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The Bacillus subtilis Genome Sequencing Project in Korea: Sequence Analysis of the 53 kb DNA
Fragment at 180°-185° of B. subtilis 168 Chromosome. Ghim, Sa-Youl, Soo-Keun Choi, Young-
Mee Jeong, Byung-Sik Shin, and Seung-Hwan Park*. Bacterial Molecular Genetics RU, Korea
Research Institute of Bioscience and Biotechnology (KRIBB), P.O. Box 115, Yusong, Taejon 305-
600, Korea - The entire sequence of a 4,214,810 bp genome of the Bacillus subtilis 168 has been deter-
mined by an international project, and the completion has been announced on July 19, 1997. For the
sequencing project an international consortium was established and 25 European, 7 Japanese laboratories,
2 biotechnology companies, and our laboratory participated in the project. Within this framework we det-
ermined the complete nucleotide sequence of a 53,289 bp fragment upstream of the odhA gene (181°) of
the B. subtilis 168 chromosome. On the basis of the published DNA sequences of the B. subtilis sspC
and odhA genes, we obtained genomic fragments by plasmid rescue and long-range PCR. The sequenced
fragment contains 56 putative open reading frames (designated yojA-yoll) and 9 known genes (sspC, cge
cluster, orfES, orfRM1 and odhA), in which we found many interesting features. In addition, the entire nu-

cleotide sequence of a 53,289 bp region enabled us to revise the current genetic map of this region.
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Table 1. Bacterial strains and plasmids
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mination Cycle Sequencing Kit(Applied Biosystems)
¢} ABI 373 A automated sequencerd 27} DIG
system(Boehringer Mannheim)® GATC 1500 DNA
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und Consulting) & AF&-3Fsdch. DNA =8 Afo]e] Hof
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Y @A4A DNAE F322 3l AF dr|xdS
AARF oA st TP A4 A DNAY A
A| QoA & ueko g 7 FriMd& AA skt

HIOIE 24

DNA 37|44 dlolel & £33t contigé JA =
H}A L EditSeq9t Seqman E& 123 (DNASTAR Inc.)
< AA FPsiAct. A4 DNA 97149y B4
MacDNASIS Pro(Hitachi)2t MACMOLLY TETRA

Strain or plasmid Description Source or reference
B. subitilis 168 trpC2 [4]
E. coli X11-Blue recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl [12]
lac[F' proABlacl’ZAM15 Tnl0 (Tet’)]
Plasmids
pUC18/19 High-copy number E. coli vector, Ap’ [65]
pDIA5304 E. coli cloning vector, Ap' Cm' P. Glaser, Institut Pasteur
pHPS9 A shuttle vector for E. coil and B. subtilis [34]

Cm' Er' cat-86::lacZ,pT1060-pUCY derivative

Table 2. Sequences of the primers used for PCR

Primer Sequence

ND-F 5'-GAC GCA GCA AAC TGG TCA AAG CAT G-3'

ND-R 5-CGT AAA GTT CCT GCA GTA AGT-3'

ssp-F 5'-CAT TCC AAG GAA TCC AAT GA-3

ssp-R 5-GAA TTC TIT GAG CTG AAA GAA G-3'

odh-F 5-CGA TCA GTA TAC CCA GGA TCC GTA C-3

odh-R 5'-GCT GAT TCC AAT GGA TCC TC-3'

LR-F 5-GGC AAT TTC ATA TGG ACA TTG ATG TAT GGG-3'

LR-R 5'-AAG CAT CGC GCC AAG TCC AAA CAC TAA AGC-3'
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Fig. 1. Physical map and gene organization of the B. subtilis genomic region upstream of the odhA gene 181° [51].

