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Gene Cloning and Expression of Trehalose Synthase from Thermus thermophilus HJ6. Kim, Hyun-
Jung!, Han-Woo Kim®, and Sung-Jong Jeon'?*. 'Department of Biomaterial Control (Brain korea 21 pro-
gram), “Department of Biotechnology & Bioengineering, Dong-Fui University, Busan 614-714, Korea, *Research
Institute of Cell Engineering, National Institute of Advanced Industrial Science and Technology (AIST), Osaka,
563-8577, Japan — A hyperthermophilic bacteria (strain HJ6) was isolated from a hot springs located in the
Arima-cho, Hyogo, Japan. The cells were long-rod type (2-4 um), about 0.4 ym in diameter. The pH and tem-
perature for optimal growth were 6.5 and 80°C, respectively. Phylogenetic analysis based on the 16S tDNA
sequence and biochemical studies indicated that HJ6 belonged to the genus Thermus thermophilus (Tt). The
gene encoding the Trehalose synthase (T'S) was cloned and sequenced. The open reading frame (ORF) of the
TtTS gene was composed of 2,898 nucleotides and encoded a protein (975 amino acids) with a predicted
molecular weight of 110.56 kDa. The deduced amino acid sequence of TtTS showed 99% and 83% identities
to the Thermus caldophilus TS and Meiothermus ruber TS, respectively. TtTS gene was expressed in Escheri-
chia coli cells, and the recombinant protein was purified to homogeneity. The optimal temperature and pH for
Trehalose synthase activity were found to be 80°C and 7.5, respectively. The half-life of heat inactivation was
about 40 min at 90°C. The maximum trehalose conversion rate of maltose into trehalose by the enzyme
increased as the substrate concentration increased, and reached 55.7% at the maltose concentration of 500
mM, implying that the enzyme conversion was dependent of the substrate concentration.
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Table 1. Biochemical characteristics of the strain HJ6.

Optimum temperature ~ 80°C Utilization of glucose  +

Optimum pH 6.5 Fructose +
Pigmentation Yellow Galactose -
Growth at/in Xylose +
80°C + Ribose -
90°C + Cellobiose +
1% NaCl + Trehalose +
3% NaCl + Sucrose +
5% NaCl - Lactose -
Oxidase + Raffinose -
Hydrolysis of Starch + Glycerol +

Fig. 1. Transmission electron micrographs of cells of 7. thermo- Hydrolys¥s of Casel'n * Citrate *

philus HJ6. Bar, 0.5 pm. Hydrolysis of Gelatin + Malate -
T antrarnildanii HN3-7

T scotoductus SE-1
__1— T, brokiarus Y538
I igniterrae R¥-4
T. aquaticus YT-1
T kawarayensis KW 11
e I o
T themophilus HB8
T. oshimal SP514

