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SESBEBRBRIKR (PAHs) EEREHHI L 2L AR E ERERRL +
DEEERWETH ). BRI i PAHs 0% IIMEDIC L 245
. FEEAESIC L AR EZIREIND. Lo THEND PAHs £
REHE S SR T 3 T LIk, TRESTS I B BRSO e ) ORHIE W% 19
2EDCEETH . | | '
MBI & % PAHs 2l 2 B PAH T3 5 naphthalene 2 FIWTC EICHFZEDSE
HoHENz, Naphthalcne i& ring-hydroxylating dioxygenase 33 & U dehydrogenase = &
D 1,2-naphthalenediol I E# X h, ZDHE 5 BEOBERIGICEL > T 2
hydroxybenzoate [salicylate] (LT salicylate) %%%T 1,2-benzenediol [catechol] (4 F
catechol) IZZ N3 (Fig. 1) o Naphthalene ERIZBIS T 2BROKD D
ERERINZ OELFHREDE 5 PICET N TH D, naphthalene S FEE T B
\& Pseudomonas putida PpGT ¥RIZPIZET B4 82 kb O NAH7 775 X 3 k&5 %l
rn—=vrah. #ECETT Nz,
3 3R PAH T % phenanthrene OHEIC X 2 2 AE, 2 O ERZERPIRIEX
NTW3, 1Dl salicylate ZRETHRI N BRERS (Sal FH) THH, 51D
& 1,2-benzenedicarboxylate [o-phthalate] (L1 o-phthalate) Z#ET A N 2 FEES
(OPA #EF8) TdH 3 (Fig. 1)o MIFEEEIZIB VT phenanthrene & 1-hydroxy-2-
naphthalenecarboxylate [l-hydroxy-z-naphthoate]' (BAF 1-hydroxy-2-naphthoate) =%
BENBH, 1-hydroxy-2-naphthoate SIEDAFRBR MRS, Sal EEETIX 1-
hydroxy-2-naphthoate I3 1,2-naphthalenediol, salicylate, catechol %#E T/ ES 1.
OPA #% 5 T & 1-hydroxy-2-naphthoate (& o-phthalate | 3,4-<;ihydroxybenzoate
[protocatechuate] (LLF protocatechuaie) FECHEENB, Sal BED 1,2-
naphthalenediol LA 73 FZERIX naphthalene O 1,2-naphthalenediol LA D 53 fif#E
BREHEBEBTHS (Fig. 1) -
Phenanthrene DR TH b, BEREWED 1 DI 2 BOBEBICHIE T 5
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1-hydroxy-2-naphthoate M D FBRETH . K OPA #FB&IZ naphthalene 53
BRS LB TH S Sal B L B2 D, phenanthrene SM I R i SMERERR T B
5, ULPULIORBIEOWTIEFREHEBRINTEH T, RIS T RS
LUSRET. REENOLERER AT T B. -

AR TIEHE IS 3BT 5 phenanthrene D OPA FES A2 BT 2 L %2 HIN
I=. phenanthrene % OPA fEB&C 589 2 IS Nocardioides sp. KP7 k% 7V L.
KD 1-hydroxy-2-naphthoate 7» & o-phthalate 1= % 3 HMEERICE 5 T 2B ED
B EEFOI/O—= T RT5 L LI, RBREICHIT 3 PRHENDOLE
HEZRBS DIC Ulze F 7=, AERIZ BT D phenanthrene 2 fE = FEOM#EIC D
WT BN Z1To 70

%52 Phenanthrene B Nocardioides sp. KP7 D48, BIE D L U ARG
DfEMT

27 x— N OFFERD % SHEVEIC 0.1% (w/v) O phenanthrene % I — D B RIR &
LTHMU = TMEERH (BSM) T 40°CT 1 W HRBIEBRBEREZIT V.
phenanthrene 3R KP7 k% M L 720 TURESEH0. EMLSHE L MBS0
FHRICEDE KP7 RO FEEHNE ZMET UL Nocardioides [BHIE & [FE U 7=
(Tabie 1)o F 7=, &#LD 165 IDNA (1,483 bp) % PCR THEIEH 7 O —=2 L. 3
o®7D+y@ﬁﬁ#5&ﬁbk1®ﬂmAﬁ%MW(&mmm#mwm)é@
tt%m%%ﬁéﬁﬁbﬁwmmewwmﬁmaﬁxﬁ—tﬁté:t%ﬁ
FHEEHCSHR L (Fig. Do | |

ZAK¥ED phenanthrene SMRRERE T D 7= 8. phenanthrene (0.1% wi)ZHAL 7=
Marine broth (MB; Difco) CH% U 1= Eith % S ) ~ BABEW (pH 7.5) KA
L. BOBUBRICIKEED 2 mM 2725 X 95 1-hydroxy-2-naphthoate Z¥HfIL, =
BICT1RF R 3HBEE Lz, 2D 10N O HCl % 100 pl A0 L. Eik
LY EEZER U=, Bz B> S BB 7 )V TEMEY & i TLC T
D UT. ZORER, FHEY L U T 2-formylbenzoic aicd & o-phthalic acid D&
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Table 1. Morphological, biochemical and chemical characteristics of strain

KP7.

Character

Morphology Coryneform rod
Motility Motile

Flagellum A polar flagellum
Gram-staining Positive

Spore formation Non-spore forming
Cytochrome oxidase Not produce
Catalase _ Produce

Major isoprenoid quinone MK-8

Fatty acid composition

G+C cohtent

14-Methylpentadecanoic acid (predominant)
Heptadecenoic acid (lesser amount)
Heptadecanoic acid (lesser amount)
%cf;decenoic acid (lesser amount)

(d

Cells grown on MB medium were used in these experiments.

Ns. fastidiosa
Nocardioides sp. NCFB3005
Nocardioides sp. NCFB3007

Ns. simplex
Ns. Jensenii

Na. rastrica Na. brasiliensis
Na. calcaroa Na. farcinica
Na. carnea
0.1

Fig. 2. Phylogenetic tree of strain KP7, related Nocardioides and other
strains. This unrooted tree based on the 16s rDNA sequences was produced
by using the algorithm of Fitch and Margoliashi. Ns: Nocardioides; Na:

Nocardia.
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X N0 &oT KP7 #id phenanthrene % OPA ERCAET AL EZ bh=
(Fig. 3)o I OPA fEE& I RN B2 T % 5 1-hydroxy-2-naphthoate dioxygenase
B & U 2-formylbenzoate dehydrdgenase JE{ED phenanthrene 1= & % FHEME 2 RET L
FEER. ZNTH IEB LU 4 EICHEEE N BlE & D Nocardioides sp. KP7
#kid phenanthrene % OPA #EES TRMRY 2 LAGHR L 7o

# 3% 1-Hydroxy-2-naphthoate dioxygenase D4 { bt B & U REF

Phenanthrene % 23 MB THi2 U7 KPTEED cell extract & D &1 & > & Hfah S5
. (TSK DEAE-5PW), Bk 515 Ln (TSK Phenyl-5PW), BIViEEH S A (TSKgel
G3000SW,,) % Fi\\T 1-hydroxy-2-naphthoate dioxygenase %Z¥EH L7z, SDS-
PAGE LD/ FHEEIX 45kDa, V' NViIEB LOLFHEEIZ270kDa TH D, KBER
45 kDa DV T2y b E5RB 6 BEREEFZ BN, 1-Hydroxy—2—naphthoaté
WCAtT 3 Km 1iE 10 pM. ke fElX 114°THo o KEERIE 1 4FOD 1-
hydroxy-2-naphthoate I=#f L 1 - FOBEZ MK Lo KRR 1V 722y b

1.0 T T T T T T T T T
[
o
o O 5
E osl- 4
O 0
0 { 1 1.0 1 1 |O|O|

1 2 3 4 5 6 7 8

Fig. 3. TLC analysis of metabolites of 1-hydroxy-2-naphthoate transformed by
strain KP7. Samples were developed with a solvent system of ethyl acetate/2-propanol
(2:1 v/v). Lane 1, 1-hydroxy-2-naphthoic aicd; lane 2, 2-formylbenzoic acid; lane 3, o-
phthalic acid; lane 4, protocatechuic acid; lane 5, salicylaldehyde; lane 6, salicylic aicd;
lane 7, degradation product of 1-hydroxy-2-naphthoate after 1 min of incubation; lane
8, ditto after 3 min of incubation.
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HD15F0 Fe()2BLTED. Fe(l)¥F L —%—T% 5 o-phenanthroline 1=
LDRELPRIANEVREE T T Pk RIS ¥ 3 L iEM 2 EHE Lk
(Table 2; Table 3)o & o TABEDIEMEICIE Fe(I)DPVLBTH B I LHHELI LR
5=, AEEFEIL gentisate, 3-hydroxyanthranilate, 2-hydroxy-1-naphthoate., 3-
hydroxy-2-naphthoate | salicylate . 3-hydroxybenzoate . 4-hydroxybenzoate .
protocatechuate ZHE & Lab 572, F /. 3-hydroxy-2-naphthoate I& 1-hydroxy-
2-naphthoate dioxygenase E{EZHE L. KifHIX 22 uM TdH o %,

