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Abstract From the sequence alignment of various non-
ribosomal peptide synthetases, several motifs of highly
conserved sequences have been identified within each
domain of peptide synthetases. We designed PCR primers
based on the highly conserved nucleotide sequences to
amplify and isolate a ~7.2-kb DNA fragment of the
Bacillus subtilis 713 which was isolated and reported to
produce an antifungal peptide compound. Nucleotide sequence
analysis of 4.8 kb of the predicted amino acids revealed
significant homology to various peptide synthetases over
the whole sequence and also revealed two amino acid-
activating domains with highly conserved Core 1 to Core 6
and spacer motif. This suggests that the isolated DNA
fragment is part of a peptide synthetase gene for antifungal
peptide.
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In order to decrease environmental pollution and solve
the problem of widespread appearance of drug resistant
pathogens, the development of new antibiotics is urgently
needed. In this sense, peptide antibiotics have been a
source of attention since it is possible to program a noble
antibiotics by gene manipulation of modular domains of
peptide synthetase genes as described by Stachelhaus et
al. [30]. The stability of peptide antibiotics to most
peptidases and proteases has made them useful in the
pharmaceutical and agricultural industries [19, 20, 29].
Bacilli are the extensively studied bacteria known to
produce peptide antibiotics and to be regarded as relatively
safe to humans [10, 11, 14, 29]. Peptide antibiotics are
also produced by many microorganisms in addition to
Bacilli [20], and exhibit diversity with respect to
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chemical structure and biological activity. Although
structurally diverse, peptide antibiotics are largely
divided into two subgroups based on biosynthetic
mechanisms, namely, ribosomal biosynthesis [9, 28] and
nonribosomal biosynthesis.

Many of peptides are not gene-encoded, but are
synthesized nonribosomally through a series of reactions
catalyzed by large, often multisubunit, enzyme complexes
called peptide synthetases by a thiotemplate mechanism
[17, 29, 31, 32]. Each subunit of peptide synthetases has
independent enzymatic activity. Isolation, sequencing,
and characterization of several genes encoding multifunctional
peptide synthetases of bacterial and fungal origin required
for nonribosomal synthesis of peptide antibiotics have
confirmed that the gene is composed of several domains
for the corresponding subunits. The occurrence and
specific order of domains of synthetase genes dictate the
number and sequence of the amino acids incorporated
into the peptide product {31]. These findings have made
it possible to develop noble antibiotics. For example,
Stachelhaus et al. [30] developed noble antibiotics by
genetic manipulation of domains of the peptide synthetase
genes.

Sequence alignment has also revealed six highly
conserved motifs (Core 1 to Core 6) and a spacer motif
in peptide synthetase genes [15, 16, 17, 31]. Cores 2 to 5
are believed to be involved in ATP-binding and hydrolysis.
The Core 6 motif seems to be involved in the catalysis
of the formation of thioester bonds. However, the
function of the Core 1 motif is not yet known. Among
the conserved regions, Core 1 and Core 2 are highly
conserved even in nucleotide sequences (Fig. 1a) [3].

In this study, we designed PCR primers based on the
highly conserved nucleotide sequences of Core 1 and
Core 2 to isolate and characterize the peptide antibiotics
synthetase genes from Bacillus subtilis 713 strain [12,
13]. Bacillus subtilis 713 strain was isolated from
Korean soil and known to produce antifungal peptide
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compounds [12, 13). Using the isolated DNA fragment
as a probe, we isolated an approximately 7.2-kb DNA
fragment and determined 4.8-kb of its nucleotide
sequence. The predicted amino acid sequence based on
the nucleotide sequence of the DNA fragment showed
significant homology to various peptide synthetase genes.
From the alignment with various synthetase genes, two
amino acid-activating domains of peptide synthetase
were detected in the 4.8-kb DNA fragment and these
domains were well matched with the previous chemical

analysis of the amino acid components of the antifungal
peptide compound, suggesting that the DNA fragment
isolated in this study is a part of the peptide synthetase
gene of Bacillus subtilis 713.

We used Escherichia coli DH5aF (Gibco BRL,
Gaithersburg, U.S.A) as the host for all plasmid
constructions. Luria broth (LB) from Davis et al. [4] was
used for routine growth of Escherichia coli strains and
Bacillus subtilis. Penassay broth (Antibiotic medium 3,
Difco Co., Detroit, US.A.) was used for growth of