0.01

I filiformis Wai33Al1

Fig, 2. Phylogenetic position of strain HJ6 in the genus Thermus based on the 16s rRNA sequences. The tree was constructed using
the neighbor-joining method. The bar represents 0.01% sequence divergence.
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Tt6-TreS MDPLWYKDAV | YQLHVRSFFDANNDGYGDFEGLRRKLPYLEELGYNTLWLMPFFQSPLRDDGYD | SDYYQ| LPVHGTLEDFKRFLDEA 88
Te-TreS MDPLWYKDAV!YQLHVRSFFDANNDGYGDFEGLRRKLPYLEELGYNTLWLMPFFQSPLRDDGYD 1 SDYYQI LPVHGTLEDFKRLLDEA 88
Mr-TreS MGVDPLWYKDAY | YQLHVRSFYDANDDGYGDFEGLROKLPYLEALGYNTLWLMPFFQSPLRDDGYD | SDYYQI LPVHGSLEDFKRFLDEA 90
Sr-TreS MAGGPFSRSAVNVPTFNVPTFQRSTRMPDDFLDDPLWYKDAY | YELHVRSF YDSNNDGYGDF QGLREKL PYLESLGYNTLWLLPFLESPL RDDGYDTADYFKVLP IHGDLDDFRAFLDDA 120
CDa-TreS MLDONPLWYKDA I LYELHVRAFFDRNGDG | GDFRGLAEKLDYLADLGVTA I WLLPFYPSPLKDDGYD} ADYTAVHPSYGTLADFKFFVREA 91
K okkkok koK k kkkk ok Kk ok hk Kkk kK LI *RK Kk kK Kokk KKKk * Kk * kK Kk *
Tt6-TreS  HGRGMKV I [ELVLNHTS 1 DHPWFQEAR--KPGSPMRDWYVWSDTPEK YKGVRY | FKDFE TSNWTFDPVAKAYYWHRF YWHQPDLNWONPEVEKA | HQVMFFWADLGYDGFRLDAPYLYE 206
Tc-TreS HGRGMKV | 1 ELVLNHTS | DHPWFQEAR--KPNSPMRDWYVWSDTPEK YKGVRY | FKDFETSNWTFDPVAKAYYWHRF YWHQPDLNWDNPEVEKA | HQVMFFWADLGVDGFRLDAIPYLYE 206
Mr-TreS HEMGLRY  VELVLNHTS | DHPWFQEAR-—KPGSPMRDWYVWSDTPEK YKGVRY | FQDFETSNWTFDPVAGAY YWHRFYHHQPDL NWDNPEVEK AMQEVMFFWADL GYDGFRLDA | PYLYE 208
Sr-TreS HARGMRY | TELVLNHTSDQHPWFQEAR-~DPDSDKHDWYVWSDTDERYDDVRY | FTDTEDSNWAWDPKAEKY YWHRFF SHQPDLNFDNPEVREKMKEVMFFWLDMGVDGLRLDAVPYLFE 238
CDa-TreS  HRRGLRVVTELVCNHTSDQHPWFQRARRAKAGSVWRNF YVWSDTPEKYREAR| | FKDFE TSNWTWDPAAGAY YWHRF YAHQPDLNYDNPMVRKA [ FKVLDFWLR | GYDGLRLDAYPYLYE 211
* * * Fokk kkkk KhkkKK Kk * kkkkkk Kk K * kk Kk K kk*k kK Kk KKkhkKE K KEKKKKK Khkk K * KK Xkkx Kkkkk hxk *
Tt6-TreS  REGTSCENLPET|EAVKRLRKALEERYGPGK | LLAEANMWPEE TLPYFGDGD—--—- GVHMAYNFPLMPR | FMALRREDRGP | ETMLKETEG | PETAQWALFLRNHDEL TLEKVTEEERE 321
Te-TreS REGTSCENLPET | EAVKRLRKALEERYGPGK | LLAEANMWPEE T PYFGDGD——~- GVHMAYNFPLMPR I FMALRREDRGP | ETMLKETEG | PETAQWALFLRNHDEL TLEKVTEEERE 321
Mr-TreS REGTSCENLPET | AAVKRLRAALEKRYGPGK | LLAEANMWPEETLPYFGEGD--—-- GVHMAYNFPLMPR | FMALRREDRRP | EAMLQETEG | PESAQWALFLRNHDEL TLEKVTEEERE 323
Sr-TreS REGTSSENLPET | AYVKELRAAVEERYGPGKVLLAEANQWPEDTL PYFGEDAEGESTGYOMAFNFPYMPRL YMALRRENRRPVVEMLDL TSG | PDDAQWALFLRNHDEL TLEMVTDEERD 358
