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Abstract A gene, tayl, encoding a novel subtilisin-like pro-
tease, designated thermicin, from the extremely thermo-
philic bacterium Thermoanaerobacter yonseiensis KB-1
(DSM 13777) was cloned by using a sequence tag containing
the consensus sequence of proteases. The gene consisted of
1,239 nucleotides, and the deduced amino acid sequence
indicated that it is a preproenzyme with a 311-residue
mature protein composed of canonical catalytic residues
(Asp29, His64, and Ser252). Thermicin was overproduced in
E. coli as a fusion protein with a histidine tag and purified
by nickel nitrilotriacetic acid affinity chromatography.
Thermicin from E. coli showed maximum proteolytic
activity at 92.5°C and pH 9.0, and its half-life was 30h at
80°C. In order to determine cleavage specificity, thermicin
was incubated with insulin  chain, and the resulting
peptides were analyzed by matrix assisted laser desorption/
ionization-time of flight mass spectrometry. The carboxyl
group side of the Vall2, Leul5,17, Gly23, and Pro28
residues was cleaved. Thermicin is well known to hydrolyze
Gly- and Pro-rich collagens. The K,, and k., /K,, values of
thermicin for the hydrolysis of the synthetic substrate
L-Gly-Pro- p-nitroaniline were 54.16 M and 142.05
(105 s M), respectively, at 92.5°C and pH 9.0. Amino acid
sequence comparison and phylogenetic analysis indicated
that this enzyme belongs to a new subgroup with respect to
its molecular evolution, when compared with previously
characterized subtilisins. This result indicates that thermicin
is a novel enzyme different from other thermostable
proteases.
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Introduction

Several extremely thermostable proteases from thermo-
philes such as Pyrococcus sp. (Morikawa et al. 1994),
Desulfurococcus mucosus (Cowan et al. 1987), Aquifex
pyrophilus (Choi et al. 1999), Aeropyrum pernix K1
(Chavez Croocker et al. 1999), Pyrococcus furiosus
(Blumentals et al. 1990), Thermococcus stetteri (Klingeberg
et al. 1995), and Pyrobaculum aerophilum (VOIkl et al.
1994) have been studied for their biotechnological applica-
tions as well as for their metabolic significance. Because of
their high activity and stability at elevated temperatures,
these enzymes are also good models for studying thermal
stability of proteins (Rao et al. 1998). Moreover, the appli-
cation of thermophilic microorganisms or their products in
industrial processes has initiated a new era in biotechnol-
ogy. Thermophiles are very stable at high temperatures, and
this characteristic reduces risk of contamination by other
microorganisms. This is one of the main reasons for charac-
terizing and using these enzymes from thermophiles. Addi-
tional benefits during industrial processes include improved
transfer rates and lower viscosity (Klingeberg et al. 1991).
Due to the unusual properties of these enzymes, they are
expected to fill the gap between biological and chemical
processes (Koch et al. 1990; Ng and Kenealy 1986).
Recently, advances in analytical techniques have demon-
strated that proteases, which catalyze the cleavage of
peptide bonds, have highly specific and selective actions,
such as activation of zymogenic forms of enzymes by limited
proteolysis, blood clotting and lysis of fibrin clots, and pro-
cessing and transport of secretory proteins across the
membranes. In spite of the many proteases reported pre-
viously, however, there is not much information about
enzymes that degrade collagens at elevated temperatures.
At present, more than 200 proteases have been assigned
to the superfamily of subtilases (subtilisin-like serine pro-
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teases), with representatives both among microorganisms
(archaea, bacteria, fungi, and yeast) and among higher
eukaryotes. All the enzymes belonging to this superfamily
have in common a core structure, the catalytic domain,
which is characterized by the presence of structurally con-
served regions that correspond to common secondary struc-
ture elements. So far, most of the subtilisins that have been
characterized are extracellular, and they have been subdi-
vided into six families on the basis of sequence similarity.
Thermostable serine proteases, which are produced by the
archaea and by thermophilic bacteria, have also been iden-
tified; for example, thermitase has been found in some
extremophiles and enzymes of the pyrolysin family have
been found in thermophiles (Siezen and Leunissen 1997).
These proteases in the subtilisin superfamily contain His,
Asp, and Ser, the so-called catalytic triad, in their active
core structure. Currently, there are six subgroups of the
subtilisin superfamily, designated A to F. In this paper, we
demonstrate the cloning and expression of a gene encod-
ing a novel protease from the anaerobic bacterium
Thermoanaerobacter yonseiensis. We show on the basis of a
phylogenetic analysis that this thermostable enzyme
belongs to a new class of the subtilisin family. Moreover, it
has potential use in the treatment of collagen wastes.

Materials and methods
Chemicals

p-Nitroaniline (pNA) chromogenic substrates (Sigma, St.
Louis, MO, USA) were used for substrate specificity: L-
Pro-pNA, L-Gly-Pro-pNA, L-Phe-pNA, N-succinyl-Gly-
Gly-Gly-pNA, N-succinyl-Gly-Phe-Gly-pNA, N-CBZ-Gly-
Gly-Leu-pNA, PGly-Phe-Leu-pNA, N-succinyl-Ala-Ala-
Pro-Leu-pNA, and Mca-Arg-Pro-Lys-Pro-Tyr-Ala-Nva-
Trp-Met-Lys(Dnp)-NH, (Bachem, Heidelberg, Germany).
Phenylglyoxal, phenylmethylsulfonyl fluoride (PMSF), and
salicylaldehyde were also purchased from Sigma.