A.
CORE I CORE II
TTI AAA GCA GGC GGI 6CI TAT GTG CCG ATC GAC CC ATI TAC ACI TCT GGI ACI ACA GGI AAG CCA AAA GG
G 6 T T T T c
grsA {(328) TTA ARA GCA GGT GGA GCA TAT GTT CCG ATT GAT ATT (363) 199 ———— (562) ATT TAT ACT TCT GGT ACA ACA GGC AAT CCA AAA GGT (397)
L XK &4 6 6 & Y VvV P I D I I ¥ T 8§ 6 T T 6 N P K 6
grsB1 (1615)TTA AAA GCT GGT GGA GCT TIT GTG CCT ATT GAT CCT (1650) 184 ———— (1834JATT TAT ACA TCA GGA ACA ACA GGT AAA CCA AAA GGG (1869)
L K A 6 6 A F V P I D P I Yy T § 6 T T 6 K F K 6
grsB2 {4732)CTT ARA GCR GGG GGA GCT TAT TTA CCT CTT GAT CCG {4767) 190 (4957)ATG TAC ACT TCT GGT TCT ACA GGA AAG CCT AAA GGT (4992)
L ¥ & 6 86 2 Y L P L D P M Y T 8§ 6 8 T 6 K P K 6
grsB3 (7840)TTA AMA GCA GGA GGA GCA TAT GTG CCT ATC GAT ATA (7875) 190 ———— (BO6SJATT TAC ACT TCT GGT ACA ACC GGA AAG CCA AAA GGT (8100)
L K A 6 6 A Y V P I D I I Yy T 8§ G T T 6 X P K 6
orsB4(10981)TTG AAA GCA GGA GGA GCA TAT GTT CCA ATT GAT CCA{11016) 190 (11206)ATT TAT ACA TCC GGT ACA ACC GGA AAG CCT AAA GGG (11241)
L K A 6 6 A Y VvV P I D P I Yy T 8 6 T T 6 K P K G
tycA {(292) CTT AAA GCA GGC GGA GCC TAT GTG CCC ATC GAC ATC (327) 199 (526) ATT TAC ACC TCA GBC ACG ACA GGC AAG CCA AAA GGC (561)
L X A 6 6 A Y V P I D I I Yy T 8 6 T T 6 K P K G
tycBi (1618)TTG AAG GCA GGC GGC GCA TIT GTG CCG ATC GAC CCG (1653) 190 (1843)ATC TAT ACG TCC GGA ACG ACA GGG ChA CCS AAA GGC (1878)
L XK A 6 6 A F Vv p I D P I Yy T § 6 T T 6 Q@ P K G
tycB2 (4723)CTC AAA GCG GGC GGG GCG TAT GTG CCG ATC GAT CCG (4758) 187 (4945)ATC TAC ACA TCC GGT ACG ACA GGC AGG CCA AAA GGC (4980)
L K A 6 6 A Y VvV P I D P I Y T 8§ 6 T T 6 R P K G
pchAB1(1087)TG6 AAA TCC GGC GCC 6CC TAC GTB CCC ATC BCA CCC (1123) 228 (1351)ACT TAC ACC TCT GGG ACC ACT GGC TTC CCA AAG 6GC (1386)
W K s 6 A A Y Vv P T D P T ¥ T 8§ 6 T T 6 F P K G
PcbAB2(4369)TGE AAG AGC GGC GGT GCC TAT GTC CCC ATT GAC CCT (4404) 208 (4612)ATC TAT ACC TCT GGA ACS ACA GGT CGG CCC AAG GCC (4647)
W K s 6 6 A Y vV p I D P I Yy T 8 6 T T 6 R P K G
PchAB3(7618)TGG AAG GCT GGT GCA GCA TRC GTG CCC TIG GAT CCG (7653) 205 (7858)ATC TTT ACT TCA 6GC ACT TCC GGT AAG CCA AAG GGA (7893)

W K A G A A Y ¥V P L D P 1 F T §$ 6 T S 6 K P kK 8
B.
Core I : TTI AAA(G) GCA{E) GEC GBI 6CI
Core II : ATI TAC(T) ACI TCT(C) &
— Core 1 HCore 2 b—{Core 3 H Core 4 — Core 5 — Core 6 — spacer }—‘ Core 1 Core 2 ——

gy
L §

P2

<+— 200 bp
P1

hundreds to thousands bp

>4 200 bp —>
P1 P2

Fig. 1. Sequence of the primers used for polymerase chain reaction.

A. Multiple alignment of Core 1 and Core 2 region of various peptide synthetase domains. B. Primers 1 and 2 were designed based on the consenved
sequence of Core 1 and the Core 2 sequence [31]. Primer 1: 5-GGG(A) TCG(A) ATC CGC ACA TA-3' and primer 2: 5'-GGI ACI ACA GGl AAG
CCA AAA GG-3'. PCR with primers 1 and 2 were supposed to give several bands ranging hundreds to thousands bp in length, because they would
amplify the region from Core 2 of one domain to Core 1 of the following domain.



