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An intracellular alkaline serine protease gene of alkalophilic Thermoactinomyces sp. HS682 was cloned|
and expressed in Escherichia coli. Sequence analysis showed a putative promoter region, a putative
transciptional termination signal, and an open reading frame of 963 bases, coding for a polypeptide of 321
amino acids. The protease expressed in E. coli was purified by DEAE-Toyopearl 650M and Sephadex G-75
chromatography. The N-terminal sequence (30 amino acids) of the purified protein was coincident with
Aspl6-Val45 of the deduced amino acid sequence of the ORF. Fifteen amino acids in the N-terminal region
were removed during the purification procedures. The deduced amino acid sequence showed high similarity
with microbial intracellular serine proteases. The molecular mass of this enzyme was estimated to be 38 kDa
by SDS-PAGE. The enzyme was stable at pH 6.0-12.0 and below 60°C in the presence of Ca®". The
temperature and pH optima of the enzyme were 65°C and pH 11.0, respectively. The enzyme was inhibited

by DFP and PMSF, but not by MIA and EDTA.

Key words:

intracellular alkaline serine protease; alkalophilic Thermoactinomyees sp.; DNA sequence;

amino acid sequence homology; protein purification

Proteases with high activity and stability in the regions
of high alkali and temperature are interesting for bio-
engineering and biotechnological applications as well as
protein chemistry. There have been many studies on alka-
line proteases from various microorganisms.' ~* Alkalo-
philic microorganisms among them produce alkaline pro-
teases with high activity and stability in highly alkaline
pH.* The alkaline protease from alkalophilic Bacillus sp.
No. AH-101 is characteristic in its highly alkaline pH
optimum (pH 12-13) and thermostability at highly alkaline
pH.> Also, alkalophilic Thermoactinomyces sp. HS682,
growing optimally at pH 10.3 and 52°C, produces and
secretes an alkaline serine protease with highly alkaline pH
optimum (pH 11-13), high temperature optimum (80°C),
and extreme stability in both ranges of high alkali (pH 4-14)
and high temperature (£75°C).% Takami et al. isolated the
gene encoding a minor alkaline protease from alkalophilic
Bacillus sp. No. AH-101 by the shotgun cloning method.”
Some actinomycetes produce and secrete several kinds of
protease in the culture broth, like Pronase from Strepto-
myces griseus.” Although we purified only an extracellular
alkaline serine protease from the culture broth of
Thermoactinomyces sp. HS682,%) we found that this strain
produces minor proteases in the cells. It is not easy, however,
to purify these minor proteases from the cells. Therefore,
we tried to clone the gene for minor proteases from this
strain by using a shotgun cloning method.

We isolated the gene encoding an alkaline protease
different from the major extracellular alkaline protease of
Thermoactinomyvces sp. H5682. This protease was expected
to be an intracellular protease from its deduced amino acid

+

the accession number D87557.
*  To whom correspondence should be addressed.

sequence. In this report, we describe cloning, secjuencing,
and expression of the gene and characterization of the
purified enzyme.

Materials and Methods

Muterials. Restriction endonucleases and plasmids were purchased from
Takara Shuzo or Boehringer-Manheim. T4 DNA ligase, Kilo-sequencing
deletion kit, BcaBest dideoxy sequencing kit, Random primer DNA
labeling kit. and primers for sequencing were purchased from Takara
Shuzo. [#->*P]dCTP was obtained from Amersham. Calf intestine alkaline
phosphatasc, isopropyl-f-p-thio-galactopyranoside (IPTG), 5-bromo-4-
chloro-3-indoyl-f-n-thio-galactopyranoside (X-Gal) were purchased from
Takara Shuvo. Casamino acids (vitamin assay), yeast extract, and tryptone
were from Difco Laboratories. Molecular weight marker proteins for
sodium dodecy! sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
was obtained from Oriental Yeast Co., Ltd. All other chemicals and
reagents were of the highest grade and obtained from commercial sources.

Microorganisms, plasmids, and media. Alkalophilic Thermocctinomyces
sp. HS682 was used as a DNA donor. Escherichia coli JM109 and MV1184
were used as host strains for cloning, sequencing, and expression of the
gene for HS682 protease. Plasmids pUCI8 and pUC118 we-e used for
cloning and sequencing.

