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Gene Cloning and Expression of Thermostable DNA Polymerase from Thermus thermophilus HJ6. Seo,
Min-Ho!, Bu-Kyoung Kim!, Pyung-Hwa Kwak!, Han-Woo Kim®, Yeon-Hee Kim!?, Soo-Wan Nam'?,
and Sung-Jong Jeon?*. "Department of Biotechnology & Bioengineering, “Department of Biomaterial Con-
trol (Brain korea 21 program), Dong-Eui University, Busan 614-714, Korea, *Research Institute of Cell Engineer-
ing, National Institute of Advanced Industrial Science and Technology (AIST), Osaka 563-8577, Japan - The gene
encoding Thermus thermophilus HI6 DNA polymerase (Tod) was cloned and sequenced. The open reading
frame (ORF) of the Tod gene was composed of 2,505 nucleotides and encoded a protein (843 amino acids)
with a predicted molecular weight of 93,795 Da. The deduced amino acid sequence of Tod showed 98% and
86% identities to the Thermus thermophilus HB8 DNA pol and Thermus aquaticus DNA pol, respectively,
The Tod gene was expressed under the control of the bacteriophage A promoters PR and PL on the expression
vector pJLAS03 in Escherichia coli strain BL21 (DE3) codon plus. The expressed enzyme was purified by
heat treatment, HiTrap™ Q column, and HiPrep™ Sephagcryl S-200 HR 26/60 column chromatographies, The
optimal temperature and pH for DNA polymerase activity were found to be 75~80°C and 9.0, respectively.
The optimal concentrations of Mg?* and Mn?* were 2.5 mM and 1 mM, respectively. The enzyme activity was
activated by divalent cations, and was inhibited by monovalent cations. The result of the PCR experiment with

Tod DNA polymerase indicates that this enzyme might be useful in DNA amplification gnd PCR-based appli-
cations.
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dMe 2 H FARENE GAEE obnlieAl MET}
AEAS 7= A S tiAC R alignmentE 2331
o 229 3 AR Thermus thermophilus HB8(NCBI
accession No. BAD70877) &} Thermus caldophilus
(No. AABS81398)2] DNA polymerase®ty 7+7 98%<};
97%2] =2 ASAE ehith. &3, Thermus aquaticus
2] DNA polymerase(No. BAA06775)8}= 86%, Thermus

F A AJARS 918 ©HA) pILASO3 HEle) MBEEd 8t filiformis 1} ZA(No. AAC46079) 3= 79%2] HEARE
gt F249 " AR open reading frame(ORF)& el o) o) e QEA RS BAMS Fdte] T ther
Ti6  MEAMLPLFEPKGRVLLADGHHLAYRTFFALKGLTTSRGEPVOAVYGFAKSLLKAL KEDGYKAVFVVFDAKAL SFRHEAYEAYKAGRAPTPEDFPRQLAL I KELVDLLGF TRLEVPGYEAD 120
