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The thermostable neutral protease gene nprT of Bacillus stearothermophilus was sequenced. The DNA
sequence revealed only one large open reading frame, composed of 1,644 bases and 548 a,mino acid residues.
A Shine-Dalgarno sequence was found 9 bases upstream from the translation start site (ATG), and the deduced
amino acid sequence contained a signal sequence in its amino-terminal region. The sequence of the first 14
amino acids of purified extracellular protease completely matched that deduced from the DNA sequence
starting at GTC (Val), 687 bases (229 amino acids) downstream from ATG. This suggests that the protease is
translated as a longer polypeptide. The amino acid sequence of the extracellular form of this protease (319
amino acids) was highly homologous to that of the thermostable neutral protease from Bacillus
thermoproteolyticus but less homologous to the thermolabile neutral protease from Bacillus subtilis. A promoter
region determined by Si nuclease mapping (TTTTCC for the -35 region and TATTTT for the -10 region) was
different from the conserved promoter sequences recognized by the known r factors in bacilli. However, it was
very homologous to the promoter sequence of the spoOB gene from B. subtilis. The guanine-plus-cytosine
content of the coding region of the nprT gene was 58 mol%, while that of the third letter of the codons was much
higher (72 mol%).

Microbial proteases have been divided into four groups
based on their mechanisms of action. These groups are
serine, metal, thiol, and acid proteases.
The extracellular proteases of the genus Bacillus are

mainly either serine (alkaline) or metal (neutral) enzymes
(25). Neutral and alkaline proteases from Bacillus subtilis
and Bacillus amyloliquefaciens have been cloned and se-
quenced (26, 30, 33, 36, 37). These studies revealed the
existence of a pre-"pro" structure. However, the promoter
region and the regulation of gene expression in these
proteases are not necessarily well characterized. In contrast
to these thermolabile proteases, thermostable neutral prote-
ase from Bacillus thermoproteolyticus (thermolysin) is well
characterized enzymatically. The primary and three-dimen-
sional structures and the active site of the thermolysin have
been determined (12, 17, 29).
We have already cloned the structural gene of thermo-

stable neutral protease from Bacillus stearothermophilus
and examined its expression in B. stearothermophilus and B.
subtilis (4). This paper describes both the nucleotide se-
quence of the cloned neutral protease gene and determina-
tion of the promoter region. Furthermore, we compare the
amino acid sequence and the guanine-plus-cytosine content
of the neutral protease with those same components from
other Bacillus proteases.

MATERIALS AND METHODS
Bacterial strains, plasmids, phages, and culture conditions.

The Bacillus strains used were B. stearothermophilus CU21
(Strr) (9) and B. subtilis MT-2 (trpC2 leuC7 hsdR hsdM
Npr- (4). Escherichia coli K-12 JM105 [A(lac-pro) thi rpsL
endA sbcB15 hspR4/F' traD36 proA+B+lacIq ZAM15](19)

* Corresponding author.

was used as a host for phages M13mplO and M13mpll (19).
The plasmids used were pNP22 (Kmr Tcr nprT+ [structural
gene of neutral protease from B. stearothermophilus]) and
pNP28 (Kmr Tcr nprT+) (4). Bacteria were grown in L broth
or YPC medium or on L or LC agar (4). The antibiotics used
were kanamycin and tetracycline (5 jig of each per ml) for
both B. stearothermophilus and B. subtilis.

Plasmid isolation, restriction enzyme treatment, ligation of
DNA, and transformation. Plasmid DNA was prepared by
either the rapid alkaline extraction method or CsCl-ethidium
bromide equilibrium density gradient centrifugation as de-
scribed previously (9). Treatment of DNA with restriction
enzymes and ligation ofDNA with T4 DNA ligase were done
as recommended by the manufacturer. Transformation of B.
stearothermophilus protoplasts with plasmid DNA was done
as described previously (9). For transformation of B. subtilis
with plasmid DNA, competent cells were prepared as de-
scribed previously (8).

