, CO-ONE—OEERMTRBISNS - LRDL58E
73T &0 LI, |

ZOWETIR, TOE—F—ELEZ 5N DNA EEE lacZ KEA L. p-Gal EHEOMEE
A3 LTTO0E—4—HEEFRILE, FRINETOE—F—EERICE, ABEO OE—
F—LDAZ BV ABARSEVRS5NT, Nitrosomonas ME O TOE—F —I2 &> THRE
LTWaEEZX SN, TITTOE—F—2HLNTTS2DIZ. hao mRNA @ 5KEDOH®
% Primer extension #% 5-RACE EiZ&k o THEAZM, H&ﬁl:b:ﬁi%f;h\o t hao @)
—5 VIR ORERFig. 4-DI2H B K D12, haomRNA DHBY B d b OMNLEIZ hao @
VUFNVOTRICESNS, ZOZENS hao mRNA OAEITEREICEL 5RBEAMNIERIC
ARETHO DR, BEHBERERDBILENTERN SO TRAEVAEE Z TSN,
S hao DEEBBZEZ I SICHLM T30 RIITOE—F —DEERISLETHZ S,

AEBIL hao-lacZ DEEMAKER VS LT, hao OEFICBBNEERAS & 28
TEDVLDDH LR o, FHAETIE. TOMINTNRAOIE—ICRRNZEEEBRZET
gﬁ@iﬁ?ﬁéi&ﬁ’é‘%m#o?‘:o LAl BB IOLIBLR—F—HK2HEWEHEBTE2T
S5ZET, FLVWEERTFHREINBTHS S, ZLTHEIE—0 hao OREVBHAST LN
Z, hao RN FIC—HFETIEROBRICH -AERZBESTHBLAAN,
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BWERE ENI-11 ROKEEEBRRET OB

BHE

TR TE LHl e Nitrosomonas ‘sp. ENI-11 Bk
REEEEEERELRT O
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BEHRE ENL-1 BRORBEERIEEFOBK

FF

LM RBMEEIIU D, B, BE XARMER. ZTHVEY - ROV VERICE
5T CO, ZFfLL., MBBRRSZEDB (56). 7 E-TRAMELRBEERICL>TE
TOMBIHRRS Z2ERT 5. DD IRV E—0BE & FSICHE OB\ TEER
THBEVWZD, HIVE CEBIC ﬁﬁ@ﬁr‘mi\ Phosphoribulokinase (PPK) Rt & Ribulose-1,5-
bisphosphate carboxylase/oxygenase (RubisCO)RIED 2 D TH D, MMOBERKIEDE < o3
RERRICIGE TH H(12,5D). TD D BRIRITRBRH R EMORADRIS Z2MET 2 DIL RubisCO TH
B, CORD, BERSOSANS LELOE Y RubisCO 2ERLT. AK+HD Co, 2EEL &
5 LR SHELRENTS, |

RubisCO 12132 DOWRNBH V. BEEMEIZEALEDFBKEND RubisCO 1 Form I LFF
EN3. 8HTFORYTIZy bEBATONFTIZy b é?;cé (LsS)e 5 —Di FormI
EWIINBRT TSy hOBH BRI NS BOT, —MONARAT AT DL A
HICR 513 4,500 2N 5 DREZFHERIT. L<ONTFTUFIZBNTEHESNTB V., RubisCO
Form I A/NMF7 2= b, Form 0¥ 712y b OBEFIZZNTI cbbL, cbbS, chbM LT/ 1O
—Z27ENTVWD (45), BF. FBEY > T 7 BR{CHE Nitrosomonas sp. K1 %25, Form1
D RubisCO MHMENE (13), {LEHREMDT L e 7 BICHEIL. BFHREETHDT
CESTORMLICED . AEICKERTINE— LTS (NADPH) 2HEL. ZOETHE
ANVERBERICK > TRDAAKE CO, Itk D, MBEBRRESTDOESRETD (51).

TOESTRICHMEOT S ES T BIERBICET 3REOREEOERIIZ CHETHS
BENBES B, —FTRRERCEST HREENRRITEE A SR THE,
TIT ENF RIZBWTRBREERRBEETORB/ETV. 7O EoTRIGMEICLT 2 KR
BRI ST DT ORI & o7,
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BAEE EN- RORBERNRRET ORI

TABLE 5-1. Bacterial strains and plasmids used in chapter 5

Strain or plasmid ) Description : Source or reference
E. coli
MV1ig4 ara A(lac-proAB) rpsL thi (080LacZ AM15) A(srl:
recA)306::Tn10 (Tet) FtraD36 proAB*laclg lacZ AM15] (53)
HB101 supE44 hsdS20 (rymy’) recAl13 ara-14 proA2
lacY1 galK?2 rpsL20 xyl-5 mil-1 leuB6 thi-1 : (10)
SURE® el4” (McrA), A(mcrCB- hsdSMR- mrr)171, endAl, supE44,
th;’-l , 8yrA96, relAl, lac, recB, recl, sbeC, umuC, : : TnS (Kan"),
wvrC [F’, proAB, lacl? ZAM15, Tnl0(Tet)] Stratagene
Nitrosomonas sp. ENI-11 Strain isolated from activated sludge (58)
Plasmids _
pUC118 Cloning vector; Ap° (53)
pUC119 Cloning vector; Apf (53)
pMW119- Cloning vector; Ap Nippon gene Co.
pBluescript I KS (+)  Cloning vector; Ap Stratagene
pCBO01 pMW119 with 3.4-kb BamHI fragment containing chbL '
and cbbS of Nitrosomonas sp. strain ENI-11 * This study 4
pCSL1 pBluescript I KS (+) with Clal-Nod fragment of pCB01 This study

* [FO, Institute for Fermentation Osaka.

75



SEHE ENI-11 5RO REE ERERRE T OB

B 18 Nitrosomonas sp. ENI-11 £R®D Ribulose-1,5-bisphosphate oxygenase/carboxylase
(RubisCO)EZTF DBt

1 - 1 MET5A~—ORE

RubisCO #EF %2 O—= F T B/bic, GenBank F— ¥ R— X2 B E NT 1 BEEAI D
2517 CbbL 7 X/ BEHZ Clustal W 52)ZFAWTEFILL., ETONITFUTRBWTE
PESRESNTRAER2 r MENRE LEMET 51 I —2RE LI Fig. 51 chbl BiE
TFOEFULIZEIH L BEFDEEEFI D accession number 1ZEAFDED TH 5,
Anabaena sp. strain PCC7120, L02522; Bradyrhizobium japonicum, AF04820; Chromatium vinosum,
D90204; Hydrogenophilus thermoluteolus, D30704; Manganese-oxidizing bacterium SI85-9A1, 1.32182;
Prochlorothrix hollandica, P27568; Prochlorococcus marinus, U93857; Prochlorococcus sp., U93858;
Rﬁodobacter capsulatus, L.820 00; Rhadospirillum-rubrum, X00286; Rh.odobacter sphaeroides, M64624;
Synechococcus sp., U93859; Synechococcus | PCCe6301, P04716; Synechocystis PCC6803, P54205;
Thiobacillus denitrificans, 1.42940; Thiobacillus ferrooxidans, AF129925; Thiobacillus intermedius K12, -
AF046933; Thiobacillus neapolitanus, AF(038430; unidentified cyanobacterium, U93856; unidentified
alpha protebbacteﬁum, 193861

Forward primer ({3 Rhodobacter capsulatus CBbL @ position 58-65 IZHYT BT I J EEF

(TWTTVWTID) X O RBCl (ACNTGGACNACNGTNTGGACNGAY)75’:. Reverse primer {3 R

capsulatus @ CbbL O position 190-198 IZHET 57 X /RE% (DFTKDDEN) &£ RBC2 (5

RTTYTCRTCRTCYTTINGTRAARTC) % &5t L 7 (Fig. 5-1).

1—2 PCRIZK S ENI-11 ¥k chbL @ DNA W OEE

1-1 THEB LT 51— HWT ENI-11 BR& D cbb BETFOMGEHA . Genomic DNA,
plasmid DNA DOFRH, HIRREEFEIEIL Sambrook 5@0)DH KIS . Tif#iE DNA polymerase
{3 Takara Ex Tag (Takara)Z 3z, ¥ —< )b 2 5—iZ GeneAmp 9600 DNA Thermal cycler
(Perkin Elmer)Z AWz, RIS T DOLBETIT o7/, (98°C for 3min; 30cycles of 30 sec at 94°C,

30sec at 52°C, 1min at 72°C; followed by a final 10min at 72°C) ' Z D KRNI & 5 HIEEY#Y 400bp
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a H.marinus

b T.denitrificans
¢ Synechococcus sp.
d R.eutropha

e R.sphaeroides

50
50
50
50
50

120
120
120
120
120

GRA@AIEDV?GDDTCFYAFI"‘ /PID]

&

3 GRC%DIEPLPGEDNQFIAYI;;%PLD“
; YV,

b

[L 20 o TR 0 T o 2 ]

190
190
190
190
190

O 0 b p

% 260

260
. 260
260
A 260

® 0 0P

i 330
} 330
H 330
H 330
330

® a0 b

i 400
400
400
400
) 400

® 0 o

?QEIEIG@KEILTNDGKHSPEﬁmgg WKETK]

AIEKE TVLTEAAKNSPE%KI:

[ o TR ¢ T o S

a EFDTV%KLDLSHK ----- 488
b EFDKLDVAHK ————— 488
¢ EFEAQDTI~==nmmmmmm- _ 488
a NYTPTgTSDFAPTASVA— 488
e NYTSTBTSDFVPTASVAM 488
ZZICRAREZHZSEONI T 7O cobL OBAZF L.
B\ (O BHAELTRB7 I/ B TREREY 51 v —0fBERT.

