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The gene of a halophilic alkaline serine protease, halolysin, from an unidentified halophilic archaea
(archaebacterium) was cloned and its nucleotide sequence was determined. The deduced amino acid sequence

showed that halolysin consists of 411 amino acids, with a molecular weight of 41,963. The highest homology was
found with thermitase from Thermoactinomyces vulgaris. Halolysin has a long C-terminal extension of
approximately 120 amino acids which has not been found in other extracellular subtilisin type serine proteases.
The gene, hly, was expressed in another halophilic archaea, Haloferax volcanii, in a medium containing 18%
salts by using a plasmid shuttle vector which has a novobiocin resistance determinant as a selectable marker.

Halobacteria, extremely halophilic red-pigmented bacte-
ria, were first studied extensively because they attacked
salted fish during long sea voyages and caused pinkeye (5).
Their extraordinary ability to grow in hypertonic solution
(above 300 g of NaCl per liter) and their potential ability to
hydrolyze proteins (7) are the main reasons for the reddening
of salted fish. Though a few articles have dealt with the
purification and characterization of proteases from Halobac-
terium salinarium (14, 18) and H. halobium (12), detailed
mechanisms to explain the halophilicity of these enzymes
have not been elucidated because of their extreme instability
even in the presence of 3 to 4 M NaCl (12). In a previous
article, Kamekura and Seno reported the purification and
characterization of a halophilic alkaline serine protease
(F-II) of a halophilic archaebacterium (strain 172P1) and also
determined the sequence of the first 35 N-terminal amino
acids (13). F-II is thus the first serine protease from archae-
bacteria (alternatively called archaea, according to a new
proposal by Woese et al. [29]) whose amino acid sequence
has been partially determined. Many articles have been
published on the amino acid sequences of alkaline serine
proteases from eubacteria and eukaryotes (bacteria and
eucarya, respectively, according to Woese et al. [29]). Thus,
from the phylogenetic point of view, it is very interesting to
compare the complete amino acid sequence of F-II with
those of other serine proteases.

In addition to its evolutionary significance, the protease
F-II is extraordinary in that it is extremely halophilic, with
an optimal NaCl concentration of 4 to 4.5 M for activity, and
also thermophilic, having maximal activity at 70°C. Fortu-
nately, it is quite stable when kept at 5°C in the presence of
4 M NaCl; thus, F-1I is a good candidate for further
investigation of the mechanism of halophilicity of an enzyme
at the molecular level. Sequencing of the gene coding for
F-1I is a prerequisite for this purpose.

In this article, we propose to designate the protease F-II
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halolysin. The molecular cloning and sequencing of the gene
for the halolysin (hly) are reported, as well as its expression
in another halophilic archaea, Haloferax volcanii, with a
plasmid vector developed by Holmes and Dyall-Smith (9).
Selection for plasmid maintenance in Haloferax cells was
done by including a novobiocin resistance gene in the vector
(10).

MATERIALS AND METHODS
Microbial strains. Detailed taxonomical study of the halo-

philic archaea strain 172P1 used in this study is now in
progress. The strain was deposited with the Fermentation
Research Institute, MITI (Tsukuba, Japan), as FERM-P
10747. Haloferax volcanii WFD11, a derivative of H. volca-
nii NCMB 2012 (DS2) cured of the endogenous plasmid
pHV2, was obtained from W. F. Doolittle (Dalhousie Uni-
versity, Halifax, Canada) and used as a host for the plasmid
vector containing the halolysin gene. Competent cells of
Escherichia coli JM109 and HB101 were obtained from
Takara Shuzo Co., Ltd, Japan. E. coli JM110 (31) was used
to produce unmethylated plasmid DNA.

Isolation of DNA. Strain 172P1 was cultivated in a 25%
(wt/vol) artificial seawater medium containing 0.5% yeast
extract as described by Rodriguez-Valera et al. (20). Chro-
mosomal DNA was prepared by lysing the cells in 10 mM
Tris-hydrochloride (pH 7.6)-50 mM EDTA-2% N-lauroyl-
sarcosine, followed by digestion with RNase A and protein-
ase K before phenol extraction and isopropanol precipita-
tion.