KP7 #R®D total DNA %7 > 7L — MIREEEERD N K7 3 BEH 5 8&Et
L7514 ~—%2HWTPCR 217>/ & T A, 75bp @ PCR product D& 5 /=,
A PCR product % 7 0 —=> 7 UBEES 2 @I LR, 754 v —REHEE
D7 I BEF L ZRIT—B L e Z 2T KPTH®D total DNA % Sau3Al <HA
6L X I KXY & —pLAFR3 @ BamHI Y4 MBS UTE. coli S17-1 ¥R
R bki%ﬁ:??ﬁ’ 75 ) —55 75bp @D PCR product # 7’2 — 72310 =—/\
LTV E—sa KL DR V== TR T EOBES 0—> %8
7= (Fig. 4)&!55%1‘&7 O — 0% 3ARDHET % BamHI BT/ (1.0 kb, 1.8 kb,} 6.2 kb)
EHLTWE. TIN5 BamHI WK BB THEE. 7> 71— NI LTH
BDT5 4T —2FANTENZNPCR 270728 T 5 6.2 kb ® BamHI Wi} B
5D 75 bp @ PCR product B SN LoT 6.2 kb BamHI Wi I 1-
hydroxy-2-naphthoate dioxygenase D N RKIGEEA R I — REh B Z L hREN .
%ZZ T 6.2 kb BamHI Wi %2 ¥ 7 20 —=> 2 L. 1-hydroxy-2-naphthoate
dioxygenase DHEIEBIZTFRMRAEL % (Fig. S)o RMIETF % phdl (phenanthrene
degradation) & U 70 phdl 1 1,161 bp T, HEE7 3 ) BAELF L BEBUEETR D N K
5 (55 FRE) E—B Uk, #HE7IVBREFLVEEThI Y T2y MrF
B8 (43.1kDa) I3 SDS-PAGE DA THEE LIFF—B LT, 2B, AMEDO7
I VBREINIINE TH SN TWSIRBARE dioxygenases & ISMEMED 2 b -
8. BEHEE NI Sphingomonas sp. RWS FE3 & UF Pseudomonas sp. U2 #sD
gentisate 1,2-dioxygenase & Z N 21 30.5%. 28.4%DMFEM %R L= (Fig. 6)o
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Table 2. Effects of chelating reagents on the 1-hydroxy-2-naphthoate dioxygenase
activity.

Chelater Concentration . % Activity
EDTA . 1 mM ‘ 95.2
10 mM 90.8
100 mM 71.4
EGTA 1 mM 94.2
10 mM 100
o-Phenanthroline 10 uM - 210
, 100 uM 0
1mM 0
Control e - 100

Table 3. Reactivation by metals of inactivated 1-hydroxy-2-naphthoate dioxygenase.

Metal ‘ % Activity *
>

[Initial} 100
[After being inactivated by 0.1mM o-phenanlhrolme] 2.5
FeSO4 (0.1 mM) 85012
ZnS04 (0.1 mM) ' 622
Mn(l; (0.1 mM) _ 742
Co(NO3); (0.1 mM) 6.92
MgCl; (0.1 mM) 772

--- ' ‘ 524

* Activity after incubation for 30 min under anaerobic condition in the presence of 0.1 mM
ascorbate and the relevant metal.
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-10 1 10 20 30 40 50 60
" GGTCGAGGGAGACCACCCATGAACTCGAGCAACACCGGAGCCCCTGAGGCGGCACAGGCCGCCACGCTCGAAGCTTTC

4 B s s N T 6 A P E A A Q A A T L R A F

70 80 90 100 110 120 -130 140
GATAGACGCGCGGCCGAGCAATACCTGCGCGGCCAGTGGATCGCTGAGGAGCACCTGATGCGCGCTATCGEGGGCCCGCE
D R R _A A E Q Y L R G @ W T A E E #H L M R A I G G P R

150 160 170 180 190 200 210 220
GCCCGCCGGCATTCCCTACCGCTGGGAGTGGAAAAGCCTCGAGGTGGCGCTCGACGAGGCTACGATCGCCCTTEGCCCGE
P_A G I p Y R W E W K s V B V A L D EATTIATIL G PV

230 240 250 260 270 280 290 300
TCGACACGGCCCGTCGCCATCTGACCTTCGTCAACCCGGGGC TGATGGACCGCGGCAGCGCCACTACGCACACCATCTCA
o T A RRHL T F V¥ P 6 L M DR G S A T T HT I 8

310 320 330 340 350 360 370 380
GCGGGCTTCCAGCTCGTGAAGCCCGGAGAGGTGTGTTGGTCGCACCGACACACGATGAGCGCGGTGCGCTTCGTCACGAA
A 6 F Q L VK P 6 E 'V CW s HRUHETMH S AV RTFV TK

390 400 410 420 - 430 440 450 460
GGGCCACCCGGATGCCTTCACCGCTGTCGACGGCGAGCGCCTCCCGATGGAGGACTTCGACTTGCTCATCACCCCCCGAT
G H P DA F T AV D G ER DL P ¥ EDP OLL I T PRTF

470 480 490 500 510 520 530 540
TCTCTTGGCACGACCACCACAATTCCGGAGATGCGGACGTGGTCTGGCTGGATGGCCTCGACATCGGCCTACTGCAAAGE
S W H D B H N S 6D A DV V WL D GL D I 6 L L Q 8

550 560 570 580 590 6§00 610 620
CTCGGCGGAGTGTTCTACGAGCCCTACGGCGATGACAGCCAGAATGTGCGCCCGTCCAGCAGTGAGGGGATCGGTACGCG
L 6 ¢ V F Y E P Y ¢ DD S Q ¥ V R P S s s E G1I 6 TR

630 640 650 660 670 680 690 700
CAGCCACTGGCTCCGGCCCACTTGGGAGCGCGGCCGCGAGAGTAGECTTCCGATCCGATACCCGTGGAAGGAGG TCAACG
S H W L R P T W B R G R E S RLZP IR YPWI KT EVUHE A

710 720 730 740 750 760 770 780
CGCGCCTTGACGTCTACGACCTCGATGCCGGCACCCCCTACGACGGGCTGGCCCTGCGCTACGCGAACCCTGTCACCEGC
R L p VvV yYDpDPLDOAOGT?P YD GG L ALURTY AT RU®PV TG

790 800 810 820 830 840 850 , B60
GGCCCCACGATGGCGACGATGGACTGCTGGGTGCAGCGCCTCGCCCCCGGGTTCGACGGARAGTCGCACCGCCGCTCCTC
G P T M A T M D ¢ WV Q RL A P G F D G K S HRR § 8§

870 880 890 900 910 920 930 940
CAGCGCCATCACCTACGTGATCTCGGGCTCGGGAACCATGGTGACCGAAGACGAAACGATCACTTTCAACCGCGGCGACG
s A I T Y VI s 66 S 6 T .M VvV T EBE D ET I TV FUHNIRGDV

950 960 970 980 990 1000 1010 1020
TCATCTCGTTGCCGAACTGGACCAACTTCCGTTGGACCAACGAT TCTGAAATCGAGCCCGTGCTGCTCTTCTCGATGCAC
I 8 L P N W TUH F R W TR D s E I E P V L L F 8 M H

1030 .1040 1050' 1060 1070 1080 1090 1100
GACATTCCTGCGCTCGAGGCGTTCGCSCTTCCTCTACGAGGAGCCCGAGGCAATCCTGARCGCGACACCGGCCCCTATCAA
b I P AL B A F G F L Y E E P EATILUENATPATPTIR

1110 1120 1130 1140 1150 . 1160 1170
TCCCACCCCCTCGCTCAATCCGATCTACCGGECGGECGCTTTCTACGATCAGGACGRACTATGACGTCAL
P T P S L R P I Y R A G A F Y D Q D B L *