Thermoactinomyces sp. HS682 was cultured in the alkaline medium (1%
maltose, 0.5% casamino acids. 0.04% yeast extract, 0.5% K,HPO,, 0.02%
NaCl, and 1.5% Na,CO;, pH 10.3) at 50°C for 24h. Bacteria were
acrobically grown in Luria—Bertani broth (LB broth, 1% tryptone, 0.5%
yeast extract, and 1% NaCl, pH 8.0) containing ampicillin (100 pg/ml) at
37°C. LB agar plates containing ampicillin (100 ug/ml) and skim milk (1%)
were used for screening of protease-positive transformants of E. coli.

DNA manipulations. Chromosomal DNA of Thermoactinomyces sp.
HS682 was prepared by the method of Saito and Miura.® Plasmid DNA
was isolated by the alkaline extraction method.” Competent cells of E.
coli IM109 and MV1184 were prepared by the method of FHanahan.!®
All the procedures for cloning were done according to the standard

The nucleotide sequence data reported in this paper will appear in the DDBJ, EMBL, and GenBank nucleotide scquenée databases with

Abbreviations: IPTG. isopropyl-1-thio-f-p-galactopyranoside; DFP, diisopropyl fluorophosphate: MIA, monoiodoacetic acid; ORF, open reading
frame; SDS-PAGE. sodium dodecyl sulfate-polyacrylamide gel electrophoresis; PMSF, phenylmethanesulfonyl fluoride.
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procedures of Sambrook er al. ' or the manufacturer’s recommendation.

Cloning of protease gene Chromosomal DNA was partially digested with
HindIII and size-fractionated by sucrose density gradient centrifugation.
Digested chromosomal DNA (4-8 kb) was ligated with HindI1I digested
pUC18 and used to transform E. coli IM109. After incubation on the LB
agar plate, transformants that formed clear zones around their margin
were picked up from the plates. The fragments containing the protease
gene were subcloned based on the restriction enzyme map constructed.

Nucleotide sequencing. Plasmid pUC118 inserted the subcloned fragment
was deleted by Kilo-scquencing deletion kit in according with the
manufacturer’s recomendation.'® Single-strand DNA was prepared by
the alkaline-SDS method,'® and sequenced by the dideoxy nucleotide
chain-termination method'* using the BcaBest dideoxy sequencing kit.
Sequence data were analyzed using GENETYX-MAC Software (Software
Development).

Protease and protein assays. Caseinolytic activity was assayed by the
method described previously.® Protein was measured by the method of
Bradford'® using Coomassic brilliant blue G-250 or absorbance at 280 nm
with bovine serum albumin as a standard.

Localization of alkaline protease in E. coli JM 109 harboring pTIAP. E.
coli IM109 harboring pTIAP was cultured in 4ml of LB broth (pH 8.0)
containing 100 ug/ml of ampicillin for 18h at 37°C and collected by
centrifugation at 8000 x ¢ for 10 min. The cells were suspended in 2ml of
25% sucrose 1 mym EDTA--10 mm Tris- HCI buffer (pH 8.0). One milliliter
of the cell suspension was incubated with 0.15 mg/ml of lysozyme for 1h
at 37 C. The periplasmic {raction was obtained from the supernatant after
centrifugation of the solution at 15,000 x ¢ for 10 min. The precipitate was
completely disrupted by sonication (20kHz. 50 W. 3min, Ohtake Works)
to obtain the cytoplasmic fraction. Another one milliliter of the cell
suspension was completely disrupted by sonication under the same
conditions to obtain the whole intracellular fraction.

Purification of cloned enzyme. £. coli JM109 harboring pTIAP was
aerobically grown in 4 liters of LB broth (pH 8.0) containing ampicillin
(100 ug/ml) at 37 C for 24 h. The cells were collected by centrifugation at
8000 x ¢ for 10 min, washed twice with 10 mm Tris--HCl buffer (pH 8.0).
and suspended in the same buffer. The suspended cclls were disrupted 3
times with a sonicator (20kHz. 50 W) for 5min in the ice bath, and
centrifuged at 15,000 x ¢ for 20min. Protein in the supernatant was
precipitated with 70% saturated ammonium sulfate at 4°C overnight. The
precipitate was collected by the centrifugation at 10,000 x ¢ for 10 min and
dissolved in a minimum volume of [0 mwm NH,Cl- NH,OH buffer (pH
10.0) containing 5mn CaCl,. The enzyme solution was dialyzed against
the same bufler, and then chrematographed on a DEAE-Toyopearl 650M
(Tosoh) column (1.6 x 1§ cm) eluting with a lincar gradient of 0 to 0.4Mm
NaCl in the same bufler. An active fraction of the protease was collected,
concentrated by ultrafiltration with a Diaflo membrane YM-05 (Amicon,
exclusion limit 5kDa), and chromatographed on a Sephadex G-75
(superfine, Pharmacia Biotech Co.) column (1.6 x 85cm) eluting with the
same buffer. A major active fraction was collected, dialyzed against 10 mm
NH,OH solution, lyophilized. and stored at —20-C until use.