Preparation of a probe by PCR. The protease halolysin was
purified, and a powdered phenylmethane sulfonyl-halolysin
(PMS-halolysin) was obtained as described in a previous
article (13). The PMS-halolysin was digested completely with
N-tosyl-L-phenylalanine chloromethyl ketone (TPCK)-
trypsin, and resultant oligopeptides were separated by high-
pressure liquid chromatography (HPLC) with a column of
VYDAC 218TP54. The amino acid sequences of two well-
separated oligopeptides were determined by a gas-phase

736



GENE FOR A HALOPHILIC ALKALINE SERINE PROTEASE

FIG. 1. Construction of the hly-containing plasmid vector pMDS13.

amino acid sequencer (model 477A; Applied Biosystems
Inc.).
For the isolation of the gene for halolysin, a probe was

prepared by polymerase chain reaction (PCR). The sense
and antisense primers were synthesized by the phosphor-
amidite method (16). The sense primer had the base se-
quence 5' -GCC-ACC-CCG-AAC-GAC-CCC-CAG-TAC-
GGC-CAG-CAG-TAC-GCG-CCC-CAG-CAG-GTC-AAC-
3' (amino acid sequence NH2-Ala-Thr-Pro-Asn-Asp-Pro-
Gln-Tyr-Gly-Gln-Gln-Tyr-Ala-Pro-Gln-Gln-Val-Asn). The
antisense primer had the base sequence 3'-CGG-CCG-TTG-
CCC-ATG-CCG-TTG-5' (amino acid sequence Ala-Gly-
Asn-Gly-Tyr-Gly-Asn). PCR was performed in 50 ,ul of 10
mM Tris-hydrochloride (pH 8.3)-50 mM KCl-1.5 mM
MgCl2-0.01% (wt/vol) gelatin-200 ,uM each deoxynucleotide
triphosphate; 20 pFM primer, 0.1 pug of chromosomal DNA,
and 2 U of AmpliTaq polymerase were added. After 24
cycles of amplification (1 min at 94°C, 2 min at 37°C, and 3
min at 72°C), a product of the expected size (510 bp) was
detected by 1.5% agarose gel electrophoresis. The fragment
was eluted from the gel and purified by phenol-chloroform
extraction. To ensure blunt ends, the fragment was treated
with T4 DNA polymerase, then ligated to SmaI-cut plasmid
pUC119, and transformed into E. coli JM109. White colonies
on TY agar plates containing 50 pg of ampicillin per ml,
isopropyl-p-D-thiogalactopyranoside (IPTG), and 5-bromo-
4-chloro-3-indolyl-4-D-galactoside (X-Gal) were picked,
recombinant plasmid DNAs were extracted and digested
with EcoRI and PstI, and the released fragments of 580 bp
were isolated from the agarose gel by electroelution. The
fragment was labeled with digoxigenin-dUTP by using a
Nonradioactive DNA labeling and detection kit from Boehr-
inger Mannheim and used as a probe in Southern blot and
colony hybridization experiments (1).

Cloning and sequencing of halolysin gene. The chromo-
somal DNA from strain 172P1 was digested with EcoRI and
PstI. After electrophoresis in a 0.7% agarose gel, DNA
fragments of approximately 6 kb were eluted from the gel.
Plasmid pBR322 was also digested with EcoRI and PstI, and

a fragment of 3.6 kb was purified by electrophoresis. The
two DNA species were ligated and used to transform E. coli
HB101, MC1061, or JM109 to tetracycline resistance and
ampicillin sensitivity. Colonies were transferred to nitrocel-
lulose filters and hybridized with the probe prepared above.
Isolation and purification of the transforming plasmid and
subsequent DNA extraction were carried out by standard
methods (1). The nucleotide sequence of the halolysin gene
and its flanking regions was determined by the dideoxy
sequencing method (21), using subclones constructed from
plasmids pUFII15 and pUFII3 (see Results) by the kilose-
quencing method (8, 23, 31). Single-stranded DNA was
prepared as described by Vierira and Messing (26), and
sequencing reactions were performed with dye-labeled M13
universal primer (-21; Applied Biosystems Inc.) and run in
a DNA sequencer (ABI 373A).

Construction of a plasmid vector and transformation of H.
volcanni. The halolysin gene was inserted into the halobac-
terial plasmid vector pMDS9 (10) by the strategy outlined in
Fig. 1. The resulting construct, pMDS13, was then grown in
E. coli JM110 to avoid a restriction barrier in H. volcanii
(10).
H. volcanii WFD11 was transformed with plasmid

pMDS13 by the method described previously (9, 10). Trans-
formants were plated on 1.5% agar plates of transformation
medium containing 18% seawater, 15% sucrose, 0.8% Bacto
skim milk (13), and 0.3 pug of novobiocin per ml and
incubated at 37°C. Transformants expressing the halolysin
gene hly were detected as colonies surrounded by an area of
clearing in the milk agar (i.e., a clear halo).

Assay of protease activity of halolysin. Cells of the H.
volcanii transformant cultivated as described in Results were
harvested by centrifugation, and the protease activity of the
supernatant was assayed with azocasein as a substrate as
described previously (13) except that the reaction mixture
was incubated for 1 h. The concentration of protease was
calculated from a calibration curve constructed by using a
purified halolysin preparation from strain 172P1.