Fig. 5-1 Alignment of amino acid sequences of bacterial CbbL
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SEE ENI- RORBEEHERET OB

% sequence L 72#&2R. Thiobacillus denitrificans O RubisCO large subunit % 21— K33 chbL & 83.5%
DEWHFMEZR L7, DNA sequencing {Z{Z DYEnamic ET terminator cycle sequencing kit (AP
Biotech) &AW TRINZFTVY. ABI PRISM 310 capillary DNA sequencer (Perkin Elmer) 1<k U @47
L7z, |

1—3 YawbH>rO—= Z2&S chbL, cbbS BETF DRE

PCR 12k > TH&EL /= 400bp D¥iFr % DIG DNA Labeling Kit (Roche)ZH W TSI L, Z
- hETO—TELUT cbbl, chbS BETOEEZEL 70— OREERMA. Hybridization 1
65CTITV, ZTHESDIRIEIL DIG DNA Labeling and Detection Kit (Roche)® 7’1 h I—JL iz >
7o i%éﬁ:@ Accl, BamHL, HindIll, EcoRI, Pstl, Sacl #{t41Z3 L T Southern Hybridization %17
D7z & A, BamHI HLYD 3.4kb fHEWC S JFIVEMGE S Nz, Thiobacillus denitrificans @ cbbL,S
BEOENHK 14kb, 03kb THBIENS. ZOWHA cbbls EREFVORTHTHS J:%
A+ BamHI IH{E®D 3.4kb LD DNA WiFr % pMW119 (Nippon Gene Co.)iZ ligation L. gene library
ZHE L=, KA MIZ Epiculian coli SURE® (Stratagene) % AWz, # 1500 oI O — % %%
IZHIR D 7 11— 7% Fi T colony hybridization 21T\, BEOWH 25075 X3 R2RELA, |
ZDTIAIR%E pCBO1 & U7z, pCBO1 IZZ O—=> 27 /= 3.4kb BamHI Wik OFIfEE:RHE
MZEHML. BEEFIEZRE L & Fig. 5-2).

BT DFER 1422bp & 327bp DFERTL open reading frame (ORP)2IRHE N, TH 5D DNA K
EEEFIJ NETFREINDT I /EBEENT. FEOP-REOKBREENTN Thiobacillus intermedius
M CbbL & 92.8%. Nitrobacter winogradskyi @ CbbS & 87.0% DEWHFEMEERLE, DT &M
520220 ORF & ENI-11 #RD cbbL,S BETTHLARESTHNEEX SNz, T, cbbS
TR Thiobaciﬂus intermedius @ Carboxysome polypeptide (7) Z3— R9 3 csoS2 LAHRED |
5 BERFIASFLHIE 11, chbL  ERICHE 199bp £ S AT chbL & IR E DIETH TN Thiobacillus
denitrificans @ cbb gene DIEDHEETF TH 2 cbbR LHFEED H B ORF VR X #1/= (Fig. 5-2).
Nitrosomonas europaea N7/ L 7OV hF—FR—Z (5) TBRBRLTHS cbbLS LTHX
NBEHI & LB LIRER, 7 X B L)V TOMRIREE chbL A% 852%. cbb S 52.5%TH > 1o,
CNIRTFEROED THEY 16S IRNA OMEEEZEZ D LB IETHY, HBEIC LMD
57, RERREERRBET OHRMEIMENORERICRRIFNS,
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BRE ENI RORBEEBERET OB

1—4 CbbL DR OIER

ENI-11 #R®D cbbl @ DNA HEEFINS FHEEINZT I JBEFIEL. 1-1 TF IS4 v— DR
KERLLBOZHLIC, MONTTFUTD CobL 72/ BESNDOTF—FH5, RFEMOENZ
fio’ (Fig. 5-3)e Y 7 bz 7l ClustalW %M\ /2, ENI-11 & N. europaea ZRIZBT 5 F
IAB L. EFNEN T intermedius K-12. Hydrogenophaga pseudoflava &3 WIEBEIZALE L 7=,

5281 ENI-11 BRD cbbL, cbbS DRBEEAENTOHRE

2—1 ENI11 D cbbL, cbbS RHH TS5 X I ROEH

pCBO1 IZ= %5 BamHI 3.4kb DNA WiH 1T chbL & cbbS &% % 505 2 DD ORF NEWE
Sk, EITINGA CbbL, CobS 21— RIDBETFTHEINEI NENDBI=D. KBE
BAATINS OBRETEZRR I ERBECEREHARD & ELE, 2D0 ORF 25%2KE
) pc1301 @ Clal-Notl 2.1kb WiF 7% Banlll-Nofl TYIWT L 7= pBluescript I KS(+)IZ#EA L, pCSL1 %

YERR L 7=,

2—2 E coliMV1184 (pcsu)@m@@ﬁ?ﬁ HEDOHIE

pCSL % E. coli MV1184 KHEEMR L, 01mM IPTG Z%H‘F #i‘?EE‘FT 14 B & L2,
Z OEFZSEE®. BEMD buffer (Bicine 50mM, EDTA 0.1mM, MgCl,'6H,0 IOmM, DTT imM; pH7.8)
TH% L. B BEMD buffer KRELZD0% 0OCTREREH L, T OBERIKE R LT
RubisCO {ETEZME L7, RubisCO EMEDRESERIROS (57) DHEITHEW, ;Eﬂ#Faﬁt:EY
DIAEND YCOo, DEEBES >FL—ahvly—iCLDHEEL TRD~, RubisCO &M
i, BREICERDAZN/A RBP BIZX->TEHLE, BERRBICBITZ3 2 bo—)VidEiak
B DA U I BEMD buffer 2 A7 D& AW,

IPTG #1E F T L /X E. coli MV1184 (pCSL)iE. 3 > kO —JV#k E. coli MV 1184 (pBluescript)
I3 L TH B RubisCO HEHDZEERLAE (Table 52). f>TH/O—= L% 2D ORF i
ENI-11 BRICBT B REEEICBEET S chbL & cbbS'C“&é:trbfﬁéhrio L& L, PTG ¥#%E
ETTEEEO LRZRshah -7z,
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To outgroups ¢————— 1000

0.1

H. marinus L2 [D43622]

817

C. vinosum Rbcl. [D90204]

856

H. marinus L1 [D43621]

H. termoluteolus [D30764]

1000

R. capsulatus [L82000]

967

—{ 805

T. ferroxidans CbbL [AF129925]

T. neapolitanus [AF038430]

T. intermedius K-12 [AF046933]

AN [ ENI-11

— 692 N. vulgaris [L22885]

1000
N. winogradskyi (ATCC14123) [AF109914]

879
N. winogradskyi (IFO14297) [AF109915]

C. vinosum RbcA [M26396]

-] 667

923

Thiobacillus sp. [M34536]

H. pseudofiava [U55037]

759
N.europaea

T. denitrificans [L42940]

500
r T. ferroxidans CbbL2 [AF307091]

1000
— T. ferroxidans RbcL [X70355]

Fig. 5-3 CbbL7Y X / B2EL 5 D R#Hi 46t

#fEidbootstrapl %R . [HFH v a3lidGenBank accession number
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BHE ENLI RORBEEESRETOER

Table5-2 RubisCO activities in E. coli strains

Specific RubisCO activity
Strain [pmol min™ mg of protein™]
-IPTG +IPTG
E. coli MV1184 (pBluescriptll KS(+)) ND* . ND
E. coliMV1184 (pCSL) ND 1112

*ND: not detected

3 381 ENI-11 4@ CbbL, CbbS BETFDIEEMEHT

3—1 cbbL,chbS @/'—ﬁ‘//wju ¥4 E— a BN
chbl, § BET OEEHBERNDEDIL, ) —FINTTUF AV 1 i L BRI E
ﬁa 7z, MBOBFEHARIAO ENI-11 #RE#&D 5. ISOGEN (Nippon Gene)% F W T total RNA 2EE
L7z, OD fEICL > THER L7 RNAIOpg & MOPS buffér iz& 3 RNA BEKENCHLE, BE
KBRUASTLIAD T VAT 7= N TUFAE—2 2L BHERBAE 12 OFER
Bo7e, chbl DFO—TIZiE 1-3 THWE PCR Bk 400bp %. cbbS D7 TO—TiTiE pCBO1 D
Psi-Notl BiFH# 300bp (Fig. 5-2) ZAWE. N1 TUFAE— 3> DR, cbbL, cbbS DEL
5EFO—TELTH. 2.1kb DR CEEICHRN S LA S 1 Fig. 5-4).