Bacillus subtilis for chromosome isolation. For all
standard recombinant DNA techniques, the suggested
procedures of Davis et al. [4] and Sambrook et al. [27]
were used. Most enzymes including restriction enzymes,
ligase, Klenow, and Tag polymerase were purchased
from Takara (Shiga, Japan). DNA sequencing was done
by the dideoxynucleotide chain termination method
for double stranded and single stranded plasmid using
o-’P-dATP (Amersham, Arlington Heights, U.S.A))
and the Sequenase version 2.0 enzyme as suggested by
the manufacturer (US Biochemical, Cleveland, U.S.A.).
Priming for DNA sequencing was done with custom-
made oligonucleotide primers (Takara, Shiga, Japan and
Bioneer, Chungwon, Korea) or with standard forward
and reverse primers (US Biochemical, Cleveland, U.S.A)).
Reaction conditions were as previously described [23].
Chromosomal DNA from the Bacillus subtilis was

CAAACGATCCATGGTCTGTTTGAGACACAAACGGCGCACACACCAGAGCAGCCACGTTGTACCTTCGAACCAGAGCAACTGAGTTATCGC 90
@T I HGLFETOQTAHTPEQPRCTFETPERQGLSTYR

1 30
91  GAACTGAATGAACGTGCGAATCGTTTGGCTCETACCTTGCGCAGTCAAGGTGTGACGAAAGATCGTTTGGTAGGTCTGATGACCGAACGE 180
3 ELNERANRLARTILRSQGVYTKDRLVYGLMTEHR 80

181 TCGATAGATATGATCGTGGGTATGT TAGGCATTTTGAAAGCCGGAGGTGCATATGTCCCAATCGATCCGAACGTACCCAGAGGACGTATC 270
68 8§ I DM I VGMLGILKAGGAYVPI1IDPNVPRGRI1 9

Core 1
271 CCCTATATGTTGGACGACTCOGGAACAGAGCTGTTGT TGACGCAAAGCCATCTGGTGGACAAGGTAGC GACGGTCACATGCTGGTG 360
98 PYMLDDSGTELLLTQSHLVDKVYAFDGHMLY 12

361 CTGGATGGAGCACAAAGTGTGTATCACGAGGATGGTTCCAATCTGGAGTCGTTGTCCGGTCCGAACGATCTGGCGTATOTGATCTATACA 450

12 LDGAQSVYHEDGSNLESLSGPNDLAY VI YT 15
EcoRl EcoRI

451  TCGGGGACAACGGGGCAGCCGAAGGGCGTTATGCTGGAGCATCACGGGCTATGCAATCTGAAAACGTATTTTGAATTCGAATTCAAGATC 540

151 _8 G T T G QP KGVMLEHHGLTC CNLIXTYFETFTETFK K] 18

Core 2

541  AGTACCTTAGATCATATGTTGCTGTTTGCCAGCTACTCGTTTGATGCGGCTTGCTGGGAAATCTTCCAAGCTCTATTCTGCGGAGCCACG 630
181 § TLDHMLLTFASYS A AC EITl FQALTFCGAT 210
631  TTGTACGTGCCAACGTCAGAGACGATTTTGGACTACGAACGGT TTGAACAATATATGGCGGATCACCACATTACGGTGGCAGCTTTGCCG 720
2 LYV PTSETILDYERFEQYMADHUHEITVAALTP 240
721  CCTACCTATGCGGTGTATCTGGAGCCGCAGCGGATGCCAAATCTGCGTATTCTAGTCACTGCGGGTTCAGCCGCTTCAACAGAGCTGGTY 810
240 PTY 4 VYLEPQQRMPNLRILYTAGSAASTELVLV 270

811 TACAAGTGGAAGGATCAGGTGGCGTACTACAATGGCTATGGTCCAACCGAAAACTCGGTAGCGACATCCATCTGGCCGGTATCCAAGGAT 900
271 Y K ¥ K VoA NGYGPTENSVWVAT 1 ¥ P VS D 300

901  GAGAGAGCAGGACAGCTGATTTCCATTGGACGTCCTGTGCCGAATCATCGGGT ATACATGGATGATGTACACGGGCATTTGGCTCCGATA 990

31 £ERAGOQGL'I SIGRPVPNHRYYMDDVH Loa 330

991  GOCGTAGCGGGTGAGCTGTGCGTGTCTGGTCCOGGTCTGGCACGTGGTTACCTGGATCGTCCAGAGCTGACGGCGGAGAAATTTGTACCG 1080
GVaAGELCVSGPGILARGYULDODRPETLTAETE KTFV

