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Genetic Analysis, Expression in Eschericia coli of Aconitase from
Chemolithotrophic Acidithiobacillus thiooxidans

Yohei Kanahara, Takashi Tamura, Chizuka Tokuda®
Atsuo Nakamura®, Hirokazu Matsukawa® and Kenji Inagaki

An aconitase from Acidithiobacillus thiooxidans was purified and characterized, and its gene
was cloned. The cloned aconitase gene (acn) was expressed in Escherichia coli JM 109; aconitase
activity was found in the cell extract. The acn gene encodes a 646-amino acid polypeptide and is
located upstream of the isocitrate dehydrogenase gene (icd). A. thiooxidans aconitase showed
high sequence similarity to pig heart aconitase and E.coli aconitase B. Twenty-five of twenty-
seven active site residues assigned in pig heart aconitase are conserved in A. thiooxidans
aconitase. The enzyme was purified by DEAE-Toyopearl 650M column chromatogrophy. The
purified enzyme had an optimum pH of 7.5 and an optimum temperature of 60°C. Thermal
inactivation studies of the purified enzyme revealed the enzyme activity to be uninfluenced after
one hour incubation at 40°C. Enzyme activity was retained 100% after incubation of the enzyme
at pH 6.0-9.0 for 60 min. The A. thiooxidans aconitase was composed of a single polypeptide chain

with a molecular mass of 66 kDa.
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A. thiooxidans B3k 7 3= ¥ — € DBIZFHEIT & &HIR 3

/1, 1938bp @ ORF 7 L i»> T b 2 Evbhh - 72,
%72, 512 ICDH @ ORF A 35 SEBA T % 4T -
TeHRER, TiHlc 272 =1 CoA > T¥—+¥%a— 7§
%3857 ORF OHFELIHERE N2, WTNoBEERY
TCA [nl#kic EE B8R TH B (Fig. 1), a7 70y

