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Abstract Six genes encoding high-molecular-mass sub-
tilisins (HMSs) of alkaliphilic Bacillus spp. were cloned
and sequenced. Their open reading frames of 2,394—
2,424 bp encoded prosubtilisins of 798-808 amino acids
(aa) consisting of the prepropeptides of 151-158 aa and
the mature enzymes of 640-656 aa. The deduced aa
sequences of the mature enzymes exhibited 60-95%
identity to those of FT protease of Bacillus sp. strain
KSM-KP43, a subtilisin-like serine protease, and a
minor serine protease, Vpr, of Bacillus strains. Three of
the six recombinant enzymes were susceptible to prote-
olysis, but the others were autodigestion resistant. All
enzymes had optimal pH values of 10.5-11.0, optimal
temperatures of 40-45°C for hydrolysis of a synthetic
substrate, and were heat labile. These alkaline proteases
seem to form a new subtilisin family, as judged by their
aa sequences and phylogenetic analysis.

Keywords Alkaliphile - Bacillus - Cloning - Serine
protease - Subtilisin

Introduction

Subtilisins are serine proteases found only in microor-
ganisms, mainly from Bacillus strains. The subtilisin
family is divided into true subtilisins, high-alkaline
proteases, and intracellular proteases (Siezen and
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Leunissen 1997). These enzymes are important for
commercial uses, especially in the detergent industry. We
found a high-alkaline protease with a molecular
mass of 28 kDa from Bacillus sp. KSM-K 16 (Kobayashi
et al. 1995) cloned, sequenced its gene (Hakamada et al.
1994), and determined the crystal structure (Shirai et al.
1997). We have succeeded in the large-scale production
of the enzyme, and it has been incorporated into a
heavy-duty laundry detergent since 1992 (Ito et al. 1998).
Recently, in our search for detergent enzymes, we found
new subtilisin-like serine proteases with molecular mas-
ses of 43-45 kDa that are innately resistant to chemical
oxidants (Saeki et al. 2000, 2002). We propose that the
enzymes be categorized as a new subfamily of subtilisins
named oxidatively stable alkaline proteases (OSPs). We
also found a new subtilisin from alkaliphilic Bacillus sp.
strain LD-1 with original and moderate resistance to
chemical oxidants (Saeki et al. 2003), and a high-
molecular-mass, heat-labile subtilisin FT protease from
alkaliphilic Bacillus sp. strain KSM-KP43 (Ogawa et al.
2003). The amino acid sequence of FT protease showed
moderate homology to those of a subtilisin-like serine
protease from B. halodurans (Takami et al. 2000) and the
minor serine protease, Vpr, of B. subtilis (Sloma et al.
1991) with approximately 65% identity for both. We
propose that FT protease and Vpr-like proteases might
form a new subtilisin family. In this study, to support
this proposal, we cloned and sequenced six new genes for
high-molecular-mass subtilisins (HMSs) that were newly
found in alkaliphilic Bacillus strains, and their deduced
amino acid (aa) sequences were compared with those of
FT protease and Vpr-like proteases. We propose that
these HMSs be classified into a new subtilisin family and
further could be divided into at least two subgroups.

Materials and methods

Bacterial strains

The sources of the genes used in this study were patented strains
of alkaliphilic Bacillus spp.: KSM-KP9860 (FERM BP-6534),
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KSM-9865 (FERM P-18566), D-6 (FERM P-1592), Y (FERM BP-
1029), SD521 (FERM P-11162), and NCIB12289. The microor-
ganisms were propagated in an alkaline polypeptone S-maltose
medium, as described previously (Ogawa et al. 2003). They also
produced OSPs extracellularly (Saeki et al. 2000, 2002).

Cloning and sequencing

Genomic DNASs of six strains were each isolated by the method of
Saito and Miura (1963). The complete protease genes and their
flanking regions were cloned by polymerase chain reaction (PCR)
with the appropriate primers designed from the nucleotide (nt)
sequence of FT protease (Ogawa et al. 2003). In the case of strain
KSM-KP9860, the gene encoding part of SZ protease was ampli-
fied by PCR with primer A, 5-GGTGAAGGTGTGA-
CAGTAGCG-3", designed from Gly*>~Val*?’ and primer B, 5'-
ACCACTCGAATGCTTCCAGCC-3", designed from Ala**-
Val**® of mature FT protease and the genomic DNA as the tem-
plate. PCR was performed with 20 pmol each of primers A and B
and 0.1 pg genomic DNA. The reaction program was denatured at
94°C for 2 min, followed by 30 cycles of 1 min at 94°C, 1 min at
55°C, and 2 min at 72°C using Ex Tag DNA polymerase (TaKaRa
Bio, Kyoto, Japan) in a thermal cycler (model 480; Perkin-Elmer,
Wellesley, Mass.). The amplified DNA fragment (1.0 kb) was
purified and sequenced. To determine the complete nt sequence of
the gene for SZ protease, inverse PCR was done as follows. The
genomic DNA of strain KSM-KP9860 was completely digested
with EcoRI or Bglll, and then the segments were purified and
treated with T4 ligase at 16°C overnight to form monomeric circles.
The inverse PCR was done using EcoRI or Bg/lIl self-circularized
DNA as the template, primer C, 5-AATCACCGAAA-
TTCGGTGCC-3, and primer D, 5-TCGGCGCTGATGAATAC-
AGCC-3’. The reaction conditions were first 94°C for 2 min,
followed by 30 cycles of 1 min at 94°C, 1 min at 50°C, and 4 min at
72°C using LA Taq DNA polymerase (TaKaRa Bio). The 2.2- and
2.0-kb fragments were amplified, respectively, and then each frag-
ment was purified and sequenced for both strands. Consequently,
the nt sequence of 3,293 bp was determined, which included the
open reading frame (ORF) encoding SZ protease and its 5" and 3’
flanking regions. The cloning and sequencing of the other five genes
for proteases and their flanking regions were done in a similar
manner to that described above. The nt sequences were determined
for both strands using a BigDye terminator cycle sequencing kit
and a model 377 DNA sequencer (Applied Biosystems, Foster City,
Calif.). Computer analyses of the genes were done with a GEN-
ETYX-WIN program (version 5, Software Development, Tokyo,
Japan). The FASTA program was used for the search for protein
homologies (Pearson et al. 1988).