Fig. 5. Nucleotide sequence of the 1-hydroxy-2-naphthoate dioxygenase gene
(phdl). The deduced amino acid sequence is also presented. The amino-terminal amino
acid sequence of the purified enzyme determined by Edman degradation is underlined.
The putative Shine-Dalgarno sequence is also underlined. (GenBank: #D89987 and
#AB000735) ' ‘
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Phd1 1:MNSSNTGAPEAAQAATLEAFDRRAAEQYLRGQWIAEERLMRAIGGPRPAGIPYRWEWKSY 60
Gtda 1:M-QPVL-AND-QQAQLTALY-DEMRPAGLKPLWEVLHA-LVLAE-PASLARAHHWHYGEV 54
*  Nagl 1:M-SHEL-GR~-LE-DLPQDYRDELKQLNLVPLWPSLRA-VLPPNVPTROTQPTYWSYQTL 54
* * * * *
Phd1I 61:EVALDEATIALGPVDTARRHLTFVNPGLMDRGSATTHTISAGFQLVKPGEVCHSHRATMS 120
Gtda 55:RDFLLRSGDLISAEQAERRVLILENPGLE-GSSAITPSLYAGLQLILPGEVAPCHRHTQC 113
Nagl 55: KPLLLKAGELTPIEKAERRVLVLANPGHGLEKMQASAAIYLGMQLLLPGEWAPSHRHTPN 114
: * % % *kk * kk k& . kkkk
Phdl 121:AVRFVTKGHPDAFTAVDGERLPMEDFDLLI TPRFSWHDHENS GDADVVWLDGLDIGLLQS 180
Gtda 114:ALRFILEGE-GAYTAVDGEKAVMSPFDLVLTPGGQWHDHGNGTDOPMIWLDGLDIPTVRE 172
NaglI 115:AVRMIVEGE-GAYTTVDGEKCPMSRGDLILTPTGLWHEHGRDGNEPVVWLDVLDLPLVYY 173
L * * k kkk%k * * % * * LR I 1 xkk kh
PhdI 181:LGGVFYEPYGDDSQNVRPSSSEGIGTRSHWL-~RPTWERGR-ESRLPI~-RYPWKEVNARL 236
GtdA . 173:FDASFAEKWPQAQHPEMAPPGDSLARYGHNLRPMRGTSADRRPTSQPLFHYPYKQWRPAL 232
Nagl 174 :MEASYHID-GERQQVD-PGRGDC-AW-TRA-GVVPTPVFORSDKRYPLLRYPWADTRARL 228
* * * % *
Phd1 237:-DVYDLDAGTPYDGLALRYANPVTGGPTMATMDCHVQRLAPGFDGKSHRRSSSAITY-VI 294
Gtda 233+ DHLASTAQVDPHLGHALEFTNPADGGPVMETISAHVRLIPRGME ~TAPRRSTDGTIFVVY 291
Nagl 229:LSLA-ADQPEQECVQ-VTYVNPETGDDAENILGFYALMLKPGOTLRLPVRSP-AVVFHQI 285
* % * * * %
PhdI 295t SGSGTMVTEDETITFNRGDVISLPNWTNFRWINDSEIEPVLLFSMEDIPALEA-FGFLYE 353
GtdA 292:EGKGQVEIDGVSTRLSPRDVVVIPSWKRERF~HAEDELI IFGF~-SDKAC-Q0KLG~LF- 345
NagI 286:EGRSEARIAESTFALREADTCCAPGYTEVTLKNLSADQPSFIF~MADESPLHRKLG-VF~ 342
* * * * * *
PhdI 354 tEPEAILNATPAPINPTPSLNPIYRAGAFYDQDEL 387
Gtda 346t -REENL=cmoammmmmc e e e 350
Nag1I 343 ¢ ~ENRG=mmmmmmmmmmmmmmmmm oo e ‘ 346

Fig. 6. Alignment of the deduced amino acid sequences of 1-hydroxy-2-naphthoate
dioxygenase (Phdl) from Nocardioides sp. KP7, gentisate 1,2-dioxygenases from
Sphingomonas sp. strain RW5 (GtdA) and Pseudomonas sp. strain U2 (Nagl). Common
residues are marked with asterisks. Dashes indicate gaps introduced to optimize the alignment.

Fig. 4 {IZ7R LU 7= pMKTI191 2*5 1.6 kb D Sal/Spll Wil Z41 b HH L pUC18 D
Smal/BamH1 ¥4 b+ % FIWTHELE U 7= phdl 258 75 2 3 K pMKT290 THEE
#2 U 7= E. coli IM109 O cell extract F1{ZiX 1_-hydroxy-2-naphthoate dioxygenase {&E{4%
DR 5N, phdl 1 1-hydroxy-2-naphthoate dioxygenase & 11— K LTWa L
R his,

% 4E 1-Hydroxy-2-naphthoate dioxygenase it BRI DL g E

1-Hydroxy-2-naphthoate dioxygenase D R S4FHIZ 300 nm IZ B AKIE % 7R L.

Z D& (Z)-2’-carboxybenzalpyruvate £ & X b W TWEDHERIN T\

/= (Fig. 1)o ASZ Tl 1-hydroxy-2-naphthoate dioxygenase O J5Z i 4 BRI DAL 4
BEZ2WHS I U,

55 3 BTIER U /= phdl %48 § % pMKT290 THRHEIRHE L /= E. coli IM109 O cell
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extraét L bR&A A %A S (TSK DEAE-5PW). Bi/k# S A (TSK Phenyl-

SPW). BEA A4 > &H#Hh 5 L (MonoQ HR5/5) % Fl W T#H: X (K 1-hydroxy-2-

naphthoate dioxygenase ZXgH8 U /=, FERIEER D SDS-PAGE LD FHEE I native

BRLIE U TH oo ML kB E 1-hydroxy-2-naphthoate % &¥F 10 mM Tris-

H,SO,#2 & (pH 7.5) TG ¥ 72, 10N HCl TRISMD pH % 2.5 IC L=,
ZOH. 700KV A LERTFIVT RIGERY 2 Mt UGE Uk, BEY%

0.1% (i) U VEE ST 10%A 8 ) —)VIT#E Ly HPLC (ODS-C,, 15 ) TR

ISEBE R Lo B, RERMILTMRE. DOIHBIEL .

FEBLU 72 RIGHERY)IE 'H-NMR, “C-NMR 3 & UF FAB-MS T U7z (Table 4),
pH2.5 BL W pH % 7.5 T LIF /=54 T DR DFER, ‘pH2.5 TN BLU
D 2EOYEIREE N, pH7.S TR IDEFRALTH O N dSFEhTW/= (Fig.
7o HEARMD pH ik D pHT.5 TOMEE (I: (E)-4-(2-carboxylatophenyl)-2-0x0-3-
butenoate [common name: (E)-2’-carboxybenzalpyruvate]) %5 1-hydroxy-2-naphthoate
dioxygenase DEUSERYI L % X bhizo )

L Ul e oS IR (EDBIE T pH 2B B HHOBRTH o =
78, pH EBIZEDRWRETORIERBT S =DM B2 4K 1-hydroxy-2-
riapmhoate dioxygenase 1= & 2 ZHIGKHZ 31T % 1-hydroxy-2-naphthoate (D&
- Z{t% 'H-NMR TE=S — LR ST 21T o720 RISEAEED S 180 min £ T
D 'H-NMR OF ¥— I % Fig. 8 IC/RL7%o ZD#ER. 1-hydroxy-2-naphthoate D
>3 )V (0 min) DA, (E)-4-(2-carboxylatophenyl)-2-oxo-3-butenoate (180
min; [(E)-2’-carboxybenzalpyruvate]) D 7 FIVHER L, 2D T FIVIC sk L

LLE & D 1-hydroxy-2-naphthoate (& 1-hydroxy-2-naphthoate dioxygenase =& D
(E)-4-(2-carboxylatophenyl)-2-oxo-3-butenoate [(E)-2’-carboxybenzalpyruvate] %5 #2
EN5Z L DHRE NI,
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Fig. 8. Time course of the 1-hydroxy-2-naphthoate dioxygenase reaction
monitored by 'H-NMR at pH 7.5 in 50 mM deuterated potassium phosphate
buffer. -
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¥ 5% (E)-2'-Carboxybenzalpyruvate hydratase-aldolase (4L EHIHHE B L UK
EH{ET |

KP7 BRD cell extract 1D (E)-2’-carboxybenzalpyruvate hydratase-aldolase O HiFEt4:
(& phenanthrene I~ & > T 10 FICFFE X Nz,

Phenanthrene % &8 MB TH;# U /=2 KP7HKRD cell extract & D &A1 A > 35Hah 5
5 (TSK DEAE-SPW). BK75 L (TSK Phenyl-5SPW). BEA 4> %#nS A
(MonoQ HRS5/5) % RV T (E)-2’-carboxybenzalpyruvate hydratase-aldolase % f&5 L
7o KEEED SDS-PAGE L DS FEBIE 38 kDa, VLI O FEEI 113
KDa T#H 1. AR 38 kDa DY 71w Frbed 3 BIKLEL BNE, &
%38 (D(E)-2’-carboxybenzalpyruvate IZ 313 2 Km {@iX 50 uM | kcat {EIX 13°TH
>7z. ABEEKIZ 1 EIVD(E)-2 -carboxybenzalpyruvate % 1 E VD 2-formylbenzoate
& 1 EIVD pyruvate ICEH L J=o 2B, KEERKIL (E)2’-hydroxycinnamate.
benzalpyruvate, (E)-2’-methoxybenzalpyruvate #ZBE & Lih o 2o

AREROBER T A phdl EHRE U THEEL.EEIX 96 bp TH o 2 (Fig. 9)o
2B RBIEFE phd] & LTko KEFID S/ ONEHRET I BRESIIERE
EONKEFE—BHL 4 EBH). HEIhZ V7212 A THE (34.5kDa)
i SDS-PAGE LOAFHELIFE—BL7z. KBEO 7 J BREF X
naphthalene 73R B P. putida PpG7 #k D (E)-2’-hydroxybenzalpyruvate hydratase-
aldolase (NahE) 35 X TF dibenzothiophene 73 f# & Pseudomonas sp. C18 ¥RD(E)-2’-
hydroxybenzalpyruvate hydratase-aldolase (DoxI) & ZhZN#I 40%DMEEMEERRL
7= (Fig. 10)o ¥ 7. naphthalenesulfonate SMEE P. vesicularis BN6 kD (E)-2’-
hydroxybenzalpyruvate hydratase-aldolase @ N KE5 (24 &) & b 29.2%DH[H
%R L. BN6 #RD(E)-2’-hydroxybenzalpyruvaté hydratase-aldolase H71=v b
ATHEE 38.5 kDa, EMEBESTFEE 120 kDa & LU TV =o KPT #D
(E)-2’-carboxybenzalpyruvate hydratase-aldolase & ffi(D aldolases & {7 X ./ BRELS
FOMEMEILIE L . (E)-2’-carboxybenzalpyruvate hydratasé-aldolase ¥ (E)-2’- |
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-8¢0 -170 -60 -50 -40 -30 -20
. AACGCGACACCGGCCCCTATCAATCCCACCCCCTCGCTCAATCCGATCTACCGGGCGGGCGCTT
N AT P A P I N P T P S8 L NP I Y R A G A F