Bacterial strains and plasmids

Thermoanaerobacter yonseiensis KB-1 (Kim et al. 2001) was
grown at 75°C in an enrichment culture medium (EM1
medium) containing the following components per liter of
distilled water: 2.0g; NaCl, 0.5g; MgSO,7H,O, 0.8g;
MgCl,-6H,O, 0.5g; CaCl,2H,0O, 0.1g; NaHCO;, 0.5g;
KH,PO,, 0.1 g; K,HPO,, 1.0 g; (NH,),SO,, 0.1 g; KCl, 0.1 g;
KBr, 0.03 g; H;BO;, 0.03 g; SrCl,-6H,0, 0.033 mg; Na,WO,,
0.026 mg; Na,SeO;, 1.0 g; yeast extract, 1.0 mg; resazurin,
10.0 g; sulfur powder, 10 ml; and trace elemental solution
(1% stock solution, DSMZ-141, Deutsche Sammlung
von Mikroorganismen und Zellkulturen, Braunschweig,
Germany). The medium was reduced with Na,S-9H,0 to a
final concentration of 0.5 g/l and then adjusted to pH 6.8 at
room temperature. Fifty milliliters of the EM1 medium,
contained in a serum bottle, was flushed with N, gas and

sterilized by autoclaving at 105°C for 1 h. b-Xylose and vita-
min solution DSMZ-141 were added from filter-sterilized
stock solutions prior to inoculation. The final xylose concen-
tration was 5 g/, and cultures were incubated without shak-
ing at 80°C. E. coli strains XL1-blue MRF' and XLOLR
were grown in Luria broth supplemented with tetracycline
(20 pg/ml). The plasmids pBK-CMYV and pBluescript II KS
(Stratagene, La Jolla, CA, USA) were used for cloning. The
plasmids pQE30 and E. coli M15 (pREP4) (Qiagen, Hilden,
Germany) were used for expression.

Screening T. yonseiensis KB-1 genomic DNA library for
a subtilisin-like protease

All DNA manipulations were carried out by using standard
methods (Sambrook et al. 1989). T. yonseiensis genomic
DNA was partially digested with Sau3Al, and fragments (2—
12 kb in length) were ligated into a ZAP EXPRESS vector/
BamHI (Stratagene) that had been previously digested
with BamHI, and were packaged using Gigapack III Gold
packaging extract (Stratagene). Based on the published
sequences of subtilisin-like proteases (Choi et al. 1999),
degenerate oligonucleotide primers were designed and syn-
thesized to screen the genomic DNA library. A degenerate
forward primer, 5-AA(C/T) GG(G/A/T/C) CA(CI/T)
GG(G/A/T/C) AC(G/A/TIC) CA(C/T)-3' was designed
based on the NGHGTH sequence, which is conserved in the
histidine region of the catalytic triad of subtilisin-like pro-
teases. A reverse primer, 5'-(C/T)GG (C/T)GT (C/T)GC
CAT (G/A/T/IC)GA (G/A/T/IC)GT (G/A/T/C)CC-3', was
derived from the sequence GTSMATP, which is conserved
in the serine region of the catalytic triad of subtilisin-like
proteases. Using the primers, a 585-bp polymerase chain
reaction (PCR) product, designated pro II, was obtained
and purified with a Gene Clean II kit (BIO101, Carlsbad,
CA,USA).The pro II was labeled with *P by random prim-
ing with the Klenow fragment (Promega, Madison, WI,
USA) and [0-??P] dCTP (Amersham Pharmacia Biotech,
Uppsala, Sweden) and used to screen the genomic DNA
library.

Cloning and characterization of the protease gene

The library was plated on E. coli XL-1 blue and grown for
8h at 37°C, and then plaques were transferred onto nitro-
cellulose membranes following the standard protocol
(Sambrook et al. 1989). For hybridization, filters were
prehybridized in hybridization solution [0.75M sodium
chloride; 0.075M sodium citrate, pH 7.0; 0.5% sodium
dodecyl sulfate (SDS); 100 pg/ml of salmon sperm DNA];
and 5 x Denhardt’s solution at 65°C for 1 h. Hybridization
was performed overnight at 65°C in the hybridization solu-
tion containing ?P-labeled DNA probe as described above.
Filters were washed with a high-stringency solution con-
taining 15mM sodium chloride, 1.5 mM sodium citrate
(pH7.0), and 0.1% SDS at 65°C, and then autoradio-
graphed at —70°C with X-ray film. Positive plaques were
identified after the film was developed and the autoradio-



graph was aligned to the plates. Clearly defined positive
plaques were removed using a sterile Pasteur pipette and
eluted in SM buffer (100mM sodium chloride, 8 mM
MgSO,, 50 mM Tris—HCI (pH7.5), and 2% gelatin). The
plasmids were rescued according to the protocols of
the ZAP EXPRESS predigested Gigapack cloning kit
(Stratagene) into pBK-CMV phagemids with ExAssist
helper phage. Plasmid DNA was then obtained and digested
with Apal and BamHI to remove the insert and analyzed on
1% agarose gel in Tris-acetate-ethylenediaminetetraacetate
(EDTA) (TAE) buffer. The clone having an open reading
frame, tayl, was sequenced with an ABI 310 automatic
sequencer with a terminator cycle sequencing ready reac-
tion kit (PE Applied Biosystems, Warrington, UK).
Sequence overlap was obtained by walking across the insert
using synthetic oligonucleotide primers 18 or more bases
long. Both strands were sequenced entirely at least once.