331 360
Core 3 Kpn.
1081  AATCCGTTTCCGGCTGGCGAAGCTGGGTATGAGCGGTACCGCACAGGCGACTTGGCAAGATGGATGCCAGACGGASACATCGAATACTTG 1170
31 N P F P A E A GYERYZRTGDLARGYWMEPFDGNTIETYTL 390
Core 4
1171  GGCCGGATTGACCATCAAGTAAAGATCCGGGGTTACCGGATTGAGCTGGGCGAAGTGGAGGCACAAATATTGAAAGTGGAGGACGTACAA 1260
38 GR I DHQVKTIEIRGYRTIETLTSG VEAQILKVETDUVQ 420
Core 5
1261 GAGGTCATCGTCCTGGCCCAAGCGGACGAGCAGGGACAAAATCAACTGGTGGCGTACTACGTCGCTGAAAGAGAAGTAAGTGCTGGTGAA 1350
421 EV 1 VL AQADEQRGQNQLVAYYVAERETVSAGE 45

Kpnl
135]  CTGCGCAGTTTACTGGGTGAGGAACTGCCCAACTACATGGTACCTTCTTTCTTGGTACAGCTGGAGCAGATGCCGCGATCACCGAATGGT 1440
451 L RSLLGEETLPNYMYPSFLVQLEAQMPRSTPNG 480
1441  AAAATCGACCGCAAGGCTCTACCAGCACCTGAAGGTAGCCTGCAAACCGTAGCCGATTATGTCGCACCGCGAACGTGGGTGGAAGTGAAS 1530
48] K I DRKALPAPEGSLAQTVADYVAPRTWYEVK 510
1531  CTGGCGCAAATTTGGCAGGATGTGCTAGGCCTGACGCAGGTCGGCGTGAAGGAAAACTTCTICGAGATTGGTGGACATTCACTGAGGGCE 1620
811 L A QI ¥QDVLGLTOQVGVKENTFTFTFETILIGGHSLTR4 540

Core 6
1621  ACGACACTGGCCTCGAAGATTCACAAGGAACTCAACAAGCCGCTTCCCCTGCGCAGTATTTTTGAAGCACCAACGATTGAGCAACTGGCA 1710
541 T T L ASKTIHKELNKPLPLRSIFEAPTILESO QL4 570
571
1801  AACGACTGTATGTGCTTGCATCAGTTCGATCCACATGATGTGAACTACAACATGCCATCGGTGCTGCAAGTGACAGTCCGCTGGACGCTG 1890
601 NDCMCLHQFDPHDVNYNMPSVLILQVTVRYTL 630

1831  AACATGAGACGTATCCGTCAACTGATTGCCCGTCATGCGATCGTTCGTACCCGCTTTGATCTGGTGGACAGCGAGCCAGTGCAGTCTATT 1980
631 N MR RI1BROQLI1I ARHAILIV TRFDLVDSEPVQS 1 660

1711  GTCGTACTGGAACATTGGATCAAGTACATATGCGTCCATTCCAGTACGCGAAGAGAGCAGCAGCTTCTTTCCCTTGTCCTCATGCGCAAL 1800
VVLEH®IKYICVHSSTRREQOQLLSTLVLMVMEREK 600

1981 GAGGACACCGTACCGTTCGAGGTCGAATTTACGAAGGT ACAAGCTGAGGGTGCGACTACGGACACAGACACGAGGGTCAACAAGGAAGTY 2070
661 E DT VPFEVEFTKVYQAEGATTDTDTRVNEKE/ 690
Bglll
2071 CAAGAGCTGGTGAGTTGCTTTGTCCGTCCGTTTGATCTCAAAGCTGCACCGCTGCTGCGGGTAGGCTTGGTAGATCTAGGCGTATCAGGA 2160
691 Q ELVSCFVRPFDLKAAPLLRVGLYVYDLGVYV SG 720
2161  GCAGGGCAGGAACCGCAGCATGTACTCATGCTCGACATGCACCACATCGTTTCGGATGGCGTGTCCATGGGGGTACTGACTGAAGAATTT 2250
721 A G QEPQGHVYLMLTDMIEHH VSDGVSMGVLTETETF 750
Spacer motif
2251  GTCCGCTTGTATGACGGTGAACAGCTAGCGCCACTGCGGATACAGTACAAAGACTATGCCGTATGGCAACAAAGCGAGGTCCATCAGAAG 2340
71 VRLYDGEQLAPLRIOQCYKT D AV WaQsEV QK 780

2341  TGGATGCAGCGCCAGGAAGCCTACTGGCTCGACACCTTCCGGGGGGAACTGCCTGTGCTGGATTTACCGACAGACTTTGCCCGTCCGTCG 2430
781 ¥ M QRQEAYWLEDTFRGELPVLDLPTDTFARPS 810
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isolated by a modified version of the method of Ferrari
et al. [5].