—2(kb) -1 0 1 2 3
5| | I 3'
acn —_  sucC
icd
TCCGCCATGCTCGCAGCTGGCTTGCGGCGETCTGAGCGCAGTCCCAAGCA 51 1651  GGGGCCAAGGTGCTGCCGTTGCGCTCCAATCTGCCCGCAATCTCCGAATT 1701
CAGCTGCTGATACTTGGOGTOGGGOGGTTCATTTGCGATGATGGAGTCAA 151 6GAKVYLPLRSNLPAISETF
GCGCAGTTCCCGATCGTATTTTCCAGCTCAGGAGATCAGCTCATGGCTAT 201 1701 TGTTTTICATATGGTGGATGAAACTT TCCCGAGTCGGGCCAAGGCATCCG 1751
RBS acn>> M A M
GAACGTCACCCAGAAAATTATTGCCGCGCACTTGGTGAGTGGCACCCTCA 251 VFHMVDETTFPSRAKASSEG
NVYTOQKI I AAHLYSGTLK 1751 GCGGCGGTTTTATIGTGECGEGTCATAATTATGGTCAGGGGTCGAGCOGE 1801
AGGOGGGGAGTCCGATAGCTATCCGTATTGATCAGACGCTCACCCAGGAT 301 GGF 1 VAGHNYGOQGSSHR
AGSPI AFTRIDGTLTOD 1801  GAACATGCTGCTTTGGCACCGCGCTATCTGGGCGTTCGGEGGGTGTTGGT 1851
GCCACCGGAACCATGGCCTATTTGCAGTTTGAGGCGTTGGGTCTECCTCG 351 EHAALAPRYLGVYVRGVLYV
ATGTMWMAYLOQFEALGLTPHR 1851  ACAGTCTTTTGCCCGGATTCATCTCGCCAATCTGATTAATTTCGGGATAT 1901
GGTACGCACTGAACTGTCTGTTTCCTATGTCGATCATAATATGCTGCAGT 401 QSFARIHLANLINFGIL
VRTELSVSYVDHNMLEOS 1901  TGCCGCTCACTTTTGTGCATGCTGAAGATTACGCCAAGGTGCAGGCGGET 1951
CCGGCTTTGAAAATGCGGACGATCACCGETTTCTGCAGAGCTTTGCCGCG 451 PLTFVHAEDYAKYGQASGSG
GFENADDUHRFLGSFAA 1951  GATCAGCTGGGCCTCGATCTGTCOGGCCTGACTCTGGEGAAATCCCTGAT 2001
AAATACGGAGTCCATTTCAGTCGGCCGGECAATGGTATTTGTCATCAGET 501 DQLGLDLSGLTLGKSLM
KYGVHFSRPGNGICHOQYV 2001  GTTGCGCGATGAGACGCAGEGTCTGEATATTGAAGCGATGCCGCAACTTG 2051
ACATCTCGAACGGTTTTCCAAGCCGEGTEETACCTTGTTGGGTTCGGATT 551 LRDETOQGLDO I EAMPOQLA
HLERFSKPGGTLLGSDS 2051  CCAGCGCCCGTGATCTGGAATTGATTTTGAAGGGTEGGECCTTGTCCTEE 2101
CCCATACGCCBACTTCTGECEGTGCCGRAATGCTEECTATTEECECGE6C 601 SARDLELILKGGALSHW
HTPTSGGAGMLAILIGASGSE 2101  GCGAGCGAACAACTGGAGCAGGTGTCATGACGACCCATATTCAGAAACCC 2151
GGACTGGACATTGCCCTGGCCATGGGTGETTTGCCCTTCAACCTGAATAT - 651 ASEOQLEG® QV S *
GLDIALAMGSGLPFNLNM RBS jed>>N T T H 1 Q K P
GCCGGAAGTGGTGEGTETCAAACTGACGGGGAAATTGCAACCCTTTGTCA 701 2151  GCAACAGGCAGTCCCTTAACACTGCTGAATGGEGTGTTGCAGGTGCCTGA 2201
PEVVYGVKLTGKLOPFUVS 2201 TCAACCCATTATTCCCTTCATTGAAGGCGACGGAATTGGTTGTGATGTAA 2251
GTGCCAAGGACATCATTCTTGAAGTATTGCGGCTGAAAACCGTCAAAGGE 751 2251 CCCOGGCCATGCGCAGTGTGETGGATGCOGCAGTGRCCAAAGTCTATGEA 2301
AKDI I LEVLRLEKTVEKSE 2301 GGACAGCGGBCAGATTGCCTGGATGGAGTTGTTTGCAGGTCAGAAGGCCET 2351
GBGGTGGGCAAGGTGTTTGAGTATTTCGECCCGGGEGTCOCTCATTTGAG 801 2351 GCAACTGTATGGTGAAGGGCAGTATTTGCCCGATGAGACCATGGCCGCCA 2401
6VGKVFEYFGPGVYVAHLS 2401  TTCGGGAATATAAAGTCGCCATCAAAGGTCCTCTGGAAACTCCGBTGGEC 2451
TGTTCCTGCGCGCACBACCATCACCAACATGEGGECEEAACTGORGGCTA 851 2451 GGGGGGATTCGTAGCCTGAATGTGGCCATGCGTCAGGATCTTGATTTGTA 2501
VPARATITNMGAELGAT 2501  TGTCTGCCTCCOGCCGGTGCGTTATTTTGAGGGGACGCCCAGCCCCATGE 2551
CCACCAGTGTTTTCCCCAGTGATAGCGTGACCCGGGACTATCTTGCTGCC 901 2551  GGCATCCGGAAAAAGTGGATATGGTCATTTTTCGCGAAAACTCCGAGGAC 2601
TSVFPSDSVTRDYLAA 2601  ATTTACGCCGGTATTGAATGGCCTGCGGGTAGTCCCGAAGCAGAAAAAAT 2651
CAGGGGCGTGGAGCGACCTGGTCCGAGTGGGTGGCTGATGCGGATGCGAG 951 2651 CATCCGTTTTCTGCGGGAAGAAATGGGCGTCACAAAAATCCGCTTTCCCG 2701