Purification of halolysin (F-1I) and F-Ill from a transform-
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ant. The supernatant was concentrated with an ultrafiltration
module (SEP-1013) with a molecular weight cutoff of 3,000
(Asahi Kasei Industry, Ltd.). The concentrate was centri-
fuged to get rid of insoluble material and applied to a column
(3 by 9.5 cm) of phenyl-Sepharose CL-4B (Pharmacia,
Uppsala, Sweden) equilibrated with 25% NaCl-10 mM Tris-
hydrochloride (pH 7.6), washed with the same buffer, and
eluted with 18% NaCl-10 mM Tris-hydrochloride (pH 7.6).
The eluate was concentrated with a Diaflo membrane (PM-
10). One hundred-microliter aliquots of the concentrate were

loaded onto an HPLC column of phenyl-Superose HR5/5
(0.5 by 5 cm; Pharmacia) which had been equilibrated with
10 mM Tris-acetate, 10 mM calcium acetate, and 1.83 M
sodium acetate, pH 7.4. F-II and F-Ill were eluted as

separate peaks by a continuous flow of the buffer at a rate of
0.5 ml/min. Gel filtration HPLC was performed with a

column (TSK G3000 SWXL; 0.75 by 30 cm; Tosoh Corp.).
The solvent was 10 mM Tris-acetate-10 mM calcium ace-

tate-500 mM sodium acetate (pH 7.4), and the flow rate was
set at 0.5 ml/min.
For the differentiation of halolysin (F-II) from F-Ill (see

Results), a 10-,ul portion of protease solution was separated
by nondenaturing polyacrylamide gel electrophoresis (PAGE)
at 5°C in a 16% acrylamide slab gel, in parallel with 172P1
halolysin. After completing the run, the gel was flooded with
a reaction mixture containing 25% NaCl, 10 mM Tris-
hydrochloride (pH 7.6), and 50 ,ug of a synthetic substrate,
succinyl-Ala-Ala-Pro-Phe-4-methyl-coumaryl-7-amide, per
ml and then exposed to light (365-nm wavelength). Protease
activity was detected as a fluorescent band of amino methyl
coumarin (AMC), and a thin needle was inserted to mark the
center of the band, after which it was stained with
Coomassie brilliant blue.
The two purified active components F-Il and F-Ill were

applied to protein sequencer ABI 473A to determine their
N-terminal amino acid sequences.

Materials. Restriction endonucleases were from Takara
Shuzo Co., Ltd. (Kyoto, Japan) or Boehringer Mannheim
Biochemicals, Indianapolis, Ind. Proteinase K, RNase A,
novobiocin sodium salt, and azocasein were obtained from
Sigma Chemical Co. A protease substrate, succinyl-Ala-Ala-
Pro-Phe-MCA, was purchased from Protein Institute, Inc.,
Osaka, Japan. Lambda DNA cleaved with StyI and XX174
DNA digested with HincIl were used as DNA size markers
and were purchased from Nippon Gene Co. Ltd.

Nucleotide sequence accession number. The nucleotide
sequence for hly reported in this article has been assigned
DDBJ, EMBL, and GenBank accession number D90432.

RESULTS

Cloning of the halolysin gene. The amino acid sequences of
two tryptic oligopeptides of 172P1 halolysin were deter-
mined as described in Materials and Methods. A sequence
(AAAGN) in one oligopeptide was noticeable, because this
sequence has been found in all subtilisins (from residues 151
through 155 of BPN'[28]) and thermitase (17). To isolate the
gene coding for the halolysin, which we designated hly, a

probe was prepared by PCR with a sense primer deduced
from the N-terminal 18-amino-acid sequence determined
previously (13) and an antisense primer deduced from the
sequence of amino acids corresponding to residues 153 to
159 of subtilisin BPN' (28). The base sequences of the two
primers were determined from the codon usage frequencies
of the genes of bacteriorhodopsin (3) and ribosomal A
protein (11) of H. halobium. Southern hybridization of
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FIG. 2. (a) Restriction map of pB1061-8. (b) Strategy for deter-
mination of the sequence of hly by the kilosequencing method.
Restriction sites: C, ClaI; EV, EcoRV; PI, PvuI; T, TthIII; N, NruI;
S, Sall; B, BamHI; K, KpnI; PII, PvuII; A, AvaI; X, XhoI; El,
EcoRI.