CDa-TreS  RDGTNCENLPETHAFLKELRRHVDERFQN-RMLLAEANQWPEHAAAYLGDEC-—--—-~] HMAFHFPLMPRLFMALRMEDRFPYVDI LTQTPP | SETSQWALFLRNHDEL TLEMVTDEERD 323
K kk Kk h Kk KK kKK * Khkhkkk KAk * Kk Kok KKk Kkk KKkkKk Kk kK * * * KhhkkkAKkKARkERKAA k% Khkk
Tt6-TreS  FMYEAYAPDPKFRINLGIRRRLMPLLGGDRRRYELLTALLLTLKGTP|VYYGDE | GMGDNPFLGDRNGYRTPMAWSADRNAGE SRAPYHALFLPPYSEGPYSYHFYNVEAQRENPHSLLS 441
Te-TreS FMYEAYAPDPKFRINLG I RRRLMPLLGGDRRRYELL TALLLTLKGTP | VYYGDE | GMGDNPFLGDRNGVRTPHQWSODRNAGF SRAPYHAL FLPPYSEGPYSYHFYNVEAQRENPHSLLS 441
Mr-TreS FLAE| YAPDPRFRINLG { RRRLMPLLGGDRRRYELLQALLL TLKGSP | L YYGDE [ GMGDNPFL GDRNGYRTPMQWYADRNAGF SRAPYHRLFLPPYSEGPYSYHFVNVEAQADNPHSLLN 443
Sr-TreS YMYHEYGADDRFR INVG | RRRLTPLLGGERRR | ELMNALLLSLKGSP | 1'YYGDE | GWGDDPFLGDRNGVRTPMOWSPDKNGGF SRAPHHKLFMPP | NRGKYSYEFVNVEDAEADPYSLLH 478
CDa-TreS  YMYRAYAHDPRMRINLG | RRRLAPLLGNHRRR | ELMNGLLFSLPGTPY | YYGDE | GMGDN| YLGDRNGYRTPMQWSADRNAGF SKADRQRLYLPY | VDAEYHYETVNVETLONNPHSLLS 443
* * kkk KKkKkkk khkhkk KXk KK KK L Kk Kk rokkokkkk FRAK KKK KKK KKK * Kk kkk Kk * * * K Kk KK *  kkk
Tt6-TreS  FNRRFLALRNQHAKIFGRGSLTLLPVENRRVLAYLREHEGERVLVVANLSRYTQAFDL P~ EAYQGLVPVELFSQQPFPPVEG-RYRL TLGPHGFALF ALKPVEAVLHLPSPDWAEEPAP 559
Te-TreS FNRRFLALRNQHAK | FGRGSLTLLPVENRRVLAYLREHEGERVLVVANLSRYTQAFDLP-LEAYQGLVPVELFSQOPFPPVEG-RYRLTL GPHGFALFALKPVEAVLHLPSPDWAEEPAP 559
Mr-TreS FNRRLLALRKRYAQUFGQGTLTLLPVENRR [LAYLRTYGEERLLVVANLSRYTQAFHLP-LEAFQGLVP | ELFSQNPFPPVTQPL YPMTLGPHGF TLFALALPET { RVS-APDWAEEVT- 560
Sr-Tre$ FURRL I ALRQQHKN| FGRGSLELLPVENQS | LAFLREYEGER I LVVNNLSRF TQSVH PAREDLQGLAPVEL SGASAFPP 1 EDDDYHL TVGPHHF YWFKLVPKEDVQRODTRRSGLOPLE 598
CDa-TreS  WMKRL | SLRKRYK-AFGRGSLEFLHPENRKVLAYVRRYEDES|LY | ANLSRFAQCVELD-LNAYRGM | PVEMFGRTEFPPVGDRPYFF TLGPHAFFWF SLEP-~—----—--—~~ QRLLW 548
Tt6-TreS  E--EADLPRVHMPGGPEVLLVDTLVHERGREELLNALAQTLKEKSWL ALKPQKYVA~—LLDALRFQKD-PPLYL TLLQLENHR-TLQVFLPLLWSPQRREGPGLFARTH 661
Tc-TreS E--EADLPRVHMPGGPEVL L VOTLVHERGREGLLNALAQTLKEKSWLALKPQKYA-—-LLDALRFQKD-PPL YL TLLQLENHR-TLQVFLPLLWSPQRREGPGLFARTH 661
Mr-TreS ~—~PEMLPQVPMEEGLESL FVETMADERARAAF LKALVOWLGERSWLALKPQRGE -~ YDALRFQKT-SPLYL TLLQLEHHG-RTLVFLPLAWDAEERESSGAF ARTR-———--==~—— 661
Sr-Tre$ DKNGRTRPYLPVAEGLQNVE VPTMAQRRGPEQ | EALLPEF | NEQRWF GGKGEG | EGVEVEDAVRLQSD-PYVYLSVLRVDLPE-DTSFYTLPLMAAPEPEASD | LDEHPNATLAWLEVED 716