3 —2 c¢bbL O primer extension

cbbL DEEBRIAR L CBPX1 751 7—&% 7= Primer extension analysis > TRELZ,
SHEKHHS IO ENL-11 B % 12,000rpm x 5min, 4'C THEE L. ISOGEN kit (Nippon Gene Co.) %
FIWT total RNA ZHIH L7, BRI chbl ORISR K> & D-1~24 OEFIIRKR T
S4<—0 5KME Cy5 I~JVL7 Oligonucleotide 5'- GGCCTGATAGGTTTIGCTTGCCATG
(CBPX1) (Fig. 5-5B)% Fi\>T Primer extension RiS2fFor (40). MEEEYORMICIE ALFred
DNA sequencer ZW= A (11,32) IZ#E>7=. ALFred DNA sequencer IZ k> TRH I AE
RE—7132D0%0 (Fig. 5-5A). THENDE—2 D Retention time D SEERBERZREL =,
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(kb)
2.8

~—CbbLS
1.9

1.6

1.0

Fig. 5-4 cbbL, cbbSD ) —F 2 N\A TUFA¥— 3 >
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! 116:06

10000 eniren 110 120:00

~+-—— cbbR LysR-Binding motif
ATGGTCAGGTGCATGGTTTTCGCATAAGTTTATCTGATACATTTTATCAG
H T L HM P241 —3P1+1
AAAATTGAATTGTATT T TATGATTTCATTCGATAAAATGTCTGCAGGCAA
P2-35 P1-35 pz2-10 P1-10
ATCGATGAATCCATCCCTAAGCCCAAGATTGATGCCTTGGTCGATTGTGC

Clal ‘
TGAACAAGTTTTCCTTCGTCGTTTAATTCTCGCGCGCAGCGAGCTTTAAG

cbbl —
GAGTCGTCAAAACATGGCAAGCAAAACCTATCAGGCCGEGTGTCAAGGAGT

M A S KT Y Q A G V K E

-35 Gap (bp) -10
E. coli 670 TTGACA -17- TATAAT
Promoter 1 TTGAAT -17- TTCGAT
Promoter 2 TTGTAT -17- TAAAAT

Fig. 5-5 chbLOEERIBHDORE

(A) ALFred DNA sequenceriZ & 3BEEEEY O H
(B) chbL 7 1 — ¥ —HIODNAK HEEF] & chbL DL E LR S
(C) chbLT I E—F— L RKBED 0 707 TE— ¥ —FF
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MOBEFEEYICL B E— TR S0/, cbbl DEERBERIE cbbl & cbbR OEIDHE
BIZHD., cbbL BRI R XU EF 1170p DGEPL) &. B3R 126bp DT P2)TH D Z EAURM S
iz, N5 2O0EEFRBRIBMOMBICRILET I Y —2AWEERICL > THHRS
Ni-. PEINDTOE—F—EFI3 Pl; TTGTAT —17bp- TAAAAT, P2; TTGAAT ~17bp- TrCGAT
T, E55BKBED 070 consensus sequence ELELLTWiz, IBZZI07/OE—¥—EHERIZ
IZ. CbbR DFFEFEHE TNTVS 2 DDOEFEL /= TNA-N,- TNA OEF| (45) MRS N/ (Fig.

5"5B, C) e

B4 EER

' Z 2TV Nitrosomonas sp. ENI-11 7S Form I O RubisCO % J— K33 chbL, chbS BETFH M
L. TORFETok. THIZT Y ESTRIMEICBN THD THBS A RBEERICHE
THBEEBRTTH DM, chbbL, cbbS 13ZINTH 483 HEL 100 HEOT7 I/ BEI—RLTHD.
ZFODOTHITIE Carboxysome polypeptide % J— K93 csoS2 DEEFINAELEL /., Carboxysome 1325
D RubisCO B FAFMRICEENLZT DEZTBRIEMEOINVHRS E L THEHERNICZEE
FEL. N. curopaea LB T HERE T3, chbL SBRETO_LHICILERE DES ST chbR
LHFEMED D S ORF R T N7, CobR I LysR 1 7D cbb BEFOLFaL—F—THD,
Carboxysome ZFFDOFEMHMIKBMEICIIIZLAEEET S 45). LM LERERSIZENE T
%% Nitrosomonas BMIBET cbbR MEDERBREIZRLZL TWENEIHASHICTITHEST, H
BRAME B, |

ENI-11 @ cbbL, SZZE DNA W % lac system f%ﬁﬁfﬁm&ﬁﬁv—c:a o—=7L, Z
DTSR REFD E coli MV1184 BE T RubisCO FEHEEHRBLZ. DT &M 6‘7 O—=%
U722 D® ORFIZENI-11 #RD cbbL & cbbS T D T 57z, L ULENI-11 #: D RubisCO
EE, fiicH 521'(0:5/\’7 TUTDHDED BHPREL ., Nitrosomonas 12 REEE F % RubisCO
KEoTORTI EZEZSNLETIC, BARKRTH . LML, ZhRABEICX3EE
TOREZHEL THREZFARTVWS 2D, REARICHERS > REWSTEEDELZSNS, ¥
7o, BRRISOEMARI bRHOAMNS 57 2B 5, |

Primer extension OFEEHN SO0 T OE—F —ERNTFHEINE, ThE50/DE—5—&
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FNIRBED 070 TOE—F—Da 2 AEF EEL L TWE(Fig 5-5C)., 202070
E—F—OHBRENIFHTH I, BESIhAZE—J OREMNS, FERDOELHEH TIX Promoterl @
FRALDOTOE—F—LLTHEDRTNWREELZEND, KBEICKS chbLS DREER
IZBNWT, E coli MV1184 (pCSL)id 0.1mM IPTG ZFE T TIAEHEZR L 0%, FEET TILERE
E%éfmwto pCSL1 X7/ o—=>7EN/- DNA Wikid, D& D07 O0E—¥ —EHig%
BATVWRPO D, RBEICLDHEBR TR PTG &:J;é%%ig%'ﬁbmj‘hﬁ%ﬁﬂ&&'@%
BZRETHBEERTON P>/ EBbNS. £/, CbbL, S DEEIL CbbR iZk > TEHEAL
ENBENITEBFASENTNS (9), chbl TOE—F —HIEKITIT LysR ¥ TOEBEEFEH{LHE
FOREERIZIHED LysR-motif TNA-N, TNA EFIUHHHE5NSZEMS, ENL11 O cbb B
FH ObOR K LTI Y FO—LENTRATEERB S, foT CoiR K&k BEEDEHLAR
okl ey, RROUVEDELTELLSNS,

ENL-11 #k& N. europaea 13 165 (DNA DML 98% LA ETH B 2 &A SIEEICHROBET
HBZENDOMNS, 7‘/%:7@&&%0):9@5@%% AMO, HAO 23— F93E&EFICEL
THMEEIE 95%ULOHAMERL (15 ZOEBCHET S RET OMRSIERICREMLT
Wa, ZNRIMENEGZTHD I & &, 7‘/%:7@4lﬁ§§ﬁfﬂﬁ-®1*)@¥—ﬁ%%'C“EE):t
BEADLEMTELILTHS. LA LABERENI LI, FHENS CLS 73 /B0
EiFNZ, BB TH D Nitrosomonas europaea X0 ®. Nitrobacter X Thiobacillus BDINY FVU T
KEWHREMEZRLZ, /2, CbbL OF7 I/ BEFZd EEHLERREIIBNWTD, ©P
BEI7= 7B 1T branching L 7=(Fig. 5-5). ZUCEL7=H] & L T Rhodobacter sphaeroides IZ Rhodobacter
capsulatus VERTH VA5, Form I O RubisCO ORMMBEMATERICE . THid, Hibw
HOBBICATLEBCLVBBINEZBOTHEENDNTNS (36), 5T, ENII1 & N
europaea ® RubisCO MET bKPEBIC L > THES N TEENE N EZEA5NS, DD
EBITERRT T TBLME TH RubisCO XERENH D LND T ENEZI BN B,

AETR, 7>ESTRIMBEORBEERCBVWTED TEER. KEECRFEETO
rO—Z 7 EZOBMET o k. TOEDTRIMECBWTRBEAEROBERETIZ. IhE
THSNTES T, %&@H%Lz&sbsfi%f;ﬁﬁ&f;@ﬁéo ¥k, EBRTHHLEDNS
~ Nitrosomonas BOMBEIZHNT, REEERDOEGRTICRERENASND I LERRL, T
ET7RBRAMEOEL, REEEROB/ICHL THLBARZDELELEEVAS, 41, &R
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BEEROBERBITOAEREOMA L E BT, TRNVF—RER LOBEEARDZPFENTD
N3THAS5, FLTINBIRE-> T, FOETEHEOEE - AEE COBEBNRET S =
LtRDBNB. |
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BAE RE

Nitrosomonas BZEF L ET HHENMIUIKBEDT B 7TBAMEIL. FENAT

YEZTOREETWV., HRECENRPEBRICKEERT 3. £BRCBT2EER
bABTLRME, BETHT VESTRIGBEOERRIEE £ LERBKLED, ND
TAAEYOREZRESHFENDOHEHNRASNTWS, DXV 7 B 7 BLHE OB
RICBITHREHREROVEDR, 7OEZTBCHHEZERTEZETHD, FLT
Z:ih5@ﬁﬁééﬁ\bf:ﬁiﬁﬁﬂﬁf\wﬁiﬂqtﬁé&012.4:5° UL, 7oEZ7ELM
HOMRRZEOERVBETHD, REOHTERZEOBYCH>TH, TOEEY - 4
%é%%%mﬂﬁma%t##tzbm,%wtb‘:@ﬁ%ﬁﬁ?ﬂ?y%:Y@mﬂv
BOEBNDZAHOLFIINRD 5NZ, REZZOMERICHL. 2FEY2HLY 7O
—FITX > TED#EHA, Nitrosomonas sp. ENI-11 ¥RIZBV 20 TEY2OEBNM RO
FHD, BV -V OBBIIROEATEE, FELRITIE. TORMTHSMERS
k\m%11%@7)%:7@&%%&?@3@&w5%ﬁotﬁ?%%ﬁt%ﬁb‘%
DREELBREZHSNICTBDITHART ok, ELTNIEN, F I ARTRILF—
RH BT 2 BETFORERITOL T LRI TOBROBE BT 2.
C TYEITRAEMBECBY SRETERORK L EREATORELZHARD LD, B
ZETId Nitrosomonas sp. ENI-11 #0757 Ay TEERL. Zhs OBEEFOLRE
BLZBIBPBREAN, TNTNORETERFT BN LBFTZET o2, ZhiZT
YEZTRIGHEDOY ) LCHRT BRI LD TOHAR &R 5. ENI-11 HROBROR AR
2830kb @ PmD M 487kb F1Z 2 I E—®D amo (amo;, amoy)& 3 A¥—® hao (hao,,
hao; hao )3BR/HFLTHD. I 5T amo;~hao,, amoy,~hao, ZEHE L THEELTWA I &
WS B &z o 7=(Fig. 2-11).