Bacillus subtilis 713 was isolated from Korean soil
and was reported to produce antifungal compounds
which seem to comprise Arg, Val, Thr, Ala, Asp (or
Asn), Pro, and so on [26]. However, the exact structure
of the antifungal compound has not yet been determined.
In order to isolate the biosynthetic gene for peptide
antibiotics, primers based on the conserved regions —
Core 1 and Core 2 — were used for polymerase chain
reaction. A primer set was primer 1: 5'-GGG(A) TCG(A)
ATC CGC ACA TA-3' and primer 2: 5-GGI ACI ACA
GGI AAG CCA AAA GG-3'. Polymerase chain reaction
condition was performed as described by Lee et al. [22].
Amplified products were separated by agarose gel
electrophoresis. The desired band was eluted from the
gel using the Qiaex II Agarose Gel Extract system

2431  ATACGAAGTACGGCAGGCGATACCGTGGTGTTTGGGCTGGAACGCGAAGTGAGCGAACGCCTGAAGGAACTGGCGGCACACACAGGCTCT 2520
811 I RS T AGDTVVFGLEREVSERLEKETLAAHTGS 840
2521  ACGCTGTATATGGTGCTGCTGGCGGCAT ACACCGCACTCTTGCATCAATATAGTGGCCAAGAGGACATCGTTGTCGGCACGCCGATASAC 2610
841 T LYMUVLLAAYTALLHQYSGQEDI VY GTPIN 870
Sphl
2611 GGACGACCGCAGCATGCCGATTTGGAGCCAATCCTCGGGATGTTCGTCGGTACGTTGGCATTGCGAAACTATCCGACAGCGGAACATACC 2700
871 G R P QHADLE®PILGMTFVGTLALRNYPTAEHT 900
2701 TTCCGCAGCTACGTGGAAGAAGTGAAGGTTCGGGCTCTGCAAGCCTACGAACATCAGGACTATCCATTTGAGGAATTGGTGGAAAAGCTG 2790
% FRSYVEEVXVRALQAYEHOQDYFPFETETLVEEIKHTEL 930
2791 AATGTGAAGCGGGATATGAGTCGCCATCCGCTGAACGATACGATGTTTACCCTGCAAACGACGGAGGAAGGCGAGCTGCAACTGGCAGAC 2880
93 NVKRDMSRHPLNDTMFTLOQTTEETG GETLSQQLAD 90
2881  CTGAGCTTCCGTCCATACGGGTTGGAGCAAACACCGGCGAAATTTGAGGAAGGCGAGCTGGCAGACCTGAGCTTCCGTCCATACGGGTTG 2970
961 L S FRPYGLEOQTPAKTFTETEGELADLSTFRPYGL 39
2971 GAGCAAACACCGGCGAAATTTGACTTCACGCTGGAAGCCAGAGAGGAAGAGGCAGGCATCCAGTTCGTGATTGCAATATGCACTGCGTIT - 3060
991 E Q T PAKPFDFTLEA ARETETEAGIQFV I AILICTATF 1020
3061 GTTTCAACGGGAAACGTTGACCGGATGACACGTCCCTTTATTCGCTTAGCCGAAGCCCGTCCCCCCAAACCCGGAAGGGAAGGGGGTGAG 3150
1028 v S T G N VD MTRPFIRLAEARPPKPGRETGS® GE 105
3151 CTGGAACTGATTACGACCGAAGGAACCGAACAGATTTTGAAGGGGTTCAATGAACCGAACGAGCACAGGTGGTGGAACAATCCAAGGTTT 3240
106 L EL I TTEGTERQQIULK®GFNEPNEHRTUWWNNPRTE 1080
3241  GTCAGCAACATTTGTCAGCAACGTTTTGAAGGGCCAGGGAAAAACCGGCCTGAGGGOAATTGGCGGTTGGAATCTGGGAATATGACGCTA 3330
1088 VS NI CQQRFEGPGKNRPEGNG ®PRLESG GNMTL 1110
3331  ACCTACGCTGAGCTGGATGAGCAGGCGAACCGGTTGGCCOGTGTGCTACGGGCGAAAGGTGTTGAAGCAGATCAATCGGTAGGCGTACTG 3420
1y T YA ELDEQANRLARVLR G VEA4DQS VGV L 14

3421  CTGGAACGTTCTGCGGATCTTCTGGTGAGCATTCTGGGGGTACTGAAGGCCGGAGGCGCGCATGTGCCAATGGATACGATGTATCCACAG 3510
114 L ERS & DLLVSITLGVLKAGSGAHVPMDTMYFPQQ 1170

Core 1

3511 GAGCGTATTGACTATATGCTCCAAGACAGTGGGGCCAAGGTCGTGATCACCAGCAGAGCCGCCAGCCTTTCGCTGAGCTTGCCATCCACA 3600
1171 ER 1 DY MLQDSGAKVYVITSRAASLSLSLPST 120
3601 GTACAAGCTATAGTCCTTGACGATGAGGGCGTTCAAGCTCAATGGGGAGCACAGGAGTCGAGCAACCTGATCCCGTTCGCCGGOCTGTCG 3690
1200 V. Q A 1 VL DDEGV A Q¥ G AQ S N LI F AGL S 123
3691 CCGGCCTGCATAATTGGCCTATATGATGACACGTCAGGTACAACCGGTCAGCCGAAAGGGCTTATGATTGAGCAAGGCAGTGTCGGC AT 3780
123. P A C11G6GLYDDTSGTTG QPKGVMIE® GGSVGN 1260