The nt sequences data reported in this paper have been sub-
mitted to the GenBank, EMBL, and DDBJ databases under
accession nos. AB096096 for SZ protease from Bacillus sp. strain
KSM-KP9860, AB096095 for SF protease from Bacillus sp. strain
KSM-9865, AB100357 for HK protease from Bacillus sp. strain
D-6, AB100359 for YK protease from Bacillus sp. strain Y,
ABI100358 for SD protease from Bacillus sp. strain SD521, and
AB096097 for NV protease from Bacillus sp. strain NCIB12289.

Construction and expression of the genes for the proteases

The cloned genes were each introduced into multi-cloning sites of
pHY300PLK (Yakult, Tokyo, Japan), and then the 28- and
72-kDa alkaline protease-deficient mutant of Bacillus sp. strain
KSM-9865 was transformed with each constructed plasmid by
electroporation (model SSH-10, Shimadzu, Kyoto, Japan). The
transformants were selected on a Luria-Bertani agar containing
separately sterilized 1.0% skim milk (Difco, Detroit, Mich.) and
0.05% Na,CO; plus 15 pg/ml tetracycline (filter-sterilized). They
were propagated, with shaking, in the alkaline polypeptone
S-maltose medium, as described previously (Ogawa et al. 2003).

Purification of recombinant proteases

Recombinant SZ, SF, and NV proteases were purified from the
centrifugal supernatants (80 ml each) in a manner similar to that of
FT protease (Ogawa et al. 2003). Due to low productivity and
proteolysis during purification, recombinant HK, YK, and SD
proteases were partially purified as follows. Ammonium sulfate was
added to the supernatant (80 ml each) up to 90% saturation, and
the solution was agitated for 30 min on an ice bath. The precipi-
tates were collected by centrifugation and dissolved in 2 ml of
10 mM MOPS buffer (pH 6.0). Half of the crude enzyme solution
was loaded onto a column of Bio-Gel A0.5m (1.5x75 c¢cm, Bio-Rad,
Hercules, Calif.) equilibrated with 10 mM MOPS buffer (pH 6.0)
containing 0.1 M KCI. The fractions showing protease activity
with a molecular mass of around 72 kDa [judged by SDS-poly-
acrylamide gel electrophoresis (PAGE)] were pooled.

Other analytical methods

Enzymatic activity was measured using a synthetic oligopeptidyl
substrate, glutaryl-Ala-Ala-Pro-Leu-p-nitroanilide (Peptide Insti-
tute, Osaka, Japan), as described previously (Ogawa et al. 2003).
One unit of the enzyme activity was defined as the amount of the
protein that liberated 1 pmol of p-nitroaniline per min at 30°C.
Protein was determined by a DC protein assay kit (Bio-Rad) with
bovine serum albumin as the standard. SDS-PAGE was done on a
12.5% acrylamide slab gel according to the method of Laemmli
(1970). An SDS-PAGE low-molecular-mass standard (Pharmacia
Biotech, Uppsala, Sweden) was used as the marker protein. The N-
terminal aa sequence of NV protease that had been electro-blotted
onto an Immobilon-P transfer membrane (Millipore, Billerica,
Mass.) was determined by a pulsed liquid-phase protein sequencer
(model 470A, Applied Biosystems).

Construction of phylogenetic tree

The deduced aa-sequence data determined were compared with
those of subtilisins obtained from EMBL, GenBank, and DDBJ
databases. To construct a phylogenetic tree of subtilisins, multiple
alignment of aa sequences, calculation of nt substitution rates
(Knuc values), and the bootstrapping neighbor-joining method
(Saitou and Nei 1987) were performed with the ClustalX Program
(Thompson et al. 1994). Amino acid sequences of proteases were
automatically aligned, and any alignment positions with gaps were
ignored before calculating a tree in this program.

Result and discussion
Nucleotide sequences of genes for proteases

The properties of the genes for six proteases (HMSs) are
summarized in Table 1. The nt sequences of the genes
for HMSs had long, single ORFs of 2,394-2.424 bp,
starting with a TTG codon for SZ and SF proteases, an
ATG codon for HK, YK, and SD proteases, and a GTG
codon for NV protease, and ending with a TAA codon
for the five protease genes, except for SZ protease that
ends with a TAG stop codon. The start codon of genes
for FT protease (AB096094) (Ogawa et al. 2003), Vpr
from Bacillus subtilis (M76590) (Sloma et al. 1991), Vpr
from B. pseudofirmus (AF330160), and a minor serine
protease from B. halodurans (G83753) (Takami et al.
2000) is TTG. The stop codon of the genes for Vpr
from B. subtilis and a minor serine protease from
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Table 1 Properties of the genes for high-molecular-mass subtilisins (HMSs)