chromosomal DNA from 172P1 digested with various re-
striction enzymes, singly or in combination, with the labeled
probe suggested that hly resides in an approximately 6-kb
DNA fragment produced by digestion with EcoRI and PstI.
Digestion with BamHI gave two bands of 3.6 and 4 kb on
Southern hybridization, suggesting the existence ofaBamHl
site in hly. The 6-kb DNA was ligated to pBR322 which had
been digested with EcoRI and PstI and transformed into
competent cells of E. coli, and colony hybridization was
performed as described in Materials and Methods.
A colony giving significant staining was identified from

among the transformants. Plasmid (pB1061-8) DNA was
purified from this transformant, cut with EcoRI and PstI,
and electrophoresed in a 0.7% agarose gel, and the two DNA
fragments (observed after ethidium bromide staining) were
transferred to a nitrocellulose filter. The plasmid contained a
5.8-kb insert which hybridized with the probe, and a detailed
restriction map is shown in Fig. 2a. To reduce the size of the
insert, pB1061-8 was cleaved with ClaI, and the isolated
2.7-kb fragment was made blunt-ended and inserted into
plasmid pUC119 at the SmaI site. Two plasmids with the
insert in opposite directions, pUFII15 and pUFII3, were
selected.
DNA sequencing. Plasmids pUFII15 and pUFII3 were

sequenced to localize the structural gene for the halolysin
and its 5'- and 3'-flanking regions. The strategy for DNA
sequencing by the kilosequencing method is depicted in Fig.
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-159 ATCGATAACTCGACGGGATATCCGAAAAGACAATTATCATTGGTTATTGACTAATGATA
-100 TTTGACGATAGAAGTGCTCTATATCCCCACAGGTACAGTAATAAATTCTAACTTGTTTCATAACACTTTAATATAATGTCAGTATTTCTCATGTCGTATC

M S R D T K R N I G R R S V L K A T S A L G A F L G L G G V T S A T
1IATGTCTCGTGATACCAAAAGAAATATCGGGCGGCGATCGGTATTGAAAGCAACCAGCGCACTGGGGGCATTCCTGGGACTTGGTGGAGTTACCAGCGCAA

P G R S R S R K K 0 E I V V G V S S S A S K A T I D S K L P S
10o1 CACCCG GACGGAGTC GTTC TCGGAAAAAGGACGAGATTGTCGTCGGGGTATCGGACTrCCGrTCTGGCCAGTAAGGCGACGATCGACTrCGAAACTrGCCGAG

K A T I V H T N E T L G Y V A V E F P S R A S T Q A R E N F K R N
20 1 TAAGGCGACGATCGTTCACACGAACGAGACGCTCGGATACGTCGCCGTCGAGTTCCCAAGCAGGGCCTCTACGCAGGCGCGGGAGAATTTCAAGCGAAAC

V L E A 0 D V E Y A E D N A T Y E A I A T P N D P Q Y G Q Q Y A P Q
301 GTCCTCGAAGCG GAC GATGTCGAATACGCAGAGGACAACGCGACCTACGAGGCCATCGCGACGCCGAACGATCCACAGTACGGCCAGCAGTACGCTrCCAC

Q V N C E A A W D V T Y G D P G V T I S V Y D Q G I Q Y D H E D L
401 AGCAAGTCAAC TGTGAGGCCGCC TGGGACGTCAC CTACGGCGATCCCGGCGTGACGATCTCGGTCGTC GACCAGGGGATCCAGTACGACCACGAGGATCT

E G N M D G S V S N Y G D D F V D N D G D P Y P V S A S E N H G T
So 1 CGAAGGGAACATGGACGGGAGC GTTTC GAACTACGGCGACGACTTCGTCGATAACGACGGCGATCCGTACCCGGTrCAGTGCCAGCGAAAACCACGGCACTr

H V G G I A A G G T N N A T G H A G I S N C S L L S A R A L G D G G
601 CACGTCGGTGGAATCGCCGCCGGCGGAACGAACAAT GCAACCGGCCACGCCGGAATCAGCAACTGTTCGCTCC TGTCGGCCCGCGCACTCGGCGATGGTG

G G S L T D I A D A I Q W S A D Q G A D V I N M S L G G G G F S Q
70 1 GTGGCGGGTCGC TCACGGACATTrGCCGACGCAATCCAGTGGTCCGCCGACCAGGGAGCC GACGTGATCAACATrGTCCCTCGGTGGCGGCGGCTTCAGTCA

T L S N A C E Y A Y N Q G S L L V A A A G N G Y G N S V S Y P A A
801 GACGCTC TCGAACGCCTrGTGAGTACGCCTrACAAEC AGGGCTCGCTrGCTCGTCGCTrGCCGCCGGCAACGGCTACGGCAACAGCGTCTCTcATCCCGCGGCC

Y D T V N A V S S L D E G E T L S A F S N L G P E I E L A A P G G N
so01 TACGACACGGTCATGGCCGTcCTCCTGCTCGACGAGGGCGAGACCC TTTCCGCGTcTCTGAACCTrCGGCCCGGAGATCGAACTCGCCGCACCCGGCGGGA