0 GRGATWSEWVYADADAS 2701  ACAGCTCTGCCATTGGCATCAAACCCGTATCGACGGAAGGTTCGGAACGT 2751
TTACGACGAAGTGCTCGAAATCAATCTGGATACGCTGGAGCCCCTGATTG 1001 2751 CTGATCCGGCGTACCATTCAATACGCTCTGGAACATGGCAAGCCCTCTGT 2801
YDEVYLEINLDTLEPLI A 2801 GAGTCTGGTGCACAAGGGTAATATCATGAAATTCACCGAAGGCGGTTTCC 2851
CCTGTCCGCATAGCCCGGATAATGTCABMAAAGTGCGGGAAGTGGCCOGA 1051 2851  GTGACTGGGGTTATGCCCTGEOGEAGCGEEAGTTCGCCOETCGEGTETTT 2901
CPHSPDNYKEKVYREVASGSG 2901  ACCTGGAGGCAAAAGGCCGCCATCAGCAAGGCAGAGGGTAAGGCGGCAGG 2951
ACCAAGGTGGCCCAGGTAGCCATCGGTTCCTGTACCAATTCCTCCTACAC 1101 2951  GCAGAAAGCCGAGCAGCAGGCCATTGCCGACGGGAAGCTGATCATCAAGG 3001
TKVYAQV AL GSCTNSSYT 3001 ACGTGATTGCCGATAATTTTCTGCAGCAGATTTTGCTGCGCCCGGAAGAT 3051
CGACCTGATGACCGTTGCGCAGATGCTCAAGGGCAAGGTGGTTGCGGATG 1151 3051 TACTCTGTGGTTGCCACGCTGAACTTGAATGGTGACTATGTTTCTGATGC 3101
DLMTVAQMLEKGKYVYADGEG 3101 CCTGGCCGCAGAAGTAGGGGGTATTGGTATGGCACCCGGTGCCAACCTTT 3151
GGGTCAGTCTGGGEGTTTCTCCGEETTCCCATCAGGTCATGRAAATGETC 1201 3151 CTGATACCCACGCGATTTTTGAAGCTACCCATGGTACGGCACCGGATATT - 3201
VSLGVSPGSROQVMEHMY 3201 GCCGGGCAGGGCAAAGCCAACCCCAGCTCGCTGATTTTGTCEGCTGTCAT 3251
ACCAAGGATGGCGBGTTGCTGGACTTTATTGETGCCGRATCACGTATTCT 1251 3251 GATGCTGGAGCATCTGGGCTGEGGAGAAGCTGCTCAGGCGATTGTGECGE 3301
TXDGGLLDFI 6AGSRIL 3301 CCATGAATGCCACCATTGCGGCTGGTGAAGTCACCGGTGATCTGGOGECC 3351
GGAATCTGCCTGTGGACCCTGCATCGEGATGAGTTTTGCGCCACCCACCE 1301 3351 TTGCGGGGTGATGTGCCGGCACTGAGCACCACAGAGTTTACGGCAGCACT - 3401
ESACGPC I GMGFAPPTHQ 3401 GATCCGGCGTTTTTAAAGGAACTTTCATGAATCTGCATGAGTATCAGGCC 3451
AGGGGGTTTCCGTACGCTCCTTCAATCGTAATTTCTACGGGCGTTCCGGE 1351 *RBS swc>>M N L HE Y O A
GVSVRSFNRNFYGRSG 3451  AAGCGTTTGTTGGCOGAAGAGGGGATTCCEGTCCCOCGOGCCATTCCCGE 3501
ACCAAAAATGCCGAGGTTTATCTGGCGAGTCCGGAAACCTGTGCGGCCTG 1401 3501 TTTTTCGGTGCGTGAAGCCGTGAATCAGGCGCGTGAACTGGGCGETCCGG 3551
TKNAEVYLASPETCAASC 3551  CCTGGGTGOTGAAAGCCCAGGTGCATGCCGGAGGCOG6GGCAAGCTRET 3601
CGCTCTGACTGGAGAGATTACTGATCCCCGCGATTTGGGCCTGGCACCTA 1451 3601 GGGGTGCGGGTCGTTCACAGTATTGCCGGAGTGGAAMAAGCCGCCCAGGA 3651
ALTGE ! TDPRDLGLATP. 3651 GCTGCTTGGAAAACCATTGGTAACCGCCCAGACCGGTGTGCAGBCCCAGS 3701
TTCACGTCGATTTGCCAGGACAGTTCCTGGTGGATGATCGCATGRTGCTG 1501 3701 ATGTGGCGGCTTTGTTGATTGAGGAGCCAAGCAGTATTGCCCACGAGTTG 3751
HVDLPGOQFLVYVDDRUMVL 3751 TATTTGGCGCTGATGGTGGACCGGGCACAGGCCAGAATTACCTTTCTCGC 3801
GCCOCTGCGCCTGAGGGCACGGAGETTGAAATTATTCGCGGTCCGAATAT 1551 3801 CACCCGGGAAGGCGGCATGGATATTGAGGAACTGGCCGTAACCCGGCCGG 3851
APAPEGTEVETLIIRGPN.I 3851  ACGCCCTGAAAAAGCTGGTTGTTAATCCCAGCACCGGATTTTTGCCCTTT 3901
TGCCAAGTTACCGGCAGGTAAGGCCGCGLCCECGCATCTGGCAGRCGAGG 1601 3901 CAGGCTCGACAGCTGGGATTTGAGTTTGGTCTGGATACCAGTCAGGTGCA 3951
AKLPAGKAAPAHLAGEYV 3951 GCAGCTGACCCGCATCATGCAGGGCATGTATOGTCTTGCCCAGAAGCTGG 4001
TGCTGATTCGTCTOGAAGACGATATCACGACCGATCATATTATGOCGGCG 1651 4001  ATGCGTTGATGGTCGAAATCAACCCGCTGGCGGT TACCAGCGATGGCCGT 4051