Gene for HMS SZ SF NV HK YK SD FT* Vpr®
Size of ORF (bp) 2,424 2,424 2,421 2,394 2,394 2,394 2,424 2,418
Start codon TTG TTG GTG ATG ATG ATG TTG TTG
Stop codon TAG TAA TAA TAA TAA TAA TAG TAA
Ribosome-binding sitt  AAGGGAG GGGGG AGGGGAG GGGGTG GGGGTG GGGGTG AAGGGG AAAGGGGG

(bp upstream of ORF) (8 bp) (10 bp) (10 bp) (10 bp) (11 bp) (11 bp) (11 bp) (7 bp)
Free energy of RBS -31.1 -42.0 -29.4 -50.8 -50.8 -50.8 -26.7 -38.2

(kJ/mol)

Promoter sequence
—35 region (bp TTGAAA  TTGAAA TTGAAA  GTTACA TAGAAT GTTACA TTGAAA TTCACT
between two regions) (17) a7 a7 (18) 17 (18) 17 (18)

—10 region TATAAT TATACT TATAAT TATAAT TATATT TATAAT TATAAT TATAAC
Palindrome sequence®  2,436-2,480 2,442-2,478 2,463-2,501  2,402-2.444 2,401-2,445 2,402-2,444 2,437-2,475 2,423-2,453
Free energy of -119.7 -76.0 -121.8 —-60.1 -63.4 -82.7 -1343 -96.2

palindrome sequence

(kJ/mol)
G +C content of ORF  46.2 47.1 44.2 39.4 38.8 39.5 44.9 47.9

(mol%)

40Ogawa et al. (2003)
Sloma et al. (1991)
“Nucleotide number from start codon (+1)

B. halodurans is TAA, whereas that of the genes for FT
protease, Vpr from B. pseudofirmus, and a minor
extracellular serine protease from Oceanobacillus ihey-
ensis (AP004603) (Takami et al. 2002) is TAG. The
putative ribosome-binding sites of each gene were found
8—11 bp upstream of the ORF, having free-energy values
of —29.4 to —50.8 kJ/mol, as calculated by the method of
Tinoco et al. (1973). There were putative sigma A-type
promoter sequences as the potential —35 and —10 re-
gions separated by 17-18 bp, which were found between
91 and 140 bp upstream from each ORF. Typical pal-
indrome sequences are found 6-41 bp downstream from
the termination codon of six protease genes. The free-
energy values of the sequences for stem-loop structures
are —60.1 to —121.8 kJ/mol, which would be sufficient
for termination of transcription. The G+ C contents of
each ORF were between 38.8% (YK protease) and
47.1% (SF protease). The ORFs of the SF, SZ, NV, HK,
YK, and SD protease genes showed homology to that of
the FT protease gene (Ogawa et al. 2003) with 82.5, 80.4,
76.2, 61.7, 63.8, and 61.8% identity, respectively. They
exhibited homology to that of Vpr from B. subtilis with
58.0-59.6% identity. The ORF of the HK protease gene
showed homology to those of SF, SZ, NV, YK, and SD
protease genes with 60.9, 63.0, 62.9, 90.4, and 96.9%
identity, respectively.

Deduced amino acid sequences of proteases

The ORFs of HMSs encoding 798-808 aa included 151—
158 aa putative prepropeptides (Fig. 1). The prepeptides
of the proteases would be composed of 28-29 aa, with
the putative cleavage sites of Val'?®-Ser'?>-Val'** for
SZ protease, Val'**-GIn'*>-Aal'** for SF and NV
proteases, and Ala'?’-Ser'?®-Ala'* for HK, YK, and
SD proteases. They were inferred from the frequency of

aa appearing in a signal sequence according to Tjalsma
et al. (2000). From the analysis of the N-terminal aa
sequences of NV protease, FT protease (Ogawa et al.
2003), and Vpr (Sloma et al. 1991), propeptides of these
proteases were cleaved on the C-terminal aa residues at
position —1 (Fig. 1). If propeptides of other proteases
would be cleaved at the same position, the mature en-
zymes would contain 640 aa (HK, YK, and SD pro-
teaess) and 656 aa (SF, SZ, and NV proteases) with
calculated molecular masses of 67,277-68,622 Da and pl
of pH 4.17-4.69. These values are quite close to those of
FT protease, as reported by Ogawa et al. (2003). The
putative catalytic triads of HMSs are well conserved at
Asp®, His”?, and Ser’”” in SF, SZ, and NV proteases,
and Asp®, His®®, and Ser*** in HK, YK, and SD pro-
teases (Fig. 1). The mature aa sequences of SF, SZ, and
NV proteases showed high homology to that of FT
protease with 95.0, 90.5, and 82.6% identity, respec-
tively, and those of HK, YK, and SD proteases show
moderate homology to that of FT protease with 63.9,
62.9, and 63.9% identity, respectively. The mature aa
sequence of HK protease has high homology to those of
YK and SD proteases with 91.7% and 97.8% identity,
respectively. The mature aa sequences of HMSs showed
homology to a minor serine protease from B. halodurans
C-125 (Takami et al. 2000), Vpr from B. subtilis (Sloma
et al. 1991), Vpr from B. pseudofirmus, and a minor
extracellular serine protease from O. iheyensis (Takami
et al. 2002) with 61.1-65.5, 53.5-57.2, 41.8-43.4, and
36.3-37.3% identity, respectively. The prepropeptides of
SF, SZ, and NV proteases showed high homology to
that of FT protease with 78.9, 84.9, and 81.6% identity,
respectively. The prepropeptides of HK, YK, and SD
proteases exhibited high homology to each other; the
identical wvalues were 97.5-98.7%, but moderate
homology to that of FT protease with approximately
52% identity.
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A SZ  -152:LKKKFYAALMPLLAIVLILSAFSANGVSVNPNKQG----KELATLQGDFDLSSSSSVKVIVELEEQSIVEAKHNGKKQTKONLKSVRDKV -67
SF  -152:LKKKWMTALMPLFAFVLVFSTFSSNGVQANSQNSG----GELATLQGDFDLSSSKAVTVLVELQEQSIVEAKHNGKKQTKONLKSARDLY -67
NV -151:VKRKLWTPLMALFAFVLLFSTFSANNVQANANONS----- DLATLQGDFDLSSSKAVKVIVELEEQS IVEAKHNGKKQTKONLKSAREKV -67
FT  -152:LKRKLIAAFMPLLVLVLVFSTFAANGVSANTGKEN----LELATLQGDFDLSSSKAVKVIVELQEQSIVEAKHNGKKQSKONLKSARDKV -67
HK  -158 :MGKRLPKIFINLMVLSLIISMF-AFGASANGGKQVEVKELPLAELFGEIELSSSKPTTVIVELQAESIVEAKHKGKSQSKGKLKAERDKV -70
YK  -158:MGKRFSKVFINLMVLSLIISMF-AFGASANGGKQVEVKELPLAELFGEIELSSSKPTTVIVELQAESIVEAKHKGKSQSKGKLKAERDKV -70
SD  -158:MGKRLPKIFINLMVLSLIISMF-AFGASANGGKQVEVKELPLAELFGEIELSSSKPTTVIVELQAESIVEAKHKGKSQSKGKLKAERDKV -70
Vpr -159:MKKGIIRFLLVSFVLFFALSTG-ITGVQAAPASSKTSADLK-AEVFGDIDMTTSKKTTVIVELKEKSLAEAKEAGESQSKSKLKTARTKA -72
Bha —154:MMMRTFRTFVSFTLILLLTLTSYIP@SQ@NGESPSL —————— APMVGEIDTSSSALETVIVEIEDPSIIEAKHQGQKQSKNELKQARQSV -71