V G T S A S P V V A G V A G F T L S A
10oo1 ACGTC CTC cTCCTGArTTCCGTGGGACAAC TACGACACC TcTCCCGGCACGTCGATGGC GTCACCAGTCGTCGCCGGCGTCGCGGGCTTCACGCTCTCCGC

H P N L S N A E L R S H L Q N T A V D V G L S S E E Q G H G R V D
1 10o1 TCACCCGAATCTCTCGAACGCGGAACTrGCGCAGTCACCTGCAAAACACCGCCGTCGACGTCGGrTCTCTCCTGGAGGAACAGGGTCACGGTCGTGTCGAC

A G Q A V T T D P G D G G G G G D P G D G T C G D E T N T E T A E G
1 201 GCCGGACAGGCCGTTAC GAC CGATCCCGGCGACGGTGGCGGTGGCGGCGATCCAGGCGATGGGACT TGCGGTGACGAGACGAATACCGAAACCGCAGAGG

N I S S S N P S C A Y S Y T L D T A D P C S A T V S L S G P S S A
1 301 GCAACATCAGCAGTAGTAACCCGAGTGACGC CTACTC CTACACCCTCGATACGGCGGACC CGTGTAGCGCAACC GTCTCACTTAGCGGCCCATCGAGTGC

D F D L Y L T L D G R T P T T S D Y D R R S Y N W G S D E E I S V
1 401 C GAC TTCGACCTCTACCTrGACCCTCGACGGTCGCACGCCGACGACATCCGACTACGACCGCCGCTrCGTACAACTrGGGGCTCGGACGAAGAAArTCTGGTC

D L S G N E E L G I L V N Q Y S G S G S Y T L T I E E L G K
15So1 GACCTCTC CGGCAACGAGGAAC TCGGTATCCTrCGTCAACCAGTACAGCGGCAGCGGrTTCCTrACACGCTGACCATCGAAGAACTCGGCAAGTAACCCGGAC

1601 CCCGAGTCCGAGTTCACTCACCCGACAAC CGTGCGCTrGGTCCGGGTTrCGGTACCAGCTrGrTCCACATCCAGCAGTCGTCCCGGCACGGCGCACTCGGCGTC
1 701 GCCAGCACCGCC GACACTCACCTGGCAGCTTC TTTTATCGATCGACGTCCGCCGATGGACTATCGAAATCACAAAAGACCTTACTACCCCGGCCGTGTCC
1801 TCCCGAGTATGCCGCTTCAGACGCCGCCATTGCGTGGAATCCACGACGAACGGGGGGCCAAGTTTACGGAGTTTGGCGGCTrGGGACATGCCGGTCGAGTTr
190o1 CGACTrCGATC CAGGCCGAACACGAAGCC GTCCGAGACGCCGTCGGCATCrTTCGACGTCTrCCCACATGGGCCAGATTCACGTCACCGGGCCGGACGCGACG
2001 ACGCTGATGCAG CGGCTrCACCTCGAACGACGTGACCCGTCTCGGCGTCGGTGACTCC CAGTACGCCGTCCTCACCGACGAGGACGGCATCATCGTCGACG
2101 ACACGGTGATCTAC CGGC TGCCGGACGAGGACGACGAACCGACCTACCTCTTCGTCCCGAACGCCGGGACCGACGAGGAAACCCACGAACGGTGGATCAA
2201 CTACCGCAACGAGTTrCGACCTCGAGGCGACCGTCGACAACCGCACCGACGAGTACGCCATGTTCGCCGTCCAGGGACCGGACGCAACCGAACTCGT CGCA
2 301 GCCGTCGCCGACGAGTC CGTCACCGATC TGAACCGGTTCCAGGC GATGA CGGCGACGATCGACGGCGTCGAGTGCTrGGAccGcTcGAAccGGcTAcAc CG
2401 GCGAAGACGGGTTrCGAACTGATCGCTCCGTGGGAAGACGCCGAACGGATCTGGTCGCAGTTCGAGTGCCAGCCTGCGGTCTCGGCGCACGAGACACCCrTT
2 501 CGGATCGAGGCCGGACTCCTGC TCTCGGGCCAGGAC TTCGACCACGAGTCGAAcCCCCGAAcCCCCCTACGAGGCCGGCATCGGCTTTACCGTCGCGCTrCG
2601 ACACCGAATTC

FIG. 3. Nucleotide sequence of hly and the deduced amino acid sequence of halolysin. Although the full length of the Clal-Clal fragment
was sequenced, the 3'-terminal region of the fragment, EcoEI-Clal of pBR322, has been omitted from the figure. Underlined amino acid
sequences were determined with an ABI 477A protein sequencer. Stars indicate essential amino acids constituting the active site.