Gel electrophoresis for DNA analysis and isolation. For the
analysis of DNA, gel electrophoresis with agarose or poly-
acrylamide was carried out under standard conditions (15).
Recovery of DNA from either low-melting-point agarose or
polyacrylamide gels was performed by the standard method
(15).
DNA sequencing analysis. DNA sequencing was performed

by either the method of Maxam and Gilbert (18) or the
dideoxy method with E. coli K-12 JM105 and M13 phages
(19). Both strands were sequenced.

Detection of protease-producing colonies and assay of pro-
tease activity. Protease-producing colonies on plates were
detected, and protease activity was assayed for casein
hydrolytic activity as described previously (4). We defined 1
U of protease as the quantity required to increase the
absorbance at 275 nm by an equivalent of 1 ,ug of tyrosine
per min at 37°C.
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FIG. 1. Structure of plasmid pNP22 and its derivatives. Black bars indicate the DNA from B. stearothermophilus CU21. The neutral
protease gene is contained in a black bar of the 4.5-MDa HindIII-EcoRI fragment of pNP22 (4). Broken parallel lines indicate the deletion of
MluI fragments. Cleavage sites of BgIII, EcoRI, HindIII, MluI, and PstI are indicated by B, E, H, M, and P, respectively. The position and
direction of the nprT gene are indicated by the arrow.

Purification of extracellular protease. Extracellular prote-
ase was purified by the method described previously (4).
After the column chromatography of DEAE-Sephadex A50
as a final purification step, the enzyme fractions were
collected and immediately inactivated to minimize self-
digestion by adding trichloroacetic acid to a final concentra-
tion of 2%. The protein was precipitated by centrifugation
(15,000 x g, 30 min) and dissolved in 0.8 ml of 98% formic
acid solution. Desalting and further purification were per-
formed by reverse-phase column chromatography with a
high-performance liquid chromatography system from
Gilson Medical Electronics, Villiers le Bell, France. The
peak fractions of absorbance at 280 nm were collected and
then freeze-dried. This sample was used for amino acid
analysis.

Polyacrylamide gel electrophoresis for protein analysis.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
was performed as described previously (16).

Amino-terminal amino acid sequence. Amino-terminal
amino acids were analyzed by Edman degradation, by the
method of Hunkapiller et al. (7) with a gas-phase sequencer
(model 470A; Applied Biosystem Inc., Foster, Calif.). The
phenylthiohydantoin derivatives of protein amino acids were
analyzed by liquid chromatography (SP 8100; Spectra Phys-
ics, San Jose, Calif.).

Preparation of RNA fraction. An RNA fraction containing
nprT mRNA was extracted from B. stearothermophilus
CU21 cells harboring recombinant plasmid pNP28 (Kmr Tcr
nprT+), by the method of Duvall et al. (2) with slight
modifications. The bacteria were grown in L broth contain-
ing kanamycin (5 jig/ml) and calcium chloride (2 mM) at 48°C
for 18 h. The cells were harvested by centrifugation (8,000 x
g, 10 min) and then washed three times with cold 0.01 M Tris
hydrochloride buffer (pH 8.0). Cell lysis was brought about
in the presence of lysozyme (200 ,ug/ml) at 0°C for 10 min,
and the lysate was treated twice with phenol and once with
chloroform. Nucleic acids were collected by ethanol precip-
itation and digested with RNase-free DNase I (30 ,ug/ml) at
37°C for 30 min. The RNA fraction was then extracted with
phenol and with chloroform, followed by precipitation with
cold ethanol.

Preparation of DNA probe. The 241-base-pair (bp) MboI
fragment, which contains 26 bp of coding region for the nprT
gene and its 5' flanking region, was treated with bacterial
alkaline phosphatase, and both 5' ends were labeled in the
presence of [y-32P]ATP with T4 polynucleotide kinase. The
labeled DNA fragment was treated with HhaI, and the
resulting 223-bp fragment was separated by polyacrylamide
gel electrophoresis and isolated from the gel. This DNA
fragment, which was labeled at one 5' end (MboI site), was
used as a hybridization probe of Si nuclease mapping.