Computer analysis

Computer-assisted DNA- and protein-sequence analyses
were performed using DNASIS version 7.0 and PROSIS
software. Sequence similarity searches were also performed
using by the BLAST program at the U.S. National Center
for Biotechnology Information (NCBI) server, and the
Clustal W multiple alignment program was used for
sequence analysis (Thompson et al. 1994).

Construction of expression plasmid with tayl

Expression of thermicin in E. coli was carried out by using
standard methods (Sambrook et al. 1989). The full-length
sequence encoding the fayl proprotease was obtained from
the genomic DNA of T yonseiensis KB-1 by PCR amplifi-
cation. Primers were designed to include a BamHI site at
the 5" end and a Sacl site at the 3' end of the tayl propro-
tease. The primers used were 5'-CTCAAAAGGATCCA
AGGAAATCTATAC-3' (sense primer) and 5'-ACAGAG
CTCTTAAACTTTTTTTAAAGC-3' (antisense primer).
Purified PCR products were ligated into BamHI-Sacl
restriction sites of the pQE-30 expression vector containing
the sequence encoding the 6 x His affinity tag (Qiagen). The
ligation mixture was then subcloned into E. coli M15 strain
(Qiagen) grown in Luria broth containing 50 ug each of
kanamycin and ampicillin per ml. The resulting plasmid was
designated pQEX1. The complete gene was sequenced.

Expression and purification of thermicin

For induction of pQEXI, isopropyl--D-thiogalactopyrano-
side (IPTG) was added to the culture broth (O.Dg, 0.6) to
a final concentration of 1 mM. The cells were harvested
every 3 h. Cells were broken by ultrasonic treatment as pre-
viously described (Sambrook et al. 1989). The cell debris
was removed by centrifugation (14,000 g, 40 min, 4°C). The
expression and purification of His-fused enzyme were
carried out according to the manufacturer’s instructions
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(Novagen, Madison, WI, USA). Thermicin was purified by
nickel nitrilotriacetic acid (Ni-NTA) affinity chromatogra-
phy in a column from an Ni-NTA kit (Novagen). Thermicin
was eluted from the resin with 20mM Tris-HCI, pH
7.9, containing 1 M imidazole/0.5 M NaCl as described in
the manufacturer’s instructions. The sample was diluted
with 20 mM Tris-HCI, pH 7.0. The enzyme solution was
then applied to an SP Sepharose ion-exchange column
(Amersham Phamacia Biotech, Uppsala, Sweden), pre-
equilibrated with the same Tris—HCI buffer, and the bound
proteins were eluted with a linear gradient of 0 to 500 mM
NaCl. Thermicin was eluted at a concentration of
0.5M NaCl. This enzyme solution was dialyzed against
20mM Tris—-HCI, pH 7.0, containing 100 mM NaCl. The
active fractions were pooled and concentrated. Protein
concentrations were estimated by the dye-binding method
(Bio-Rad, Richmond, CA, USA) by using bovine serum
albumin as the standard.

Protease assay

Protease activities were measured at 75°C, with azocasein as
the substrate by the Peek method previously described
(Peek et al. 1992). One milliliter of 0.2% (w/v) azocasein
in 100mM hydroxyethylpiperazine ethanesulfonic acid
(HEPES) buffer was preincubated for 10 min at 75°C, and
the reaction was started by the addition of 10 pl of protease
sample. After 10 min, the reaction was stopped by the addi-
tion of 0.5 ml of 15% (w/v) trichloroacetic acid. The reaction
mixtures were cooled at room temperature for 15 min and
centrifuged at 14,000 g for 5 min, and the absorbance of the
supernatant was measured at 420 nm. One unit of protease
activity was defined as giving an absorbance change of
1.0/min.

Electrophoresis

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) was carried out essentially as described by
Laemmli (Laemmli 1970) using a separation gel of 12%
polyacrylamide. Amersham Phamacia’s LMW marker was
used to estimate molecular mass. To prevent autolysis dur-
ing sample preparation for electrophoresis, 1 mM of PMSF,
a protease inhibitor, was added to each protease samples.
After electrophoresis, protein bands were visualized by
Coomassie blue staining. For determining the proteolytic
activity, SDS gel electrophoresis was also carried out with
PAGE plates, but containing 0.1% gelatin as described pre-
viously (Heussen and Dowdle 1980; Kelleher and Juliano
1984). After electrophoresis, the gels were incubated in
glycine buffer (100 mM, pH 8.5) at 80°C for 30 min.