2b. The determined nucleotide sequence and the deduced
amino acid sequence are shown in Fig. 3. The sequence
included portions (underlined) corresponding to the N-ter-
minal region determined previously (13) and in this study and
two oligopeptides sequenced in this study.
A computer search for restriction sites showed that there

was a ClaI site at position 1737. This site is preceded by
TTCTTTT, which might interrupt cleavage by the enzyme.

Structural analysis of hly. According to the nucleotide
sequence, there is a long open reading frame encoding 119
amino acids preceding the coding region for the halolysin,
which is 411 amino acids in length, with a molecular weight
of 41,963. These data suggest that halolysin is translated as a
precursor polypeptide consisting of 530 amino acids and that
the N-terminal 119 amino acid residues span the putative
prepro region. Within the first 40 amino acids of the precur-
sor, there is a hydrophobic region following Lys-16 which

could function as a signal sequence for secretion from the
cell.
Without transcriptional mapping of the 5' end of the

mRNA, it is not possible to identify the promoter for the hly
gene, although within the sequence upstream of the start of
translation (shown in Fig. 3) there are a number of A/T-rich
motifs that may fulfill this function (25).

Expression of hly gene in H. volcanii. Transformation of H.
volcanii WFD11 with plasmid pMDS13 (Fig. 1) gave two
transformant colonies which produced clear halos on the
skim milk agar plates. A transformant surrounded by a larger
halo was transferred to a fresh 18% seawater-1.5% agar
plate containing 0.8% skim milk and 0.3 Rg of novobiocin per
ml. The transformant was stable on the plate and kept
producing clear haloes upon repeated subcultures after in-
cubation for 18 to 24 h at 37°C.

Characterization of the protease produced by the trans-
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formant. The transformant H. volcaniilpMDS13 was precul-
tured in 18% seawater medium containing novobiocin for 2
days at 37°C, and a 20-ml portion was inoculated into 2 liters
of the same medium in a 3-liter jar fermentor. Cultivation
was performed at 37°C with aeration (2 liters per 2 liters of
medium) and agitation (300 rpm) for 58 h, and the cells were
removed by centrifugation. For comparison, strain 172P1
was grown in 2 liters of 18% seawater medium at 40°C for 58
h with aeration (2 liters per 2 liters of medium) and agitation
(110 rpm), these being the optimal culture conditions. The
amount of protease produced in the two supernatants was
equivalent to 2.3 and 65.2 ,ug of halolysin per ml for 172P1
and H. volcaniilpMDS13, respectively.
The supernatant of H. volcanii/pMDS13 (5.23 liters total

from three cultures) was concentrated to 68 ml with an
ultrafiltration module, and lO-pJ portions of the resultant
77-fold concentrates were separated by native PAGE. Pro-
tease activities were detected in the gel with the substrate
succinyl-Ala-Ala-Pro-Phe-MCA, and total proteins were
then stained with Coomassie brilliant blue. The concentrate
from the transformant culture showed a major protein band
with protease activity, which had the same relative mobility
(0.60) as F-III, and a weaker band of halolysin (F-IH), with a
relative mobility of 0.84.
The two active components in 50 ml of the 77-fold con-

centrate were purified as described in Materials and Meth-
ods. The protease activities were separated into two peaks
by hydrophobic chromatography with a phenyl-Superose
HR5/5 column, an early fraction and a late fraction. The
former showed the same behavior as halolysin on hydropho-
bic chromatography and nondenaturing PAGE. The latter
comigrated with F-III from 172P1 on PAGE. Amino acid
sequencing, however, showed that the two components
were identical in sequences of at least 30 N-terminal amino
acids, which were exactly the same as those of 172P1
halolysin. Gel permeation HPLC with a G3000 SWXL
column clearly demonstrated that the molecular weights of
the two components were the same as that of 172P1 halo-
lysin. Furthermore, the specific activities of the two compo-
nents were the same, within experimental error.

N-terminal amino acid sequence of 172P1 F-III. F-III was
purified from a culture supernatant of strain 172P1. Nonde-
naturing PAGE of a concentrated supernatant showed that
F-III is the single active component, and a halolysin band
was not detected. The 172P1 F-Ill was purified by the same
procedure used for the purification of F-II and F-III from the
transformant.
The amino acid sequence of the N-terminus was shown to

be exactly the same as that of halolysin (F-IH).