""""" * * * * k% * * % % * * * * % *
-1+1
Sz -66 : KKEVANRTSKSKVEREYDYVFSGFSLE I PANE I PSLLATPGVKAVYPNVEYTTTE - - -~~~ ELVSEEEYSPAMFDSAPFIGSNDAWDLGF 18
SF -66 : KNELDKRVSTNKVNRE YDFVFSGFSLELPANE I PSLLATPGVKAVYPNVEYTTTE - ————— ELVSEEEYSPAMFDSAPFIGSDEAWDLGF 18
NV -66 : KKEVANRTSKSNVEREYDYVFSGFSLEIPANE IPSLLAAPGVKAIYPNVEYTTTE - ———~~ ELVSEEEYSPAMLESAPFIGSNEAWDLGF 18
FT -66 : KKEVAERTSKSKVEREYDYVFSGFSLEIPANE IPSLLATPGVKAVYPNVEYTTTE - -~ —-~ ELVSKEEYSPAMFDSAPFIGANDAWDLGE 18
HK -69 : ISSLQGKVSNAKVNREYDHVFSGFSVELPANE I IQLLATPGVKAVYPNVHYTADVISAE--EISA-ETFSPAMMESAPFIGSNDAWDAGF 18
YK -69 : ISSLQGKVSNAKVNRE YDHVFSGFSVELPANE I IQLLATPGVKAVYPNVHYTADVISAE--EISA-EAFSPAMMDSAPFIGSDLAWDAGF 18
SD -69: ISSLQGKVSNAQVNRE YDHVFSGFSVELPANE I IQLLATPGVKAVYPNVHYTADVISAE--EISA-EAFSPEMMESAPFIGSDLAWDAGF 18
Vpr  -71:KNKAIKAVKNGKVNREYEQVFSGFSMKLPANEIPKLLAVKDVKAVYPNVTYKTDNMKDKDVTIS-EDAVSPQMDDSAPYIGANDAWDLGY 18
Bha -70:IEQIQDLVPSSTVTHEYDFLFSGFALELPAHQIPSILGIDGVHAVYPNIEYEVETDFDEVV-IE-KDAYSPEMLDSAPFIGANDAWEAGY 18
* * % %* % %k % * % * * * * *k%k * *%k * dkk kk * % *
Sz 19: TGKGVTVAVI] TbVDYTHPDLAPNFGDYLGWDFVDNDNDPQETPRGDPRGAETHHGTHVAGTIAANGQIKGVAPDATLLAYRVLGPGGSG 108
SF 19: TGEGVTVAVIDTGVDYTHPDLAPNFGKYLGWDFVDNDND PQETPPGD PRGAATTHGSHVAGTVAANGQIKGVAPDATLLAYRVLGPGGSG 108
NV 19: TGEGVTVAIIDTGVDYTHPDLAPNFGEYLGWDFVDNDAD PQETFPGNPRGAAT THGSHVAGTVAGNGLIKGVAPDATLLAYRVLGPGGSG 108
FT 19 : TGKGVKVAVIDTGVDY THPDLAPNFGEYLGWDFVDNDND PQETPRGD PRGAE TTHGSHVAGT IAANGQIKGVAPDATLLAYRVLGPGGSG 108
HK 19: TGEGVTVAIIDTGVDYTHPDLAHAFGDYKGFDFVDDDNDPQE - -—-——~ GPGQYHGTHVAGTVAANGGNKGVAPEASLIAYRVLGPNG-G 100
YK 19: TGKGVTVAIIDTGVDYTHPDLAHAFGNYKGYDFVNDDNDPQE - -————~— GPGQYHGTHVAGTVAANGGIKGVAPEANLLAYRVLGPNG-G 100
SD 19: TGEGVTVAIIDTGVDYTHPDLAHAFGDYKGFDFVDDDNDPQE -~ ———~~ GPGQYHGTHVAGTVAANGGIKGVAPEASLIAYRVLGPNG-G 100
Vpr 19: TGKGIKVAIIDTGVEYNHPDLKKNFGQYKGYDFVDNDYDPKETPTGD PRGEATDHGTHVAGTVAANGTIKGVAPDATLLAYRVLGPGGSG 108
Bha 19: TGEGITVAI ThVDYTHPDLVHAFGDYKGWDFIDNNDDPQETPPGDPRGIEquGTHVAGTVAANGLIKGVAPDANLLAYRVLGPGGRG 108
*k Kk * % Kkkk k hkkk *k Kk * k% *k Kk * [k khkkkk * kK khkkkk Kk *k khkhkkkkk Kk *