~-10 1 10 20 . 30 40 . 50
TCTACGATCAGGACGAACTATGACGTCACCCGCCGTGACATCCGCCGACATTACAGGGCTCGTTGGCAT
[phddJ) M T s P A V T g A D T T G L V G T

Y D Q D E L * [phdl)

60 70 80 90 100 110 120
CGTGCCGACGCCCTCGAAGCCGGGCTCGGAAGCGCCGGACGCTGTAGACACCGTCGACCTCGACGAGACC
¥y B T P S X B G S E A P D A VD T V D L D E T K

130 140 150 160 170 180 190
GCGCGCATGGTCGAACTCATCGTCGCTTCCGGTGTTGACGTGCTGCTGACCAATGGCACCTTCGGCGAAG
R M VE L I V A S 66 VD VL L T NG T F G E V

200 210 220 230 240 250 260
TCGCTACTCTCACTTATGAAGAACTACTGGCGTTCAACGACACGGTCATCCGTACGGTCGCTAATCGCAT
AT LT VYETETLTLA ATFEONTGDTUVTIZRTUVATNTERTI

270 280 290 300 310 2320 330
ACCCGTCTTCTGCGGGGCCTCGACGCTGARCACCCGCGACACGATCGCCCGCAGGCTCGCCCTAATGGERE
P V F ¢ 6 A s T L N T RD T I A RRILATILMG

340 350 360 370 380 390 400
CTCGGTGCGAACGGTCTCTTCGTCGGGCGACCAATGTGGCTACCTCTCGACGACGAGCAGCTGGTGTCCT
L G A N G L F V G R P M W L P L D D E Q L V 58 Y

410 420 430 440 450 460 470
ACTACGCGGCCGTGTGCGATGCCGTTCCGGTTGCCGCTGTCGTCGTCTACGACAACACTGGAGTGTTCAA
Y A AV C DAV P V A AV VV Y D NTG V F K

480 490 500 510 520 530 540
GGGCAAAATCTCCTCCGCCGCGTACGCGGCGCTGGCCGAGATCCCGCAGATCGTGGCATCGAAGCATCTG
G K I s s A A Y A AL A E I P Q I V A S8 K H L

550 . 560 570 580 590 600 610
GGCGTACTCTCGGGCAGCGATGCCTATGCGAGCGACCTGGCCGCTGTAARAGGCCGCTTTCCTICTGTITGC
G v L s 6 8 DAY A S8 DL A AV XK G RVF P L L P

620 630 640 650 660 670 680
CCACCGCGGACAATTGGCTCCCCTCACTCGAGGCATTCCCCGGCGAAGTGCCGGCGGCTTGGAGCGGTGA
T A D N WL P S L E A F P G E V P A A W S5 6 D

690 - 700 710 720 730 740 750
TGTGGCCTGCGGCCCCGAACCCGTGATGGCGCTCCGCCGCGCGATCGCGGAGGGACTCTGGGACGACGCC
vV A ¢ G P E P V M A L R R A I A E G L W D D A

760 770 780 790 800 810 820
CGTGCCGTGCATGAAGACATCGCATGGGCCACGGAGCCCCTGTTCCCGGGCGGCGATATAAGTAAGTTCA
R A V H E D I A W A TE P L F P G G D I 8 K F M

830 840 850 860 870 880 890
TGCCATACAGCATCCAGATCGACCGGGCCGAGTTCGAGGCCGCCGGTTACATCGTGCCCGGCCCCAGCCG
P Y 5 I 0 I DR AEVF E ABAGY I VP G P S§ R

900 910 920 930 940 950 960
GCATCCCTACGGCACCGCCCCAGCCGCCTACCTCGAAGGGGGCGCCGAGGTCGGCCGCCGTTGGGCGGGE
H P Y 6 T A P A A Y L E G G A E V G R R W A 6

970 9890 990 1000 1010 1020 1030
ATTCGCCAGAAGTACGTCGCAACTCTCGCCGAACCATAGCACCCGACCACCAATCGCTCCACCCGCAGTA
I R ¢ K ¥ v A T L A E P *

1040 1050 1060 1070 1080 1090 ©1100
CAGCCGCGACTGCCTCAGCTGGGGCATCATCGAAGGAGCCTGCCGCCACCTGGTCGCCGACCGGATGGAC

Fig. 9. Nucleotide sequence of the (E)-2'-carboxybenzalpyruvate hydratase-
aldolase gene (phdJ). The deduced amino acid sequence is also presented, and the putative
Shine-Dalgarno sequence is underlined. phdl, 1-hydroxy-2-naphthoate dioxygenase gene; phdJ,
(E)-2'-carboxybenzalpyruvate hydratase-aldolase gene. The . amino-terminal amino acid
sequence of the purified enzyme determined by Edman degradation is also underlined.
(GenBank: #D89988 and #AB000735)
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PhdJ 1tememmee MTSPAVTSADITGLVGIVPTPSKPGSEAPDAVDTVDLDETARMVELIVASGVDVL 55
NahE 1:MLNKVIKTT-RLTAEDINGAWTIMPTPSTPDASDWRSTNTVDLDETARIVEELIAAGVNGI 60

DoxI 12HSNKIHKTS RLTAEDINGAWTIMPTPSTPDASDWRSTATVDLEETARIVEELIAAGVNGI 60
ko kk ok A kkkk ¥ dhkE RERK Kk * oA

PhdJ 561 LTNGTFGEVATLTYEELLAFNDTVIRTVANRIPVFCGASTLNTRDTIARRLALMGLGANG 115
NahE = 61:LSMGTFGECATLTWEEKRDYVSTVVETIRGRVPYFCGTTALNTREVIRQTRELIDIGANG 120

DoxI 61:LSMGTFGECATLTWDEKRDYVSTIVETIRGRVPYFCGTTALNTREVIRQTRELIDIGANG 120
X kkkkk Rkkh & * * * ok kRk [T 22 I * T

PhdJ 116s LFVGRPMWLPLDDEQLVSYYAAVCDAVPVAAVVVYDNTGVFKGRKISSAAYAALAEIPQIV 175
NahE 121+ TMLGVPMWVKMDLPTAVOFYRDVAGAVPEAAIAIYANPEAFKFDFPRPFWAEMSKIPQVV 180

DoxI 121: TMLGVPMWVKMDLPTAVQFYRDVADAVPEAARIAIYANPEAFKFDFPRPFWAEMSKIPQVV 180
A okkk * L T N A 2] * % * * Ak ok

PhdJ - * 176:ASKHLGVLSGSDAYASDLAAVKGRFPLLPTADNWLPSLEAFPGEVPAAWSGDVACGP-EP 234
NahE 181+ TARYLGI~~GMLDLDLKLAP-NIRF-~LPHEDDYYAAARRINPERITAFWSSGAMCGPATA 235

DoxI 181:TAKYLGI~--GMLDLDLRLAP-NIRF--LPHEDDYYAAARINPERITAFWSSGAMCGPATA 235
X % * (X3 T ¥ I * kokk *kx

PhdJ 235:Vﬂ--;ALRRAIAEGLWDDARAVHEDIAWATEPLFPGGDISKFMPYSIQIDRAEFEAAGYI 291
NahE 236: IMLRDEVERAKSTGDWIKAKAISDDMRAADSTLFPRGDFSEFSKYNIGLEKARMDAAGWL 295
DoxI 236: IMLRDEVVRAKSTGDWAKAKAISDDMRAADSTLFPRGDFSEFSKYNIGLEKARMDAAGWL 295

* L) LR ] * * L T I I ) * T2

PhdJ 292:VPGPSREPYGTAPAAYLEGGAEVGRRWAGIRQKYVATLAEP 332

NahE 296 KAGPCRPPYNLVPEDYLVGAQKSGKAWAALHEAKYSK-~==~ 331

DoxI 296: KAGPCRPPYNLVPEDYLAGAQKSGKAWAALHAKYSNELK-~ . 334
[T I IR T * kk % 'Y % .