N-terminal amino acid analysis
The heat-activated recombinant proteases were electro-

blotted from SDS-polyacrylamide gels (12%) to a poly-
vinylidene difluoride membrane (Immobilon transfer,
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0.45 um; Millipore, Bedford, MA, USA). The protein bands
were sequenced by placing the membrane pieces in the
upper cartridge of a Precise protein sequencing system (PE
Applied Biosystems) equipped with an on-line phenylthio-
hydantoin amino acid analyzer.

Effect of temperature, thermostability, and pH on
thermicin activity

Residual protease activity was assayed at 90°C with Mca-
Arg-Pro-Lys-Pro-Tyr-Ala-Nva-Trp-Met-Lys(Dpn)-NH,. All
thermostability studies were performed at protease con-
centrations of approximately 1 pg/pl and in 3-(cyclohexy-
lamino)-1-propanesulfonic acid (CAPS) buffer. To assess
the effect of calcium on thermostability, EDTA was added
to a final concentration of 10 mM immediately prior to incu-
bation. Experiments were performed in 1.5-ml plastic reac-
tion tubes, from which samples were removed throughout
the time course. These were left on ice until assayed for pro-
tease. To determine the effect of pH on enzyme activity, the
protease was assayed at 90°C with 1 pM Mca-Arg-Pro-Lys-
Pro-Tyr-Ala-Nva-Trp-Met-Lys(Dpn)-NH, in the following
buffers: 100 mM HEPES (pH 6.5 to 8.0), 100 mM Tris—HCl
(pH 8.0), and 100 mM CAPS (pH 9.0 to 11.0).

Effect of chemicals and metal ions on thermicin activity

The heat-activated thermicin was diluted with CAPS buffer
(pH 9.0) to 100 ng/ml. Different concentrations of PMSF,
phenylglyoxal, and salicylaldehyde were incubated with
enzymes dissolved in 20 mM potassium phosphate buffer,
pH7.0 (for the inhibition by PMSF and phenylglyoxal),
and in 100 mM CAPS buffer, pH 9.0 (for the inhibition by
salicylaldehyde), at 25°C for 30 min. After incubation,
the residual protease activity was assayed at 80°C by mea-
suring fluorescence intensity at A,, = 325nm and A, =
393 nm with Mca-Arg-Pro-Lys-Pro-Tyr-Ala-Nva-Trp-Met-
Lys(Dpn)-NH, as substrate. Different concentrations of
Ca(l,, ZnCl,, CuSO,, MnCl,, and MgCl, were assayed with
enzyme dissolved in 100mM CAPS buffer, pH9.0, at
80°C with Mca-Arg-Pro-Lys-Pro-Tyr-Ala-Nva-Trp-Met-
Lys(Dpn)-NH,.

Kinetics studies

Activity against Mca-Arg-Pro-Lys-Pro-Tyr-Ala-Nva-Tip-
Met-Lys(Dpn)-NH, was determined at 92°C in a Kontron
fluorescence spectrometer SFM-25 (Milan, Italy). Fluo-
rescent assays were performed at A, = 325nm and A, =
393 nm, which should encounter no interference from Trp
residues. The amount of substrate hydrolysis was calculated
based on the fluorescence values of the Mca-Arg-Pro-Lys-
Pro-Gln standard solution after subtraction of the reaction
blank value (a stopping solution was added before the
enzyme). The kinetic parameters, K,, and k., were deter-
mined for Mca-Arg-Pro-Lys-Pro-Tyr-Ala-Nva-Trp-Met-
Lys(Dpn)-NH, over a substrate concentration range of 2—

100 uM and calculated by double-reciprocal plots (Nagase
et al. 1994). The Michaelis-Menten kinetic parameters for
activity of the thermicin against Mca-Arg-Pro-Lys-Pro-Tyr-
Ala-Nva-Trp-Met-Lys(Dpn)-NH, in the temperature range
40°-100°C and pH 6-11 were determined by fitting the rate
data measured at substrate concentrations between 1 M
and 100 pM.

Substrate specificities of thermicin

The protease activity of the thermicin was measured with an
Emax, precision microplate reader (Molecular Devices,
Sunnyvale, CA, USA) in a 96-well plate. Assays were per-
formed in 100 mM CAPS buffer (pH 9.0) in a total volume
of 100 pl. The reactions were initiated by the addition of the
thermicin at a final concentration of 10 nM, and the for-
mation of pNA was monitored continuously at 405 nm.
The amount of substrate hydrolyzed was calculated from
the absorbance at 405nm by using a molar extinction
coefficient of 9,650 M'cm™ for free pNA. The kinetic
parameters K,, and k., were determined by analysis of
double-reciprocal plots of the initial velocity as a function
of substrate concentration.