Si nuclease mapping. S1 nuclease mapping was performed
by the method of Gilman and Chamberlin (5) with some
modifications. The radioactive DNA probe fragment (about
100,000 cpm) and the RNA fraction (about 200 ,ug) were
mixed, precipitated with ethanol, and dissolved in 30 pl of
hybridization buffer (80% formamide, 40 mM PIPES
[piperazine-N,N'-bis(2-ethanesulfonic acid)], 1 mM EDTA,
0.4 M NaCl [pH 6.4]). The mixture was incubated at 72°C for
15 min and then cooled immediately down to 59°C. This
temperature for hybridization was altered based on the
guanine-plus-cytosine content of the DNA probe. The incu-
bation was continued for 18 h. After the addition of 300 ,ul of
ice-cold S1 nuclease buffer (0.28 M NaCl, 0.05 M sodium
acetate (pH 4.6), 4.5 mM ZnSO4, 20 jig of carrier single-
stranded DNA per ml), the reaction mixture was treated with
S1 nuclease (400 U/ml) at 37°C for 30 min, The reaction
product was precipitated with ethanol, dissolved in sequenc-
ing dye buffer, and electrophoresed in an 8% polyacrylamide
sequencing gel.
Enzymes and chemicals. Restriction endonucleases, T4

DNA ligase, polynucleotide kinase, bacterial alkaline phos-
phatase, an M13 sequencing kit, RNase-free DNase I, S1
nuclease, and low-melting-point agarose were purchased
from Takara Shuzo Co., Kyoto, Japan. Kanamycin and
tetracycline were from Sigma Chemical Co., St. Louis, Mo.
[,y-32P]ATP was purchased from New England Nuclear
Corp., Boston, Mass., whereas [a-32PjdCTP was from
Amersham International plc., Buckinghamshire, England.
All other chemicals used were from Wako Pure Chemical
Industries, Osaka, Japan.

Analysis of primary-structure homology of protein. Amino
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CCGTCCACGGAGGCCGTGTCAlTiGCCG'fTCATTl'TCCCAATACAATAACGATGACTATTTTGGTMAAAATTCAGAATG'FGAGGAATCAT'CAAATlACATATTCAAGAAAGGGAAGAGGAGA
-35 region -10 region SD

100

ATGAACAAACGGGCGA'rGCTC~G(GGCGATCGGGCTGGCGTTCGGCCTGCTGGCGGCGCCGATCGGCGCTTC'GGCGAAGGGGGAATCCATC-GTCTGGAACGAACAATCGMGAAACGCCGTCA
MetAsnLysArgAI aMetl.euGl yAl aI 1eGl yLeuAlaPheGl yLeuLeuAl aAl aProI 1eG1lyAl aSerAl aLysG1lyGl uSerI eVa lTlrpAsnGl uGlIn,rrpl.ysThirProSer

40

200

TTCGTGTCCGGTTCGTTGCTAAACGGAGGGGAiACAAGCGCTGAAGAGCTrCGTTTATCAATACGTCGATCG'GGAAAACGGCACATTCCGCCTCGGC GGACGCGCCCGCGACCGTTTGGCG
PheVa1 SerGl ySerLeuLeuAsnGlyGlyGluGlnAlaLeuGluGluLeuValTyrGlnTyrValAspArgGluAsnGlyThrPheArgLeuGlyG1yArgAlaArgAspArgLeuAla

80
300 400

CTGATCGCCAAACAGAC TGACGMACTTGGCCATACCGTGATGCGGTTTGAACAGCGGCATCACGGTATACCGGI'TTACGGCACCATGCl'GGCTGC CCATGT'GAAAGATGGCGAGCTCA1'C
Leull1eGl yLy,sGlnThrAspGl uLeuGlyHisThrValMetArgPheGl uGlnArgHisitisGlyI leProValTyrGlyTlhrMetLeuA.laAlaltisVa lLysAspGl yGl ul,euIlIe

120
500

GCGCTGTCGGGG6TCTTTAATTCCCAATTTAGACGGCCAGCCGCGGTTCAAAAAGGCGAAAACGGTCACCGTrCCAACAGGCGGMAGCTATTG~CCGAGCAA,GACGTAACGGAGACAGTGACG
A1 aLeuSerGl ySerLeutl1eProAsnLeuAspG1yGlnProArgLeuLysLysAl aLysThrVa lThirVal1Gl1nC lnA1aG1 uAlaIl1eAl aG1luG1InAspVa lThrGl uTlhrVal1Thr