Fig. 10. Alignment of the deduced amino acid sequences of (E)-2'-
carboxybenzalpyruvate hydratase-aldolase and (E)-2'-hydroxybenzalpyruvate hydratase-
aldolases. Phdl, (E)-2'-carboxybenzalpyruvate hydratase-aldolase from strain KP7; NahE, (E)-2'-
hydroxybenzalpyruvate hydratase-aldolase from naphthalene catabolic plasmid NAH7 in P. putida
PpG7; Doxl, (E)-2'-hydroxybenzalpyruvate hydratase-aldolase from Pseudomonas sp. C18. Conserved
amino acids are shown by asterisks. Dashes indicate gaps introduced to optimize the alignment.

hydroxybenzalpyruvate hydratase-aldolase I alsolases D TEFH LWT7 7 I ) —%E

HLTWBEER BNk,

phd] % pET-22b(+) W=/ 0 —= 7 UL 75 X X F pMKT310 TREEHR L &
E. coli BL21(DE3) @ cell extract cF'UDI(E)-Z’-c::u'boxybenzalpyruvate hydratase-aldolase
EERZRELEE I A, IPTG HETCOAEEDRD SN0 & o T phdl H* KP7
¥k D (E)-2’-carboxybenzalpyruvate hydratase-aldolase %1 — K LC W3 Z LSRR

Ihiz,e

BoE 2-Formy1benzoate dehydrogenase @ifb?#)ﬁﬁ:ﬁ LUHERRET

Phenanthrene % & i.? MBTHEELE KP7 H&@ cellextract &K W g1 4 ¥ Hh o

L (TSK DEAE-SPW) Bi7K 415 2 (TSK Phenyl- SPW). 7 7 £ ZFA—HT A
(TSK Blue-5PW) %‘:FHL\T 2-formylbenzoate dehydrogenase 2 &84 U /=, FEEBER
@ SDS-PAGE L@ﬁ%ﬁ%ti 53 kDa. 7' Vi@ LD FEEIX 205kDa TH D
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AR 53kDa DY 7Ly 5B 4 BERLEZ SN, KBED 2-
formymenzoate AT % Km i 100 uM | keat fEIZ 39°TH b, NADCHT 3
Km {8 83 uM | keat fE1 32° TdH > 7z0 ABERIL 2-formylbenzoate DAIZ 2-
nitrobenzaldehyde % #B & L. Km il 2.8 mM | keat Bl 48° TH o /=0 2B,
3-formylbenzoate . 4-formylbenzoate . benzaldehyde . salicylaldehyde . 2-
methylbenzaldehyde .  2-chlorobenzaldehyde - 2—ﬂuorobénzaldehyde . 2
formylbenzenesulfonate | 2;mcthoxybenzaldehyde N 1-hydroxy-2-naphta1deh‘yde \ h-
hexylaldehyde % 2L v Lizlroiz,e

HIBTHLIE 7D phdl B2 O—> (Fig.4) %5 > 7L — M, $§
BEDON KT I JBES L VRS LTS 4 Y —TPCR 7ok b 2%, 57
- m—> (pMKT176, 177, 184, 185, 186) 75 71 bp D PCR WP/ ohkE, 20D
Wik & n—=> 7 UREEFIZRE LEL 22754 v —REHEARO 73
BBEESI ¥ 5544 —BL Lt o & 5T 2-formylbenzoate dehydrogenase MAE T 548,
& pMKT184 D 3’3&%@%:?’-?2{?% Z EWRBRI N7z 0% Z T Fig. 4 D pMKT186
@D 10.4 kb Hnidlll Wik Y7/ 0—=" J#% (pMKT260), 2-formylbenzoate
dehydrogenase B{=F% 7 0 —=" 7 UREEF ZH®E L= (Fig. 11)e BB, K
HIET % phdK BETF L Ulko phdK 228 1,455 kb T, AKFIH 58505 i
E7 I /BREFLDEEINIRTFFITHER (51.8 kDa) HHEBRO
SDS-PAGE LD FHEEBLIXIE—BL . . BRBROREN X7I VR
Aoyl (29 BH) &b —B U T=o phdK DHEE 7 I J BREFI L HEWED B B E5 %
F—HN—2 ETHRELE LT A, toluene/xylene SHEE P. putida mt-2 B2 NZEE
3% TOL 775 A X K pWWO0 _EiZ 32— K& h 3 benzaldehyde dehydogenase (XyIC)
3 L UF 2-hydroxymuconic semialdehyde dehydrogenase (XylG) & ZH2h 33.4%.
R2.5%DERAMDH B EDRPED LR 5o KPT B D 2-formylbenzoate
 dehydrogenase @ 227 B 5 234 HD T I BBIFUIL aldehyde dehydrogenase A —
ST 7 Y —DIEEFITH B (ENYUTGSETPXX(GF) £H L T i
(Fig. 12)o
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-20 -10 1 10 20 30 40 50
CGAACARCTTTTCAGGAGCAACAAGTGACGACACCTCGCAAGTTTGACGAGTACAGGTGGAACGTGCTGGTCGA
M » T p»p R K _F D E Y R W N V L ¥V D

60 70 80 90 100 110 120 130
CGGAGTCCCTCTCAATGTTGAGTCGAGATACCCCATTAGCGATCCGTCGACCGGGCGGTATCTCACTCAAGTTCCGGACT
q v P I N V E S R Y P I S D P S T GGR YL TQUV P DC

140 150 160 170 180 190 T 200 2190
GCGCGGAGGCCGATATCOACCGTECCGTCCAGGCGTCACGGCAGGCGCAGGCTGAGTGGGGCACTCTCCCGCCGCGCGCT
A EA D V D RAV QA SRQAOQATEWGEATLTPTFPRA

220 230 249 250 " 260 270 280 290
CGTGCGGCAAAGCTCCGCGAGCTCATCACACTGCTTCGCCGAGCATCGTGAGGAGTTCGCTATGCTCGATGCCATCGACGE
R A A KL R LI TUL L R B B REDBPAMTILUDA ATIDSG

300 1o 320 330 340 350 360 370
CGGCTTCCCCATCTCGATGATGCGAAATGATGTAGACGCGGCGCTCGAACTGATGGACATCTTCGCCGACATGGCCCTCG
G F P I S M M R N DV DA AL EL MM DTITFADMAMATLTD

. 38¢ 390 400 410 420 430 440 450
ACCTCGGTGGCARGACAATTCCGATCAGTACGAATCTCCACTTCACCACGCATGAGCCCTTTGGCGTCGTCGCACGAATC
L 6@ X T I'P VS T N L B F TTUHBEPTFGV V A RTI

460 470 480 4990 500 510 520 530
GGCGCGTTTAACCACCCTTTCTTTTTCGCGGCCTCCAAGGTGGCGGCGCCTCTC%TGGCGGGTAACTCGGTGATCCTGAA
G A F N B P F F F A A S X V A AUPL M AG v I

540 550 560 570 580 590 600 610
GGCGCCCGACCAGACGCCACTCTCOTCETTGC GACTCGCGGRAGETCGCGGCGGAAGTGCTACCGCAGAACCTTCTCATTA
A P D QTUPUL S S L RLANEVAAEBUVILI?PQNTILILTIT

620 630 640 650 660 670 680 690
CGATCAGCGGTCGCGEAAGAGTGGCGGGTCGGECGATTGTGCGGCATCCGCAGATCAAACGGATCGGCTTCATCGGCTCG
S @ R G RV A G RATIUVRUEPQTIIZ KT RTIUGT EFTIOG G S

700 710 720 730 740 750 760 770
ACAGACACGGGACGATCGATTCAGCGCGATGC TGCGGAGGTCGCGGTCAAGCACATCTCGCTGGAGCTCGGCGGAAAGAA
T P T GG R S I Q R DP A AEV AV K B I SLEL G G K N

780 790 800 810 820 830 840 850
CGCCCAGATCGTGTTTGCCGACGCCGACCTCGARCAGECGGCGCTGGAGCACGGTGAACGGGATGAACTTCACCTGGACCE
A Q I V F A DA DIL B Q A AL GA VYV NG MM NP F T W TA

860 87¢0 880 890 900 910 920 930
CTGGCCAGAGCTGTGGCTCGACGAGTAGGCTCCTCGTTCACGAGTCCGTCGCCGACCAAGTGATCGCCCGGATGGTTGAG
6 Q s ¢ 6 5 T s RL L V B & sV A D QV I ARV VR

940 950 960 97¢ 980 93¢0 1000 1010
CTGGTGTCCGCCATCGCTGTTGGCCCTCCGCTGEACGAGARCGCCCAGATGGGCCCCCTGGTCTCGCAGGCGCAGTACGA
L vV s A I AV 6P P L D EF¥ A QM 66 P L VS QAQ VYD

1020 1030 1040 105¢ 1060 1070 1080 1090
CAAGTCGGTACACGCGATTGGGGAGGGTATCCGGGAGGGGGCAAAGGTCETCGCAGGCAGTGGCAGGCCTGAGGGAGTGS
XK s v B AI @ E G I R E.G A KV V A GGG R PEG VG

1100 1110 1120 1130 1140 1150 © 1160 1170
GAGAAGGGGGC TGGTACCTCGCGCCCACTITC TTGGCGGACGTCCGGCCCGGTTCGTTCATTGAGCAGAACGAGATTTTC
E 6 G W YL AP TT VL A DV RUP?P S8 s F I E QR E I F

1180 1190 1200 1210 1220. 1230 1240 1250
GGCCCCGTGCTCTCAGTGATTATCTTCGCGACCGACGACGAAGCGGTGGCAATCGCCAATGGTGTCGAGTACGGGCTCAC
¢ P V L s ¥V I I F AT D D B AV A I A NGV E Y 6 L T

1260 1270 1280 12990 1300 1310 1320 1330
CGCCAGCGTTTGGACGAGCGACATCACACGGGCGCACCTGATCGCTCGACGGGTCGAGGCTGGCTACGTGCTCGTCARCG
A 8 vV w T 8§ b I T R A 8L I ARURVEASGY VLI V NG

1340 1350 1360 1370 1380 1390 1400 1410
GCGGGAGCCGCCACTATTGGGGCCTCCCETTCGGCGGCGTCAAGTCGTCAGGGGTAGGTAGTGAGGAATCAATGGAGGAG
6 S R # Y W 6 L P F 6 G V K 5§ 8§ 6 V @S E E s M E E

. 1420 1430 1440 1450 1460 1470 1480 1499
CTGATTTCCTACACGGAGACCAAGACCACCACCGTCGTTCTCCETTGAGTGCCARGGTCGGGGCTTTCCAACCTCGCGEG
L 1 s ¥YTZ EBTZEKTTTTTV VL G * .