Sz 109 : STENVVAAIERAVQDGADVMNLSLGNSLNAPDWATSIALDQAMAEGVVAVTSNGNSGPNNWTVGS PGTSREAI SVGATQLPYNVFKATTT 198
SF 109 : STENVVAAIERAVQDGADVMNLSLGNSLNAPDWATS IALDQAMAEGVVAVTSNGNSGPNNWTVGS PGTSREAI SVGATQLPYNVYKAATT 198
NV 109 : STENVVAAIERAVLDGADVMNLSLGNSLNAPDWATS IALDNAMAEGVVAVLS TETLGPNNWTVGS PGTSREAISVGATQLPYDVFTAATT 198
FT 109 : STENVVAAIERAVQDGADVMNLSLGNSLNAPDWATS IALDQAMAEGVVAVTSNGNSGPNNWTVGS PGTSREAI SVGATQLPYNVFTAATT 198
HK 101 : TTEDVVASVELAVQDGVDVMNLSLGNTLNNPDWATS IALDWAMAEGVVAGTSNGNAGPNNWTVGS PGTSRDAISVGATQLPYNVYTSVIS 190
YK 101 : TTEDVVAGVELAVQDGADVMNLSLGNTLNNPDWATS IALDWAMAEGVVAGTSNGNAGPNNWTVGS PGTSRDAI SVGATQLPYNVYTSEIS 190
SD 101 : TTEDVVASVELAVQDGVDVMNLSLGNTLNNPDWATS IALDWAMAEGVVAVTSNGNAGPNNWTVGS PGTSRDAI SVGATQLPYNVYTSVIS 190
Vpr  109:TTENVIAGVERAVQDGADVMNLSLGNSLNNPDWATSTALDWAMSEGVVAVTSNGNSGPNGWTVGSPGTSREAISVGATQLPLNEY ————— 193
Bha  109:STAGVIAGIERAVQDGADIMNLSLGNTLNDPDFATSIALDWAMAEGVVAVTSNGNSGPNNWTVGSPGTSRDAISVGATRLPYNKYKASVF 198
* * * * kk kk k khkkhkkhkk kk kk kkk kkk *kk khkkkk * khkk hhkhkhkhkhkhkdhhkk hhkhkhkhkhkk k%
SZ 199 : LLDGVSYASSAVQGFPSEEELLALNGTQYELVDVGFGAPADFAGKDLTGKIALI SRGAGIAFVDKATEAAKAGAEGAVLYNNVAGTM-PV 287
SF 199 : SSDGVSYASSAVQGFPTVEELLSLNGQAFELVDVGFGAPADFAGKDLTGKIALI SRGAGIAFVDKATAAAKAGAEGAVLYNNVAGTM-PL 287
NV 199 : SSDGVSYASSAVQGFPTEEALLGLNGKDFELVDVGFGSPAEFAGKDLTGKIALI SRGAGI PFVDKATEAKKAGAVGAVLYNNVAGVM-PL 287
FT 199 : SSDGVSYASSAVQGFPSEEELLSLNGQAFELVDVGFGAPADFAGKDLTGKIALISRGAGIAFVDKATEAAKAGAEGAILYNNVAGAM-PL 287
HK 191 : TSEGVSYPSAKVMGFPSDEELLALNEGEYEFVYVGLGAVSDFEGKDLDGKIALISRG-EFAFVDKATNAKNAGAVGAI IFNNVAGEQ-PD 278
YK 191 : TSEGVAYPSAKVMGFPSDDELLALNDGEYEFVYVGLGY PADFVGKDLEGKIALISPG-DFAFVDKATNAKNAGAVGPI IFNNVAGEH-AD 278
SD 191 : TSEGVSYPSAKVMGFPSDEELLSLNDGEYEFVFVGLGAEEDFEEKDLEGKIALISRG-EFAFVDKATNAKNAGAVGAI IFNNVAGEQ-PD 278
Vpr  194:AVTFGSYSSAKVMGYNKEDDVKALNNKEVELVEAGIGEAKDFEGKDLTGKVAVVKRG-SIAFVDKADNAKKAGAIGMVVYNNLSGEIEAN 282
Bha  199:TSDGIDYPSADIMGFPSDEELLELDGETYEYAFAGLGKPGDFEGVDVEGKIALIVRG-EIPFVEKAENAKAAGAVGAIIYNNVAGVQ-PT 286