DISCUSSION

Few proteases have been purified from archaea. The
thermophilic archaea Sulfolobus acidocaldarius produces a
thermostable acid protease, thermopsin, and the encoding
gene was cloned and sequenced (6, 15). Cowan et al. (2)
purified an extremely thermostable extracellular protease,
archaelysin, from a strain of the sulfur-metabolizing thermo-
philic archaea Desulfurococcus mucosus. Archaelysin seems
to be a serine protease because it was inhibited by chymo-
statin and phenylmethylsulfonyl fluoride, as was halolysin.
More recently, another hyperthermophilic archaea, Pyro-
coccus furiosus, was shown to have a hyperthermoactive
serine protease, pyrolysin (4). These two archaeal serine
proteases are outstanding in their thermophilic characteris-
tics, but their genes have not been cloned.

As yet, no serine protease from methanogens has been
reported. The methanogens are another major branch of
archaea, and this gap in knowledge needs urgent attention.
Concerning the halophilic proteases from halophilic ar-

chaea, a serine protease has been purified from Halobacte-
rium halobium (12), and more recently, an extracellular
serine protease, ESP4 of Halobacterium sp. strain TuA4,
was also purified (22). Detailed characterization of these two
proteases has not been reported yet. Halolysin is so far the
first protease from halophilic archaea and the first serine
protease from archaea whose gene has been sequenced.

Expression of the hly gene was first tried in an osmophilic
yeast, Zygosaccharomyces rouxii (19), in media containing
18% NaCI; however, plasmid vectors containing hly were
quite unstable, and thus no expressions was observed.

In a previous article (13), the authors showed that at least
three active protease moieties, F-I, F-II, and F-Ill, were
obtained from the culture filtrate of strain 172P1. F-III was
the major component throughout the exponential and sta-
tionary phases of growth, as demonstrated by nondenaturing
PAGE of concentrates of culture supernatants. During the
following purification procedures, the amount of F-Il finally
exceeded that of F-III. Furthermore, a partially purified
F-III preparation was found to convert to F-II during storage
for a few weeks at 5°C in the presence of 25% NaCl. Thus,
the authors of the previous article (13) speculated that F-III
might be a "precursor" of F-II halolysin, though there was
no direct evidence.

In this study, we showed that H. volcaniilpMDS13 pro-
duced F-III as the major component, thereby demonstrating
that the genes for F-III and F-Il reside in the 2.7-kb
ClaI-ClaI fragment. N-terminal amino acid sequencing of
F-Il and F-III and gel permeation HPLC clearly demon-
strated that the two components have the same N-terminal
amino acid sequences and almost the same molecular
weights. However, they behaved quite differently in nonde-
naturing PAGE and hydrophobic HPLC with a phenyl-
Superose column. From these data, we speculate that F-III
is converted to F-Il by posttranslational modification; e.g.,
deamination of glutamine and asparagine to glutamic acid
and aspartic acid, respectively, thereby making F-II a more
acidic protein than F-III. If this speculation is correct, it
follows that the amino acid sequence deduced from the base
sequence as shown in Fig. 3 is that of F-III. The determined
amino acid sequences (underlined in Fig. 3) of three regions
of F-Il (172P1 halolysin) coincided completely with the
sequences deduced from the base sequences; no conversion
of N to D or Q to E was detected in these regions. Thus,
deamination might occur in other parts of the molecule,
possibly at residues close to the C terminus. Other possible
modifications are phosphorylation, sulfation, and attach-
ment or detachment of carbohydrate chains. Proof of these
speculations requires amino acid sequencing of whole mol-
ecules of F-Il and F-III.
A characteristic of halolysin is its high molecular weight

compared with other serine proteases. In the previous article
(13), the molecular weight of halolysin was estimated at
42,000 to 44,000, and in this study it was calculated as 41,963
from the known sequence of 411 amino acids. Various
subtilisins from Bacillus spp. and subtilisin-type serine pro-
teases have molecular weights of approximately 28,000, with
about 280 amino acid residues (17). In contrast, an extracel-
lular protease produced by Serratia marcescens is an excep-
tionally large serine protease, comprising 381 amino acids,
with a total molecular weight of 40,905 (30).
Alignment of five serine proteases from archaea, bacteria,
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Halolymin
Theruitame
Subtilisin BPN'

A.Q2YJA Alp

AMUQXGQ 2AMVNCEMflVTYQDPYfS;
Y XFSSR2GZXIQAPXIIAEQ S2AKLAI

AQSVPYGVSQIXAPALHSQGYT2 SNYfXVAy
AYQDPGRLGAPDSWXTAEFNRQWGLEAISAEF3YARGYT2 X21,Gy

GLTTQXSAZWGLGSISHXG98TDYIY 2TSA2 E2TYAYY

Q2Aly2DNMNDLGSNsIyr SVE8EDFYPVAZNDDGYPV2aAg
X2ZTfiv2NlP A2KVV 2W8MMT& QNGNG=CAW"V=SI$2
I2S - DssUP2k KVAS 2ASNPS3NW FQDNNSj8ZlATVAA LMSI2VL2V
IRNALLS SEZFSBKLTRLD E 2SYNFSY2XQDNN a FGDHgGUA3AKRDGAGMGVA
AVNVMFMRASKAYNQXAIGWSTIMKZYGIAKKASI