$E=E T hao EZE’:’JL’C‘ﬂ'jﬁ»D—:‘/ﬁL\ TORE - BEEZF . 3D0 hao
® DNA HEEFIZEELALAUTSHY. amo KL TIRESICA—TH o7, #oT.
ZTOBEITDIELAERBNIBNEEZER SN, £TT hao DEBEERITZHEMMR X 2
WEBETEBICLDTo%, £TO hao RBETETSH D, TORBIBERED BS
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STWe, DEDCOTENS, BAOHMEEEBB/DIIXSIL—0 hao ALET
B0, D hao BERCHETIRON, BIELTWBREFTHHT Eatbhok, &
Je. hao, & hao; D_ERBHRORETELI LS, hao, DA TOEELAIETHS 2
LB LTSI,

TH. COESK2TE—R 1 AE—0 hao THEMENTETS BIzbHMb 57,
72¥ Nitrosomonas iZ3 DM hao 2R FHLTVNEDTH A SN BEFEEELVWIEHRIT.
ESEPCBNTH—BNCESNARETHSEN, NIFUTRBNTRSE DS I
ASNTWAL, SEREORE (BH) ELTEXSNTHAOR. KOKN-DTH 5.
DEDR. HFLWRETOBBOEDOBBTSHS, 53EETEERSNI. TR
 RTFAEMOAR S EDREER DD DTH ok E LT, ASAEETFITHEA R
55 A TUERTRTRAEL . FOENOEERBIT T LA ERERIANS NS,
EOEDIREN RIS 2 LB < BETIEENASZ MBS N, ZOERNE
IR U CHRIC BN, 5L BEERORET S L CREICEET 3 25 4 5hTh
3 (33). ZHLTVEDDREFNBRELLEEL SNHRETRI. BEFT 73
Y- RSERETHEEFIN, ERENO/ O BETFT 7 IU—DT N RI—F
BET77 IU—SREWZDOLLTASNTNS, BETFEROD SV EDDREN,
WERMCREREETENY — ORI SRICERINAEDI. TORETOKE
BOLTEREHLETEOOBETHS. TORENZDOELT, rRNA BETFICHAE
BBTENTES, BEMMATLATFO mRNA OBRIZKEOURY —LEE8LT
EBONUATHY. 1 DOMMIZESD MRNA AFENTNERE~T I E—{E-
TWB, TORD RNA RREAERMAC B TRSRICERIN. HBEMD S5 /3
_Q?UTif%QWEﬁém:E—&#Ebfué:kﬁ%éhrmé,

UED2RICDWTZEZS &, ENI-11 B®D hao EEFEEOHRENL. #ED “BE
FEVOERREHETEDOBRETEE” THEMEENBNERNENS, DL o
BETOREN, BETOELERDIEDOLOTHSETHL. KED hao BEFO
REEH IR S NERIBRENBRT TS, L. hao R3DEHEDTHS
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BEINTHY. ELOBRTEREZFANTELEBNEZEAERESNAV, Zhid
BE5 < 3DLTD hao KX L THRIENHKIAEE 603 T S LR TRIZNH EEDILS,
hao DBEREEEIL. MICHREDS S S > NI ENEELR N EICbESS 2 LA
TEB, £, TOESTREHFIIBWTREBYE THS DT, Nitrosomonas 13+5
BOY ESTERCEBTESTERREAERL, DUSNBNAREICHDH NS
WEZEZBN3, T35T3E. ENOREOHBOEMMIT L > T—BRICELET U E
STREVARPELSMORAS, TXVE—EELTHATE 3 hRERICE > TRER
BALhERD, DEDISLA—BEDT U EST O/BICH LT, HAO RBELLE
BETARCERINBVBENSBEELSND, hao OBETFEZRICOBBEOEDIC
BETH) ., BIEOBETHREING LR SUMSNTEL LTINS, AERT
LR hao OB, B<ET Nirosomonas 1@ & > TEAKARETOBERIC S
WTEBERTAETH - ERIT, BERICBIS7VES7OBBSESICS S ahABs
kI NTH< OB LR,

BUE TR hao DEEMFET. THEND hao NEDE S BABCBNTREL
TWBENEEEL VTR L, TOREERENE. lacZ 2L R—F—BEFELE hao-
lacZ BERMETIAIRZAVWTEFET o2LIS, 3DOEELNIVELTRIEST
B, hao, DEBEEIRLRNZ ENFEENER ST, haoy 15 ) A EEBUTD amo
HBEWIEZMD hao JE—ED72< D 87kb U EBENTHE L TH O Fig. 2-11). DA
BUTD hao, DRBIEEL B hao, & hao, 3 LFEAC 160bp D38 L IABAIAAELEL
THED. ZOEBITIT stem & loop B palindrome BEFI/2 & T O E—F—ic k< E5h3
LOBMENBSNE, S5, COBBMERESRE haorlacZ EEME L K—5 —id
B EERERERD R ERD, BEBL D 160bp 12 hao. hao, DT OE—H —
NS ENBEEX5NB, LML, hao, DX 51 L (AT KM ss0bp DAL
) O DNA EBZSDLR—F—#id. BEEEIMEITEENS T ENHBEN. hao,
WAL TR IDXIBRRFIEEINAP . TOT &I hao, D EHRBWHICEOHE
ST BESINEET BT EEFRTILOTHS, LALIOAOHBLEL NS
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BAE BHE

BN, FENCEDOLIIRREIZREZLTWEONIFRATH 5.

30D hao DTBE-F—2THRTEVTH SIS LEZ 515 DNA fHE2E lacZ &
BRMASEELR—F—HEME > T, TNENOTOE—F —SBRIIEET 5L 57
FEEZEROFIINTIL - BB - BRCOVLTHANAE, WTFRICBEL THL2ERNRE
FROBBRASNELDOD, & hao ODEFRNKESEDB LWIFBRELET &
MTEBD oL, LLAKRS, EhE—BKEREICLT, BE7 S EST 2505
TEEI D E hao; DEEDAUS ERDNBRBEL, KILRE» 5 OFBHEICBWTEER
BEE/HDOEEZONE, TDEDIT hao-lacZ EEBEERWERICE ST hao OBE
CRLT, OEDORRENREEINZ. SBRISBBMITICED. hao OEBEITBIS
BRENVSSTHREIZRD, XIVFIE-OREEZBRTIEIIATHOERAERNES NS
ZEEHFLEN,

BHETR, 72 EZTRIMEORBEERCHETIRETFORE LBT2T-5 7,
7 RV BRACGHE O REBEE RO FEMFENRITIZ. RETEFEAETDODIATEST
INRT Y EZTRIEMBECBNTRUD T/ -2V VSN REEEHARET Th
ol ESMABLEBETOABETORE LT, TOEMERBLE, N. europaea
T2 LTAV I MDORIT R —I I UADS, hbLS BETTHBEEDNZI—2
IAZWEL. ENI-1l RORBEEELGT LR LAELTA, B NEEZ Cbbl DM
I 85.2% T CbbS ICE > T & 5IZfE< 52.5% TH o /2. ENI-11 ¥k & N. europaea @ 165
RNA OHREREWIZ9%UETHD (BE1 - 3). T ETRIEROBETH 95%
UEDHREZRTIENS, ZO2EOT Y EZTBICHEIIERICEROETH S &
%i ENTVWEZTIZ, ZORREBEARIELTH >4, CobL DEFIZTICHERLER
MR 51X, ENI-11 #kD CbbL V& Thiobacillus intermedius K-12 BRIZRMAGE L . N. europaea
@ CbbL V& Thiobacillus denitrificans \Z3EM - t@ig. 5-3) TNEDFERE R sphaeroides &
R capsulatus DRBEEEROBETFIRKEERICIVESINEWMERESIBVEVDA
TWBEEKD. Nitrosomonas ®ZDFTE TIEEZDND LRV, ZOZKDOAD
EBRTRZMORLRT Y EZTRIMBEOERICE - T, ZoRRHHEIBRET
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H33,

ZNET “Nitrosomonas” EWI NI FUT DARNE “7 B 7BAEME" OR4E
ML THEDATEEN, CIUIRROBUEMEREIEI £ 5B Nirosomonas B0
NIFUTBREL TWBDREEZB AT -0 T3, BRWREKRELTESIN
e THAS. LHALEFICARD, ZORBCEBEZRITIDIFIIN ONOEENHS
HicENTWS, X, Hioms 5 (14) 1T, TEPEEBRMI ST o 7EIHE %
APV —2 T3 358, EREE T Nirosomonas BNEEMIZASNEN, EEENX
TFVWPCRER LS T U ETBLHMBEOEBZTARS & Nitroso@ms & D' ¥ Nitrosospira
@ﬁﬁfﬂgiﬁﬂﬂl:&tﬂént:t?&iﬁ%bft/xéo 7z Stefan 5 (47) 3, FISH I2& 2 &
Nitrosococcs mobilis & Nitrosospira E@/\'ﬁ? U7 REEERN SEENICRE I N &8
HLTWS, Holben 5 (17) BY VEZTRE - BHERBELSREOCRRL S 3 D0HE
LEU 7 75 —DWEMBRERANR, THhENQU T VI —IZBWTXENART >V E=
THERENRERSZEZ2AVWEL, ZNTNORBIIELAET VB 7TRBICHIENEE
THEND, TUEDTRIEMEOLREEZRB L. CNS50FERX, 7O ETEL
MW EEMT 55 AT, 7 2 EZ T RIAIE OB Nitrosomonas DAz & % 57, #i4
BREEOT DEZTRIME TITDNARETHE I LE2BRTHEELSD, UL, *
FVZAREITR Nitrosomonas europaea 2 DWW THMERARMES N TV ARVONERTH
D, 7OEZTREHMBOETNENEL TEREIND2DIIS, Nitrosomonas BT 3
S ERLMROEENRDEND, TOF T, N europaea DT ) L7007 FDEDHS
MEEIBOTEERDDOTHD., INKL>THESINBBRIIBEARIBEEZT
5THAD. _