Tt8  MEAMLPLFEPKGRVLLVDGHHLAYRTFFALKGLTTSRGEPVRAVYGFAKSLLKALKEDGYKAVFVWFDAKAPSFRHEAYEAYKAGRAPTPEDFPROLAL | KELVDLLGF TRLEVPGYEAD 120
Tc MEAMLPLFEPKGRVLLVDGHHLAYRTFFALKGLTTSRGEPYQAVYGFAKSLLKALKEDGYKAVFVVFDAKAPSFRHEAYEAYKAGRAPTPEDFPRALAL | KELYDLLGF TRLEVPGYEAD 120
Ta  MRGMLPLFEPKGRVLLVDGHHLAYRTFHALKGLTTSRGEPYQAVYGFAKSLLKALKEDG-DAV | VVFDAKAPSFRHEAYGGYKAGRAPTPEDFPRQLAL | KELVDLLGLARLEVPGYEAD 119
11 MTPLFDLEEPPKRVLLYDGHHLAYRTFYALS-L TTSRGEPVOMVYGFARSLLKALKEDG-QAVVYVFDAKAPSFRHEAYEAYKAGRAPTPEDFPRALALVKRLYDLLGLYRLEAPGYEAD 118
kLD R XK KKEK KRAKKAKRKKEKK KK KERRRAKARE RKKER [ AKXARRFHAKAE _ *x  KAXAKKE FRAKKAX A XKIKRKA I AR FIKAK [k kA Kok | wxk Fokxdrdx
T16  DVLATLAKKAEKEGYEVRILTADRDLYGLVSDCVAVLHPEGHL | TPEWLWEKYGL RPEQWVDFRALVGDPSDNLPGVKG | GEKTALKLLKEWGSLENLLKNLDRVKPENVREK I KAHLED 240
Tt8  DVLATLAKKAEKEGYEVRILTADRDLYQLVSDRVAVLHPEGHL | TPEWLWEK YGLRPEQWVDFRALVGDPSDNLPGVKG | GEKTALKLLKEWGSLENLLKNLDRVKPENVREK | KAHLED 240
Te DVLATLAKNPEKEGYEVR | LTADRDLDGLVSDRVAVLHPEGHL | TPEWLWQKYGLKPEQWYDFRALVGDPSDNLPGVKG | GEK TALKLLKEWGSLENLLKNLDRVKPENVREK IKAHLED 240
Ta  DVLASLAKKAEKEGYEVRILTADKDLYGLLSDRIHALHPEGYL | TPARLWEKYGLRPDQWADYRAL TGDESDNLPGVKG | GEKTARKLLEEWGSLEALLKNLDRLKP-AIREK | LAHMDD 238
Ti DVLGTLAKKAEREGMEVR] LTGDRDFFQLLSEKVSVLLPDGTLVTPKDVQEKYGVPPERWDFRAL TGDRSDN | PGVAG T GEK TALRLLAEWGSVENLLKNLDRVKPDSLRRK | EAHLED 238
Kkk DAkk D Dk kdkkakk ik Kk (d ] Dk owlk kA% TRAR KL IE RN IRAR KK ARK]RKA REXAKARK LRK kFIokR (R kRkdkRR AN Dk ok kw]x
Tt6  LRLSLGLSRVRTDLPLEVDLAQ--GREPDREGLRAFLERLEFGSLLHEFGLLEAPAPL EEAPWPPPEGAFVGF VL SRPEPMWAELKALAACRDGRVHRAADPLAGLKDLKEVRGLLAKDL 358
Ti8  LRLSLELSRVRTDLPLEVDLAQ--GREPDREGLRAF LERLEFGSLLHEFGLLEAPAPLEEAPWPPPEGAFVGF VL SRPEPMNAELKALAACRDGRVHRAADPLAGLKDLKEVRGLLAKDL 358
Tc LRLSLEL SRVRTDLPLEVDLAQ-~GREPDREGLRAFLERLEFGSLLHEF GLLEAPAPLEEAPWPPPEGAF VGFVL SRPEPMWAEL KAL AACRDGRVHRAADPLAGLKDLKEVRGLLAKDL 358
Ta LKLSWDLAKVRTDLPLEVDF AK-~RREPDRERLRAF LERLEFGSLLHEF GLLESPKALEEAPWPPPEGAFVGFVLSRKEPMWNADLLALAAARGGRVHRAPEPYKALRDLKEARGLLAKDL. 356
Tf LHUSLDLAR| RTDLPLEVDFKALRRRTPDLEGLRAF LEEL EFGSLLHEF GLLGGEKPREEAPWPPPEGAFVGFLLSRKEPMWAELLALAAASEGRVHRATSPVEALADLKEARGFLAKDL 358
KIkk kD TkFAEAKKKK ] K kk ok FEkkokk XEAkKKKAAA KKK K KKK KKRFAK K KT K | Kok Frkhkh [ % LAk Kkkkkk kK kkkk Kk kERAK