For molecular mass estimation by the gel filtration on Sephadex G-75,
bovine serum albumin (67kDa). ovalbumin (43.3kDa), trypsinogen
(24kDa), and cytochrome ¢ (13kDa) were used as the references. All
procedures were donce at 4 C.

Sodium dodecy! sulfute -polyacrylamide gel electrophoresis. SDS-PAGE
was done by the method of Laemmli'® using 12.5% (w/v) acrylamide.
The enzyme solution inhibited with Smm DFP was heated for
SDS-treatment at 100'C for 3min. Proteins were stained with Coomassie
brilliant blue R-250. For molecular mass measurcment, oligomers of
cytochrome ¢ of molecular mass of 12.4-744kDa were used as the
refercnces.

N-Terminal amino acid sequencing of purified protein Further purification
was done by HPLC on Vydac 214TP column (ODS, 5u, 4.6 x 250 mm)
eluting with a lincar gradient of 30% to 60% CH;CN in 0.1% TFA.
N-Terminal amino acid sequence of the purified enzyme was assayed using
a Protein Sequencer (Shimadzu, modcl PSQ-1).
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Results and Discussion
Cloning of the gene of alkaline protease from alkaiophilic

Thermoactinomyces sp. HS682

After about 10,000 transformants were screened, three
colonies were found to express the protease activity. All
plasmids in the clones had a 6.4-kb insert in the HindIII
site of pUC18. All three inserts were cleaved at the same
positions by Sa/l, Sacl, Kpnl, EcoRI, and Bg/Il. One of
them was inserted in the reverse direction as compared with
others, and showed only slight protease activity in both the
presence and absence of isopropyl-1-thio-f-p-galactopy-
ranoside (IPTG). On the other hand, the two clones inserted
in the same direction, which was the inverse direction toward
the lacZ promoter, produced high protease activity in the
absence of IPTG (data not shown). This results suggest that
the cloned gene should contain a promoter and be expressed
by its promoter. The 6.4-kb HindIlI fragment was iabeled
with 3P by the random primer labeling method'” and
used as a probe for Southern hybridization.'® This probe
showed hybridization to the chromosomal DNA of Thermo-
actinomyces sp. HS682 (data not shown). A restriction map
of the insert in one of them is shown in Fig. 1. Based on
this map, various subclones were constructed and compar-
ed in their potential for protease production. The fragment
of HindIlI-Bg/Il (2.6kb) with a potential of protease
production was ligated with HindIII-BamHI digested
pUCI18. The inserted plasmid was partially digested with
EcoRI and completely with Smal, which cleaved at the
5'-end position of the fused site, Bg/II-BamHI, in the
inserted plasmid. The obtained fragment of EcoRI-Smal
(1.5kb) was ligated with EcoRI-Smal digested pUCI118,
and this plasmid was designated as pTIAP.

Nucleotide sequence of the gene for alkaline protease

The nucleotide sequence of the cloned gene and its
flanking regions (1486 bp) was analyzed (Fig. 2). We found
an open reading frame (ORF) with an ATG initiation codon
at nucleotide 1 and a TAA termination codon at nucelotide
964. This ORF encoded a polypeptide of 321 amino acids.
The putative Shine-Dalgarno (SD) sequence,'® GGAGG,
was located 8 bases upstream from the initiation codon.
The putative promoter region ( —35 and — 10 regions) could
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Fig. 1. Restriction Endonuclease Map and Subcloning of pTIAP.

Thin lines represent the plasmid vector pUCIS, and Plac represents the lactose
promoter in the plasmid pUC18. Rectangles represent chromosomal DNA digested
by restriction enzymes. The arrows indicate the orientation of transcription of protease
gene.
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EcoRI1 Haelll
=227 GAATTCTTCTGAAACTCTCATATGTATCAAGTATATTTAACCCTTCTCAAAAAGAGAAAACGTTCATTAGGCCTA