FHFRTIE Nitrosomona; sp. ENI-11 #RIZBWT, S FEVENRFECL>TT > E
ZTBERZPLELERADHRADAREZRD ZEANTER., BHRATIIRELRNET
HU, ERICFAHARBRNRZEWT D EZTRIMETIE. YEZODORMET 2 ER2ES
ZEDEN, FEETOEMENRERREZRAD I LLDBEBHEGNB LWL, &
Kﬁ&wwéibm%ﬁéﬁﬁéﬁ?i%imiﬁéﬁhhﬁ.7?%:7&%M%ED
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WTOHEE TORAIRRICESTETHSS, LirL, ABAOERIVETLHE
DEESRNI LN, WEETORANEDITEDEZLZOREVEARERLT 2%
=B, _

Svhh. &5 AEFIORKIZERL BHTERFORREI LD LT 5 HHIL.
7 ESTRIMEEERT S L THRICAATHS C LIRS, TR oT
BONLHBED LI, WES S EEREMERI NG ZEOHBIND, TLTHEE
EBAOHEK, HDVETOWEOEENTORBZRUIDITTERT 5 0, S50
7 U ESTRIMEOHEDND EDOREBEEL 25 EEDN B,
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Pulsed-field gel electrophoresis of Pmel digests of the Nitrosomonas sp. strain ENI-11 chromosome produced
four bands ranging from 1,200 to 480 kb in size. Southern hybridizations suggested that a 487-kb Pmel
fragment contained two copies of the amoCAB genes, coding for ammonia monooxygenase (designated amo-
CAB; and amoCAB,), and three copies of the hao gene, coding for hydroxylamine oxidoreductase (hao,, hao,,
and hao;). In this DNA fragment, amoCAB, and amoCAB, were about 390 kb apart, while kao,, hao,, and hao,
were separated by at least about 100 kb from each other. Interestingly, hao, and hao, were located relatively
close to amoCAB, and amoCAB,, respectively. DNA sequence analysis revealed that hao, and kao, shared 160
identical nucleotides immediately upstream of each translation initiation codon. However, ka0, showed only
30% nucleotide identity in the 160-bp corresponding region.

The ammonia-oxidizing autotrophic bacteria derive their
carbon for growth from CO, and their energy for metabolism
by the oxidation of ammonia (NH,) to nitrite (NO,7) in the
process of nitrification (3, 12, 17). In Nitrosomonas europaea,
ammonia is initially oxidized to hydroxylamine by the integral
membrane enzyme ammonia monooxygenase (AMO) (7, §,
11), and the subsequent oxidation of hydroxylamine to nitrite is
catalyzed by the multiheme hydroxylamine oxidoreductase
(HAO) (2, 5, 15). One unusual genetic feature of N. europaea
is that at least five of the nitrification genes are present in more
than one copy in the genome. For example, the genes encoding
AMO (amoC, amoA, and amoB) are adjacent to each other
and are present in two copies (1, 6, 8). The genes encoding
HAO (hao) and the genes encoding cytochrome ¢-554 (cycA),
which are in proximity to the HAQO genes, are found in three
copies (2, 10). However, the locations of these multicopy genes
in the genome of N. europaea have not yet been determined. In
the present study, we determined the locations of two copies of
the AMO-encoding genes (designated amoCAB; and amoCAB,)
and three copies of the HAO-encoding gene (hao;, hao,, and
haoj) in the genome of Nitrosomonas sp. strain ENI-11, which

was isolated from an activated sludge system designed for

nitrogen removal.

PFGE and probe characterization. Nitrosomonas sp. strain
ENI-11, which was obtained from the Process and Production
Technology Center, Sumitomo Chemical Co., Ehime, Japan,
was grown aerobically at 28°C in modified Alexander medium
(18). The genomic DNA from strain ENI-11 was digested with
the rare-cutting endonucleases Pmel, Xbal, and AscI and sub-
jected to pulsed-field gel electrophoresis (PFGE) (Fig. 1A).
PFGE was performed in the contour-clamped homogeneous
electric field mode with the Chromosome DNA Electrophore-
sis System (Biocraft, Tokyo, Japan) (4, 13, 16). The Pmel
fragments of the ENI-11 genome were separated in a 1%
agarose gel in 0.5X Tris-borate-EDTA buffer (14) at 5 V/em

* Corresponding author. Mailing address: Department of Fermen-
tation Technology, Hiroshima University, Higashi-Hiroshima, Hiro-
shima 739-8527, Japan, Phone: 81-824-24-7756. Fax: 81-824-22-3758.
E-mail: hohtake@ipc.hiroshima-u.ac.jp.
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with pulses of 60 to 120 s for 45.5 h. The AsclI and Xbal digests
were separated in 1% agarose at 6 V/cm with pulses of 15 s for
20 h. For DNA fragments in the size range up to 600 kb, the
concatemers of lambda DNA (FMC) were used as molecular
size standards. For fragments ranging from 600 kb to 2 Mb,
chromosomes isolated from Saccharomyces cerevisiae (FMC)
were used.as molecular size markers. PFGE of the Pmel di-
gests of the ENI-11 chromosome produced four bands ranging
from 1,200 to 480 kb. PFGE of the Xbal and Ascl digests of the
ENI-11 genomic DNA produced at least 31 and 22 fragments
ranging from 430 to 10 kb, respectively. Obviously, the DNA
bands formed by either Xbal or Ascl digests contained unre-
solved bands under the PFGE conditions used in these exper-
iments.

Southern hybridizations to the ENI-11 genomic DNA di-
gested with Pmel, Xbal, and Ascl were performed with the
amoB and hao probes (Fig. 1B and C). The amoB probe was
amplified by PCR with primers A3 (5'-TATGTACTGCAGG
CAGAAGTTGCGCTTG) and A4 (5'-CGAATTCGACAGG
CTAATTGATGCTTCG) from the ENI-11 genome. PCR was
performed with respective sets of oligonucleotide primers and
a Takara Z Taq DNA polymerase (Takara Shuzo Co., Shiga,
Japan) on a DNA thermal cycler (Perkin-Elmer). The 2.3-kb
PCR product was digested with BamHI and Spil, and the
resulting 0.3-kb fragment was labeled by a nonisotopic method
(fluorescein DNA labeling and detection kit; Amersham). Sim-
ilarly, the hao probe was prepared from a 2.2-kb PCR product
which was amplified with primers H3 (5'-CTCTAGAAATAT
GGCAAATACGGCACAAGC) and H4 (5'-CTCTAGATAA
CGATACGGCGCTGTGTC) from the ENI-11 genome. The
amoB probe hybridized to only a single fragment, designated -
PmD, in the Pmel digests and to two fragments in the Xbal and
Ascl digests. The hao probe also hybridized to the PmD frag-
ment in the Pmel digests, while it hybridized to two and three
fragments in the Xbal and Ascl digests, respectively. These
results suggest that the genes coding for AMO and HAO are
present in at least two and three copies in the ENI-11 genome,
respectively, as also seen in V. europaea (11, 15). More impor-
tantly, the PmD fragment, which is 487 kb in size, contains all
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FIG. 1. PFGE of Pmel, Xb&I, and Ascl digests of Nitrosomonas sp. strain ENI-11 genomic DNA (A) and Southern hybridization analysis of the digested genomic
DNA with the amoB (B) and sao (C) probes. Lanes: a, Pmel digestion; b, Xbal digestion; ¢, AscI digestion. The size markers (lane M in panel A) are the concatemers

of lambda DNA (FMC).

of the multiple copies of amoCAB and hao in the ENI-11
genome.