Activity of thermicin against oxidized insulin 3 chain

The cleavage sites of the oxidized insulin 3 chain hydrolyzed
by the thermicin were determined essentially as described
previously (Peek et al. 1992). Insulin B chain (1 mg/ml) was
incubated with 100 ng of thermicin (1: 10,000, w/w) in 200 pl
of 20mM ammonium bicarbonate buffer at 90°C and
pH 8.0. Samples were separated by reverse-phase high-
performance liquid chromatography (HP1100, Hewlett
Packard, Palo Alto, CA, USA) and applied on a C;5 column
(250 mm x 4 mm, particle size 5 um, Hewlett Packard) pre-
equilibrated with the same buffer at a flow rate of 0.5 ml/
min. The compounds on the column were eluted with a
linear gradient (0% to 50% within 50 min) of acetonitrile
with monitoring at 215 nm and then collected for amino
acid analysis. The mass spectrometry analyses were per-
formed by using a Voyager RP (PerSeptive Biosystems,
Framingham, MA, USA) time-of-flight dual-stage reflector
mass spectrometer. The accelerating voltage used was 20 kV
and the flight path was 1.1 m. Mass to charge (m/z) ratios of
digests of the oxidized insulin 3 chain were detected by
using GRAMS 386 software (Galactic Industries, Salem,
NH, USA), and they were compared to the predicted m/z
ratios of the amino acid sequence of the oxidized insulin 3
chain. The thermicin was then compared with the peptide
maps of other reported enzymes (Peek et al. 1993).

Digestion of collagen types I, I, and IV and fibronectin

Protease activities were measured at 75°C, with azocasein as
the substrate by the Peek method previously described
(Peek et al. 1993). The collagenolytic activity was measured
according to the method of Jeon (Jeon and Kim 1999). Col-



lagen types I (Collaborative Biomedical Products), II, and
IV and fibronectin (Sigma Chemical Co.) were reacted with
thermicin (100 ng/ml) at 80°C in 100 mM CAPS buffer
(pH 9.0) for 20 min and analyzed by SDS-PAGE.

Construction of a phylogenetic tree

An extensive search of the scientific literature (PubMed:
http://www.ncbi.nlm.nih.gov/PubMed/) and databases
(Blast and Swiss-Prot) was performed with the BLAST2
program to collect the amino acid sequences of enzymolo-
gically well-characterized subtilisins (Altschul et al. 1997).
Amino acid sequences of the 21 enzymes chosen, along
with that of thermicin, were aligned using the Clustal W
multiple-alignment program (Thompson et al. 1994).
Sequence segments around catalytic residues (Asp29,
His64, and Ser252 in thermicin numbering) were picked up
and aligned to modify the initial automatic alignment of all
sequences, because the thermicin sequenced in this study
showed very low similarity to other enzymes. Sites contain-
ing gaps were excluded from all analyses. A phylogenetic
tree was constructed from the aligned sequences by the
neighbor-joining method (Saitou and Nei 1987; Siezen and
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Leunissen 1997) based on p-distances using the Clustal W
program. The tree presented in Fig. 1 is a bootstrap consen-
sus after 1,000 repetitions and was displayed by the Tree
View program (Page 1996).

Nucleotide sequence accession number
The nucleotide sequence of the tayl gene of T. yonseiensis

KB-1 has been deposited in the GenBank database under
accession number AY028704.

Results

Cloning and sequencing of the fayl gene of
T. yonseiensis KB-1

We constructed a genomic library of 7. yonseiensis, screened
it with a pro II sequence corresponding to that found in the
subtilisin superfamily, and isolated a A clone around 2.6 kb
in size, which was designated as thermicin. A A clone,

1
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L thermitase
aqualysin
P00781
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P35835
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P29599
Q99405
P41362
P27693
T P11018
L P29139
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(Q46541); dnbpr, Dichelobacter nodosus (P42779); dnapv2,

Fig. 1. Phylogenetic tree of subtilisins inferred from the amino acid
sequence alignment of conserved regions around active sites. Con-
served sequence segments around the catalytic triads (Asp29, His64,
and Ser252 in thermicin numbering) of thermicin were aligned manu-
ally with those of other subtilisins of known sequence. Bar represents
Knuc units. The values are based on a Kimura distance neighbor-
joining analysis (1,000 replicates). Sources of sequences aligned:
hmhlys, Haloferax mediterranei R4 (P71402); bsakl, Bacillus sp. strain
AK1 (Q45670); tstap, Thermoactinomyces sp. E79 (Q56365); tvther,
Thermoactinomyces vulgaris (P04072); dnapv5, Dichelobacter nodosus

Dichelobacter nodosus (Q46540); baalkp, Bacillus alcalophilus PB92
(P27693); bseyab, Bacillus subtilis YaB (P20724); taaqua, Thermus
aquaticus YT-1 (P08594); trt41a, Thermus tT41A (P80146); alapr2,
Alteromonas sp. O-7 (Q53401); vaproa, Vibrio alginolyticus (P16588);
smserp, Serratia marcescens IFO3046 (P09489); smsspl, Serratia
marcescens (Q54483); smssp2, Serratia marcescens (Q54484); liprtm,
Lactococcus lactis (cremoris) SK11 (P14308); ldprtb, Lactobacillus
delbrueckii  (bulgaricus) (Q9R6R1); pfpyro, Pyrococcus furiosus
(P72186); tsplst, Thermococcus stetteri (093635) (Saeki et al. 2000)
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containing the longest sequence and around 2,605 bp in
size, that shared a high sequence homology to the pro II
sequence was used as a probe (Fig. 2.). The cloned sequence
had an open reading frame of 1,200 bp that started with a
putative translation initiation site at position 40 and could
encode a polypeptide with 400 amino acid residues with a
calculated molecular mass of 43 kDa, including a typical
bacterial signal peptide sequence of 13 amino acids at the
N-terminus and an 89-amino-acid proenzyme portion. The
deduced amino acid sequence has 44% similarity and 37%
identity to the sequences of other subtilisin-like proteases
(data not shown). A putative Shine-Dalgarno sequence was
found upstream of the GTG translation start codon. In
addition, a potentially stable stem-loop terminator structure
for the mRNA was found in the sequence directly down-
stream of the tayl gene.