L1 RLEDDI TTDHI WPA

4051  CTGCTGGCGCTGGATGCCAAGCTGGTTATGGATGACAATGCCT 4093

Fig. 1 A: Restriction map of the BamHI fragment of pLWD1 containing aconitase gene (acn). B: Nucleotide sequences of acn,
icd, and the 5’-part of the putative succinyl-CoA synthase/-subunit gene (sucC).
Putative ribosome binding sites (RBS) are underlined. Asterisk indicates stop codon.
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Pig-heart aconitase 1:XRAK AL SHFEPHEYIRYDLLEKNIDIVRKRLNRPLTLSE YG$iADDP 50
*kx *
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*k k kk
T
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YLMTVROMLEGKVVADEV - - -F- LGVSEEEREVMEM 333
YMGRSEAVASOALAH - ELKCKEOF TI TIZEESF®TRAT 399

*

A.thioxidans aconitase 291:ATI---SSISUNEREN(T
Pig-heart aconitase 351 : RVGLI{eR{eu I (F|

A.thioxidans aconitase 334:VTKREGLLDFIG
YAQVLRD

Pig-heart aconitase 400:IER
*

A.thioxidans aconitase 380: YESGTKNAEV—YL

Pig-heart aconitase 450:T

NNDANPETHAFV

* %

*
SRIMESIXSEIHTE- - - M- GFAPPTQGVSHREFIEER 379
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*
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TH IVT‘LEIAHTLKFNPETDFL GKINGKKFKIREA 499

A.thioxidans aconitase 418:IHVY-83G-QFLVDDRMVL, PEGTEVEIIRGIFNIAK - -18- -|5AG! P 461
Pig-heart aconitase 500 : PDANEASRAEQDPGODTYQHIFPKDSSGORVDVSITSOQRLOIALE|FFDISWDG 549

*

*%
A.thioxidans aconitase 462:AHBAGEV-IRIRLEDDI PEXEAKVLPLIXSN|EP EFVE--~—~~~ 503
Pig-heart aconitase 550 : KDIFEDLQI|MIKVKGKC S. PWL -KFINGHIFDNISSNNLLIGAINIE 598

A.thioxidans aconitase 504:HM-------- FDET
Pig-heart aconitase 599:NRKANSVRNAMTQE

* Fokk
q--- SRH———EASGGFIT EHN- Y 538
I§GP DTERYY‘IQHIRWVEIHDEN E SI} 648

A.thioxidans aconitase 539: NY| URAYYSFARTIHIN INF&T HAE) QAG] G 588
Pig-heart aconitase 649 IAEIGNHINEGINAT T TKE AN E TRIPKK Q&) DP INISTHPVIRKIRT 698

A.thioxidans aconitase 589:LD—SGLTLESM~—LRDETQELDIEAMPQLASAR—DLE‘EILKEGESW 634
Il -

KCIIKHPN

Pig-heart aconitase 699 : IQGIRKDFAP!