-152 AAAACAGGCGACTTTTTGCCTTCCAATCGTCACAATATTTGTCGAAAGAGCGGGGAATTATATGCTAAAAATACT

-77 GAATATTCTGTTTTGTATTGTCAATTTAATTAATCCTTGATATACTGTGGTTCAATCCAAATTTIGGAGGITGTTTT
-35 -10 SD
-2 CCATGGGACAAGTTCGACTGATTCCCTACGAAGTGACATCCATTCAAGATGACACAAAAAAGATCCCTCCAGGCA
tr M ¢ Q VRL I PY EV TSI QDUDTIKIKTIWPUPSGTI
74 TTGAGATGATTGAAGCTCCAGATCTTTGGCAGCAAGGGTACAAAGGAAAAGGAATTGTCGTTGCTGTTTTGGACA
149 CTGGTTGTGATGTGGAGCATTATGAACTACGTGACCGAATCATAGGCAAACACAATGTGACCTCAGATGACGGTA
51 G C DV EHY EL RDU RTITIGI KHNVT S DD G N
Kpnl
224 ATGATCCCGAAATTGTTTCCGATCAAAATGGACATGGAACCCATGTGTGCGGTACCATTGCAGCGACGGAAAACG
7« D P E I V S D QN GHGTHV CGT I A ATENTD

299 ACCGTGCGATCGGAGTGGCTCCTGAGTGTCAGTTGCTCGTCGTCAAAGTTTTATCGAATCGAGGCTTCGGAACGA

10t R A I 6V A P E CQ L L VV KV L S NIRGTFGTT
EcoRI1

374 CCGAATGGGTTGTAGAAGGAATTCGCCATGCGATCAATTGGGAAGGTCCAAATGGTGAGAAAGTTCAGGTTCTAT

126 E W V V E I R H A I NWEGPNGTEK V Q V L S

449 CCATGTCACTCGGTGGTAAGGAGAATGATCCTCGCCTCCATGATGCGATTAAAGAAGCCGTCGCTTCCGGGCGCT

151 M S L 6 6G K END P R L HD ATIKEAV A S G R L
Accll

524 TAGTTGTTTGCGCCGCAGGAAACGACGGAGATGGTAATGAGGAAACAGATGAGTTTGCCTATCCTGGCGCGTATC

176 v V C A A G N D G D GNEETDEFAY P G A Y P

599 CTGAAGTCGTTCAAGTTGGCTCTGTTTCATTATCAGGAGAGATTTCTCGTTTCAGTAACTCCAACTGCAAAATCG
200 E V V. Q V ¢ SV S L S Ge@ETI SRFSNSNUCKTID

674 ATTTAGTTGCTCCGGGAGAGAAGATTTTATCTACTTATCCTGGTGACAAATTCGCCACACTGACTGGCACCTCGA
26 L V AP G E K I L S TYPGDIKFATULTGT S M

749 TGGCTACTCCTCATGTGACAGGCGCTGCTGCTTTACTAATTGAAAAGTTTGAACGAGAATTTGAGCGAAAAATCA
258 AT P HV T GA A AL L I EKFERETFERIKTIT

824 CAGAGCCTGAGCTTTTTGCTCAATTAATCAAACGAACCGTTTCCTTATCGTACAGCCGAAAACTGCAAGGAAACG

276 E P E L F A Q L I K RTV S L S Y SRIK L Q GN G
Accll

899 GGTTATTGAAGCTAACTTCTGGCGGCTCGCGTATAAGTGAAACAGAAGATCGTATAGAAACAGCGTAATTTTTCA
3t L L K L T S GGG S R I S ETEDR RTIET A *32

974 TAGAAGAAGAGGCTGGGACATAACTAGCCAAAAATAATTAAAAAGGGTTTCAATCATAAAAACAAAATGATTGGA

1049 ACCCTTTTTCTGTTGATTTATTCTATTATCCGATGCTTGATCGGCGCTCATGGTGGTGTACTTTCGTATGTTCAC

1124 CGCCATGAGCGCAAACCCTAATTCATTTTTGACATTCTCCTTGCCCCTCACGGACATTCGAGTGAAACGCAAATT

Smal

1199 AGCCTTCAGATTCCCAAAAACTGGTTCTACGTCCACCTTGCGCTGACCATAGATCCCCGGG 1259

Fig. 2. Nucleotide Sequence of the Gene Encoding Alkaline Protease from Thermoactinomyces sp. HS682 and Tts Deduced Amino Acid Sequence.