160
600

AAGGAGCGGCCGACAACCGAAAACGGCCAGCGGACGCGGCTCGTCATTTACCCGACTGATGGCACGGCCCGCCTCGCTTATGAAGTGAACGTCC GCTTTTTAACACCGGTTCCCGGCAAC
LysGIuArgProThrThrG1luAsnGlyG1luArgThrArgLeuVaI1leTyrProThrAs pGlyTh rAl aArgLeuAl aTyrGluValAsnVa1ArgPheLeul'hrProVa1ProGlyAsn

200

700

TGGGTGTATATCATTGATGCMiCC GATGGGGCCATTTTGAATAAGTTCAACCAAATCGACAGCCGCCAGCCCGGCGGCGGGCAGCC GGTCGCCGGCGCGTCGACGGT'CGGCGTGGG CCGG
TrpValTyrIIel leAspAlaThrAspGlyAlaIleLeuAsnLysPheAsnGlnlleAspSerArgGlnProGlyyGly1yGlnProVa lAl aGlyAlaSerThrVa1G1yVa1G1yArg

240
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GGTG'rGTTGGCaGATCAGAA'ATATATCAATAC GACGTATTCCTCGTATTACGGC TACTACTATTTCCAAGACAATACGCGCGGCAG,CGGCA'rTTTTACGTATGACGGACGAAACCGCACC
GyVal1LeuGl1yAs pGl1nLysTyrIleAsnThrThrTyrSe rSerTyrTyrGl yTyrTyrTyrLeuG 1nAspAsnThrArgGl ySertGC1yI 1ePheThrTy rAs pGl1yArgAsnArgT'rh

280
900 1000

GTTTTGCCCCGGAGCTTGTGGACCGATGGCGACAACCAATTTACCGCCAGCTATGACGCGGCGGCC GTGGACGCCCATTATTACGCCGGCGTCGTGTAT1GATTACTACAAAAATGTGCAC
ValILeuProGl1ySerLeuTrpThrAspGlyAspAsnGInPheThrAlaSerTryrAspAlaAlaAl aValAspAlaHi sTyrTyrAlaGl yVal1Val1TyrAspTyrl'yrLysAsnVal1Hi s

320

1100

GGCCGGCTGAGCTATGACGGCAGCAACGCCGCCATCCG;TTCGACCGTCCATTATGGCCGCGGCTACAACAAGCGTTTTGGM~CGGTTCGCAAATGGTGTACGGCGATGGCGAC GGACAG

Gl1yAr&LeuSerTyrAspGl ySerAsnAl1aAla Il1eArgSerThrValH i sTyrGl yArgGtyTyrAsnAsnAl aPhieTlrpAsnGl ySe,rGI1nMet Val1TyrGl yAspGl yAspGl yG 1n
360

1200

ACGTTTTTGC'CGTITTTCCGCCGGCATTGACGTCGT'GGGGCATGAGTTGACCCATGCGGT'GACGGATTATACGGCCGGGCTTGTTTACCAMAACGAAT'C'GGCGCCATCAA'F'GAAGCGATG;
ThrPtleLeuProPheSe rGlyG ly Il1eAspVa lVa lGl yH isGlIuLeuThirH isAl aVal1ThrAspTyrTl'trAl aGlyLeuVal1TyrGl nAsnGl uSerCl yA la11eAsllCGluAl aMet

400

1300
TCCGATATT'TTC'GGCACGCTCGTGGAGTTCTACGCCAACCGCAACCCGGAC TGGGAGATTGGCGAAGACA1'TTACACGCCTGGGGTCGCCGGCGATGCGCTCCGCTCGATGTCCGACCCG
$erAsp l1ePheG lyTtsrLeuVa lGl uPheTyrAl aAsnArgAsnProAs ptirpGl uIlleGl yG luAs p I1eTy rThirProGl yVa lAl aCl1yAspAlaI.euA rg,SerMe tSe rAs pPro