The vector used was pDIAS304 and the location of the cloned DNA in pDIAS304 is indicated with filled bars. Restriction sites are abbre-
viated as K, Kpnl; E, EcoRl; Sp, Sphl; B, BamHI; Sf, Sfil; and N, Nod. Primers for PCR are indicated by arrows and letters in and right
below the solid bar, respectively. A DNA fragment produced by long range PCR is indicated by a hatched bar. The letters below each
thick arrows and a solid bar represent the name of the ORF and the arrowheads show the direction of their transcription and translation.
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RAA} A o] SubtiList([48]; URL http:/ www.pasteur.
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2] ORF2 ZAH AT, yosUS] 7% 1 wdke] A2 v
2 vhebge}. SubtiList AlolEjulo] 2ol A yokUSt yolDe
UehdR] 98k, yokF-yokG H-2el4 3702 of-$- =&
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Table 3. General features of the 65 ORFs in the 53,289 bp sequence at 3' flanking region of odhA 181° of the B. subtilis 168

chromosome
Gene name* Endpoints Molecular size Putative ribosome-binding site (upper case)
GenBank SubtiList (nucleotides) (kDa) (aa) and initiation codon (underlined)
yojP yosO 28>1986 74.8 652 GtAGaTGcaattccaATG
yojQ yosP 2316>2896 (38.2)" 193 GAAAGGAcatgattaaTTG
YyoiR yosQ 3008>3529 20.1 173 AAAGGAGGtgaaaATG
yojS yosR 3705>4113 136
yojT yosS 4110>4352 9.1 80 AGAAAGGAtgtattcaATG
yojUu yosT 4398>4826 16.2 142 AAAGGAGctaatacataATG
yojv 4921>5370 17.0 149 GAAAGGgGattaaaatATG
yojWw yosV 5807>5974 6.6 55 GAAAtatgacgacATG
yojX yosW 597556265 10.9 96 GGtGGgGgattaaTTG
yojY yosX 6418>6753 12.7 111 GAGGTcAggttgattATG
yojZ yosZ 6984>7337 14.0 117 AAGGAGGTGALttcaTTG
sspC sspC 7855<7637 7.8 72 AGGAGaTGAataagATG
yokB 7974>8801 322 275 AGAAAGGtGGagacaaaATG
yokC yotD 8845>9036 75 63 AGAAgGGAaGgggagacATG
yokD yotE 9076>9207 5.0 43 AagAAaGAGGTGtagetataATG