1500 1510 1520 1530 1540 1550 1560 1570
AGCCTGACCAGCACTTGCGACAGCGGCCGGCCAGGCTGCTTTAGTTCAGGTCACGACTAGCCTCCATCCGTGTTGCATCC

Fig. 11. Nucleotide sequence of the 2-formylbenzoate dehydrogenase gene (phdK).
The deduced amino aicd sequence is also presented. Amino-terminal amino acid sequence of
the purified enzyme determied by Edman degradation-is underlined. The putative Shine-
Dalgarno nucleotide sequence is also underlined. (GenBank: #D89989 and #AB000735)
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PhdK . 1:MTTPRKFD~EYRWNVLVDGVPLNVESRYPISDPSTGRYLTQVPDCAEADVDRAVQASRQA -59
Xylc "1 1MRETKBQP IWYGKVFSSNWVEARGGVANVV-DPSNGDILGITGVANGEDVDAAVNAAKRA 59

Xyle 1: HKEIK BFIS-GELVGS-—--ASGKLFDNV ~SPANGQVIGRVEEAGRAEVDAAVRAARAA 53
*  x kAR * *

Phdx 60:-QABWGALPPRARAAKLRBLITLLRBH-RBBF--A-H--LDAIDGGFPISHHRNDVDAAL 112

Xylc 60 :QKE-WAAIPFSERARIVRKAAEKLKEREY ~-EFAD-W-NVRECGAIRPKGLWEAGIAYEQM 115

Xyle 54 :LKGPWOKMTVAERAEILBRVADGITAR~-FGEFLRARMPGHRQAEVAGQPRRESARRANFK 112
* ok *k

PhdK 113 :EL-MDIFADMALDLGGKTIPVSTNLEFTTHEPFGVVARIGAFNHPFFFAASKVAAPLMAG 171
Xyle 116:HQAAGLASLPNGTL-FPSA-VPGRMNLCQRVPVGVVGVIAPWNFPLFLAMRSVAPALALG 173

XylG 113:VFADLLKNVANEAFEMATPDGAGALNYGVRRPKGVIGVISPWNLPLLLMTWKVGPALACG 172
* k% * * x * * %

PhdK 172:NSVILKAPDQTPLSSLRL-AEVAAEV-LPQNLLITISGRGR-VAGRAIVREPQIKRIGEIL 228

Xyl¢ 174:NAVILKPDLOTAVIGGALIABIFSDAGHMPDGVLEVLPG~GAD-VGESMVANSGINMISEY. 231

Xyle 173:NCVVVKPSEETPLT-ATLLG!VHQAAGVPAGVYHVVEGFGGDSAGAFLTﬂBPDVDAYTZI 231
* k% * x  * * % * *

PhdK 229 :GSTOTGRSIQRDAREVAVRBISLELGGKNAQIVFADADLEQAALGAVNGHMNFTHTAGQSC 288
Xyle 232:GSTQUGRLI-GEKCOGRMLKKVALELGGNNVHIVLPDAD-LEGAVSCAAWGTF~LEQGQVC 288

Xyle ZBZIGBIQIEBTI MRAAAKGVRQVSLELGGKNAGIVFADCD-MDKAIEGTLRSAFP~ANCAQVC 288
LA EhkRR X X* kK * * *k *

PhdK 289 :GSTSRLLVEBESVADQVIARVVELVSAIAVGPPLDENAQMGPLVSQAQYDRSVEAIGEGIR 348
XylC 289 :MAAGRELVERDVAQQYAEKLALRARNLVVGDPNSDQVHLGPLINEKQVVRVHALVESAQR 348

Xyle 289xLGT!RVYVSRPIFDAFVARLKAGABALKIGBPNDPBRKFGPLISHKPRBKVPSYYQQAVD 348
* * x xx*

PhdRk 349 :EGAKVVAGG~GRP-EGVGEG-GWYLAPTVLADVRPGSFIEQNEIFGPVLSVIIFATDDER 405
XylC 349:AGAQVLAGGTYQD-R~YYQ-AT--V---I-MDVKPEMEVFKSEIFGPVAPITVFDSIEEA 399

Xyla 349sDGATVVTGGGVPBHPABLAGGAH—VQPTIHTGLRDDSAVVTBEIPGPCCEIRPFDSBEBR 407
kh ok kK *hkkk * W

PhdK 406:VAIANGVBYGLTASVWTSDITRABLIARRVBAGYVLVNGGSRH-YWGLPFGGVKSSGVGS 464
XylC 400:IELANCSEYGLAASIBTRALATGLDIAKRLNTGMVEINDQPINCEPBVPFGGMGASGSGG 459
XylG 408 :IELANSLPYGLASAIWTENVRRABRVAGQIEAGIVWVNSWFLR-DLRTAFGGSKQSGI-G 465

*% 1223 * * X k. x *hn (23
PhdRk 465:-FEESMEELISYTETKTTTVVLGe=wwm—- 485
XylC 460:RFGGPASIEEFTQSOWISHVEEPANYPF 487
XylG 466:REGGVHSLEFYTELKNIC=-V-KL=ww=- 486
* *

Fig. 12. Alignment of the deduced amino acid aequences of 2-formylbenzoate dehydrogenase
from strain KP7, benzaldehyde dehydrogenase encoded by the xy/C on TOL plasmid pWWO0, and
2-hydroxymuconic semialdehyde dehydrogenase encoded by the xy!/G geme on TOL plasmid
pWWO. PhdK, 2-formylbenzoate dehydrogenase; XylC, benzaldehyde dehydrogenase; XylG, 2-hydroxymuconic
semialdehyde dehydrogenase. The consensus sequence of aldehyde dehydrogenase superfamily is underined.
Asterisks indicate identical amino acids, and dashes indicate gaps introduced to optimize the alignment.

phdK % pET-22b(+)IC 7 0—=> 7 L/=75 X X K pMKT314 CTHEEHL /-
E. coli BL21(DE3) O cell extract H1(D 2-formylbenzoate dehydrogenase &4 % & L
e Z A, IPTG FETOMEEDNRD B ze L o T phdK B 2-formylbenzoate
dehydrogenase %1 — R LT3 Z LW R I =,

8 7% Nocardioides sp. KP7 D phenanthrene SRBEETEHOE S

AKEBEBTEEIETHEONEZTEOIZXI Ko —CobRERBR»S 70
— U ERBHCARIR A DR ETVRN I LR S NT W3 16,775 bp I (Fig.
4). @%ﬁ%@ﬂﬂ ZWE U, Nocardioides sp. KP7 ¥kD phenamhrcne MR F B

D WA L7 - | |

AL ET & b'ziz’ﬁaiﬂz (16,775 bp) Wik 7 DDA =T > ) —F 4 Y T T L—A
(orf) HTEFE LT (Fig. 13)o 5 5 3 DI phdl, phd], phdK T 5o F7=. phdl D
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I i l N 253 BINNNNNEE
—_—— —— e —_— —
phdl  phdJ orf{ phdK orf2 orf4 :
: H . <———°m
5.._____- i 1kb

Region of the probe for
Southern blot analysis
in chapter 7

Fig. 13. Organization of phdl, phd], phdK, and other orfs on a 16,775 bp-long DNA fragment of Nocardioides sp. KP7.
phdl, the 1-hydroxy-2-naphthoate dioxygenase gene; phd/, (E)-2'-carboxybenzalpyruvate hydratase-aldolase gene; phdK, 2-
formylbenzoate dehydrogenase gene. Locations: phdl, 6,724 to 7,887; phd], 7,884 to 8,882; orfl, 9,369 to 10,790; phdK 11,4
83 to 12,940; orf2, 13,687 to 14,457; orf3, 13,224 to 14,457 (complementary strand); orf4, 14,653 to 15,846 (complementary
strand). Abbreviations: Bg, Bg/ll; Bm, BamHI; V, EcoRV; H, HindIll; M, Mlul. (GenBank: #AB000735)