T16  AVLASREGLOLVPGDDPMLLAYLLDPSNTTPEGVARRYGGEWTEDAAHRALLSERLHONLLKRLGGEEKLLWL YHEVEKPLSRVLAHMEATGVRLDVAYLOALSLEL AEE 1RRLEEEVFR 478
Tt8  AVLASREGLDLVPGDDPMLLAYLLDPSNTTPEGVARRYGGEWTEDAAHRALL SERLHRNLLKRLEGEEK L LWL YHEVEKPLSRVLAHMEATGVRLDVAYLQALSLELAEE IRRLEEEVFR 478
Tc AVLASREGLDLVPGDDPMLLAYLLDPSNTTPEGVARRYGGEWTEDAAHRALLSERLHRNLLKRLQGEEKLLWLYHEVEKPLSRVLAHMEATGYRLDVAYLOQALSLELAEE IRRLEEEVFR 478
Ta  SVLALREGLGLPPGDDPMLLAYLLDPSNTTPEGYARRYGGEWTEEAGERAALSERLFANLWGRLEGEERL LWL YREVERPLSAVLAHMEATGYRLDVAYLRALSLEVAEE IARLEAEVFR 476
Ti AVLALREGVALDPTDDPLLVAYLLDPANTHPEGYARRYGGEF TEDAAERALLSERLFQNLFPRLS-~EKLLWL YQEVERPL SRVLAHMEARGVRLDVPLLEALSFELEKEMERLEGEVFR 476
TEkK KKK ok Kk Akk k| EkkkkKK kk whKFKKRh kA KK [ Kk * kK HkFhkk  xk *k K IkkkER KKK KKK KhRERAK Ahkhkk |k kkw (k] k] kkx Kxkk
Tt6  LAGHPFNLNSRDQLERVLFDELRLPALGKTOKTGKRSTSAAVLEALREAHP | VEK | L.QHREL TKLKNTYVDPLPSLVHPRTGRLHTRFNGTATATGRLSSSDPNLON IPYRTPLGORIRR 598
Tt8  LAGHPFNLNSRDQLERVLFDELRLPALGKTQKTGKRSTSAAVLEALREAHP | VEK | LGHRELTKLKNTYVDPLPSLYHPRTGRLHTRFNGTATATGRLSSSDPNLONPVRTPLGGRIRR 598
Tc LAGHPFNLNSRDQLERVLFDELRLPALGKTQKTGKRSTSAAVLEALREAHP| VEK | LQHRELTKLKNTYVDPLPSLVHPNTGRLHTRFNQTATATGRLSSSDPNLON PYRTPLGARIRR 598
Ta LAGHPFNLNSRDQLERVLFDELGLPA | GKTEKTGKRSTSAAVLEALREAHP | VEK | LQYREL TKLKSTY | DPLPOL | HPRTGRLHTRFNQTATATGRLSSSDPNLAN | PVRTPLGQRIRR 596
Tf LAGHPFNLNSRDQLERVLFDELGLTPYGRTEKTGKRSTAGGALEALRGAHP 1 VEL | LQYREL SKLKSTYLDPLPRLVHPRTGRLHTRFNQTATATGRLSSSDPNLON | PVRTPLGQRIRK 596
Kk kR KRR AN KRR KRR dhK kK TR kAR ARK | wkkRR EERAKH Kok XKk AR Ak kK kKK KKEAHK KA KR KT T AIR AR AAR KR RA I IR R A AR ]
Tt6  AFVAEAGNALVALDYSQIELRVLAHLSGDENL | RVFQEGKD I HTQTASWMF GYPPEAVDPLMRRAAK TVNFGVLYGMSAHRLSGELS | PYEEASAF | ERYFQSFPKVRAWIEKTLEEGRK 718
Ti8  AFVAEAGNALVALDYSQIELRVLAHLSGDENL { RVFQEGKD ! HTQTASWMF GVPPEAVDPLMRRAAK TVNFGVL YGMSAHRLSQELA| PYEEAVAF | ERYFQSFPKVRAWIEKTLEEGRK 718
Tc  AFVAEAGWALVALDYSQIELRVLAHLSGDENL IRVFQEGKD ! HTQTASWMFGYPPEAVDPLMRRAAK TVNFGVL YGMSAHRLSQELA | PYEEAVAF | ERYFQSFPKVRAWIEKTLEEGRK 718
Ta  AFYAEEGWLLVALDYSQ)ELRVLAHLSGDENL IRVFQEGRD | HTETASWMFGVPREAVDPLMRRAAKT | NFGVLYGMSAHRLSQELA | PYEEAQAF | ERYFOSFPKVRAWIEKTLEEGRR 718
Tf AFVAEEGWLLLAADYSQ | ELRVLAHLSGDENLKRVFREGKD | HTETAAWMFGLDPALVOPKMRRAAK TVNFGVLYGMSAHRLSQEL G I DYKEAEAF | ERYFQSFPKVRAWIERTLEEGRT 716