~ Locations of the amo and hao genes. To precisely locate the
multiple copies of amoCAB and hao, we first constructed an
Ascl and Xbal map of PmD (Fig. 2). In the PmD fragment,
there existed 5 and 10 restriction sites for Ascl and Xbal,
respectively (Fig. 2). Southern hybridizations to the AscI di-
gests of PmD were performed with the amoB and hao probes.
The amoB probe hybridized to two Ascl subfragments, AsA

(142 kb) and AsC (96 kb), while the hao probe hybridized to
three subfragments, AsA, AsB (100 kb), and AsC (data not
shown). These results confirmed the presence of the genes for
AMO and HAO in multiple copies in the PmD fragment.
We then constructed two mutants, designated NH1 and
NH2, by inserting a kanamycin resistance (Kan") gene cassette
into wild-type hao. First, the EcoRI-Pmel-Notl polylinker (5'-
GAATTCGACAATTCGTTTAAACTCGCGGCCGC-3') was
inserted into the Hincll site of pUC119 to make pPM9. The

' pAX1 pHP1 - pIiPl
Pmel AsF PmD v
Ascl -} AsC “ AsE ' ao AsB AsA i
Xbal | xvG | XD XbA xeH| | XbC xe || xB | xF | |
XbJ ‘ Xbl 4 ‘\ XbK
haq 1 a'mOCAB J hc?03 amoCA]?zl haoz
11 l 301 87 15 50 (kb)
23
100kb

FIG. 2. Ascl and Xbal restriction map of the PmD fragment from the ENI-11 genome, The locations and directions of the multiple copies of amoCAB and hao are
shown by white and biack arrowheads, respectively. Plasmids pHP1 and pAX1 were used for constructing additional Pmel sites in the PmD fragment. The locations

of the pHP1 and pAX1 insertions are indicated by arrows.
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2.2-kb PCR fragment, which was used for constructing the hao
probe, was digested with Xbal and Kpnl and ligated to Xbal-
and Kpnl-cut pPM9. The resulting plasmid was then digested
with HindIlII and ligated to HindIII-cut pCRII (Kan®) to make
pHP1. pHP1, which carries hao, a Pmel site, and a Kan®
marker, was introduced into ENI-11 cells by electroporation.
Southern blot analysis revealed that NH1 and NH2 had the
pHP1 insertion (5.9 kb) in AsA and AsB, respectively (data not
shown). Since pHP1 contained a Pmel site, the PmD fragment
from each mutant was split into two new subfragments upon
Pmel cleavage. By the Pmel cleavage, the PmD fragment of
NHI1 was split into subfragments of 443 and 50 kb, while that
of NH2 was cut into subfragments of 341 and 152 kb. This
result, together with the fact that pHP1 was inserted into either
AsA or AsB, indicated that two of three copies of hao, desig-
nated hao, and haos, were located about 50 and 152 kb from
the right end of PmD (Fig. 2). The remaining copy of hao in
AsC was designated hao,.

Similarly, another mutant, designated NA1, was constructed
by inserting a Kan® gene cassette into wild-type amoB. The
2.3-kb PCR fragment, which was used for constructing the
amoB probe, was digested with BamHI and EcoRI and sub-
cloned into pPM9. The resulting plasmid was fused with pCRII
to make pAX1. pAX], which carries amoB, a Pmel site, and a
Kan" marker, was also introduced into ENI-11 cells by elec-
troporation. Southern blot analysis revealed that NA1 had the
pAX1 insertion (5.1 kb) in AsC (data not shown). By the Pmel
cleavage, the PmD fragment of NA1 was split into subfrag-
ments of 457 and 34 kb. Thus, one of two copies of amoCAB,
designated amoCAB,, was located about 34 kb from the left
end of PmD (Fig. 2). The remaining copy of armoCAB in AsA
was designated amoCAB,. :

The sizes of the regions flanked by amoCAB; and hao,; and
by amoCAB, and hao, were determined by using the long-PCR
technique. PCR primers Al (5'-GGTTCATTTCAGGTCCTC
TGCAAATTGGCC) and H1 (5'-CGGCAAATTCTCTTAA
GTGACAGGTTCCGC) were used for amplifying the DNA
fragment between amoCAB, and hao,, while A2 (5'-CCGAA
TGCGGTAACATCATTGCGATGTACG) and H2 (5'-AGG
ATCGATTGGTACTCTGTTGACAGGAGC) were used for
the amplification of the DNA region between amoCAB, and
hao,. PCR with primers Al and H1 amplified a 23-kb product,
indicating that hao; is about 23 kb from amoCAB,. Likewise,
PCR with primers A2 and H2 amplified a 15-kb product, in-
dicating that amoCAB, is about 15 kb from hao,. Interestingly,
as shown in Fig. 2, hao, and hao, were located relatively close
 to amoCAB; and amoCAB,, respectively. Only hao; was at
least 75 kb from the duplicated amoCAB. The direction of each
copy of amoCAB and hao was suggested by determining the
DNA sequences of both ends of the PCR products as well as
that of the hao; region of AsB (Fig. 2).

Characterization of the hao regions. Localization of the
three copies of hao allowed us to determine the copy-specific
DNA sequences. Nucleotide sequences were determined by
the dideoxy chain termination method using an Auto Cycle kit
(Pharmacia) and an ALFred DNA sequencer (Pharmacia).
The three copies of hao differed from each other by only 1 or
2 bp in the 1,713-bp sequence (data not shown). Compared
with the nucleotide sequence of hao,, hao, had C instead of T
at position 521 and hao; had C instead of T at position 290 and
A instead of G at position 445. In addition, the cyed gene,
encoding cytochrome ¢-554, and the cycB gene, encoding the
integral membrane tetraheme cytochrome (1), were also present
in three and two copies, respectively (data not shown). Each
copy of cyed and cycB existed downstream of hao, and hao,,
while hao, was followed by only cyc4. The nucleotide sequence
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of hao; was identical to the hao sequence determined by
Sayavedra-Soto et al. (15).

We expected that the intergenic regions between amoCAB
and hao might contain additional genes required for ammonia
oxidation in this organism. Thus, we partially determined the
DNA sequences in these intergenic regions by using the long-
PCR technique (data not shown). In the 15-kb DNA region
between amoCAB, and hao,, we found genes which were pre-
dicted to encode threonine-tRNA ligase (thrS), initiation
factor 3 (infC), ribosomal protein L20 (rpiT), the phenylalanyl-

" tRNA synthetase a-subunit (pheS), and the phenylalanyl-

tRNA synthetase a-subunit (pheT). Concerning the 23-kb re-
gion between amoCAB; and hao,, the rpoB and rpoC genes,
encoding the B-subunit and B’-subunit of RNA polymerase,
were found to exist closely upstream of hao,. However, we
could not find any genes that are required for ammonia oxi-
dation in the partial DNA sequencing, -

Analysis of the upstream region of each copy of hao revealed
that the three copies of fao shared 15 identical nucleotides
immediately upstream of each translation initiation codon. A
candidate Shine-Dalgarno sequence, GGAGG, was located in
this conserved region (7 bp upstream of each start codon).
Furthermore, Aao; and hao, had a perfect match in the 160 bp
of DNA sequence immediately upstream of each translation
initiation codon. However, hao; showed only 30% nucleotide
identity in the 160-bp corresponding region. The 350 bp of
DNA sequence immediately upstream of the hao; start codon
was identical to that reported previously for N. europaea hao
(15). A short open reading frame, of 261 bp, was also detected
30 bp upstream of the hao; start codon. The 261-bp open
reading frame encoded a possible polypeptide which had 43%
amino acid identity with E. coli ribosomal protein S20 (9).
Conversely, a number of stop codons were present in the
160-bp DNA sequence conserved between hao, and hao,, and
no significant structural features or homologies were detected
in this region. These results suggest that hao;, which was lo-
cated apart from the duplicated amoCAB, may also differ from
hao, and hao, with respect to transcriptional regulation.

Nucleotide sequence accession numbers. The hao region
sequences reported here have been deposited in the GSDB,
DDBJ, EMBL and NCBI nucleotide sequence databases un-
der accession numbers AB030385, AB030386, and AB0303387.
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ABSTRACT

The ammonia oxidizing bacterium Nitrosomonas sp. strain ENI-11 has three copies of the hao
gene coding for hydroxylamine oxidoreductase (HAO) and two copies of the amoCAB genes
encoding ammonia monooxygenase (AMO) on its genome. We constructed the ph‘ysical-*map of
the ENI-11 genome using pulsed field gel electrophoresis (PFGE) and Southern hybridization.
The size of the genome was estimated to be 2.83Mb. Southern blot analysis revealed that all
copies of amoCAB and hao were located in a 487-kb of Pmel fragment. Sequence analysis
revealed that the three copies of hao (hao, hao, and hao,) differed from each other hy only one
or two nucleotides. Fifteen-bp DNA sequences immediately upstream of translational start:codon
of each hao were identical. Furthermore, hao, and hao, shared 145bp ;identical;'nuclébtides
upstream of this conserved region. Three single mutants (hao,::kan, hao,::kan, and hao,::kan),
and one double mutant (hao,::ken hao,::amp) were constructed by gene replacement technique.
These hao mutants exhibited 68 to 75% of the wild-type growth rate, suggesting that none of the
three copies of hao are essential to ENI-11 cells. In addition, one intact copy of #ao (hao,) is likely
sufficient to support cell growth.

INTRODUCTION

The chemolithotroph ammonia-oxidizing bacteria are confined to the gram-negative B and A sub-
divisions of the class proteobacteria (1). They obtain all their energy from the oxidation of ammonia to
nitrit¢ (2). Ammonia is oxidized to hydroxylamine by the ammonia monooxygenase (AMO), and
subsequently hydroxylamine is oxidized to nitrite by the hydroxylamine oxidoreductase (HAO) (3,4).
One unusual genetic feature of ammonia-oxidizing bacteria is that the nitrification genes, amoCAB and
hao, are present in more than one copy in their genome (5). However, the reasons why ‘they have
multiple copies of amoCAB and hao remain unclear.

The ammonia-oxidizing bacterium Nitrosomonas sp. strain ENI-11, which was isolated from
activated sludge, also has two copies of amoCAB (amoCAB, and amoCAB,) and three copies of hao
(hao,, hao,, and hao;) on its genome (7). In this study, we first constructed the physical map of the
ENI-11 genome and localized all of the amoCAB and hao genes on the genome to facilitate genetical
analysis of ammonia-oxidizing bacterium. Then we determined the DNA sequences upstream of each
hao and constructed single and double kao mutants to investigate the specific functions of each copy of
hao.