Expression and purification of thermicin in E. coli

In the course of two purification steps (Ni-NTA affinity
chromatography and SP Sepharose ion-exchange chroma-
tography), a 595-fold purification was obtained (Table 1).
For proper expression, we prepared a truncated construct of
400 amino acid residues without the N-terminal bacterial
signal peptide but with a His tag. The recombinant protein
was expressed at a relatively high level and could be purified
by affinity chromatography. The recombinant protein
migrated to a band of about 33kDa in the SDS-PAGE
analysis, which indicated that the recombinant protein was
a mature form without a proenzyme portion. Conserved
sequence segments around the catalytic triads (Asp29,
His64, and Ser252 in thermicin numbering) of thermicin
were aligned manually with those of other subtilisins of
known sequence. The fayl gene showed about 37%
sequence identity with subtilisin-like proteases. Amino acid
sequences around catalytic triad residues are highly homol-
ogous with those of other serine proteases (Fig. 3). The 98-
amino-acid sequence at the N-terminus was unique and did
not show sequence similarity to the other proteases in the
database (data not shown). Thus, consensus sequence seg-
ments of the 16 proteases, Ile23-Lys42, Asp60-Gly76, and
Phe244-1Leu264 (in thermicin numbering), were manually
aligned, and the aligned segments combined with the
pyrolysin group were used to construct a phylogenetic tree.
Evolutionary distances among the proteases were com-
puted, and a phylogenetic tree was constructed by a

Table 1. Purification of thermicin

neighbor-joining algorithm, as shown in Fig. 1. Thermicin is
quite distantly related to the other four clusters. Amino acid
sequence comparison and phylogenetic analysis indicated
that this enzyme can be classified into a new subgroup with
respect to its molecular evolution, compared with other
known subtilisins. The propeptide was not a part of the final
folded active enzyme. Upon completion of the folding of the
proenzyme, the propeptide was cleaved and removed from
the active enzyme. The mechanism for the autoprocessing
has been suggested to be intramolecular. In renaturation
experiments, the autoprocessing of prosubtilisin E, as mea-
sured by an increase in subtilisin activity, increased almost
linearly as the concentration of denatured prosubtilisin E
increased (Ikemura and Inouye 1988). As a result of auto-
catalytic removal of the N-terminal prosequences, thermicin
undergoes self-processing and activation. Thus, we per-
formed N-terminal peptide sequencing to elucidate the
accurate cleavage site of the recombinant enzyme. The
N-terminal amino acid sequence of the 33-kDa protein
was Leu-His-Ile-Ala-Thr-Gln-Glu-Ile, suggesting that the
recombinant protein was processed to the mature form
(Fig. 4). In spite of the presence of SDS in the gels, pro-
teolytic activity was detectable (Fig. 4, lane 3). The con-
structed enzyme (45 kDa, protein band) was autolytically
hydrolyzed to proteins 33 kDa and 12 kDa in size (Fig. 4,
lane 2). The molecular mass of the small protein was
identical to that of the propeptide, indicating that the small
protein was the N-terminal part of the recombinant pro-
thermicin including the His tag. A zymogram of the enzyme
showed strong activity with the 33-kDa protein but no activ-
ity with the 12-kDa protein. However, we found some
enzyme activity in the regions with a molecular mass of
45 kDa or higher. This result suggests that there was still
some prothermicin left on the gel and that prothermicin
also has some enzyme activity (Fig. 4, lane 3).

Characteristics of thermicin

Thermicin was active at a broad range of temperatures (40°
to 95°C) and pH values (pH 6 to 11). The highest activity of
thermicin was detected at 92.5°C and pH 9.0. The stability
of the protein produced was examined by measuring the
decrease in activity after incubation at high temperature.
The protein's half-life was about 30h at 80°C, indicating
that the recombinant protein is highly thermostable. PMSF
inhibited enzyme activity, suggesting that serine residues

Purification step Total protein Total activity Specific activity Yield Purification
(mg) (units) (units/mg) (%) (fold)

Cell extract 712 102 0.14 100 1

Ni-NTA affinity chromatography 1.42 87 61.1 85.3 436

SP Sepharose 0.85 71 83.3 69.6 595

For experimental details, see the text
Ni-NTA, nickel nitrilotriacetic acid
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Fig. 2. Nucleotide and deduced amino acid sequences of the tayl gene.  thermicin mature form was determined by Edman degradation and is
The deduced amino acid sequence of the gene product is indicated indicated by the underlined amino acid sequence (Leul-Ile8). The
by the single-letter codes under the nucleotide sequence. A putative  probe sequence, pro 11, is indicated by a dotted line. Convergent arrows
ribosome-binding site is indicated by bold type. The open reading show an inverted repeat downstream of the stop codon taa of the ORF.
frame (ORF) extends from Met (-102) to Val 310. The putative signal ~Amino acids in black boxes represent the catalytic residues commonly
sequence is Met (-102) to Ala (-90). The N-terminal sequence of the found in a serine-type protease