A.thioxidans aconitase 635:ASEOBERVS
Pig-heart aconitase 748 : MKIZ- Q€K -

TQETILLNHTFNETQIZWFRAESENANR 747

643
754

Fig. 2 Sequence alignment of A. thiooxidans and pig-heart aconitase. Asterisks indicate active site residues assigned in pig

heart aconitase.

Table 1 Purification of aconitase from A. thiooxidans

Total activity Specific activity Total protein Yield Purification index
(U) (U/mg) (mg) (%) (fold)
Crude extract 1106 0.9 1223 100 1

DEAE-Toyopearl 650 M 166 6.1

27.6 15 6.8
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AT 72, BERAHUARICIZ I mM 72> E, 2 mM
DTT &450mM Tris-acetate #1fi (pH6.5) %457
L7z, Table 1I/RL72RE#Z T » 722 L2 LD,
I#1X15%, 6.8f%5IC F TREBITE 72, FBEE R0 % H
W, SDS-PAGE #47-72& 25, /<A F— > F
DL HER S 7z (Fig. 3). 5l & S BERRER AT
725 IR DORIEDH 2 b N7zDT, F#z2 22T

Fig. 3 SDS-PAGE (12%) of fractions from the aconitase
preparation.
lane 1: BenchMark protein ladder;lane 2:crude extract;
lane 3: crude extract after 37,000 rpm; lane 4: pool after
anion-exchange chromatography (DEAE-Toyopearl
650 M). Protein was 10 4g in each lane.
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Fig. 4 Effect of pH on enzyme activity and stability.

A. thiooxidans Hik7 2= 7 —EDEZFEIF & KR 5

Huk L, FEMEIMGY 2175 72,
BoBAEROMERE

BERAWZ2.0U/mliz % 2 X ) 1oL, e mET
Z41-72. 72720 pH EMEZ KD B & &3 4% D pH
DRI AT, 2.0U/mlic AR L 72, 90mM il
NaOH #&fli# (pH3.0~5.0), 90mM ) > 7 1) 77 A
KA (6.0~7.5), 90mM Tris-HCI #2467 (pHS8.0),
90mM 7'1) > > NaOH #f## (pH9.0~10.0) % Hw»
THERIEMEIC N 2 pH DB E 7. £ DR, &K
BER i pH 137.5TH - 72 (Fig. 4 A). E%ﬂ%iﬁﬁ&%
pH3.0~10.0050 mM #E#E T2.0U /mbic % 5 & 9 12
WL, SR T605HE L 721%, &aik, (ﬁl@ﬂum%ﬁo
72. FOFER, pH 6.0~9.00&iPH TI12100% DAL
#aL7: (Fig. 4 B).

* 72 PRI E A % 25°C ~80°C TL0 A > ¥ 2 ~N—
L, BERmM AL, EMENE 24TV, SEEICBT
2 ARHE M % K 7‘:. Z DR, 60°C THRADIEE R
L7z (Fig. 5 A). BRI #25~80°C T6045 4 > ¥ 2%
~M¢@§§ﬁ(ﬁl¢€»zﬁﬂmtf:#% JOCUTETLET
- 7273, 50°C LU THHE 2 WK T 2ERE & 17z (Fig.
5B).

Fe?* LISV ZAli4s @A + > »3lArd 5 » 2 s (1
AT DMR) T D20, mufboBRIcHWTw5 Fe
(NH,) , (SO,) , LSt 48 (MgSO,+ 7 H,0, CuSO,-
5H,0, MnSO, - 5H,0, CoSO, - 7H,0, NiSO, - 6
H,O0) 4 L, &uft, EHHEZIT-72. ZORR,
Bosxufb#i72 52 & 2R TE 72 (Fig. 6).

DAY 7T EEONRD Y I, BEHIMATH 5 D-H
M, LA, 7T M, DL-3-4A V7o)
B, pDL-) > TH, D-) > TEE, L-Y) > TEREZILE X L
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(A) Enzyme activity was measured in the following buffer.; 90 mM Acetate-NaOH (pH 3.0-5.0); 90 mM potassium phosphate

(pH6.0-7.5); 90mM Tris-HCI (pH8.0); 90mM Glycine NaOH (pH9.0-10.0).

(B) Enzyme activity was measured after

incubation of the enzyme at the indicated pH and at room temperature for 60 min in the following buffer; 50 mM Acetate
-NaOH (pH 3.0-5.0); 50mM potassium phosphate (pH 6.0-7.5); 50mM Tris-HCI (pH 8.0); 50 mM Glycine NaOH (pH 50-10.