Table 3. Continued
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Gene name* Endpoints Molecular size Putative ribosome-binding site (upper case)
GenBank SubtiList (nucleotides) (kDa) (aa) and initiation codon (underlined)
YOkE yotF 9525>9791 10.5 88 AtgAAGGAaagtctcATG
YOkF yotH 10012>10233 8.5 73 GGAGGattattcaATG
YOG yotJ 10439>10651 8.4 70 AgtGGAGGTattATG
yokH yotL 10922<11203 10.8 93 AttGaAGGTaaattATG
yokl yotM 11239>11826 22.8 195 AGGAGagtgattgaTTG
yokJ yotN 11829>12005 7.1 58 AaAAcGGgGGTGtagecTTG
ortE5 yodU 12040<12465 15.9 141 GGAGGataagccATG
yokK yodV 12835>13983 42.0 382 AaAgAGGAGGgtaccaaATG
cgeB cgeB 14054<15007 36.9 317 AtAAcatccgATG
cgeA cgeA 15014<15415 14.2 133 AtAGGAGGTGtgtgtaATG
cgeC cgeC 15620>15925 11.3 101 AtAAgGGAGagGgatgatTTG
cgeD cgeD 15990<17270 50.1 426 GgcgGGAGGcGgtatagATG
cgeE cgeE 17299>18078 29.6 259 AtAAAGaAatTGAataTTG
YokM yodT 18401>19735 48.6 444 GtttGAGGTGggagcATG
YOKN yodS 19742>20431 24.4 229 AaAAAGGAttgacattasATG
YokO yodR 20416>21069 233 217 AGcgAGGgaGTGAagtggaaATG
yokP argE 21084>22388 48.3 434 AaGAGGgGgaatgaggATG
yokR yodP 22366>23193 312 275 GGAGGatgeggATG
yokS yodO 23222>24637 54.2 471 GegAGGAGGagttegtTTG
yokU 24616>24912 11.5 98 AGAAAGagactgaATG
yokV yodN 25374>26054 26.9 226 GegAGGgGGaGAcaccATG
yokW yodM 26567>27178 22.8 203 AaAAttGAGGTGgttaaaaTTG
yokX yodL 27242>27553 12.0 103 AaAAgGGAGGgGAtctigatg ATG
yokY deoD 27919>28620 254 233 AcAGGAGGatatgagATG
yokZ yod] 28720>29523 30.2 267 AaAAAGtceggtaaATG
yolA yodl 29594<29845 9.2 83 GAtAGGAGGgGAacaataTTG
yolB yodH 29932<30633 26.1 233 AaAAAGGAGGattcgataTTG
orfRM1 ctpA 30786>32186 43.0 466 AaAAAGGIGGTGtttaaTTG
yolC yodF 32220<33710 53.8 496 AagAtGGAGGacttgaataATG
yolD 33714<33929 8.4 71 GTGAgcattatcATG
yolE yodE 34093>35004 33.8 303 AaAtAGGAGtgagaaaATG
yolF yodD 3502035622 224 200 AAAGGgGGaatttataATG
yolG yodC 35665<36273 233 202 AAGGAGGaaacactATG
yolH yodB 36403>36741 12.8 112 GAAgGGAIGAAgacttATG
yoll yodA 37147<37536 14.6 129 AgAGGAGGaGtacacATG
YojJA YOJA 37907>39241 46.8 444 GGAGGgGtaccggtaccATG
yojB yojB 39326>39562 8.1 78 AtAAAGGAGGaaAaaatcATG
yojC yojC 39670<40071 15.7 133 AGAAAGGAIGTGAagacaATG
yojD yojD 40170>40961 29.2 263 AGAAAGGcaGgGAtatcaATG
yojE yojE 41143>41421 108 92 AtAAAGGAGcaagacgATG
yojF yoJF 41418>41768 13.0 116 AGAAAGagGGgageaatcATG
yojG yojG 42022>42450 16.7 142 AAtGGAtaTcAatgacttcggATG
yojH yojH 42476<43324 321 282 AAAaGAGGTGA(caatcATG
yijI yojl 43340<44698 49.3 452 AACGGAGaTcAatgtATG
yojJ yojJ 44972>45568 227 198 AcAGGAGaTGAaggctATG
yojK yojK 46174>47037 319 287 GegGGTaAagtcattgecaacATG
yojL. yojL 47419548663 442 414 AGGAGGTtgaatgaATG
yoiM yojM 48756>49346 20.9 196 AAGGgGGaGAcagtATG
yojN yojN 49410>50324 335 304 GAAAGGgaaTctgtctATG
yojO yojO 50266>52251 76.2 661 AGeggGGAtTGtagaaaagcTTG
odhA odhA 52480>53289 N-terminal region of odhA GGgGGTaAtaticaaATG

*QOur data in GenBank; SubtilList of Institut Pasteur.

"The molecular mass in parenthesis is for the putative product of combined yojQ/S with an excision of yojR region.
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Putative Sequence

terminator

TerVil s1es TTTGCGACTAACCTATGTACTAAATAGTTC 3157
TerlX 1wesr ATATGCAAAAAGTAATGAACTAAATATTGC 10710
Terv 12629 AAACTAAATAAATAATGTACTAAATATTCA 12658
Terx 21197 TGACTTACAGTTGCTTGCACCARATATTCA 3168

A_ TAAATTA T T A
NéxACTGANAGCTCAGTGAACCAAATGTTCA

Consensus for
DNA terminator
Fig. 2. DNA sequence alignment of 3 potential DNA termina-
tors with the known consensus of B. subtilis DNA terminator
[33].

The numbering indicates position of nucleotide residue. Und-
erlined indicates identical nucleotide residues to the known con-
sensus sequence.
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3317F 2 A A o 5 EF 7709 BA)
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A Ao AAEAE AR Wl ¥2 BLAST
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#7550 W3zl ZAEe|oh olg2l 277§ ORF&= dlo]¥]
Hlo]a £2o] o] AR T FoA gle TS B
AR ket yoV, yojW, yoi X, yoiY, yojZ, yokB, yokC,
yokD, yokE, yokF, yokG, yokH, yokl, yok], yokR, yokU,
yokV, yokX, yolA, yolD, yolF, yoB, yojC, yojE, yoiF,
y9G R yojO. Sk2Z o) & 27712] A2 FAAEN digt
71559 S H3td g2 A7 Huetel & Aot