440

1400
GCGAAATACGGCGATCCGGATCATTATTCCAAiACGGTACACCGGCACGCAAGACAACG.GCGGC,GTCCATACMAACAGCGGCATCATCAATAAMGC GGCGTACTTGCTCAGCCAAGGCGGC
AlaLysTyrGl yAspPraAspHi sTyrSerLysArgTyrThrGl yTlhrGlnAspAsnGl yGl yVal1H isThirAsnSerGIyly1e Il1eAsnLysAl aAlaTyrI.euLeuSe rGl nGl yGl y

480

1500 1600
GTiCCATTATGGCGTGAGCGTCAACGGCATCCGCCG,CGACAAAATGGGGAAAATTTTCTACCGGGCGC TTGTCTACTATTTGACGCCCACCTCGAACl"TCAGCCAGCTGCGTCCCGCC TGC
Va1 i i sTy rCl1yVal1Se rVa lAsnCl y IleG 1yArgAspLysMletGl yLyslI ePheTly rAtgAl aLeuVal1Ty rTy rl.euTl'rProThrSe rAsnPhieSe rGlIiiLeuArgAl aAl1aCys

520
1700

GTGCAAGCGGCCGCTGATTTGTACGGGTCGACMAGCCAAGAAGTCAACTCGGTGAAACAGGCGTTCAATGCGGTTGCAGTGTATTAAGACGA1'CAGGTCGTACCCCT
ValGlnAlaAlaAlaAspLeuTyrGlySerThrSerGlnCluValAsnSerValLysGlnAlaPheAsnAlaValGlyValTyr***
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acid sequence homology was checked with an NEC PC-8001
computer (Nippon Electric Co., Tokyo, Japan) by the
method of Novotny (24).

RESULTS
Location of nprT. We have shown that the structural gene

for the thermostable neutral protease from B. stearother-
mophilus is cloned in a 4.5-megadalton (MDa) HindIIl-
EcoRI fragment of plasmid pNP22 (4). Based on the restric-
tion enzyme analysis of pNP22, three MluI cleavage sites
were found only within the 4.5-MDa fragment (Fig. 1). Using
MluI sites, we attempted to construct the three types of
deletion plasmids. pNP22 was digested with MluI, ligated,
and used to transform B. subtilis MT-2 (Npr-). Plasmids
from transformants which exhibited either Kmr Tcr Npr+ or
Kmr Tcr Npr- were extracted, and a correlation between the
deletion and protease production was examined (Fig. 1). One
MluI fragment (0.4 MDa) was indispensable, whereas the
other fragment (1.8 MDa) could be omitted for protease
production. These results showed that the nprT gene is
located around the 0.4-MDa MluI fragment. A deletion
plasmid, lacking only the 1.8-MDa MluI fragment, was
designated as pNP22-1 (Kmr Tcr nprT+), and the plasmid
was used for nucleotide sequence determination.

Nucleotide sequence of nprT. The nucleotide sequence of
the nprT gene and its flanking regions are shown in Fig. 2.
Starting from the codon ATG at nucleotide +49 and termi-
nating in the TAA nonsense codon at nucleotide + 1693, the
single open reading frame was composed of 1,644 nucleo-
tides (548 amino acid residues). Numerals above the nucle-
otide sequences in Fig. 2 are counted from the transcription
start site as + 1. Determination of the transcription start site
is explained below. At 9 bases upstream from the ATG
codon, there is a 9-base sequence, AGAAAGGGG (+31 to
+39), which is complementary to the 3' terminus of the 16S
rRNA from B. stearothermophilus and B. subtilis (13);
hence, it is the most probable ribosome-binding site (Shine-
Dalgarno sequence) of the nprT gene. The free energy of
formation of the most stable pairing was -24.0 Kcal (ca.
-100 kJ)/mol (28).
Amino-terminal amino acids deduced from the nucleotide

sequence exhibited a typical signal sequence with basic
amino acids (Lys, Arg), followed by a hydrophobic core.
Although the cleavage site of the signal sequence is still
uncertain, hydrophobic residues within 25 amino-terminal
amino acids are underlined in Fig. 2. The existence of the
ribosome-binding site and the signal sequence supports the
hypothesis that the open reading frame codes for the nprT
gene. However, the molecular weight of the protease calcu-
lated from the amino acid sequence (59,514) was much
higher than that of the extracellular form of the protease
determined by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (36,000) (4).