MATERIAL AND METHODS

Nitrosmonas sp. strain ENI-11 was obtained from the Process and Production Technology Center,
Sumitomo Chemical Co., Ehime, Japan. ENI-11 was grown aerobically at 28°C in modified Alexander



(MA) medium (5)." Genomic and plasmid DNA preparations, Southern hybridizations, and DNA
restriction digestions were carried out as described previously (8). ENI-11 cells were transformed by
electroporation. Kanamycin resistant (Km") transformants were selected on MA solid medium
supplemented with kanamycin (25pug/ml). Pulsed-field gel electrophoresis (PFGE) was performed in
the counter-clamped homogeneous electric field mode (CHEF) with the Chromosome DNA
Electrophoresis System (Biocraft Co., Japan). The concatemers of lambda DNA (FMC) and
chromosomes isolated from Saccharomyces cerevisiae (FMC) were used as standard size markers.
PCR was performed as described previously (7). Nucleotide seqﬁences were detérmined by dideoxy
chain-termination method using an Auto Cycle Kit (Pharmacia) and an ALFred DNA sequencer

(Pharmacia). '

RESULTS AND DISCUSSION

Construction of the physical map of the Nitrosmonas sp. ENI-11 genome:

The genomic DNA of ENI-11 was digested with the rare-cutting endonuclease Pmel. PFGE of the
Pmel digests of the ENI-11 chromosome produced four fragments, termed PmA (1193 kb), PmB (600
kb), PmC (550 kb), and PmD (487 kb). Pmel restriction map of the ENI-11 chromosome was
established by partial digestion of the ENI-11 genome with Pmel, followed by PFGE (Fig. 1A). These
results showed that ENI-11 had a relatively small circular genome of 2.83Mb. We also performed
PFGE of the Pmel digests of N. europaea IFO 14298 and estimated the size of the IFO 14298 genome
as 1.48Mb. Southern blot analysis showed that all copies of amoCAB and hao were contained in PmD
fragments.

A : - B

hao,, hao,, hao,
amoéAB, , amoCAB

m, cyp
Pmel PmD  pmsl eno, pyrG NAT NH2 NT
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| Xbal *_ 1 [ 11 [ 1T 1=
ENI-11 Pmel hao, 3 $ amocas hao, ¢ 49 hao,
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oA 2,830kb - 1| 301 87 15 50 (kb)
~ 23 .
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Fig. 1 Physical map of the Nitrosomonas sp. ENI-11 chromosome (A), and AscI and Xbal restriction
map of the PmD fragment (B). Locations and directions of the multiple copies of amoCAB and hao are
shown by white and black arrowheads, respectively. Locations of pHP1 and pAX1 insertions in NH1,
NH2, and NA1 are indicated by vertical arrows.



The loci of rran (9), cyp (10), eno, pyrG (11), dnaK (12) and HHR (6) were also localized on the ENI-
11 genome by Southen hybridization. This is the first genome map of the ammoma-o:udlzmg
bactenum

Localization of multiple copy genes amoCAB and hao

In order to locate two copies of amoCAB and three copies of hao, we constructed the Ascl and Xbal
phisical map of the PmD fragment (Fig.1B). We then constructed three mutants (NH1, NH2, and NA1)
by integrating either pHP1 (carrying hao and a Pmel site) or pAX1 (carrying amoB and a Pmel site)
into the wild-type genes. PFGE and Southern blot analysis revealed that two copies of hao (hao, and
hao;) were located about 50 and 152 kb from the right end of PmD, respectively. One copy of amo
(amoCAB;) was localized 34 kb apart from the left end of PmD (Fig. 1B). The locations of amoCAB,
and hao,were determined by long PCR technique. Sequence analysis of long PCR products suggested
that hao, was about 23 kb apart from amoCAB,, while amoCAB, was about 15 kb apart from hao,.
Interestingly, each copy of amoCAB were located relatively close to one copy of hao. Only hao; was at
. least 75 kb apart from the two copies of amoCAB. We expected that the intergenic regions between
amoCAB and hao might contain additional genes required for ammonia oxidation in this oi'gahism. In
the 15-kb DNA region between amoCAB, and hao,, we found the presence of the genes which were
predicted to encode threonine-tRNA ligase, initiation factor 3, ribosomal protein 120, and
phenylalanyl-tRNA synthetase. The genes encoding ribosomal proteins S12, S7, L1, L7, L10, L11,
elongation factor, and RNA polymerase P and B’ subunits were likely to exist in the 23-kb intergenic
region between hao, and amoCAB,. Thus, it seems unlikely additional genes involved in ammonia
oxidation are present in these DNA regions.

Characterization of amoCAB and hao genes

Localization of two copies of amoCAB and three copies of hao allowed us to determme the copy
specific DNA sequences. Nucleotide sequence of two copies of amoCAB was identical, whereas three
copies of hao differed from each other by only one or two bp in the 17 13-bp sequence. DNA sequence
analysis of the upstream region of each éopy of hao revealed that they shared 15 identical nucleotides

15bp
|<- 145bp -:I r
| hao1
R hao2
—] —. hao3
orf
 ——
100bp

Fig.2. The upstream regions of hao,, hao,, and hao,;. The 15-bp conserved sequence immediately
upstream of each hao is shown black. The 145-bp identical sequence between' hao, and hao, is
shadowed.



immediately upstream of each translational initiation codon. Furthermore, hao, and hao, shared a 145-

pb identical sequence immediately upstream of the 15-bp conserved region. A short open reading
frame (ORF) of 261bp was found 30 bp upstream of the hao, start codon (Fig.2). This ORF likely

encoded a possible polypeptide which had 43% amino acid identity with the E.coli ribosomal protein

S20. These results suggested that hao; may differ from hao, and hao, with respect to transcriptional

regulation. We are currently investigating the transcription of €ach copy of hao by using the
" transcriptional fusion genes between fragments of sao and the promoterless lacZ.

Mutational analysis of hao

Each copy of hao was individually dlsrupted by inserting a kanamycin resistant gene cassette (kan)
into the wild-type gene. The resulting hao,, hao, and hao; mutants were designated as H1, H2, and H3,
respectively. To investigate whether ENI-11 can grow with only one copy of kao, a double mutant,
designated H13, was also constructed by inserting an ampicillin resistant gene cassette (amp) into the
hao, gene of H1. All of these mutants grew slower than did the wild-type strain (data not shown). The
specific growth rates of these mutants at the logarithmic phase of growth were approximately 70-80%
of that of the wild-type strain. However, the final cell densities of these mutants were comparable to
that of the wild-type strain. These results demonstrate that no single copy of hao is essential to ENI-11
cells. In addition, one intact copy of kao (hao,) was hkely sufficient to support growth when other two
‘copies were disrupted.
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The ¢cbbl, and chbS genes encoding form I ribulose-1,5-bisphosphate
carboxylase/ oxygenase (RubisCO) large and small subunits in the ammonia-oxidizing
bacterium Nitrosomonas sp. strain ENI-11 were cloned and sequenced.  The deduced
gene products, CbbL and CbbS, had 93 and 87% identity with Ilm)jﬁgllu_s intermedius
CbbL and Nitrobacter winogradskyi CbbS, respectively.  Expression of ¢bbL, and
cbbS in mm_a coli led to the detection of RubisCO activity in the presence of 0.1
mM isopropyl-B-D-thiogalactopyranoside (IPTG).  To our knowledge, this is the first
paper to report the genes involved in the carbon fixation reaction in chemolithotrophic

ammonia-oxidizing bacteria.

Keyv words:  Nitrosomonas; nitrification; CO, fixation; ribulose-1,5-bisphosphate
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The ammonia-oxidizing autotrophic bacteria derive their carbon for growth from
CO, and their energy for metabolism by the oxidation of ammonia to nitrite in the
process of nitrification.”  They use the Calvin-Benson-Bassham (CBB) reductive

pentose phosphate pathway to assimilate CO,. Three enzymatic activities are unique

2-4)
to the Calvin cycle: ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO),
phosphoribulokinase, and sedoheptulose bisphosphatase.” The remainder of the
cycle is driven by a series of enzymes that are generally present in both autotrophs and
heterotrophs. The CBB enzyme responsible for the actual fixation of CO, is
RubisCO.>” There are two distinct forms of RubisCO, form I and form II, in
'prokaryotic autotrophs. The form I RubisCO is a large hexadecameric enzyme
(LgS,) composed of eight large subunits (50-55 kDa) and eight small subunits (12-18

~ kDa), while form II has only large subunits (L).%® Little is known about the genes
involved in the CBB pathway in the chemolithotrophic aminonia-oxidizing bacteria.