CDa-TreS ~ ERSPGGAPRAG | PTLVLKGSWEAAFWGGDRDALAEVLPFYLANCRWFGGKARRLNSTRVTEY | PVPYNGSVAY | TLVQADYTEGDPETY | LPLALATGEWGRVWEGGRELVQSAVARLQT 668
Tt6-TreS  -GAPGYFYELSLDPGFYRLLLARLKE——-—GFEGRSLRAYYRGRHPGPVPEAVDLLRPGLAAGEG-—~~—-~-~ VWVALGLVADGGLDRTERVLPRLDLP--WVLRPEGGLFWERGASR 764
Te-TreS ~GQPGHFYELSLDPGFYRLLLARLKE -—-VWVQLGLGQDGGLDATERVLPRLDLP--WVLRPEGGLFWERGASR 764
Mr-TreS -PREGYLYELSADAGFYAL LLRRLKE-~-~~GFQGRSLKAYYRGEHRGPVPEEL TLLRPGLAAGDG-——---——~ VWLQLGLVQDGGLNRTLETLPRLDLP—W I LPPEGQLVWERGRER 764
Sr-TreS TEERRLVYDATVNPRFWATLFRIWQR--~—— (GGTGRSLKGLYTAEPSEAMGDAPPDDVRLLTGEQSNTSA | VNNDYFLKLYRRLEEGPNPEKELLEHLTD | —-DF TFSPRLHGTLNFRRR 829
CDa-TreS  KDKTGILYDALWDPAFCEVLLDAVPRRRRFKGESGTMI ATPTRQFARLRGPVQAPVEPVL | QAEQSNSTVE FGDRLMLKLFRRAGEG | NPDLE | SRFLAEQSTFTQVAPLAGSLEYFREK 783
* * * * * * * *
Tt6-TreS  RVLALTGSLPPGRPQDLFAALEVALLESLPRLRG HTPGTPGLLPGALHETEALVRLLGVRLALLHRALGEVEGVEG 840
Te-TreS RVLALTGSLPPGRPQDLFAALEVRLLESLPRLRG HAPGTPGLLPGALHETEALVRLLGVRLALLHRALGEVEGVEG 840
Mr-TreS RVLAL TGPLPEGKPQEAFALVQTLAAEGLARL RGOR LEEGGAGLLVEALRELESLARLLGYRLALLHQRLKQVEGEGE 842
Sr-TreS HRQYTLGVLQEAL AVDADAWSYTLSCTTTFLDRVENSPFPHEQAKNTGPSADGPQWT ADRFSDATVPYWLEELAPEL | SFARTLGYRTAEMHHALAQAGGDEMRPVEAPTDAGAELGTRI 949
CDa-TreS  DRPVTLAVLQGFVPNKGDAWQYTLGALSRFFGRVRRASG-——--—---| LKVPPLPSK!LFAQTGEDLSPATKM | GAYMDKARLLGRRTAELHLALAARPDNPDFAPEPFTTFYQRSLYQS 900
Tt6-TreS GHPLLGRGL GAFLELEGEVYLVALGAEKRGAVEEDLARLAYDVERAVHLALEALEAEL 898
Te-TreS GHPLLGRGLGAFLELEGEVYLVALGAEKRGAVEEDLARLAYDVERAVHLALEALEAEL 898
Mr-TreS GVYPLLGRGLGAFLEVSGEL YLLALGPRGWGSPLEDLARMAYDLERAVELAWESLGEEE 900
Sr-TreS RTEMEETRALLDRQPDRVSGHVPSDPAWSAARDR--——-~ LAPLDDVPGTHDR | RIHGDYHLGQLLRAEGD | YVLDFEGEPTRPLDERRRRKNAL RDVAGMLRSLEYAVLASWQDHADYVD 1063
CDa-TreS  MRSLTSQVFLTLRRKLAELPEAARAEAQAVLDLEGEVLNRFQTLLTHK IDTVRTRCHGDYHLGQLLYTGEDFV| | DFDGEPARPVAESPAKRTPLRDVAGMLRSFHYAAYTALYNQTGTD 1019
Tt6-Tre§ ——--—— WAFAEEVADYLHAAF LQAYRSALPEEAL EEAGWTRHMAEVAAEHLH-REERPARKR | HERWQAKAGKA-~
Te-TreS - ~~~WAFAEEVADHLHAAFLQAYRSAL PEEALEEAGNTRHMAEVAAEHL H-REERPARKR | HERWQAKAGK A
Mr-TreS - ~——EGMSQAVGAFVVEALLGAYQDTVPEPLDLEA-WPGVMASWAEVQLQ-REERS IRLR | LRRWKERAR 96
Sr-TreS PD———————- YEPWIDALLYWTETTFLDAYADTTGDAARLPAAPARYSFLWAFLLDK-AL YEVRYEL NHRPDWAWL PLHGLHRLLAPRDATASDPLDA 1152
CDa-TreS  GPPRGEDRAVLEPWARFWHLKVSAAFLDSYFQTAGRASFLPETPEQL SVLLDACLLEKAVYELGYELNNRPEWVP | PLKG | LELLQVRA--——————- 1108