Kk KK KR KK kEEARKARRRARFRAKKKK Kk AR KEKA | KK kkkk ] Ik KKK EIKK | KARKARKFERRKKIRRRE K KAk KA FIkR kAR KRR R A [ Ak ki kK
T8 RGYVETLFGRRRYVPDLNARVKSVREAAERMAFNMPVQGTAADLMKL AMVKLFPRLROMGARMLLQVHDEL LLEAPQARAEEVAAL AKEAMEKAYPLAVPLEVEAG | GEDWLSAKG- 834
Tt8  RGYVETLFGRRRYVPDLNARVKSVREAAERMAFNMPVQGTAADLMKLAMVKLFPRLREMGARMLLQVHDELLLEAPQARAEEVAALAKEANEKAYPLAVPLEVEVGHGEDWL SAKG- 834
Te RGYVETLFGRRRYVPDLNARVKSVREAAERMAFNMPVQGT AADLMKLAMVKLFPRLREMGARMLLQVHDEL LLEAPQAGAEEVAAL AKEAMEKAYPLAVPLEVEVGMGEDRLSAKG- 834
Ta RGYVE TLFGRRRYVPDLEARVKSVREAAERMAFNMPYQGT AADLMKLAMVKLF PRLEEMGARMLLQVHDELVLEAPKERAEAVARL AKEVMEGVYPLAVPLEVEVG | GEDWLSAKE- 832
Tf RGYVETLFGRRRYVPDLASRVRSVREAAERMAFNMPVQGTAADLMK | AMVKLFPRLKPLGAHLLLQVHDELVLEVPEDRAEEAKALVKEVMENAYPLDVPLEVEVGVGROWLEAKGD 833
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Fig. 1. Alignment of the deduced amino acid sequence of T. thermophilus HJ6 DNA polymerase (Tod) with its homologues. Tt6,
Thermus thermopilus HI6 DNA pol.; Tt8, Thermus thermopilus HB8 DNA pol.; Te, Thermus caldophilus DNA pol.; Ta, Thermus aquari-
cus DNA pol.; Tf, Thermus filiformis DNA pol. Asterisks indicate amino acids conserved among DNA polymerase homologues. The

deduced amino acid sequence was analyzed using the Clustal W (1.83).
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A} A3}, oF 94 kDa H-$]olA] DNA polymerase®] =7}
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ofn] At M Aol A AAM AT A Y253
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oAl g3} uke} zto] F8Ql A-phage ¥ primer 15} 23
AR85le] DNA 53 84S &FA31). Tod polymerase®]
pH 2184 pH 7.5~10.09) 4]l A 243}5ic}. Buffer=
+ 50mM Tris-HCl(pH 7.5~9.0)%} 50 mM Glycine-NaOH
(pH 9.0~10.5) AHE3le] S SA% Ao, B 549 3
A pHE= 9.08 YEPAThFig. 3A). o171 oh2 PCR A
418 ®4 9 Taq polymerase, Vent polymerase, pfu poly-
merase] %% pH(pH 8.5~9.0)2} u]<$=3t okAS Yehli4d
t}. Tod polymerase®] &% 9]&42 50~90°C M =
Ag A7, HAH 5= 75~80°CE el 9l A (Fig. 3B)
85°C o] el BAE Holx] gk}

Tod polymerase2] 27} <ol that d3kS 7AE3}| 9
3] MgCl,, MnCl,Z AM3181ch. Mg*3} Mn?*l] 3 5
FEE 27 25 mME 1 mME Vebgt}, 31 27} oFol &
o] gl FAIME IS eRA] ddobr B FA0] DNA
A Hkgolle ) oFolg WA 8FEhe o vt
ot Mg*oll ©]3t Tod polymerase®] #4-& ©t2 DNA
polymerase®] Mg o] ol W & 3}e} dX|slgdch4].