* % * * * * * * * *k Kk * *k kk * *kk * * % *

Fig. 1A, B Multiple alignment of the deduced amino acid (aa)
sequences of high-molecular-mass subtilisins (HMSs). Sources
aligned: SZ protease (AB096096) from Bacillus sp. strain KSM-
P9860; SF protease (AB096095) from Bacillus sp. strain KSM-
9865; NV protease (AB096097) from Bacillus sp. strain
NCIBI12289; FT protease (AB096094) from Bacillus sp. strain
KSM-KP43 (Ogawa et al. 2003); HK protease (AB100357) from
Bacillus sp. strain D-6; YK protease (AB100359) from Bacillus sp.
strain Y; SD protease (AB100358) from Bacillus sp. strain SD521;

Enzymatic properties of recombinant HMSs

The recombinant SF, SZ, and NV proteases were puri-
fied to homogeneity, as judged by SDS-PAGE. The
specific activity was 114 U/mg for SF protease, 13.3

Vpr (M76590) from B. subtilis (Sloma et al. 1991); Bha (G83753)
from B. halodurans C-125 (Takami et al. 2000). The N-terminal aa
sequence Met' to Ile® of NV protease analyzed is underlined beneath
the sequence. The N-terminal aa sequences of FT protease (Ogawa
et al. 2003) and Vpr (Sloma et al. 1991) are also underlined beneath
the sequence. The predicted recognition sites of signal peptidases
are boxed with dotted line. Identical aa residues for all nine
proteases are marked with asterisks under the sequences. The
possible catalytic triads, Asp, His, and Ser, are boxed

U/mg for SZ protease, and 16.8 U/mg protein for NV
protease. We have no idea at present why the specific
activities of SZ and NV proteases were quite low
compared with those of SF and FT (82 U/mg protein,
Ogawa et al. 2003) proteases. In fact, the productivities
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B sz 288 : IPGMAVPTIMLNQADGEAL--KAK--AADVTVSFNVQFVQTVGETMADFSSRGPVVDTWMIKPDVSAPGVNIVSTVPTFNPASPHGYGVK 373
SF 288 : IPGMAVPTIMLNQADGEAL--KAK--ASEVTVSFNIQFDKAVGETMADFSSRGPVIDTWMIKPDVSAPGVNIVSTVPTFNPDSPHGYGAK 373
NV 288 : IPGMDVPTIMLNQADGEAL--KAK~--VNDVTVSEFNIAFSQRVGETMADFSSRGPVVDTWMIKPDVSAPGVTIVSTVPTFDPANPHGYGAK 373
FT 288 : IPGMAVPTIMLNQADGEAL--KAK--AATVTVSFNVAFDKAVGE TMADFSSRGPVIDTWMIKPDVSAPGVNIVSTVPTFNPDAPHGYGAK 373
HK 279 : VPGMAVPTIKTTLADGQKL--LAELEAGNNTVSFNIEFDKAVGE TMADFSSRGPVTLTWMIKPDVSAPGVNIVS---TF---PGEGYAAL 360
YK 279 : VPGMPVPTIKTTLADGQKL- - LAELEAGNNKVSFDIEFDKAVGE TMADFSSRGPVTLTWMIKPDVSAPGVNIVS——-TF---PGEGYAAL 360
SD 279 : VPGMAVPTIKTTLADGQKL--LAELEAGNNTVSFDIEFDKAVGETMADFSSRGPVTLTWMIKPDVSAPGVNIVS---TF---PGEGYAAL 360
Vpr  283:VPGMSVPTIKLSLEDGEKLVSALK--AGETKTTFKLTVSKALGEQVADFSSRGPVMDTWMIKPDISAPGVNIVSTIPTHDPDHPYGYGSK 370
Bha  287:VPGLAIPTIMLSNEDGLKMRNELE--NGQNTVTFSIEFDKLVGETVADFSSRGPVMHTWMIKPDVSAPGVAIVSTIPTHQPDDPYGYGSR 374