The putative expression signals, —35 and —10 regions. a Shine-Dalgarno Sequence (SD), the stop codon (*}, and a potential transcriptional termination signal (inverted
arrows) are indicated. The restriction sites are shown over the nucleotide sequence. The numbering of nucleotides starts at the 5’ end of initiation codon of the gene, and
that of amino acids at the N-terminus of pro-enzyme. The dashed underline indicates N-terminal sequence of alkaline serine protease purified from Escherichic coli IM109

harboring pTIAP.

be identified at nucleotide —60 (TTGTCA) and —37
(TATACT), with a spacing of 17 bases. The ORF was
followed by a putative palindromic sequence, which may
act as the rho-independent transcriptional terminator of
bacterial genes,*® 46 bases downstream of the termination
codon (TAA). Free energy of this sequence for a stem-loop
structure was calculated to be —110.8kJ/mol,?? which
would be sufficient for the termination of transcription.

Deduced amino acid sequence of alkaline protease

We could find no identical sequence to the N-terminal
amino acid sequence (QTVPWGISFINTQQAHNRGIF)®
of extracellular alkaline protease from alkalophilic Thermo-
actinomyces HS682 in this ORF. An internal amino acid

sequence (Aspl6-Vald5) deduced from the ORF was
coincident with the N-terminal amino acid sequence
(Aspl-Val30) of alkaline protease purified from E. coli
harboring pTIAP (Fig. 2). The N-terminal amino acid of
the purified alkaline protease was proceeded by a peptide
of 15 amino acids in the deduced sequence. We could not
find any core of hydrophobic residues and signal cleav-
age sequence characteristic for a signal peptide® in this
sequence. This suggests that the sequence from the primary
translation product could be removed as a consequence of
some artifact of the purification as proven for the
intracellular serine protease of Bacillus subtilis.*?

The deduced amino acid sequence of cloned protease was
compared with those of various microbial serine alkaline
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m— *

TIAP 1 MG&V—RLIPY TEMI GIV D

1AP221 1 MRKF-RL|IP VEIV G%I D

ISP1 1 MNGEIRLJ|IPY IKVI NIK D

ISPP 1 MERKVHI[IPY VEMI GVK D

AHI10} 1 ISFI GAR D,

221 1 ISRV GVK D|

YaB 1 INRV GVR D|

BPN' 1 VSQI NVK D

THET I I--- GAK Di

TIAP 60 RD ENDRA---1

IAP221 60 AE ETGSG--VV

ISP1 61 KN DSNGG--IA

ISPP 60 KA ENENG--VV

AHI0I 41 R- NNSIG--VL

221 42 N- NNSIG--VL

YaB 41 R- NNSIG--VL

BPN! 43 K- NNSIG--VL

THET 49 AG VTNNSTGIA

TIAP 117 |L}- SNRIGIFIGIT T E[WjV v KENDPRILHH ASGRL

1AP221 118 [Li- SGD|GIS|GIE MGW|L A PTDSEE|L| SNNVS

ISP1 119 [LIGGENIGIS|GIQ Y EIW|L T PSDVPE|LIE KNGVL

ISPP 118 |L}- NKQIGIS|GIO Y DIWIL I PEDVPE|LHH SgIL

AH101 93 |L|-DRNIGISIGISLASVA TSGSSTLE ANNAGIL

221 94 [L|- GAS|GISIGISVSSTAQ PSPSATLE SRGVL

YaB 93 [L|- GAS|GISIGISISGI A SAGSATME ASGVL

BPN! 96 Ll—GD GISIGQY SWIT PSGSAALK ASGVV

THET 104 |Lj- DNS|GS|GITWTAVA TVGNSGLQ NKGSV

TIAP EE VSLSGETS FgNSN K KII|L|

1AP221 E VDFDLRL|SIDIFPNITINIE E GJL

ISP1 E VSVAREL|SIE[FISINIANKK E NITIL

ISPP D AINFDRHASIEIFISINISINN £ DILiL

AHI10} V-=-=- AAVD NGSRASF YGPE NV

221 I----- ATDOQNNNRASIFSIQYGAG NV

YaB Veouoo ATDONNNRATIFSIQYGAG GV

BPN! S- AVD SNSRASFS VGPE SIQ

THET STDQNDNKSSIESITYGSV WI

TIAP 236 |TYPGDKFATLT L IEKFEREJFIERKITIEPIE

1AP221 237 [TIYLDSGYAELS IINLAKD RIT L S[EITIE

ISP1 233 [TILPNKKYGKLT] IKSYEEE SIFIQRIK L SIE|S

ISPP 231 [TIVPGGKYATF S IKgLANAS RID L TIEIP

AH101 201 RYTGNRYVSLS VK RYPSYTNNQIRRRIN

221 201 TYPGSTYASLN VKQKNPSWSNVQIRNHLK

YaB 200 TVPGNGYASFEN VKgKNPSWSNVQIRNHLK

BPN' 208 TLPGNKYGAYN IL KHPNWTNAQVRSSL%

THET 212 TYPTSTYASLS LASQGRSASN--IRAAI

TIAP 294 321

1AP221 295 321

ISP} 293 319

ISPP 291 LSTASLKVK 326

AHI101 265 268

221 259 269

YaB 257 267

BPN' 265 275

THET 272 279

Fig. 3. Comparison of the Deduced Amino Acid Sequence with Those of Various Serine Proteases.