OIEE FXO| &A

yoj Qe yoSEH-E] =¥ olv|At AES BA% A
3}, B. subtilis ribonucleotide reductase F<] N-#+t,
C-st A|H9=} Z47] 97%2} 77%9] wi-¢ =& A4S
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ol At} 2 F glo] B. subtilis®] NrdFe} 86%2] A
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T3t glgo] wE A 1 SolA M9 2H group
I intron-encoded endonuclease$} <2 group II in-
tron ORF2] Zn-finger-like domain Wel|4] 34F w7 5]
= AEeItH32,59]. o E-t WA el ea®) 9
DNA Aol fofsh= B 7] FAAbllA] JEES &
A7} BaEged3l] 3%F9 T4-3A A2 nrdB,
td, ¥ sun¥)9} SPO19] DNA polymeraseE I E3h=
g FARP A AR QdERo] 71 ololr}. Al A
o AF3= template BHelE] L3R ol| 4] JEROE o
AR e T2 WRE AL ool HLoln oz A
A FHE dokste HAAZE Fokg)el.

FEX Ko S

2 Fot mExgo fAR A AbellA] odhABS} sspCe)
A= 181° 9 182° 2 Z17] A a4 et 3, 91, 22 A
T 5312} Ale]] Al 12kb A=Y ALZ o)AtE o]
A9k, A7) 9-g s 53 A3 AAZE 40 kb o)A
o] W=t wetA A F7EA] AHEE oL o] F-4]9
AR} A == A = oF ghe}.

o] F-9loll YX|3h= FAHAEEA o|v] 7|4 o] ¥t
32 90 RAAE orfRMI([45]; ctpA)> 27k A
b A =AFe] Y27 G RAA] @pdded, d71Age]
SA=EHA 2 A7) ¥ FcH(Fig. 4). v 1 51t
o] FZe 9l& ZoE A=W branched-chain o-
keto acidsE #1% % HHAE F =3+ kauAl30]=
o] Aol £ A] %= AL=E 9L

A A @714 e] ¥ Aol we}, Fig. 59 vepd vle}
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Table 4. Similarity of the predicted ORF products to other known proteins

BLAST Percentage

References or

Product Description or similar protein in database score identity* database access’

YojP Ribonucleotide reductase E (NrdE) of Bacillus subtilis 1325 46(651) [56]

YojQ N-terminal region of ribonucleotide reductase F (NrdF) of B. subtilis 955 97(193) [56]

YojR Orf36.1 of bacteriophage SPP1 124 23(173) E: X67865
A hypothetical protein in Paramecium bursaria Chlorella virus 1 114 23(173) [43]
Endodeoxyribonuclease of bacteriophage SP82 102 23(173) [32]

YojS C-terminal region of ribonucleotide reductase F 473 77(136) [56]

Yo;T Glutaredoxin-like protein (NrdH) of Lactococcus lactis 74 25(80) [39]
Thioredoxin (TrxA) of B. subtilis 64 39(80) [15]

YojU dUTPase of the temperate lactococcal bacteriophage rlt 117 32(142) [64]

SspC Small, acid-soluble spore protein C of B. subtilis 301 100(72) [20]

OrfES A potential ORF adjacent to the replication terminator 444 160(88) [24]

(TerV) of B. subtilis

YokK Orf181 at 3' region of B. subtilis cgeB corresponds 687 100(129) [52]
to C-terminal region of YokK

CgeB A gene product in the cge cluster 1632 100(316) [52]

CgeA A gene product in the cge cluster 657 100(133) [52]

CgeC A gene product in the cge cluster 451 100(101) [52]

CgeD A gene product in the cge cluster 2288 100(426) [52]

CgeE A gene product in the cge cluster 546 100(118) [52]

YokM Biotin synthesis protein BioA homologue of Rhizobium sp. 181 32(444) [26]

YokN Acetyl-CoA: acetoacetyl-CoA transferase A subunit of Escherichia coli 220 47(229) [37}

YokO Probable 3-oxoadipate CoA-transferase subunit B of B. subtilis 521 48(217) SP: P42316
3-oxoacid CoA-transferase of Sus scrofa domestica 404 51(217) [44]

yokP Succinyl-diaminopimelate desuccinylase (DapE) of E. coli 133 24(179) [11]
Acetylomithine deacetylase (ArgE) of E. coli 82 23(434) [47]