Core 2

3781 CTGGTAGATGCTCTGTATGAGCGAGTATACAGTCGGTATGATCAGCCGCTTCACATCGCATGGCTGTCCGAATTTGTATTTGACGCTTCG 3870
1261 L VD ALY ERVYSRYDQPLHIAY¥LSETFUVFDAS 120
3871 GTGAAGCAAATCTTTGCCAGCTTGCTGCTAGGTCATACCCTGCATGTGCGTGTCCGGTACGTACGCCCTGAGCGGAGAGCATTGATCGCC 3960
1299 v K Q@I F ASt L GHTLHVRVRYVRPETRR RALIA 1320

3961 TACTACCGCACGCACCGGATTGATCTGTCGGACGGCACACCAGCGCATCTGCATATTTTGAACGAAAGCGTCAGCGTGACAGAAGCGCCG 4050
1321 Y RTHRIDLSDGT®P?PAHLHIULNESVUVSV A P 1350

4051  GATGTGAAGCATTACCTGATCGGGGGCGAAGCCTTATCCGTGCAGCTGGTACAGGGOTTCCTGCACAAATGGTCCGGGTATCGTCCGGTC 4140
131 D VKHYLI1IGGEALSVYQLVAQGFLHK®WSGYRPV 1380

4141  ATTACGAACGTGTATGGTCCGACCGAAGCGACCGTAGATGCGACCGCTCTAACGTTAGAGATAGTAGAGTCGCTGATAGTACTGCTGGAA 4230
1381 [ T NVYGPTEATVDASTALTLETIVESLTIVLLE 1410

Kpnl
4231 AAATTTTATCACACGGTATCCATCGGAACGCCGATAGCCAACCAGGCTGTGTACATCTTGAACACTCGACAACAGCTGGTGGTACCCATG 4320
K FYHTVS1IGTPIANQAVYTITLNTERGOQQL 3

1411 1440
4321  GGGATCGCGGGTGAACTCTATATCGGAGGGGCAGGTATCGCACGAGGATACCTCAACCTGCCGGAACTGACGGCTGAGAAGTTTGTTCCG 4410
1444 G I A G E L Y I GG A G { 4R GYLNLPELTAEEKTFUVP 1470
Core 3
4411  AATCCGTTTGCTGATGCGACGGCCGCTGATCCAGCGGACAGCACTTACGCAAACCGGATGTACCGGACAGGCGACCTGGCACGGTGGCTG 4500
147/ N P F A DATAADPADSTYANRMYRTGDLARTYL 150
Core 4
4501  CCGGATGGCAGT ATCGAGTATTTAGGCCGGATCGACCATCAGGTCAAAATTCGCGGGTATCGGATTGAGCTGGGCGAGGTGGAAGCACAG 4590
1500 P DGS ! EYLGRTIDUHQVKTIRGYRTIETLGEVLVEAQ 150

Core 5
4591  CTGCTGACCGTGGACGGCATTCAGAAAGCCGTAGTCACAGCATGGGAAAACGAGGACGGACACAAGGATCTGTGTGCCTATATCTTTCGG 4680
1531 L L TVDGIOQXAVVTAW¥ENETDG© GH D A Y I F R 1560

4681 CATCAGTGTCGTACCCTTTTGCTOCTGCCTGTGTTOCTAGACACACGGATATTCGTAGCTTCGGAGTCGCTGAGTCTACCAGAATTGLGG 4770
HQCRTLLLLPVFLDTRIFVASESLSLPETLTR

1561 1590
Pst!

4771 AATGTGCTGCAG 4782

159] N vV L Q 1594

Fig. 2. Nucleotide sequence and their predicted amino acid sequence of DNA fragment isolated from Bacillus subtilis 713.
Nucleotide sequences are read in both directions. The deduced amino acid sequence is given in single letter code. Conserved peptide synthetase
motifs (Core 1 to Core 6 and spacer motif) are underlined. Some restriction sites are also underlined. The nucleotide sequence has been submitted to

the GenBank under accession number AF 071566.
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(Qiagen, Chatsworth, U.S.A.) and then ligated into
pGEM-T Easy vector (Promega, Madison, U.S.A.).

Core 1 region, whose function is not yet clear, and
Core 2 region, which functions as an ATP binding site,
were used [31] for designing the PCR primers (primers 1
and 2). With these primers and with 30°C as the annealing
temperature, we obtained several bands including one
major band of 450 bp which was used for further
characterization.