The boxes represent identical amino acid residues in all, intracellular, or extracellular serine proteases. Identical cysteine residues in intracellular serine proteases are
shadowed. TIAP, cloned alkaline serine protease; IAP221, intracellular alkaline serine protease from alkalophilic Bacillus sp. No. 221; ISP1, major intracellular serine
protease from B. subrilis*®; ISPP, intracellular serine protease from B. polymyxa®*; AH101, extracellular alkaline serine protease from alkalophilic B. sp. AH1012%); 221,
extracellular alkaline serine protease from alkalophilic B. sp. No. 2212%; YaB, extracellular alkaline elastase from alkalophilic B. sp. Ya-B2”; BPN', extracellular alkaline

serine protease from B. amploliquefucience®®; THET, thermilase from Thermoactinomyces vulgaris.

29 “_.” Gaps introduced for maximum homology. * Proton relay

system. Solid line. N-terminal sequence of alkaline serine protease purified from Escherichia coli JIM109 harboring pTIAP.

proteases in the SWISS-PRCT of GENETYX-Biodatabase
(Fig. 3). The sequence removed from primary translation
product showed distinct homology with the N-terminal
sequences of intracellular serine proteases from Bacilli,>3*#
which were removed from the primary translation products.
The deduced amino acid sequence showed higher homology,
47-56%, with those of intracellular serine proteases than
the 37-40% homology of extracellular serine prote-
ases.”®> 2% The cloned enzyme contains five cysteine resi-
dues in the deduced sequence. Intracellular serine prote-
ases compared in Fig. 3, also, contain several cysteine
residues, 3 residues of ISP1 from Bacillus subtilis*® and ISPP
from Bacillus polymyxa,?* and 2 residues of IAP221 from
alkalophilic Bacillus sp. No. 221, while extracellular serine

proteases except for thermitase, 1 residue, from Thermo-
actinomyces vulgaris*® contain no cysteine residue. The two
cysteine residues in the cloned enzyme were identical with
those of intracellular serine proteases. The amino acid
sequences around the proton relay system of the catalytic
triad, corresponding Asp32, His64, and Ser221 of subtilisin
BPN’,2® were found to be conserved in the cloned protein,
like other intracellular or extracellular serine proteases.
These characteristics of the deduced sequence suggests that
the cloned enzyme should be an intracellular serine protease.

Localization of alkaline protease in E. coli JM 109 harboring
pTIAP
E. coli JM109 harboring the plasmid pTTAP were treated
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with lysozyme in a hypertonic solution and sonicated, and
the cellular fractions were assayed for alkaline protease.
When expressed in E. coli M 109, about 80% of the alkaline
protease activity was found in the cytoplasmic fraction. This
suggests also that the cloned enzyme should be an
intracellular serine protease.

Purification of cloned alkaline protease

The alkaline protease was purified from the cell extract
of E. coli IM109 harboring pTIAP. The alkaline protease
activity was separated into two active fractions by an
ion-exchange chromatography on DEAE-Toyopeart 650M
(Fig. 4). Major and minor fractions were eluted at the
concentrations of 0.12m and 0.18 M NaCl, respectively.
Each fraction was collected, concentrated with a Diaflo
membrane YM-05, and put on the column of Sephadex
G-75. The major fraction was eluted with only one active
fraction at the position of 38 kDa. On the other hand, the
minor fraction was eluted mainly at the position of 68 kDa
with a small active fraction at the position of 38 kDa (data
not shown). This 68-kDa protease could not be purified
because of its unstability during the purification procedures.
Typical purification procedures for the major alkaline
protease are summarized in Table. The alkaline protease
was purified 46.5-fold over the cell extract and recovered
in 29% vyield. The purified enzyme gave a single band on
SDS-PAGE and its apparent molecular mass was estimated
to be 38kDa (Fig. 5). This molecular mass of the purified
enzyme was larger than that of the extracellular alkaline
protease produced by alkalophilic Thermoactinomyces

o 04 120
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Fig. 4. DEAE-Toyopearl 650M Chromatography of the Cloned Alkaline
Protease.