may be involved in enzyme catalysis. The enzyme activity Digestion of oxidized insulin 3 chain

was also slightly inhibited by the presence of 10 mM salicy-

laldehyde or 10 mM phenylglyoxal. Thermicin was also In order to determine substrate specificity and substrate
inhibited by transition-metal ions (Cu?* > Zn?*) (Table 2).  preference with respect to amino acids, the insulin 8 chain
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Fig. 3. Multiple sequence alignment among conserved sequence seg-
ments around the catalytic triads of thermicin and other subtilisin.
Each amino acid sequence is indicated by single-letter codes. Sources
of sequences aligned: baalkp, Bacillus alcalophilus PB92 (P27693);
bseyab, Bacillus subtilis YaB (P20724); dnapv5, Dichelobacter nodosus
(Q46541); dnapv2, Dichelobacter nodosus (Q46540); dnbpr,
Dichelobacter nodosus (P42779); trt4la, Thermus rT41A (P80146);
alapr2, Alteromonas sp. O-7 (Q53401); vaproa, Vibrio alginolyticus

Table 2. Effect of chemicals and metal ions on the activity of
thermicin®

Compound Residual thermicin activity (%)
Concentration (mM) 0.1 1 10
Control 100 100 100
Phenylglyoxal 93.9 92.5 38.1
PMSF 101.8 80.0 9.5
Salicylaldehyde 91.6 59.7 16.6
CaCl, 104.5 99.3
ZnCl, 76.7 30.7
CuSO, 55.5 26.4
MnCl, 96.5 91.7
MgCl, 101.0 113.5

PMSF, phenylmethanesulfonyl fluoride; CAPS, 3-(cyclohexylamino)-1-
propanesulfonic acid

2Chemicals were added to solutions of thermicin (200 ng/ml in 100 mM
CAPS buffer, pH 9.0) to give the final concentrations specified. After
incubation at room temperature for 30 min, protease activity was
determined by the methods described in the text

was treated with thermicin. The cleavage of the oxidized
insulin 3 chain was detected after a 20-min incubation assay
at 80°C. The products of thermicin digestion of the insulin
B chain was analyzed by matrix assisted laser desorption/
ionization-time of flight (MALDI-TOF) mass spectrometry
(Fig. 5). The cleavage specificity that thermicin shows at Gly

(P16588); taaqua, Thermus aquaticus YT-1 (P08594); pfpyro, Pyro-
coccus furiosus (P72186); tspist, Thermococcus stetteri (093635); tstap,
Thermoactinomyces sp. E79 (Q56365); tvther, Thermoactinomyces
vulgaris (P04072); bsakl, Bacillus sp. strain AK1 (Q45670); hmbhlys,
Haloferax mediterranei R4 (P71402). A common catalytic triad of the
three amino acids: Asp (electrophile), region D; His (base), region H;
and Ser (nucleophile), region S is shown by asterisks

and Pro is unique. This characteristic has not been found in
any of the reported proteases previously (Abraham et al.
1995; Peek et al. 1993).

Substrate specificities of thermicin

Thermicin showed high activity with the synthetic peptide L-
Gly-Pro-pNA as substrate. However, it showed a signifi-
cantly low activity (about 1/17th that of L-Pro-pNA), indi-
cating that some amino acid in the P2 site might be also
critical for catalysis. No detectable activity was observed
with N-succinyl-Gly-Gly-Gly-pNA, N-succinyl-Gly-Phe-
Gly-pNA, N-CBZ-Gly-Gly-Leu-pNA, pGly-Phe-Leu-pNA,
or N-succinyl-Ala-Ala-Pro-Leu-pNA (data not shown). L-
Phe-pNA was hydrolyzed by thermicin at a rate that corre-
sponded to an activity of about three-fifth that of thermicin
against L-Gly-Pro-pNA (Table 3).

Digestion of collagen types I, I, and IV and fibronectin

Collagen types I, II, and IV and fibronectin were also
treated with thermicin to determine substrate preference.
As shown in Fig. 6, thermicin was able to hydrolyze collagen
types I and II and fibronectin completely, whereas it was
able to hydrolyze type IV only partially. This result suggests
that collagen types I and II and fibronectin are better
substrates than collagen type IV.
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Fig. 4. Purification of thermicin expressed in E. coli. Expression and
purification of the thermicin was analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE): protein molecular
mass markers (M), prothermicin purified by nickel nitrilotriacetic acid
(Ni-NTA) affinity chromatography (lane 1), thermicin purified by ion-
exchange column, SP column (lane 2) and active gel (lane 3). Arrows
with X, Y, and Z indicate the positions of prothermicin, mature ther-
micin, and propeptide added His tags, respectively. Electrophoretic
analysis of the purified protease (0.5 pg of protein) in SDS 12% (w/v)
polyacrylamide gels. For the detection of proteolytic activity, the gels
(lane 3) contained 0.1% gelatin, and incubation was performed at 80°C
and pH 8.5 for 30 min. The numbers on the left represent the molecular
masses of the following marker proteins in kilodaltons: phosphorylase
b, 94; bovine serum albumin, 67; ovalbumin, 43; carbonic anhydrase,
30; trypsin inhibitor, 20.1; a-lactalbumin, 14.4
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Discussion