5 L35 (6,723 bp) ICIAEES >3 LEDND orfs REVWHE hzd o,
phdJ ¥ phdK DRI 1,419 bp O orfl H% b KB Bf%f‘on%?ﬁi?’ 2
BAEZFIL P. putida PRS2000 £ED 4-hydroxybenzoate transport protein (Peak) & 27%
OHEEMEZR U7 (Fig. 14)o  phdK @ 3 F ¥ (3,834 bp) i phdK DIEF
2 orf2 (768 bp) D Fie orf2 ZEHLIE UFIKIC phdK &I ITEIIC orf3 (1,191
bp) HELE L 7= (Fig. 13)o orf2 BL U orf3 L b IZF—4F _R—2R (Swiss-Prot B &
Uf Genbank) LICIZMEREIMEZRT 7 I/ BRESIE LU DNA BEFIZR\VWHE hiz
P olzo orf2 D 3 THICIE phdK L WS ANT orfd (1,248 bp) HFELE L. B D
51BN BHEET I ) BEIFIIE bacterial cytochrome P-450 & /%% L MM %R
Uio orfd QHET I VEREFIE BRI ZTR LEESY /8T Agrobacterium
tumefacience @ cytochrome P-450-pinfl (26%). Saccharopolyspora erththraea O 6-
deoxyerythronolide B hydroxylase (31%). Pseudomonas sp.® cytochrome P-450-terp
(29%)« Bacillus subtilis @ cytochrome P-450-109 (29%). Rhodococcus fascians O
cytochrome P-450 fasl (26%) T o 7zo orf4 I& cytochrome P-450 D{R#FES
FGXGXHXCXG %4 LT\ 2o SEMH L= 16,775 bp DiEifk L7 DNA ki
i phenanthrene SMEIZBE & I B & Bb B EIRFI phdl, phd], phdK TH
D . 80D phenanthrene SMEIZ 5 L 18 2 IR FId 2 N5 DEEE B L CHEL

R fC‘o
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orfl 1 HNTSPGAPTGVRAFVDSQPIGREQBJIVLHVFLIHVADGHDITLASHLFPPVIRDWG

JE X e X, Xk X ok kk, kk¥, *k Kk, *, ., SR

Pcak i- HNQAQNSVGKSLDVQSP‘INQQPLSRIQHRVVLLCFLIVFLDGLDTABHGFIAPI\LSQBWG

orfl 58" VPVSAVTLVVSLGVVAHAIGALVSGPVADRHGRKGVTVVGPVLFCLATAGLGLTGDIHSF
...... kkk kKK kkk KEAKR Kk

Pcak 61" IDRASLGPVHSAALIGHVFGALGSGPLADREGBXEVLVGAVLVFGGFSLASAYATNVDQL

orfl 118’ AALRIISCFGLGAVHPVALTIVADWHPKARRAQMVSIAFAGVGVGSIIGAYLAAAVIPTL
AR L kKK Rk kK P ] LI I N

.....

Pcak 121~ LVLRFLTGLGLGAGHPNATTLLSEYTPERLKSLLVTSHFCGFNLGMAGGGFISAKHIPAY

orfl 178° GWQVHVLIAGLAPLIILPPFVALVPEPAIISVRRGIPBARIRSALALVAPDRDIAGVDLT

L I R T W kR Kk x| SRRk kL

PcakK 181" GWHSLLVIGGVLPLLLALVLHVWLPESARFLVVRNRGTDKIRKTLSPIAPQVVAEAGSFS

orfl - 238’ RAGLTLGAGBVRAKALFABILCRPLLGVTLLIWGVFFVVQGSGLLVLQYHPMLLQAPAPG

IR AN T N . . eo¥ K

Pcak 241" VPE----QKAVAARSVFAVIFSGTYGLGTHLLWLTYFHGLVIVYLLTSWLPTLHRDSGAS

orfl 298" LSTVSSGLIVAHYGWGALIGQLTIA?ILKRFDRFIALAAFIFWSVVGLLIVAAFGTGFGF

ooooooooooo *

Pcak 297% H--EQAAFIGALFQFGGVLSAVGVGWAHDRYNPHKVIGIFYLLAGVFAYAVGQ SLG-BI

orfl 358 FGYFTLLFAIGLSLPATAAAHQSVTTLAYEEEFRATGHGSAGFAGRLGTLTYGRLGGTLI
....... kX kL e EERE, kK . K Rk,

Pcak 353% TVLATLVLIAGHCVNGAQSAHPSLAARFYPTQGRATGVSWHLGIGRFGAILGAWSGRTLL
orfi 418' GAG--FGITTVSLVLAAPLAVSIGLVFSLRALSRRAGIAPEPHQITPGNEVDDARVST

PR T DU U T T SR 2N

Pcak 413" GLGWNFEQVLTALLVPAALA TVGVIVKGLVSEADAT

Fig. 14. Alignment of the deduced amino acid sequence of the orfl product with that of
PcaK from P. putida PRS2000. Orfl, deduced amino acid sequence of the orfl product; PcaK,
deduced amino acid sequence of the pcaK gene. Asterisks indicate identical amino acids, periods
indicate similar amino aicds between two sequences, and dashes indicate gaps introduced to maximize
the alignment. The consensus sequences for the superfamily of transporter, (R/K)XXX(R/K) and
(N/DYR/K)XGR(R/K), are underlined.

ﬁéﬁﬁ@ﬁﬁh?ﬁi77x F Elca—kXhTn3BA3%0, zZ
T KP7H#D phenanthrene AEREFED TS 23 Ra— RPR@ka— kb
EIVNVRTZ A=W RTNVESRKE LY7oy MNERRWTEIRLE, 70
— 72 phdl ¥ phdl % &E%9 2.5 kb D HindII/BamH1 i F- % BV (Fig. 13)o
A2 phdl, phdJ, phdK % &5 DNA S350 S0kb i= D7 b kE LT3 = L AH
6#6:729'0\% (FBEFME) o Total DNA % HIFBEER ML LRWES, 70—
SHEBTY z)UHSFRLBEH LAV 2,200 kb LLEDBAENL T 5o
ALFEFREEFVULATONA FREAR E T S0kb FH 5 2,200 kb 58D E H
KIZ75 X3 FIAMER S N D 2 feoXbal B KU Hindlll THLLEHERXZH
Zh# 430kb B L UH 140 kb DEBLIC NS TV F A4 X L. LLEL D, KPT i
@ phenanthrene R {E T HIZREMA DNA LIZa— Fah 3 aaetEd@mn L&
Zbhio.
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BEE REER

1-Hydroxy-2-naphthoate 7 & o-phthalate I~ % % Rt 3 BXPEDREE K I IC
Ko TITbNT Wiz (Fig. 15)0 1-Hydroxy-2-naphthoate I 1-hydroxy-2-naphthoate
dioxygenase I X D O, X FDODRMENRVECROBAA Z Z 1T (E)-2-
carboxybenzalpyruvate IZZE X iz, THE TH SN TV S IEBINA! dioxygenase
X ETRVE VRO 2 HFTD ortho & 721X para DRIBIZKBIEI N TWEEE
A ZEE L T5DIC5 L, 1-hydroxy-2-naphthoate dioxygenase l&-~_ >+ >
RO 1 AFOAHDBKBILE Nz ¥ BOBRNZME T 25 LA OBREEN
dioxygenase TH o 7zo F /=, METL /= 8 FED 1-hydroxy-2-naphthoate ¥EfF{A % &
BLwd| AEREEDED o /- BEEIRA dioxygenase IZBIRBE D S extradiol
B intradiol BIC /I N B D5, R Fe(I) %, BH X Fe()ZHRF L T 5,
1-Hydroxy-2-naphthoate dioxygenase i Fe(IDZ @R T L 752 &5 extradiol B
CEM LT\, 7 3 VBRESIIEE R ZRE T BOUOEBERER %2
JRY" gentisate 1,2-dioxygenase IZAHIEME % 7R U BRBIZA! dioxygenase DHTHi 7=
773 ) —ERRT 3 LBbhE, |
~ 1-Hydroxy-2-naphthoate dioxygenase @ % Jits 2 B 4 @ 1b % #% 3& X (B)-2'-
carboxybenzalpyruvate ¥ [FIR & N7 o 1-Hydroxy-2-naphthoate dioxygenase O R it54]
B4 B 13 (Z)-2 -carboxybenzalpyruvate & H#ERIE 0% 25, RSB HIC(2)-2-
carboxybenzalpyruvate D 3 i & 4 fIDRERFRID 2 BEREESD—RKHIC ’o)J&‘TT L.
BE 2 EFAMPEBINIBEOFEENRERI N, ZORREIE@)-Kd 5 E)-KIC
EHENDEER BN, | |

1-Hydroxy-2-naphoate dioxygenase i< & = T 1-hydroxy-2-naphthoate #» & 45, L 7
(E)-2’-carboxybenzalpyruvate 1%, T & % = (E)-2*-carboxybenzalpyruvate hydratase-
aldolase {Z X o T 2-formylbenzoate & pyruvate & & #i & nk o (E)-2’-
Carboxybenzalpyruvate hydratase-aldolase i naphthalene £33 X Uf dibenzothiophene
SMRDEEFE T B 5 (E)-2’-hydroxybenzalpyruvate hydratase-aldolase (NahE, DoxI) @
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1-Hydroxy-2-naphthoate dioxygenase
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COOH
(E)-2'-Carboxybenzalpyruvic aicd

COOH

H20 ~
(E)-2-Carboxybenzalpyruvate hydratase-aldolase

H 30 COOH COOH '
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) 2-Formylbenzoate dehydrogenase