Amino-terminal amino acid sequence of the extracellular
neutral protease. The extracellular form of the protease was
purified from the culture broth of B. stearothermophilus

CU21(pNP28), and the amino-terminal amino acid sequence
was determined through 14 cycles of Edman degradation by
the sequencer. The first 14 amino acids were Val-Ala-Gly-
Ala-Ser-Thr-Val-Gly-Val-Gly-Arg-Gly-Val-Leu. The se-
quence of the 14 amino acids completely matched that
deduced from the nucleotide sequence starting at GTC
(+736 to +738, Val). The matched amino acids are indicated
with arrows in Fig. 2. Amino acid compositions of the
extracellular protease agreed with those assessed from the
nucleotide sequence (data not shown).
These results justify the hypothesis that the open reading

frame codes for the neutral protease gene. The molecular
weight of the extracellular protease, calculated as 34,579
from the amino acid sequence (319 amino acid residues), was
within a permissible range (36,000) from the direct assess-
ment mentioned above. A long amino acid sequence (229
amino acid residues), including the signal sequence, pre-
cedes the amino terminus of the extracellular enzyme. This
fact suggests the existence of a pro sequence as is inferred in
other protease genes of B. subtilis and B. amyloliquefaciens
(26, 30, 33, 36, 37).

Determination of the transcription start site of the nprT
gene. Although the promoter sequence was searched for in
the 5' flanking region (about 1.0 kilobase pairs) of the nprT
gene, no consensus sequences for cr factors (or5, or37, 32,
r29, and c28) (10) were found. To determine the promoter
region, a transcriptional study was done by Si nuclease
mapping. The RNA fraction containing mRNA for the nprT
gene was extracted and hybridized with the HhaI-MboI
223-bp (-149 to +74) fragment, whose MboI 5' terminus was
labeled with 32p, as the DNA probe. The heteroduplex
mixture was treated with S1 nuclease and loaded on a
sequencing gel. DNA probes with and without base-specific
chemical degradation (A+G and T+C) were loaded simulta-
neously (Fig. 3).
Two transcription start sites in Fig. 3 were found; since

the minor one (thin arrow) was too weak to be worthy of
further analysis, the major start site (thick arrow) was taken.
As a result, the transcription start site was fixed as guanine

(+1), which was 49 bases upstream from the translation start
site. Consequently, a rationale would suggest a TTTTCC
sequence (-41 to -36) and a TATTTT sequence (-17 to
-12), being 18 bp apart as are the -35 and -10 regions,
respectively. Indeed, these sequences are highly homolo-
gous to the promoter sequence of the spoOB gene of B.
subtilis (TTTTCT for the -35 region and TATAAT for the
-10 region) (1) (Fig. 2). However, in vitro RNA polymerase
studies are needed to show what kind of cr factor recognizes
the promoter sequence.

DISCUSSION
We determined the complete nucleotide sequence of the

gene for the thermostable neutral protease from B.
stearothermophilus. The open reading frame, composed of
1,644 bases and 548 amino acid residues, was found. The
amino-terminal amino acid sequence of the purified extracel-

FIG. 2. Nucleic and amino acid sequences of the neutral protease gene. The nucleotide sequence is presented from the MboI site
(nucleotide -166) to the MluI site (nucleotide +1715). The nucleotide sequence is counted from the first base of the transcription start site
(G) as +1. The amino acid sequence is shown beneath the nucleotide sequence. The amino-terminal amino acid sequence of extracellular
protease, determined by Edman degradation, is specified below the amino acid sequence by arrows. The first amino acid of translation (Met)
is counted as 1. Hydrophobic amino acids in the putative signal peptide (amino acids 1 to 25) are underlined. A probable Shine-Dalgarno
sequence (nucleotide +31 to +39) and a promoter region (-35 and -10 regions) are shown by solid lines below the nucleotide sequence.
Asterisks indicate a stop codon.
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FIG. 3. Mapping of the 5' end of the nprT transcript. After
hybridization with an RNA fraction from B. stearothermophilus
CU21(pNP28) and treatment with Si nuclease, the DNA probe was

analyzed on an 8% sequencing gel. Part of the DNA probe was

loaded with and without the base-specific chemical cleavages
(purines [A+G] or pyrimidines [T+C]) by the method ofMaxam and
Gilbert (18). The reaction time for T+C was prolonged to detect all
ladders of sequence. Lanes: A, DNA probe; B, A+G; C, T+C; D,
treated with S1 nuclease.