The protein solution was put on the column (1.6 x 18 cm) equilibrated with 10 mm
NH,Cl NH,OH buffer (pH 10.0) containing Smm CaCl,. The protease was eluted
with a linear gradient of 0 to 0.4 M NaCl in the same buffer at a flow rate of 25ml/h
and collected in a volume of 4 ml.

Table Purification of Alkaline Protease from Escherichia coli Harboring
pTIAP

Purifi-

Total Total  Specific

Procedure protein  activity  activity Recoo/vety cation
(mg) (units)  (unit/mg) (%) (fold)
Cell extract 2440 1199 0.49 100 1.0
70% (NH,),.SO, 1630 1134 0.70 95 1.4
DEAE Toyopearl 111 784 7.06 65 14.4
650M
22.80 29 46.5

Sephadex G-75 15 342

HS682, 25kDa.® The crude 68-kDa protease showed the
highest activity at pH 11.0-12.0 like the purified 38-kDa
protease. It might be estimated from these results that the
cloned alkaline protease may be expressed as a dimer of
38-kDa subunit and degraded partially into a mor.omer at
the same time of artificial removal of 15 amino acids from
the N-terminus of the primary translation product during
the purification procedures. It is necessary, for this es-
timation, to purify this enzyme and analyze its N-terminal
sequence. The purification of the 68-kDa protease is in

M S
(kDa) -

74.4 — H
196 — O
372 — -
248 —— @GN
124 — B

Fig. 5. Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis of
the Purified Alkaline Protease.

The purified enzyme was inhibited with 5mum DFP before incubation with SDS and
2-mercaptoethanol at 100 C. The electrophoresis was done on 12.5% polyacrylamide
gel. Lane S, purified protease; lane M, standard proteins including oligomers of
cytochrome ¢ of molecular mass of 12.4 to 74.4kDa.

100 [ 1N
/ ()
. 80F g
5 /
2
3 6oF
e
240 }- /8\0\
3 ) o] ®
T 20F \ \
] [} O\o ?
0 1 1 1
100 O0—O—6—e—
:\; 80
2
2 601"
g °
2 a0
®
[9]
L] 'Y
L 1 1\3 1\. L
Y20 0 60 70 80
Temperature (°C)

Fig. 6. Effect of Temperature on (A) the Proteolytic Activity and (B)
the Stability of Purified Alkaline Protease.

(A) The proteolytic activities were measured at each temperature for 20 min at pH
11.0. (B) The remaining activities were measured at 37 'C and pH 11.0 after incubating
the protease in the buffer solution of pH 11.0 at each temperature for 10min. Open
symbols, without CaCl,; closed symbols, with 5Smm CaCl,.
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Fig. 7. Effects of pH on (A) the Proteolytic Activity and (B) the Stability
of Purified Alkaline Protease.

(A) The proteolytic activities were measured at 37°C for 20 min in the buffer solution
of cach pH. (B) The remaining activities were measured at 37°C and pH 11.0 after
incubating the protcase in the buffer so ution of each pH at 37°C for 10 min. Open
symbols, without CaCl,; closed symbols, with 5mm CaCl,.

progress in our laboratory.

Characterization of cloned alkaline protease

The effects of temperature on the proteolytic activity and
the stability of the purified protease were examined in the
absence and presence of 5mm CaCl, at pH 11.0 for 10 min
(Fig. 6). The maximum activity was obtained at 65-70°C
in the presence of Smm CaCl,. In the absence of CaCl,,
the activity was maximum at 50°C and almost inactivated
at 65°C. Below 50°C, the activity without CaCl, was the
same as that with 5mm CaCl,. The protease was stable
below 45°C and showed the remaining activity of 85% at
50°C in the absence of CaCl,. By addition of 5mm CaCl,,
the heat stability was increased to 60°C.

The effects of pH on the proteolytic activity and the
stability of the purified enzyme were examined in the range
of 4.0-13.0 at 37°C in the absence and presence of Smm
CaCl, (Fig. 7). The optimum pH for the proteolytic activity
of the enzyme was pH 11.0-11.5. The protease was stable
in the pH range of 7.0-12.0 without CaCl,. By addition of
5mm CacCl,, the stability was increased to the pH range of
6.0 to 13.0. The heat and pH stabilities of the purified
protease was lower than those of the extracellular alkaline
protease from alkalophilic Thermoactinomyces sp. HS682.9

The effects of several inhibitors on the proteolytic activity
of the enzyme were examined with each inhibitor at pH
11.0 and 37°C for 10min. The protease activity was
completely inhibited by 1 mM DFP and 10 mm PMSF but
not by 1 mm MIA or 1 mM EDTA, which indicates that the
protease is a serine protease.