Mn?*el] & Tod polymerase®] |t} Bd-& Mg>ell o &t
2o FA3} w)Sste] 9 ¥-22] DNA polymerase’t Mn**
o 3t R 24E veplis A vimsled Aolg At
£ JePA Tk (Fig. 3C)[3, 4]. Tod polymerase®] KCl ¥ %ol
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Fig. 2. Purification of recombinant Tod DNA polymerase. Lane
1, molecular mass marker; lane 2, crude extract induced cells; lane
3, supernatant of crude extract after heat treatment at 80°C for 20
min; lane 4, Hitrap Q column peak fractions; lane 5, Sephacryl S-
200 HR 26/60 column peak fractions. The gel was stained with
coomassie brilliant blue.

3t 3= AEFHT. KCll| Hsire 32 sEoMe
A 2 o8kE vX)A] G9kARE 10mM o] =
oA A=} BAle] Zhasted 80 mM ol FlAE Fd Aol
k3] M s)=|2eHFig. 3D). ©174& PCR ¥hgel] KCI® &
7}7} M4=4 4l Taqg ¥ Tca DNA polymerase[11]5= W&
Q] wba, Tfi DNA polymerase[3]%-= ¥l 2345
epic}. o]AFe] ZzellA PCR ¥ S1% Tod polymerase
o] HA buffer 242 50mM Tris/HCI(pH 9.0), 2.5 mM
MgCl,, 0.01% tween-20(2-8- 24142 Fe1=ie}.

Tod DNA polymerase®| PCR XH&

Tod polymerase®] DNA A1 58 & 7]&2] AlgF<l
Taq ¥ Pfu polymerase®} 7 v|2&}7| 913}, A-phage
DNAE F8o7 33 77} 20%, 40, 6032 t& 4%
ZAA PCRE F=33315iv}. L A3} Pfu polymerases= 60
29| A7 AZtellA] o} A2 ko] DNA ©HHe] 1=
3, Tod 2} Taq polymerase:= 40%2} 6022] A1A27NA
B3 F22 FF9 DNA IHe] RIS Fig. 4). =
2k Tod polymerase®] DNA 414842 Pfu Bub= w31
Tagehe 158t 295 epfisie}. Tod polymeraseE long
PCRoll #4317 $15}e] A-phage® FH o2 sl 747} |,
2,4, 6, 8kbe] &8 & PCRE FZ syt 2 Z 3 Tod
polymerase™= 1, 2, 4, 6 kb®] DNA @32 FF3H(Fig. 5)
‘?}fﬂ, 8 kb2 T2 ZZ3)1x] ¢gkrl(data not shown). 4
ul o2 PCRel| 2] AHESE Pol 1 family®] Taq poly-
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Fig. 3. Properties of Tod DNA polymerase. (A) Effect of pH on the Tod DNA polymerase activity: Tris-HCI (open circles), Glycine-
NaOH (closed circles). (B) Effect of temperature on the Tod DNA polymerase activity. (C) Effect of divalent cations, Mg?* (open circles)
and Mn?* (closed circles) on the Tod DNA polymerase activity. (D) Effect of KCI on the Tod DNA polymerase activity.
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Fig. 4. Comparision of PCR elongation rates of Tod, Taq, and Pfu DNA polymerases. M, ). Hind Il DNA molecular size maker; elon-

gation times used for PCR amplification are indicated at the top.
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Fig. 5. Application of Tod DNA polymerase in long PCR. M, A
Hind III DNA molecular size maker; target lengths of 1 kb, 2 kb, 4
kb, and 6 kb were marked.
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