lular protease showed an existence of the long polypeptide
(229 amino acid residues) preceding the amino terminus of
the extracellular protease. This amino acid sequence in the
amino-terminal region is much longer than the signal se-
quence of other secreted proteins. Indeed, the ordinary
length of signal sequences is about 30 amino acid residues,
and the mature form of protein follows just after the signal
sequence (32). This sort of pre-pro structure is found for
other proteases from Bacillus spp. (26, 30, 33, 36, 37),
although its biological significance is obscure.
The amino acid sequence of the extracellular form of this

protease was compared with that of another thermostable
neutral protease from B. thermoproteolyticus (thermolysin),
since only the amino acid sequence of extracellular
thermolysin has been reported (29). The homology of the
two amino acid sequences was very high (85%). We also
compared the amino acid sequences deduced from the whole
coding regions between the protease from B. stearothermoph-
ilus and the thermolabile neutral protease from B. subtilis
(37) (Fig. 4). Homologous regions could be found mostly in
the region of the extracellular form, and the homology of the
extracellular region was about 30%. In contrast, the amino
acid sequence homology between thermolabile neutral prote-
ases from B. subtilis and those from B. amyloliquefaciens
was very high (82%) for all of the coding regions (30, 37).

Although the homology of amino acid sequences varied
among neutral proteases from the four different sources (B.
stearothermophilus, B. thermoproteolyticus, B. subtilis, and
B. amyloliquefaciens), there existed a region in which an
amino acid sequence as long as 17 amino acid residues was

B. stearothermophilus
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FIG. 4. Computer search for a homologous domain of the amino
acid sequence. B. stearothermophilus versus B. subtilis (37) for the
entire coding region. Open and solid bars in both axes correspond to
pre-pro and extracellular regions of protease, respectively.
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DNA SEQUENCE OF THERMOSTABLE NEUTRAL PROTEASE GENE

A 458 474
Bacitlus stearothernophitus Asp-Asn-Cly-Gly-Val-His-Thr-Asn-Ser-Cly-I le-Ile-Asn-Lys-Ala-Ala-Tyr

Baci llus ylZoliquefaciens Asp-Tyr-Gly-GIy-Val-His-Thr-Asn-Ser-Cly-I le-Pro-Asn-Lys-Ala-Ala-Tyr

Bac*i lus subti lia

B

Asp-Tyr-Cly-Gly-Val-His-Thr-Asn-Ser-Gly-Ile-Pro-Asn-Lys-Ala-Ala-Tyr

Bacillus thermoproteolytious Asp-Asn-Gly-Gly-Val-jf1I-Ile-Asn-Ser-Cly-Ile-Ile-Asn-Lys-Ala-AIa-Tyr

Bacillus stearothermophilus CAC MC GCC CCC CTC CAT ACA MC AGC CCC ATC ATC MT AAA CCC CCC TAC

Bacillus amytoliquefaciens GAC TAC CGC CGC GTG CAT ACA MC AGC CCA ATC CCG MC AM CCC GCT TAC

Bacillus subtilis GAT TAT CGC CCT CTA CAC ACA AAC AGC CGA ATT CCA MC MA GCC CCT TAC

FIG. 5. (A) Amino acid sequence of the highly homologous region among neutral proteases from B. stearothermophilus, B.
amyloliquefaciens (30), B. subtilis (37), and B. thermoproteolyticus (29). Numerals above the amino acids are counted from the translation
start site (Met) as 1 with regard to the neutral protease from B. stearothermophilus. The active site of the neutral protease from B.
thermoproteolyticus (His) (12) is surrounded by a box. (B) The nucleotide sequence of the conserved amino acid region for B.
stearothermophilus, B. amyloliquefaciens (30), and B. subtilis (37). The G and C bases in the third letters of the codons are dotted above the
nucleotides.