In order to confirm that B. subtilis 713 chromosome
contains the same DNA as the 450 bp PCR product,
Southern’ hybridization was performed under medium
stringent conditions using the PCR product as a probe.
The probe hybridized with only one fragment for each
restriction enzyme digest (data not shown), indicating
that this gene exists as a single copy in the B. subtilis 713
chromosome.

Alignment of the predicted amino acid sequence based
on the nucleotide sequence revealed that the DNA
fragment is a part of the peptide antibiotics synthetase
gene [22]. In order to isolate the rest of the synthetase
gene from the B. subtilis 713, we performed Southern
hybridization using the PCR product as a probe. From a

Bs713
GrsB468
GrsB2545
Tyr2537
Tyr4610
SrfAB
GrsA

Bs713
GrsB468
GrsB2545
Tyr2537
Tyrd610
SrfAB
GrsA

Bs713
GrsB468
GrsB2545
Tyr2537
Tyrd610
SrfAB

Core 2 Core 3

mini-library containing 7~8-kb fragments of HindlIll
digested chromosomal DNA from B. subtilis 713, we
isolated a 7.2-kb DNA fragment (21, Fig. 4) and characterized
4.8-kb of the fragment.

In order to determine the nucleotide sequence of the
isolated DNA fragment, we subcloned the fragment into
pUC18, 19 and M13mpl8, 19 and used forward and
reverse primers as sequencing primers. Custom-made
primers were also used as sequencing primers (Fig. 4a).
Once the nucleotide sequence was determined, we used
the DNASIS program (Hitachi software engineering,
Japan) to analyse the predicted amino acid sequence (Fig.
2) and then searched the homologous gene using the
gapped advanced BLAST and original BLAST [1, 2]
program through the Internet. The statistical significance
of the predicted protein sequence was evaluated using
the DNASIS (Hitachi software engineering, Japan)
program and BLAST [1, 2] through a server system
supported by NCBI Highly related sequences usually
have an optimized alignment score greater than 150 and
E-value smaller than 5e™. For multiple alignment to
identify Core motifs between amino acids, the CLUSTAL
V [7] program was used.

Core 5

Core 4

Fig. 3. Alignment of deduced amino acid sequences of DNA fragment from Bacillus subtilis 713 with other peptide synthetase

domains.

Conserved regions including the 6 Core motifs and spacer motif of different peptide synthetases are presented (shaded and boxed). The distance
between the conserved regions is indicated. Grs468 is from the amino acid sequence from aa 468 of gramicidine synthetase 2 including the proline and
valine activating domains. GrsB2545 is from the amino acid sequence from aa 2545 of Gramicidine synthetase 2 including the ornithine and leucine
activating domains. Tyr2537 is from the amino acid sequence from aa 2537 of tyrocidine synthetase including the tyrosine and valine activating domains.
Tyr4610 is from the amino acid sequence from aa 4610 of tyrocidine synthetase including the omithine and leucine activating domains.



The predicted amino acid sequence of the isolated
DNA fragment showed high homology to various
peptide antibiotics synthetase genes. The highest
homology (41.9% identity over 1588 amino acids) was
found with the Gramicidine synthetase gene [8, 18] of
Bacillus brevis. The surfactin synthetase gene of Bacillus
subtilis [6] and tyrocidine synthetase gene of Bacillus
brevis also showed significant homology (39.5% identity
over 1581 amino acids and 37.3% identity over 877
amino acids, respectively). These homologies are so
remarkable that we might conclude that the DNA
fragment we isolated was part of the peptide synthetase
gene. Among the peptide synthetase genes, the regions
of the proline and valine activating domains showed the
highest homology. The fact that proline and valine seem
to be the constituents of the peptide produced by
Bacillus subtilis 713 [26] is very interesting in this sense.
That is, the two domains identified in this study are
likely to be the domains for the activation of proline and
valine for peptide synthesis. This finding also supports
the idea that the DNA fragment isolated in this study is a
fragment of the biosynthetic gene for antifungal peptide
produced by B. subtilis 713. However, this should be
proven by further genetic and biochemical characterization.

By comparison of the deduced amino acid sequence
with databases, two peptide synthetase domains containing
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well-conserved peptide synthetase motifs were detected
(Figs. 2 and 3). We will refer to the two domains
as domain I and II hereafter. Peptide antibiotics
biosynthetic genes have been reported to contain the
conserved regions in each domain which are involved
in ATP binding (Core 2, Core 3, and Core 5), the
regions involved in ATP hydrolysis (Core 4), and the
region involved in 4'-phosphopantheine binding (Core 6;
15, 16).