YokS Hypothetical protein H10329 of Haemophilus influenzae 177 32(358) [23]

YokW Hypothetical protein 2 of B. megaterium 119 26(203) PIR: $32217

YokY Purine nucleoside phosphorylase II (PunB) of B. stearothermophilus 932 75(233) [35]

YokZ D,D-carboxypeptidase (VanY) of Enterococcus faecalis 159 31(267) [22]

YolB Hypothetical 21.6 kDa protein CY251.07 in Mycobacterium tuberculosis 101 20(233) SP: Q10886
Biotin synthesis protein BioC of Serratia marcescens 75 22(233) SP: P36571
BioC of E. coli 66 21(233) [50]

OrfRM1 B. subtilis OrfRM1 similar to E. coli Prc 2289 98(466) [45]
Carboxyl-terminal processing protease (CtpA) of Syrechocystis sp. 214 28(466) [58]

YoIC Orfc0207 of Sulfolobus solfataricus 283 29(496) [57]

Proline permease homologue of B. subtilis 88 20(496) GB: D50453

YolE A pentachlorophenol-induced periplasmic protein homologue of B. subtilis 540 48(303) DDBJ: AB001488

YolG A protein similar to nitroreductase of B. subtilis 157 40(202) DDBIJ: AB001488

YolH Hypothetical 14.7 kDa protein of B. subtilis 186 36(112) [49]

Yoll Orf129 of B. subtilis 470 67(129) [6]

YojA Gluconate permease GntP of B. subtilis 806 65(444) [27]

YoijD Chloramphenicol-sensitive protein RarD of E. coli 259 41(256) [21]

YojH Hypothetical 31.8 kDa protein YghA of B. subtilis 412 48(147) SP: P54504

Yojl Hypothetical protein YdhE of E. coli 371 34(452) GB: U68703

Yojl Hypothetical protein YbbP of B. subtilis 120 30(198) DDBJ: AB002150

YojK Hypothetical protein YdhE of B. subtilis 463 38(287) [53]
Glycosyl transferase of Streptomyces lividans 212 30(287) [38]

YojL Phosphatase-associated protein PapQ precursor of B. subtilis 437 46(414) SP: P54421
Autolysin of Streptococcus faecalis 171 26(414) 7]

YojM Cu/Zn superoxide dismutase of Caulobacter crescentus 107 31(196) [62]

YojN Nitric oxide reductase (NorQ) of Rhodobacter sphaeroides 128 26(304) [5]

OdhA 2-Oxoglutarate dehydrogenase of B. subtilis 1359 99(270) [51]

*The number of amino acids over which the percentage match was determined is shown in parentheses.
YE, EMBL,; SP, SwissProt; PIR, NBRF-PIR; DDBJ, DNA Data Bank of Japan; GB, GenBank.
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P Sequence Q Sequence
Consensus: -— —_——
Group I intron AUGCUGGAAA AAUCAGCAGG
Group IA intron U A U (o}
T HVEETTI
i -— —
yojR UUGCUGGARA AAUCAGCAGC
R Sequence S Sequence
. —>
Group I intron UCAGAGACUAXA AAGAUAUAGUCC
Group IA intron AC U
FELETEELLD PHITTTET
. <+ —_—
yoiR UCAACGACUAUC AUGAUAUAGUCU

Fig. 3. DNA sequence alignment of the yojR region with
highly conserved P, Q, R and S sequences of eukaryotic group
I and group 1A introns [60].

Arrows above sequences indicate regions of dyad symmetries.
Vertical lines indicate identical nucleotide residues.

180° 181° 182° 183° 184°  185°

Old

180° 181° 182° 183° 184°  185°

New

attSP/;

Fig. 4. Rearrangement of the current ‘computerized genetic
map of B. subtilis 168 [9).

‘Old’ and ‘New' indicates the current map and the revised map
around 180° on the chromosome, respectively. The letters under
a filled bar represent the name of the known genetic loci. The
antSPP indicated by a filled circle and an arrow means the right
attachment site for SPf prophage.
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