highly conserved (Fig. 5A). Within these conserved amino
acid sequences, a histidine residue of thermolysin has been
reported as an active site of proteolytic activity (12). These
facts suggest that the conserved amino acid sequences are of
the same three-dimensional structure and that the histidine
residue functions as an active site in these neutral proteases
despite the difference in their source and in physicochemical
properties such as thermostability.
The promoter of the nprT gene was determined as

TTTTCC for the -35 region and TATTTT for the -10
region. The promoter here was compared with various
Bacillus promoters (Table 1). Although the -10 region of the
nprT promoter was homologous to that recognized by RNA
polymerase holoenzyme E-55, the -35 regions were not. No
homologous sequences could be found among any other
promoters in Bacillus spp. except for the spoOB gene in B.
subtilis (1).
The guanine-plus-cytosine (G+C) content is reported to

be important for the stability of DNA structure (27). Actu-
ally, the third letter of the codon is less specific than the first
two for a given amino acid. The G+C content of the coding
region for the nprT gene was 58 mol%, while that of the third
letter of the codons was higher (72 mol%). These values
were compared with those for the genes of mesophiles (B.
subtilis and B. amyloliquefaciens) and thermophiles (B.
stearothermophilus and Thermus thermophilus) (Table 2).

The G+C content of the genes from the moderate ther-
mophile B. stearothermophilus was higher than that of
mesophilic Bacillus genes. This tendency was manifest in the
case of an extreme thermophile, T. thermophilus (11). These
data support an argument that the higher the G+C content
becomes, especially in the third letter of codons, the higher
the optimum growth temperature of each bacterium tends to
be.
Codon usage for the conserved amino acid sequence

containing the active site for neutral protease was examined
(Fig. 5B). Out of 17 positions, G or C was the third letter of
the codon in 13 (76.5 mol%) of the positions in B.
stearothermophilus, 12 (70.6 mol%) of those in B.
amyloliquefaciens, and 7 (41.1 mol%) of those in B. subtilis.
The percentage for B. amyloliquefaciens was closer to that
for B. stearothermophilus than to that for B. subtilis. As was
referred to previously, the amino acid sequence of neutral
protease for B. amyloliquefaciens was homologous to that of
B. subtilis rather than B. stearothermophilus. On the con-
trary, B. amyloliquefaciens is reported to produce thermo-
stable a-amylase, whose amino acid sequence is fairly ho-
mologous to that ofB. stearothermophilus (23). Taking these
observations into account, it might be said that B.
amyloliquefaciens is partly featured by both characters of
B. stearothermophilus (thermophile) and B. subtilis (meso-
phile).

TABLE 1. Promoter sequences in Bacillus spp.
Gene(s) (product) -35 Region -10 Region a Factors Reference

B. subtilis
Vegetative genes TTGACA TATAAT Cr55 21
spoVG and spoVC (subtilisin) AGG-TT GG-ATTG-T a37 20, 22, 31, 36
spoVG and spoVC AAATC TA-TG-TT-TA &32 10
spoVG and spoVC TT-AAA CATATT C29 10
Genomic genes CTAAA CCGATAT Cr28 6
spoOB TTT-TCT TATAAT Unknown 1

Phage SPOl T-AGGAGA--A TTT-TTT Crgp28 14
Phage SPOl CGTTAGA GATATT orgp33-34 10

B. stearothermophilus nprT TTTTCC TATTTT Unknown This work

B. thuringiensis (crystal protein) AGTT-CA ATAAGA Unknown 35

B. megaterium (protein C) CTAGTAACAA CGCAAACAT Unknown 3

829VOL. 163, 1985



830 TAKAGI ET AL.

TABLE 2. Guanine-plus-cytosine content of the genes from
thermophilic and mesophilic bacteria

G+C G+C
Strain and gene product content content of Reference

(Mol%) (mordl%)te
B. stearothermophilus

Neutral protease 58 72 This work

B. subtilis
Neutral protease 44 42 37
Subtilisin 46 41 26

B. amyloliquefaciens
Neutral protease 46 49 30
Alkaline protease 49 46 30, 33

B. stearothermophilus
a-Amylase 50 57 23
Tyrosyl-tRNA synthetase 54 70 34

T. thermophilus
Isopropylmalate dehydrogenase 70 89 11
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