References

1) G. M. Frost and D. A. Moss, in “Biotechnology, Vol. 7a, Enzyme
Technology,” ed. by J. F. Keanedy, VCH, Weinheim, 1987, pp.
157-168.

2) O.P. Ward, in “Microbial Enzymes and Biotechnology,” ed. by W.
H. Forgarty, Applied Science Publishers, London, 1983, pp. 251-317.

3) W. Peczynska-Czoch and M. Mordarski, in “Actinormyces in
Biotechnology,” ed. by M. Goodfellow, S. T. Williams, and M.
Moedarshi, Academic Press, New York, 1988, pp. 246-253.

4) K. Horikoshi, in ““Microorganisms in Alkaline Environments,” VCH,
Weinheim, 1991, pp. 187-193.

5) H.Takami, T. Akiba, and K. Horikoshi, Appl. Microbiol. Biotechnol.,
30, 120-124 (1992).

6) K. Tsuchiya, Y. Nakamura, H. Sakashita, and T. Kimura, Biosci.
Biotech. Biochem., 56, 246-250 (1992).

7) H. Takami, T. Akiba, and K. Horikoshi, Biosci. Biotech. Biochem.,
56, 510-511 (1992).

8) H. Saito and K. Miura, Biochin:. Biophys. Acta, 72, 619-629 (1963).

9) H. C. Birnboim and J. Doly, Nucl. Acids Res., 7, 15131523 (1979).

10) D. Hanahan, J. Mol. Biol., 166. 557-580 (1980).

11) J. Sambrook, E. F. Fritsh, and T. Maniatis, in “Molecular Cloning:
A Laboratory Manual,” 2nd Ed., ed. by Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, New York, 1989.

12) S. Henikoff, Gene, 28, 351-359 (1984).

13) M. Hattori and Y. Sakaki. Anal. Biochem., 152, 232-238 (1986).

14) F. Sanger, S. Nicklen, and A. R. Coulson, Proc. Natl. Acad. Sci.
U.S.A., 74, 5463-5467 (1984).

15) U. K. Laemmli, Nature, 227, 660-685 (1970).

16) M. M. Bradford, 4nal. Biochew., 72, 248-254 (1976).

17) A.P. Feinberg and B. Vogelstein, 4nal. Biochem., 132, 6-13 (1983);
ibid., 137, 266-267 (1984).

18) E. M. Southern, J. Mol. Biol., 98, 503-517 (1975).

19) J.Shineand L. Dalgarno, Proc. Natl. Acad. Sci. U.S.A., 71, 1342-1346
(1974).

20) S. Adhyaand M. Gottesman, 4ni. Rev. Biochem.,47,967-995 (1978).

21) 1. Tinoco, Jr., P. N. Borer, B. Dengler, M. D. Levine, O. C.
Uhlenbeck, D. M. Crothers, and J. Gralla, Nature New Biol., 246,
40-41 (1973).

22) S. M. Sheen and R. L. Switzer, J. Bacteriol., 172, 473-476 (1990).

23) Y. Koide, A. Nakamura. T. Uozumi, and T. Beppu. J. Bacteriol.,
167, 110-116 (1988).

24) S.Takekawa, N. Uozumi, N. Tsukagoshi, and S. Udaka, J. Bacteriol.,
173, 68206825 (1991).

25) H. Takami, T. Kobayashi. R. Aono, and K. Horikoshi, Appl.
Microbiol. Biotech.. 38, 101-108 (1992).

26) H. Takami, T. Kobayashi, M. Kobayashi, M. Yamamoto, S.
Nakamura, R. Aono. and K. Horikoshi, Biosci. Biotech. Biochem.,
56, 1455-1460 (1992).

27) R.Kaneko, N. Koyama, Y. C. Tsai, R. Y. Juang, K. Yoda, and M.
Yamasaki, J. Biochem., 171, 5232-5236 (1989).

28) N.Vasantha, L. D. Thomson, C. Phodes, and C. Banner, J. Bacteriol.,
159, 811--819 (1984).

B. Meloun, M. Baudys, V. Kostka, G. Hausdorf, and C. Frommel,
FEBS Lett., 183, 195-200 (1985).

NII-Electronic Library Service