* % * k% * % * * % kkkkkkkkk khkkhkhkkk dhhkkkk kkk * * %
sz 374:QG SPHVAGAAAVILQANPNWGVYEVKSALMNTAEKMVNPATGKAY PHNTQGAGSIRVVDALQTETLVNPGSY SFGTFEKAKGKQVE 463
SF 374:QG SPHVAGAAAVILQOANPGWGVYEVKSALMNTAEKLINPATGKEYPHNTQGAGSIRVVDALQAETLVNPGSYSFGTFEKPKGKQVE 463
NV 374:QG SPHVAGAAAVILQANPDWGVYEVKSALMNTAEKLINPATGKE YAHNSQGAGSIRVVDALQAETLVNPGSYSFGVFEQLEEKQSV 463
FT 374:QG SPHVAGAAAVILEANPSWGVYEVKSALMNTAEKMVNPATGEEY PHNTQGAGSIRVVDALKAETLVNPGSYSFGTFEKPKGKQVE 463
HK 361:QG SPHVAGAAALLLQAHPNWGTEDVKAALMNTAEDMINPATGKVY PHNTQGAGSIRVLDAINTKTLVAPGSHSFGKEVKESGKQVE 450
YK 361:QG SPHVAGAAALLLQAHPNWGTEDVKAALMNTAEDMINPATGKVY PHNTQGAGSIRVLDAINTKTLVAPGSHSFGKFVKDSGKQVE 450
SD 361:QG SPHVAGAAALLLQAHPNWGTEDVKAALMNTAEDMINPATGKVY PHNTQGAGSIRVLDAINTKTLVAPGSHSFGKEVKESGKQVE 450
Vpr  371:QG SPHIAGAVAVIKQAKPKWSVEQIKAAIMNTAVTL-KDSDGEVYPHNAQGAGSARIMNAIKADSLVSPGSYSYGTFLKENGNETK 459
Bha  375:QG SPHVAGAAALLLEAHPNWGVDHVKAALMNTAENL-VDENGNRY PHNTQGAGSIRIVDAIESETLVTPGSHSFGTFTKERGKQVE 463
*hkkfklkkkkhx *kk * * % * * * kkkk * khkkk *kkkk * * *k kkkxk *k * %
sz 464 :KQQFEIQNLSGKTKVYATEFVFN-NEVG-KHVKVSSSNNLKVNPGKTQKVNINVQVDASKLTPGY YEGHLVVTEGGTTI-NVPTILFVGE 550
SF 464 : KQOFEIQNLSDKAKVYSSEFTFK-NEVG-KHVKVTTSKNLKVNPGKTQKVNVNVQVDASKLAAGY YEGHLTVSEGDTVI-EVPTILFIGE 550
NV 464 : NQHFEVKNLSKKVKNY TVEF SFK-NDVG-KHVKVKS SKNTRVNPGKTQKVNVVVEVDASQLAPGY YEGHLLVKDGSETI-HVPTILFVGE 550
FT 464 : RQQFEIQNLSSKAKKY SMEFTFK-NEVG-KHVKVTTSKNLKVNPGKTQKVNVNVQVDASKLAAGY YEGHLTVSEGDTVI-EVPTILFIGE 550
HK 451 : RQSFEIKNLSKERKRYSFDVQFDGNPTGIK- - -VMTSNNLQVQPGKTQQVNFNVQVDTSKLEPGY YEGTITVSDGTQSI-EVPTILFVGE 536
YK 451 : KQSFEIKNLSNERKAYSFDVEFAGNPVGIK- - -VMTSNNLRVQPGKSQQVNFNVQVDTSKLTPGY YEGTITVSDGTDTI-DVPTILFVGE 536
SD 451 : RQSFEIKNLSKERKRYSFDVQFDGNPTGIK- - -VMTSNNLQVQPGKTQQVNFNVQVDTSKLEPGY YEGPITVSDGTQSI-EVPTILFVGE 536
Vpr  460:NETFTIENQSSIRKSYTLEYSF--NGSGIS--TSGTSRVVIPAHQTGKATAK-VKVNTKKTKAGTYEGTVIVREGGKTVAKVPTLLIVKE 544
Bha  464:RQHFTIHNLSNKRKTYQFDVQFAGNPDGIK---VKTSKNLRVQPGKTQKINFNVQVDARKLDPGYYEGTIIVSDGSQTV-EVPTILFVSE 549
* * %k * * * * * * * * * kkk * * *kk * *
sz 551 : PDYPRVTHFGFTPMGDNN-FEFYSYLPGGAEELEVWVYTATASGGLGTYVGDALYAGDLAKGYNYHDWNGTLVDGTVLPAGKYRVAVYA- 638
SF 551 : PDYPRVTHFGFTALGGNE - FEFYSYLPGGAEELQVWVYNATATGGLGTYVGDALYAGDLGKGYNYHDWNGTLVDGTVLPAGKYRVAVYA- 638
NV 551: PDYPRVTTAGFTALGNNE -FEIYSYLPGGADEFEVWVYNATSAGGLGTYVGDALYDADLGKGYNYHDWDGTLVDGTVLSAGNYRLAVYA- 638
FT 551 : PDYPRVTHFGFTALGGNE -FEFYSYLPGGAEELQVWVYKATATGGLGTYVGDALYAGDLGKGYNYHNWNGTLVDGTVLPAGKYRVAVYA- 638
HK 537 : PDYPRVTGAFMGKEADGS-YYVGSYLPGGAEVIEYDIYVLGPGNTIGGFVDTIGSFENVSAPIHEFNWDGTVONGIDLANGDWVLGVYVE 625
YK 537 : PDYPRVTGAFMGKEADGS-YYVGSYLPGGAEVIEYDIYVENPNGTIGGFVDTIGSFENANAPFHEFSWDGTVQNGINLPNGDWVLAVYVE 625
SD 537 : PDYPRVTGAFMGKEADGS-YYVGSYLPGGAEVIEYDIYVLGPGNTIGGFVDTIGSFENVSAPIHEFNWDGTVONGIDLPNGDWVLGVYVE 625
Vpr  545:PDYPRVTSVSVSEGSVQGTYQIETYLPAGAEELAFLVY----DSNLD-FAGQAGIYKNQDKGYQYFDWDGTINGGTKLPAGEYYLLAYAA 629
Bha  550:PDYPRVTTFDLDIDENGV-LFGSAYLPNGAEEFGLWIY----TRDTLEYVTSAAVVONIGKGYHDVTWD-——--~ TTELAPGRYYVFAYAE 629
d*dkokkokk *kk Kk*k * * * * *
sz 639 : KKGKLD-RAVLGADVLTIK 656
SF 639 :KKGELD-RAILGADVLTIE 656
NV 639 :KKGELS-RAIAATGILEIK 656
FT 639 : KKGELD-RAILGADVLTIE 656
HK 626 : KAGVTEYKAYL----VTKN 640
YK 626: KAGVTEYKAYL----VTKN 640
SD 626: KAGVTEYKAYL----VTKN 640
Vpr  630:NKGKSSQ--VLTEEPFTVE 646
Bha  630:RLGKTDF--VLGDEIVVK- 645

*

Fig. 1 (Continued)

of SZ and NV proteases were five to ten times lower than
those of SF and FT proteases. Their low specific activ-
ities were reproducible even when they were purified
from different culture broth. The molecular masses of
these enzymes were estimated to be approximately
72 kDa by SDS-PAGE. In contrast, we could not purify
HK, YK, and SD proteases because they were degraded
to several polypeptides of 20 to 43 kDa that had pro-
tease activity during culture and purification. These
observations were also reported on Vpr from B. subtilis
(Sloma et al. 1991). Small amounts of HK, YK, and SD

proteases were partially purified using a gel filtration
column of Bio-Gel A0.5m. The molecular masses of
these proteases were approximately 72 kDa, as judged
by SDS-PAGE.