NADH + H*
COOH
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{
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Fig. 15. Pathway (rom 1-hydroxy-2-naphthoate to o-phthalate
in phenanthrene degradation by strain KP7 established in this
study.
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73 JBEALAEME R L. Bd 71y FOATERSELY 3 BEEE
BT 3RS B LTz e PAH SHEIZ BT benzalpyruvate JEEAD LRI 1
hydration & aldolation (DFITEE % T 2 BERAAV SN TS LBbhk.
(E)-2’-Carboxybenzalpyruvate ~ hydratase-aldolase & X bH  (E)-2’-

carboxybenzalpyruvate 7* & 4% 9" % 2-formylbenzoate I£5| E &t X 2-f0rmy1benzoatev
dehydrogenase {2 & > T o-phthalate IZZE# S Wizo KP7 #£D 2-formylbenzoate
dehydrogenase 1 BEIZREBLE N T\ 2 phenanthrene % OPA R THET 3
Alcaligenes faecalis AFK2 ¥k (D 2-formylbenzoate dehydrogenase & ¥ 721 =w f 3+
HE. EEEREOERD. A0S TFTHD I LFIRBINE. KPT D 2-
formylbenzoate dehydrogenase ZV 71 = v FAFEEB LI UT7 I ) BESH» S
aldehyde dehydrogenase X —/$—7 7 3 1) —IZ BT 2B L £ 2 5. AFK2 D
2-formylbenzoate dehydrogenase I3 % 71 = v N A FEBD SEA—/5—7 7 3 1)
CHEE BN L STRRE RS, |

BECHI B M T\ 2 BBIRLEMON EE TS d —EDO-EFHY 5
25 — %R LT 5 KPT BTl phdl & phdl HS58# LT\ e B phd] ¥ phdK
EDRITIE orfl BEAZI R TUW=, orfl EYNL P. putida PRS2000 D 4-
hydroxybenzoate transporter (PeaK) & #HEIM% 7R L7=o 1-Hydroxy-2-naphthoate &
4-hydroxybenzoate IX B AN HEE DTN B 2 LB orfl EEHIDS 1-hydroxy-2-
naphthoate transporter T & % AIGEIEDE 2 S hizo phdK D 3K T HIBICIE P-450
FEWUECS (orf4) DSTEAE Uz P-450 i h B2 & T PAH SRICEEE L TWB B,
orf4 FEYID phenanthrene SMFENDEEEGIITRETH 5, phdl D 5K EFE # 6.7
kb) 35 LU phdK @ 3K TFHIE (1 3.8 kbj 11 KP7 80 phenanthrene 5% (= B
B pES LTV B LB A EET AR < KB phenanthrene SR IE T
. MOBEBREAYONEEETHOMELBRDY ) LETI 5 A5 —%
FLRk LTV 25 = o KPT BED phenanthrene ZM# Tl 1-hydroxy-2-naphthoate J:
b _E#P LU o-phthalate & D FHRDOAMRERR B S T @5 FIE phdl. phd),
phdK L IXBEN = BFRICEET B 8B X S Niz. F/z. phdl. phd]. phdK XHRE
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ADNA Lica—Fah T3 L Bbhik,

KP7 #iak phenanthrene ZHIEIC 11T, i PAH £ & ML LT\ B IR % 5
BT B A SR OBE S AV, FHRRWEE ST 3L
CHFRRBREZANTAM LTINS LBDN . OPA EE®D 1hydroxy-2-
naphthoate 7* 5 o-phthalate ¥ € DB & phenanthrene R IR BEIRZIETH b L
KP7 BRDB A T NIZHE T 2 EEF B 1-hydroxy-2-naphthoate & b F#i. Bk
Uf o-phthalate & Y THOBEFH L IEIMZ UTESRLUEAREMEOEZ S,
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(1) Phenanthrene % OPA ¥EESTAMRT 5 Nocardioides sp. KPT ¥ % B UTo

(2) 1-Hydroxy-2-naphthoate dioxygenase % $558 U Z DECZRRHE RIS IC T

2Ll iz, BEET @hd) 2o 0—=2 T Lk, ABRIF LW A 7OE
B dioxygenase Td b, T TIZHI 5N T\ 2 IRFAR dioxygenase & XL L R2R

. gentisate 1,2-dioxygenase L ¥z 7 7 I ) -2 THLEZ N,

(3) 1-Hydroxy-2-naphthoate dioxygenase IZ & o TR % 1-hydroxy-2-naphthoate

@I%Eﬁé’émgE(E)~4§(z-carboxylatopheny1)-2-oxo-3-butenoate [common name: (E)-2’-

carboxybenzalpyruvate] & [ Lt o ,

(4) (E)-2’-Carboxybenzalpyruvate hydratase-aldolase % }&54 U Z D 4L 8R4 % B

ST aLlbic, AMET hd) 270 —=VT Lk, KEHIF

naphthalene 53#AELE D(E)-2’-hydroxybenzalpyruvate hydratase-aldolase & 340 L

TWizoe - '

(5) 2-Formylbenzoate dehydrogenase Z¥&§5 L % @E(b#%%ﬁ EHLHICTZE
Y yic, FRET (phdK) %2 O—=3 7 Uis. ABE3IZ aldehyde dehydrogenase

A== 7IN)—RZETEEETH >

(6) Nocardioides sp. KP7 ¥k phenanthrene %ﬁ@i?ﬁﬂﬂi@@%éb&ﬁ%iﬁﬁ%

BHLEIARRD, Y/ LAETI SR —ZEHRLTWRP DT,

(7 Nocardibides sp. KP7 #kD phenanthrene 73 #E G F (phdl, phdl, phdK) (ZHRE

fKkDNA bica—FRahseEZ 5Nz,
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WX EBEEBRAER

SREEHEFAKE (PAH) HEEFEHSCLVILABRE» CECAREHIWETH Y, TEPIC
T & 7z PAH D% 3T & 5 ESRT 13 BNRE L 2R E T THESRS, Lo
THAEYM O PAH RS BT 5 2 L1k, REGREWERIBEMRATE OO OREBEHERZEFL
DICEETH S, AMETIE3IROPAH THA 7+~ L (phenanthrene) DHEIC & 5 53 E#%
B, SRS TABR, PHEDOLFEEREEHOMITHAIIEEENE L

7 x— b OWEDD SR L ) phenanthrene 7R KP 7 ¥k% 7BE L, SN, Afb%
H, RS EFEIC1I6S rDNA DOIEHEFIHHT 2 I 2 C Nocardioides BO—HWHRTH % L [FE L7z,
ARE kD phenanthrene 43-% k12 2-formylbenzoic acid & o-phthalic acid (OPA) 2%#i &7z
Z &, phenanthrene 2 & 1) 1-hydroxy-2-naphthoate dibxygenase B & U 2-formylbenzoate dehydro-
genase DEERTEENFEMICEIAT A Z £ 96, AHid phenanthrene % OPA BB TCHHTHL DL
Zz Hbhiz,

12 phenanthrene % &g CERE L 72 KP 7 OMBHEBE DS SO S IO M T
7 4 —1Z & Y 1-hydroxy-2-naphthoate dioxygenase #1551, 45kDa D% 7 2=y v 6% b 6 &
AR B LHEE LTz, AEEERIL 145 F D 1-hydroxy-2-naphthoate (23 L 1 3 FOBELXHER L,
197322y be2) 15FDFe (1) ORHEEHPIERICLHETH o7z, BRERO N KEF 2 H 12
PCRETDNA 7U— 7% EY), KPTHRDY / ADNAIAI FSGAT5)—%A2 Y=V 7T 5
Xk, ABEORERETFEEL 70—V 28T, 1161bp 25 % 2 RIZTESIZHREL, A
{EF % phdlL %072, COBMLEF 2 RBREPTEIASE, HEAGBREBE L, & @@i%téﬂ
ER LS, RCERDEOHEER L, '"H-NMR, “C-NMR B X ' FAB-MS T, Z0EE%
(E)-4-(2-carboxylatophenyl)-2-oxo-3-butenoate & #5%E L 770

Kz, bELE ERROMBIRIME A H3BRBO T L7 Ov N5 T4 —ick Y (E)-2'-carboxybenzalpyruvate
hydratase-aldolase ZH# L, 7 FH& L BEREFNEELHO LI L, £, ABEOBERET
%35/ & DNA E°Cphdl 1284t L CTHEL, WERSIREDHER996bp Th oI L &RL, Fillfza
F% phdd L% Tz, £/, FFRIC 2-formylbenzoate dehydrogenase ¥ 68 L, ST HE L BEL
FRWEEHEOPICL) R, BIEF70—=V F 217\, phdd O T HIBICIFIET 51455bp D phdK
BEFEHONMILZ. £LT, #16.8kb ®%°/ 4 DNA EiCZhECItru—= v 7 L 30ERE
FL, 20D 4 BDBETRIEFNDIED L )AL TWARPEZHL I LI,

BPLED X1, REFFEICE W TE KL phenanthrene © OPA fRH1Z & 2 5B 2 B R {L200H
SHNCL, &5KENENOBEORMETHAEL Y/ A LOMEMEBELHOMICL, MEICL53
RPAH OGRICHMAE MRz Z L2, FEE—FELIEL (B%) ORMNZE5INDBICH
DDOBEWEET A LHE L,
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