In this study, we cloned and sequenced the gblﬂ, and cbbS genes encoding form I
RubisCO large and small subunits of the ammonié-oxidiz’ing bacterium Nitrosomonas

sp. strain ENI-11.'%')

Nitrosomonas sp. strain ENI-11 was grown aerobically at 28°C in modified
Alexander medium.'">  To clone the cbbL gene, a degenerate oligonucleotide primers

were designed on the basis of the bacterial cbbl, gene sequences available from
GenBank. The alignment of cbbL, nucleotide sequences was done by using the
CLUSTAL W program.'®  The forward primer CBP1 (5'-
ACNTGGACNACNGTNTGGACNGAY) and the reverse primer CBP2 (5°-
RTTYTCRTCRTCYTTNGTRAARTC) targeted the stretches corresponding to
positions 58-65 and 190-198 of the amino acid sequence of Rhodobacter capsulatus
CbbL,” respectively. ~ PCR was done with the oligonucleotide primers and an
ExTaq DNA polymerase (Takara Shuzo Co. Ltd., Shiga, Japan) on a DNA thermal
cycler (Perkin-Elmer). The PCR cycle included denaturation for 30 s at 94°C, primer

annealing for 30 s at 55°C, and extension for 1 min at 72°C (30 cycles).  Standard



procedures were used for DNA manipulation, Southern hybridization, and Northern
hybridization.'? , |

PCR generated a 0.4-kb DNA fragment when genomic DNA of Nitrosomonas sp.
strain ENI-11 was used as a template (data not shown).  The nucleotide sequence of
- the O.4-kb‘PCR product showed 83% similarity to the Thiobacillus denitrificans QLbLY
gene.”®  Consequently, this PCR product was used as a DNA probe for Southern
hybridization. Total genomic DNA from Nitrosomonas sp. strain ENI-11 was
digested with various restriction enzymes and electrophoresed on a 1.0% agarose gel.
The probe strongly hybridized to a 3.4-kb BamHI fragment. A size-fractionated
library of BamHI fragments of Nitrosomonas sp. strain ENI-11 genomic DNA (3.0 to
4.0 kb in size) was created with a pMW 119 vector (Nippon Gene Co., Toyama, Japan)
and Epicurian Coli SURE (Stratagene).  Plasmid DNAs, isolated from recombinant
- colonies, were screened with the 0.4-kb PCR product as a probe. One positive plasmid,
designatéd as pCBO1, was obtained.

Restriction endonuclease analysis showed that pCBO1 contained a 3.4-kb BamHI
fragment of the Nitrosomonas sp. strain ENI-11 chromosomal DNA. Nucleotide
sequence analysis showed that the 3.4-kb BamHI fragment contained part of two open
reading frames (ORFs) (cbbR aﬁd ¢s0S2) and two whole ORFs (cbbL, and ¢bbS) (Fig.
1).  The predicted product of cbbl, had 93% amino acid identity with Thiobacillus
intermedius K12 CbbL (GenBank accession number AF046933), while that of cbbS
showed 87% identity with Nitrobacter winogradskyi CbbS (GenBank accession number
AF109914), respectively. A 401-bp truncated cbbR was located 200 bp upstream of
¢bbl..  The truncated cbbR showed 62% nucleotide séqﬁence identity with the 5°-
portion of Chromatium vinosum rbeR '® which encodes a LysR-type transcriptional -
regﬁlator. " The chbR gene was divergently transcribed from gbbl..  The 5'-
portion of ¢soS2 was also located 77 bp downstream of ¢bbS. The truncated csoS2
- showed 70% nucleotide sequence identity with the 5’-portion of T, intermedius K12
¢5082 (GenBank éccession number AF046933) which encodes a carboxysome |



polypeptide.

To investigate expression of cbbL, énd cbbS in Escherichia coli, a 2.1-kb Clal-Notl
fragement, Which contained the entire cbbL, and ¢bbS, was excised from pCBO01 and
ligated to Clal- and Notl-digested pBluescript Il KS(+) (Stratagene).  The resulting
plasmid, designated pCLS1, was introduced into E. coli MV 1184 by transformation.

| The E. coli transformants were grown at 37°C with shaking for 10 h in 2x YT * with or
without 0.1 mM isopropyl-B-D-thiogalactopyranoside (IPTG).  Cells were harvested
by centriﬁlgation, Washed twice with BEMD buffer (50 mM N,N-bis (2-hydroxyethyl)
glycine (Bicine), 0.1 mM EDTA, 10 mM MgCl,-6H,0, and 1 mM dithiothreitol
[pH7.8]), and disrupted by sonicaﬁon at 0°C.  The crude extract was used for enzyme
assays.  RubisCO activity was assessed by the method described previously.'®
One unit of enzyme activity was defined as the amount of enzyme which catalyzed the
fixation of 1 pmol of CO, per min at 37°C.  RubisCO activity was 1112 units per mg
protein in E, coli MV1184(pCLS1) grown in the presence of 0.1 mM IPTG and
undetectable in the same strai__n grown in the absenc¢ of IPTG. The control strain E_
coli MV 1184 (pBluescript I KS(+)) showed no significant RubisCO , regardless of the
presence or absence of IPTG. ' | | |
" The 2.1-kb ClaI-Notl fragment'of pCLS1 contained the 113-bp upstream region of
cbbl, (Fig. 1). ' To find whether the indigenous cbbl, promoter exists in this region, ’
we did a primer extension analysis of RNA from Nitrosomonas sp. strain ENI-11. The
synthetic fluorescence-labeled oligonucleotide CBBL1(5’-Cy5-
- GGCCTGATAGGTTTTGCTTGCCATG-3") was used as a primer and the product of
primer extension experiments was analyzed by the method described previously.'**”
Thus, two transcriptional initiation sites of M‘ were found 117 and 126 bp upstream
of chbl. , respectively (Fig. 2).  E. coli 6”°-like promoter sequences were found 125 to
158 bp upstream from the translation initiation codon of chbL (Fig. 2B). | It has been
shown that CbbR activates transcription of both cbbl, and ¢bbS in Rhodobacter |

oides.”” A potential CbbR binding motif, TNA-N, - TNA,” was also found



immediately upstream of the transcription initiation sites of chbL, of Nitrosomonas sp.
strain ENI-11.  RubisCO activity was detected with E._coli MV1184 (pCLS1) only
when it was grown in the presence of 0.1 mM IPTG.  This result is likely due to the
lack of the cbblL, pronﬁoters in the 2.1-kb Clal-Notl fragement of pCLS1. = Northern
hybridization was done with RNA from Nitrosomonas sp. strain ENI-11 by using the
0.4-kb PCR produét asaprobe. Only a 2.1-kb transcript was observed (Fig. 3). The
results of the Northern hybridization and primer extension experiment led us to
conclude that cbbL, and cbbS form an operon.

| The amino acid sequence of Nitrosomonas sp. strain ENI-11 CbbL was compared
with those reported previously with other bacteria.  The putative amino acid
sequences of Nitrosomonas europaea CbbL and CbbS were also obtained from JGI
Microbial Sequencing Homepage (http://spider.jgi-
psf.org/J GI__microbiaUhtmi/nitrosomonas__homepage.html). The ENI-11 CbbL
protein was closely related to those from T. intermedius K12 (93% identity) in the B

subclass of the Proteobacteria and Nitrobacter winogradskyi (91% identity) in the o
subclass of the Proteobacteria.  However, the ENI-11 CbbL was less related to'the

putative N, europaea CbbL protein (85% identity). = This was unexpected because
their close relationship had beeﬁ shown based on 16S rRNA and the genes involved in
nitrification.'*?®  The putative N. europaea CbbL protein was closely related to
Hydrogenophaga pseudoflava CbbL *® and Chromatium vinosum RbcA?¥  The
difference in the amino acid sequence of CbbS was more striking between the two
Nitrosomonas species (53% identity).  In addition, the gene organization of the ENI-
11 cbbL.S region was more similar to that of Thiobacillus ferrooxidans (GenBank
accession number AF129925) in the ¥ subclass of the Proteobacteria than that of N,
europaea (data not shown).  All known chemolithotrophic ammonia-oxidizing
bacteria are obligate chemoautotrophs, which are completely dependent on CO,
fixation.  Since they obtain all of their energy for growth from the oxidation of

ammonia to nitrite, it is not surprising that the genes involved in the ammonia



oxidation are highly conserved between &tr@gmp_w sp. strain ENI-11 and N, _
europaea. RubisCO, the key enzyme of the CBB cycle, is also essential for their -
growth, however, the amino acid sequences of CbbL and CbbS are less conservgd.
Taken together, it seems possible that ENI-11 and N. europaea ¢bb genes were acquired

from different ancestral organisms via horizontal gene transfer.
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Legends of Figures

Fig. 1. Restriction Map of pCBO1 Containing the 3;4-kb BamHI Fragment from the
Nitrosomonas sp. Strain ENI-11 Chromosomal DNA and the Subclone of pCLS1.
Thick arrows indicate the ORFs and the direction of transcription. The approximate
location and orientation of primers FCBPl and CBP2 are indicated by thin arrows. The
hybridization probe' is shown by a horizontal bar. Abbreviations for restriction sites: B,
BamHI; C, Clal; E, EcoRI; HII, HincII; N, Notl; S, Sall; P, Pstl. The nucleotide
sequence of the Nitrosomonas sp. strain ENI-11 cbbLS region reported here has been
deposited in GSDB, DDBJ, EMBL, and NCBL nucleotide sequence databases under

accession number AB061373.

Fig, 2. Primer Extension Analysis (A) and Nucleotide Sequence of the ¢bbl.S Promoter
‘Region (B). ' - |
(A) The upper panel shows the electropherogram of the upstream region of cbbl.. The
DNA sequencing reaction was done by using the fluorescence-labeled oligonucleotide
CBBL1 and pCB1. The lower panel shows the electropherogrém of primer extension
products obtained with RNA isolated from Nitrosomonas sp. strain ENI-11 as the
template and the OIigonucleotide CBBL1 as the primer. The retention times of the
major extension products are shown. (B) Transcriptional initiation sites of cbbl, are
shown‘ in boldface. The cbbLS promoter regions (-35 and -10) are underlined. The
putative CbbR binding sites (TNA-N7,8-TNA) are boxed. The location of the Clal

restriction site used for construction of pCLS1 is double underlined.

Fig. 3. Northern Blot Analysis of RNA Isolated from Nitrosomonas sp. Strain ENI-11.
The blot was hybridized with the DNA probe specific for ¢cbbl..  The locations of

the RNA size marker are indicated on the left.
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