The HMSs showed the highest activity toward AAPL
at pH 10.5 (SF, SZ, and NV proteases) and at pH 11.0
(HK, YK, and SD proteases) in 50 mM carbonate
buffer.

However, the relative activities at pH 12.0 in 50 mM
phosphate buffer were less than 20% for SF, SZ, and
NV proteases and more than 65% for HK, YK, and
SD proteases when the highest activity was taken as
100%. The optimal temperatures for activity of HMSs
were 40-45°C for all, values lower than that of other
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Fig. 2A, B Phylogenetic tree of subtilisins. A phylogenetic tree was
inferred by the bootstrapping neighbor-joining method (Saitou and
Nei 1987) in the ClustalX program (Thompson et al. 1994). Bar
represents Knuc unit. A Unrooted phylogenetic tree of subtilisins.
Group a True subtilisins, group b high-alkaline proteases, group c¢
intracellular proteases, group d oxidatively stable alkaline proteases
(OSPs) (Saeki et al. 2002), group e HMSs. Sources of sequences
aligned: subtilisin E (P04189) from Bacillus subtilis 168; BPN’
(Q44684) from B. amyloliquefaciens; Carlsberg (P00780) from
B. licheniformis; DY (P00781) from B. subtilis DY; YaB (P20724)
from Bacillus sp. strain YaB; M-protease (Q99405) from Bacillus
sp. strain KSM-K16; PB92 (P27693) from B. alcalophilus PB92;
H-221 (P41362) from Bacillus sp. strain 221; ALP-1 (Q45523) from
Bacillus sp. strain NKS-21; AH101 (D13158) from Bacillus sp.
strain AH-101; Isp-1 (P08750) from B. subtilis IFO3013; INT72
(P29139) from B. polymyxa 72; IspQ (Q45621) from Bacillus sp.
strain NKS-21; SD-521 (AB046405) from Bacillus sp. strain SD-
521; E-1 (AB046402) from Bacillus sp. strain D-6; LP-Ya
(AB046404) from Bacillus sp. strain Y; KP9860 (AB046403) from
Bacillus sp. strain KSM-KP9860; KP-43 (AB051423) from Bacillus
sp. strain KSM-KP43; NP-1 (AB046406) from Bacillus sp. strain
NCIB12289. B Phylogenetic tree of HMSs. Sources of sequences
aligned are the same as those used in Fig. 1

subtilisins. When 2 mM CaCl, was added to the reac-
tion mixture, the optimal temperatures of HK, YK,
and SD proteases increased to 50°C, whereas those of
SF, SZ, and NV proteases did not change at all,
regardless of whether CaCl, was present or not. The
thermal stability of HMSs was assessed after enzymes
had been incubated at various temperatures for 15 min
in 50 mM borate buffer (pH 10.0) with or without
5 mM CaCl,. SF, SZ, and NV proteases were stable up
to 45°C with and without CaCl,. In contrast, HK, YK,

DY !

Carlsherg |

and SD proteases were stable up to 40°C without, and
50°C with, CaCl,.

These properties of SF, SZ, and NV proteases were
similar to those of FT protease. Further, it is suggested
that all enzymes have high molecular masses and are
heat labile, like FT protease. Sloma et al. (1990) reported
that a gene for mature bacilloprotease F of B. subtilis
encodes 1,238 aa. They purified a recombinant enzyme
with a molecular mass of 47 kDa. An extracellular 90-
kDa serine protease of B. subtilis natto was purified by
Kato et al. (1992). These two high-molecular-mass serine
proteases show a similar N-terminal aa sequence.
However, we cannot compare the properties of these two
enzymes with those of HMSs due to very limited infor-
mation. At the least, the deduced aa sequences of HMSs
show a quite low homology to that of bacilloprotease F
of B. subtilis with less than 20% identity.

Phylogenetic trees of HMSs

An unrooted phylogenetic tree of subtilisins including
true subtilisins, high-alkaline proteases such as
M-protease (Hakamada et al. 1994), intracellular pro-
teases, and OSPs (Saeki et al. 2000, 2002) is shown in
Fig. 2A. As expected, HMSs, Vpr, and Vpr-like pro-
teases form a clearly distinct clan from clans of high-
alkaline proteases and OSPs. To further certify the
phylogenetic positions of HMSs, we calculated another
tree with less ignored gaps using the aa-sequence



alignment among the enzymes. As shown in Fig. 2B,
they could be divided into three subgroups according
to the aa-sequence homology. In fact, the enzymatic
properties of HMSs can be clearly divided into at least
two subgroups. One is the group of SF, SZ, NV, and
FT proteases, which are less alkaline, independent of
Ca”" ions for stability, and resistant to proteolysis,
and the other is HK, YK, and SD proteases, which are
highly alkaline, stable dependent on Ca’" ions for
stability, and sensitive to proteolysis, although these
three enzymes were partially purified. The two sub-
groups are very consistent with the phylogenetic posi-
tions. Interestingly, the phylogenetic position of each
HMS is quite similar to those of OSPs, and, further,
quite similar to those of OSP and HMS producers
constructed by analysis of 16S rRNA (Saeki et al.
2002). More new HMSs and OSPs produced by (al-
kaliphilic) Bacillus strains will be found in the future.
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