0).
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Fig. 5 Effect of temperature on enzyme activity and stability.
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(A) Enzyme activity was measured in a 2ml reaction mixture containing 1.8ml 90mM Tris-HCI (pH8.0), 0.1ml 30 mM
D-Isocitrate, and 0.1 ml enzyme solution at various temperatures. (B) The enzyme activity was measured after incubation

of the enzyme at various temperatures.
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Fig. 6 Effect of various metal ions in activation of inactivat-
ed aconitase.
The inactivated enzyme was measured after incuba-
tion in 14mM L-Cysteine and the following 1mM
various metal ions; Fe (NH,),(SO,),, MgSO, * 7H,0,
CuSO, * 5H,0, MnSO, * 5H,0, CoSO, -« 7H,0, and
NiSO, « 6H,0.

T, WHEHE AT 72, WEEBERIE I mM 72> 8453
HLTwBDT, 2mMDTT &4A50mM Tris-BEfiE
i (pH6.5) CTEMNLZ2 02 MaERL L. 20
AR, AV IR, 7 BOAEIEERKD 2k
WHER S NIz, T2 AV 7 > B 5 el i S E DS
W2 EDHERI X L7z (Table 2).

Sephacryl S-300 High Resolution % 724" L 24
12 & B T RPE 2 AT RER, 0T 51366,000 & 5
217z, SDS-PAGE R 5, 7 2= | D4 T=
368,000 HHENTWhZEEMLLAbLELZ EIC
E0, KEERIZE >R TH B Z LR S N7,

Table 2 Substrate specificity of A. thiooxidans aconitase

Substrate Relative activity (%)
DL-Isocitric acid 100
Citric acid 73
pL-3-Isopropyl malic acid 0
p-Malic acid 0
L-Malic acid 0
pL-Malic acid 0
pD-Tartaric acid 0
L-Tartaric acid 0

Table 3 Comparison of properties of A.
aconitase with pig heart aconitase

thiooxidans

Aconitase from Aconitase from

A. thiooxidans pig heart
pH stability 6.0-9.0 5.5-8.0
Optimum pH 7.5 8.5
Thermostability <40°C <50°C
Optimum temp. 60°C >70°C
Km Value (mM) citrate — 1.36

AWFFBIZ 35\ TEROF L L 72 sk DM & RERIC e
SNTVB7IHRT 2= —t L B I 247 5 72759,
ZORER, WEICH L, NEETH ), pH eSS -
T\ 7z (Table 3). HFks#EER 2 F W72 EEMGES TH
B2DICZDE ) R EL-oTLEoEbEZHMN
5. GRIZTNHE, BORA AT 7774
— MR EAT, BT L 7210, MR RRGS
2ATO ZEHEHFE LS.
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Acidithiobacillus thiooxidans kT 2 = ¥ — YR T
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wRBHETPIC7a—=v 7L, FHSE, BT
Wt 24T 72, A, thiooxidans 7 2 =% —x\3 Escherichia
coli M 109%k THEBLS &, TG MEL G I fh B CHERE S
L7z, 6467 2 JEED LK THB Y, 4V 7 2 BRINAKE
ERE T (ied) DLIRICALE L Twiz, 727 5000
HRT 2= XYL RBRET 2= -t AR LEGNWT 2
J BERCFIATEIED 8 ), 7 2 T 2 = F —& Tl
I, FEOFEAICEET 523N TWB2TT I /D9
BT I S BORIFSER S N2, A, thiooxidans 7 2
=% —+13 DEAE-Toyopearl 650M&c & D k58I 7z,
KBRS 20 pH 7.5, EMIREE60°C Th - 72, £7240C
T1KA > X 2 X—F 24757212, DT
Rl b7l -72. pH6.0-8.0T 1 KER A > ¥ = ~_—}
L7243, 100% DIEMEZHERF L Twie, BICARBERS,
766,000 € /) > —BRTH L I EHWLENIC % -
72, B, AKEocHic i L 72 A. thiooxidans O 3 =
¥ — AT & F U E DDB] 7— % ~N— 2|2 %
FREINTEBD, T7x a5 AB196983 THIR T &
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