Fig. 3. Schematic drawings of the alignment of T. thermophilus HJ6 trehalose synthase (TS) with its homologues. Tt6, Thermus ther-
mopilus H16 TS; Tc, Thermus caldophilus TS; Mr, Meiothermus ruber TS; St, Salinibacter ruber DSM 13855 TS; CDa, Candidatus Des-

ulforudis audaxviaror MP104C TS.
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Fig. 4. Purification of recombinant TtTS. Lane 1, molecular
mass marker; lane 2, crude extract induced cells; lane 3, superna-
tant 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.
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Fig. 5. Effects of pH and temperature on the activity and ther-
mostability of TtTS. A. The enzyme activities were examined at
the maltose concentration of 50 mM and 70°C for 30 min, using
MES buffer (circles), TES buffer (squares), CHES buffer (trian-
gles) at the indicated pH values. B. Enzyme was assayed at tem-
perature range from 20 to 100°C and pH 7.5. C. Enzyme (1 pM
TtTS in 50 mM sodium phosphate, pH 7.5) was incubated for var-
ious lengths of time at 80°C (circles), 90°C (triangles), and 95°C
(squares), and the residual activity of samples were measured at
70°C and pH 7.5.
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Fig. 6. Time profiles on the formation of trehalose (triangles)

and glucose (circles) from maltose (squares) by TtTS. Purified

enzyme was incubated with 50 mM maltose in 50 mM sodium

phosphate buffer (pH 7.5) at 70°C for 24 h. Samples were col-
lected at various intervals and analyzed by HPLC.
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Table 2. Carbohydrate composition during trehalose produc-
tion by TtTS under various concentration of maltose.

Carbohy- Composition® (%, w/w)

drate 50 mM 100 mM 250 mM 500 mM
Maltose 33.0 32.1 31.9 28.7
Trehalose 42.1 48.4 54.4 55.7
Glucose 24.7 19.5 13.7 156

# Composition given refer to the maximum trehalose yield.
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