IANCAADG2S4DUDAQNSV2R2G G2FiQTL
APKIUIN MAV;N-TYAVN2;TY8TV2NAG ai
APSAALYAVXAS&QY&WQYNG;INGAI Sfg 3AAL
FDADIIGTKLNDYGNRN2REELLQSAARVINN 8G IAPDIA DIIWPNGRPDYVAFVK
LAVXVFOGE88STIVGLVXXN8ANY3KAF

QQAVNXAwUKMVVyMA 2ZTA
KAAVDKAVASgVVVYAS3j SgTAG
AMSTLLRAMRHgKIiFSAM XNMYNIPEAQKSLP
NDAVNAFE2VIjS.YVAMfNSDAG

PNXfYXSVAI3AI~NDNKSTY0SVVDVAA
YAFPDVLNNYLIVTNLSDENQLVSS TSCGQT3BYCSDYsTVGRLRffGAVNa4Y

QTSo,8APDAITwAAIQKSNNRASWFSI(VDVF3

GGNVISISZWDNXDZ SC;88NTklI@ EHVDV AISE
fSWIYATYETBTXA8 AATGR £ABNIIAIEDXIKITGTY
fVSIQATLEGNKXGA YNMMHDAAAYLIBDIFYNrGEMi,LNMG XGN AQRLFYI IAVI TATDZiVAGI
2QDIM LWIAAJZNJNTIPAV VATKDVVDV

EQGHJDAGQ&y TTDVGDGGGGG2PGDGTCGDETNTETAEGNISSSNPSDAYSYTLDTADPC
W AKgpfiYK3XQY
Y agXLINVQAAAQDNLF2WGRVNLRDAINGZKMFITKE2

K2SPNLL AYNGNA

SATVSLSGPSSADFDLYLTLDGRTPTTSDYDRRSYNWGSDEEISVDLSGNEELGILVNQYSGSG

SYTLTIEELGK

FIG. 4. Alignment of amino acid sequence of halolysin with
those of other subtilisin-type serine proteases. References: Thermo-
actinomyces vulgaris thermitase (17), Bacillus amyloliquefaciens
subtilisin BPN' (28), Serratia marcescens serine protease (30), and
Aspergillus oryzae alkaline protease Alp (24). Stars indicate essen-
tial amino acids constituting the active site. Underlined residues are
identical to the corresponding halolysin residues.

and eucarya (Fig. 4) revealed that halolysin has a long
C-terminal extension or "tail" of approximately 120 amino
acids which is not present in other extracellular subtilisin-
type serine proteases. On the other hand, S. marcescens

protease is characteristic in having two long extra sequences
which are not found in the others. Despite these tails and the
gaps observed in the alignments, very high homologies are
observed in some regions, particularly around the essential
amino acids constituting the active site, Asp-32, His-64, and
Ser-221 (according to subtilisin BPN' numbering). Though
the long gap and tail make it difficult to calculate the
similarity of halolysin to other serine proteases, simple
counting of the number of matched amino acids (in the
alignment of Fig. 4) would give an idea of its similarity to
other proteases; 130 for thermitase, 103 for subtilisin BPN',
70 for S. marcescens protease, and 79 for the alkaline serine
protease of A. oryzae. Altogether, of the 298 amino acids of
halolysin, at least 183 occur in one of the four other
proteases.

Secretory proteins are generally synthesized with a signal
sequence at the N terminus for translocation through a
membrane. The signal sequence usually consists of 20 to 40
amino acids and contains a highly hydrophobic domain in the
middle and positively charged residues close to the N
terminus. Watson (27) stated that the general format of a
signal seems to include a charged residue within the first five

amino acids, followed by a core of at least nine hydrophobic
residues, which should be sufficient to span a membrane,
and that a helix-breaking residue (glycine or proline) or a
large polar residue frequently occurs four to eight residues
before the cleavage site. The prepro-region of the halolysin
contains a putative signal sequence which starts at Lys-16,
which is followed by 11 hydrophobic amino acids and
Gly-Gly-Val, but it is not yet clear how cleavage to the F-III
form occurs.
Now that the amino acid sequence of halolysin is known

and expression of the cloned gene is possible, we aim to
engineer mutations in hly to identify regions of the protein
that are responsible for transport, processing, and halo-
philicity.
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