We could locate 6 conserved Core motifs and a spacer
motif in domain I, and 5 conserved Core motifs in
domain I (Figs. 2 and 3). That is, two Core 1 motifs
(LKAGGAYVPID and LKAGGAHVPMD) were identified
in the regions of aa 72 - aa 82 and aa 1155 - aa 1165. These
sequences showed 11/11 and 9/11 identity to the consensus
sequence of Core 1 (LKAGGAYVPID), respectively.
Two Core 2 motifs (TSGTTGQPKGYV) were identified
in the regions aa 150 - aa 160 and aa 1241 - aa 1251 to
have 10/11 identity to consensus (YSGTTGxPKGV).
Two Core 3 motifs (GELCVSGPGLARGYL and
GELYIGGAGIARGYL) were identified in the regions
aa 334 - aa 348 and aa 1444 - aa 1458 to have 13/15 and
14/15 identity to consensus (GELCIGGxGxARGYL),
respectively. Two Core 4 motifs (YRTGD) were identified
in the regions aa 373 - aa 377 and aa 1491 - aa 1495 to
have 5/5 identity to consensus (YXTGD). Two Core 5

A. -— -
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_ E— —_— > —_—
EcoRI Kpnl
Hindllll Slacl EcoRIII rKﬁ)nl .]3gl|l .?phl Kpr'1l Plsﬂ Plsti Hirlrdlll
| | [T l 1 | i 1 )
0 03 16 22 25 3.2 37 54 58 6.5 7.2
B amino adenylation amino acylation
. region region
condensation . . .
| H region amino adenylation region
| f |
Domain H >
Spacer_motif [ Core2 | Core 5 ]
{__TSGITGAPKGV | VKIRGYRIELGEVE |
| Core 2 — 1IL Core | | Core 1 | ICore 4|
| TSGTTGQPKGV ] | |__VKIRGYRTELGEVE | | LKAGGAHVPMD | YRTGD

Core 3
[ __GELCVSGPGLARGYL.

| LYRIGD

[ Core 3
_GELYIGGAGIARGYL _ |

Fig. 4. Genetic organization of 7.2 Kb DNA fragment isolated from Bacillus subtilis 713.

A. Arrow indicates the direction and the length of sequence read by the sequencing reaction. Some restriction enzyme sites which were used for
subcloning were indicated. The map is not on the scale. B. Schematic representation of two domains based on the sequence homology to various
amino acid activating domains. Domain I and Domain II showed the highest homology to the proline activating domain and the valine activating
domain, respectively.
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motifs (VKIRGYRIELGEVE) were identified in the
regions aa 397 - aa 410 and aa 1515 - aa 1528 to have
13/14 identity to consensus (VKIRGxRIELGEIE). One
Core 6 motif (ENFFEIGGHSL) was identified in the
region aa 528 - aa 538 to have 8/11 identity to consensus
(DNFYXLGGHSL). The spacer motif (HHIVSDGV)
was identified in the region aa 734 - aa 741 to have 6/8
identity to the consensus sequence (HHILxDGW; 31). In
the fragment we characterized, however, Core 6 and
spacer motif were not included in domain II. The
preliminary result indicated that the spacer motif was
located in the 7.2-kb DNA fragment we isolated.

In conclusion, we identified all six conserved Core
motifs in Domain I and five Core motifs in Domain II
including lysine in Core 2, aspartate in Core 4, and serine
in Core 6 which have been known to play important
roles [31]. Figure 4b shows the simplified scheme of the
peptide synthetase gene fragment from Bacillus subtilis
713 based on the sequence homology to conserved core
and spacer motifs. »

In most peptide synthetase genes, the spacer motif is
usually found at the end of each domain. It is also
located at the N-terminal region of the domain if the
domain is involved in the first step of peptide synthesis.
Therefore, if the second domain has its own promoter to
be the first domain for peptide synthesis, there should be
two spacer motifs between the two domains. The fact
that there is only one spacer motif between Domain I
and Domain II in the DNA fragment we isolated
suggests that these two domains are under the control of
the same promoter since the spacer motif is missing at
the N-terminal end of Domain IL

Interestingly, the region after the spacer motif showed
high homology with grsB and tyrC, which do not have
motifs for racemerization motifs [24, 25, 31], which are
found in the domain for racemerized amino acids. These
results indicate that the isolated peptide synthetase
fragment is not involved in racemerization. This finding
should give some clue as to the structure of the peptide
produced by B. subtilis 713 which has not yet been
determined.

The isolation and characterization of domains for the
activation of amino acid constituents of peptide synthetase
genes can be a foundation for the development of noble
antibiotics. Together with the bank of peptide synthetase
genes already reported, the two amino acid-activating
domains identified in this study can be used for
designing noble and more efficient peptide antibiotics
along with a bioassay against a wide spectrum of
pathogens. In this sense, a recent study by the Stachelhaus
group has proven that programming new antibiotics by
such gene manipulation as switching, deleting, and adding
the amino acid-activating domains could create noble
peptides of amino acids constituents they designed [30].
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