A gene, tayl, encoding the thermostable subtilisin-like
protease thermicin was cloned from Thermoanaerobacter
yonseiensis KB-1. The gene has characteristics similar to
those of other genes in the subtilisin family, which is the
largest class of serine-type proteases. In the sequenced
region, there is only one open reading frame (ORF) that
encodes more than 100 amino acids. This ORF contains the
serine-type protease consensus sequence present in the
sequence tag. GTG was identified as the translational initia-
tion codon because it was located downstream of the puta-
tive ribosome-binding site. Many subtilisin family proteases
are translated as the prepro form containing a secretion
signal sequence. The signal sequence (presequence) is
processed after translocation through the periplasmic
membrane, and the following sequence (prosequence) is
further processed to become the mature form (Choi et al.
1999). Thermicin was also produced as a 45-kDa precursor
protein, comprising an N-terminal signal peptide (13 amino
acid residues), an 89-residue N-terminal prosequence, and a
311-residue mature sequence. Prothermicin was produced
in E. coli as a 45 kDa protease containing the N-terminal
prosequence. But after the size of the produced protein was
reduced by heat treatment at 80°C for 10 min, it showed full
enzyme activity. This result indicated that thermicin pro-
duced in E. coli undergoes self-processing at an elevated
temperature and that activation was caused by possibly
autocatalytic removal of N-terminal prosequences. Auto-
lysis is a problem when a protease is handled at high con-
centrations, but it can be prevented by inclusion of the
serine protease inhibitor PMSF during preincubation at

Fig. 5. Cleavage of the oxidized
insulin B chain (bovine) by

m/z

Amino acid sequence of Insulin B chain fragment

thermicin

3495.9
2493.66
2112.29
1798.96
1714.85
1323.4
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Table 3. Comparison of kinetic parameters for the hydrolysis of synthetic peptides and fluorogenic peptide substrates by thermicin®

Substrate K,, (UM) ke (57D Keal K,y (10° s M)
L-Pro-pNA 176.30 (+11) 149.27 (+3) 8.47
L-Gly-Pro-pNA 54.16 (£2) 769.33 (+2) 142.05
L-Phe-pNA 35.95 (1) 312.54 (+4) 86.94
Mca-Arg-Pro-Lys-Pro-Tyr-Ala-Nva-Trp-Met-Lys(Dnp)-NH, 1,315.79 (£71) 108.57 (*3) 0.83

pNA, p-nitroaniline

2Enzyme activity was assayed using acetone-precipitated sample by the method of Wells et al. (1987), modified slightly
L-Pro-pNA, L-Gly-Pro-pNA, L-Phe-pNA (Sigma) and Mca-Arg-Pro-Lys-Pro-Tyr-Ala-Nva-Trp-Met-Lys(Dnp)-NH, (Bachem) were used as the

substrate
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Fig. 6. Proteolytic digestion of collagen and fibronectin by thermicin.
Collagen types I and II were dissolved in 0.1 M acetic acid and dialyzed
against phosphate-buffered saline (PBS) at 4°C. Human type IV col-
lagen and fibronectin were dissolved in 0.1 M acetic acid and dialyzed
against PBS for 6 h at 4°C prior to use. Proteolytic digestions of various
collagens and fibronectin were analyzed by SDS-PAGE. Various col-
lagens and fibronectin were incubated without thermicin (lanes 1, 3, 5,
7) and with thermicin (1 pg) for 20 min at 80°C in 3-(cyclohexy-
lamino)-1-propanesulfonic acid (CAPS) buffer (lanes 2, 4, 6, 8). Pro-
tein substrates were type I collagen (10 pg: without enzyme, lane I,
with enzyme, lane 2), type 11 collagen (10 pg: without enzyme, lane 3;
with enzyme, lane 4), type IV (5 pg: without enzyme, lane 5; with
enzyme, lane 6), and fibronectin (10 pg: without enzyme, lane 7; with
enzyme, lane 8). M, protein molecular mass marker

80°C. However, PMSF does not appear to inhibit the con-
version of the proenzyme to the mature protease (Li and
Inouye 1996). This protein shows extreme stability at high
temperatures and at a broad range of pH values.
Maximum activity with Mca-Arg-Pro-Lys-Pro-Tyr-Ala-
Nva-Trp-Met-Lys(Dpn)-NH, was observed at 92.5°C and
pH 9.0. It maintains up to 50% of its activity even when held
at 80°C for 30 h. Structural analysis has shown that among
the major factors that stabilize proteins in hyperthermo-
philes are ionic bonds or salt bridges between charged
amino acids (Siezen and Leunissen 1997). Disulfide bonds
also contribute to the stability of a protease(Yip et al. 1995).
However, the disulfide bond model for thermostability may
not be applicable in the case of this enzyme because all cys-
teine residues were located in the prosequence. In addition,
thermicin does not have a calcium-binding motif, according
to the database analysis, suggesting that its thermostability
is calcium-independent. Therefore, aside from those factors
mentioned above, there may be other factors involved that
account for the thermostability of thermicin. Thermicin was
inhibited by salicylaldehyde and phenylglyoxal,. indicating
that lysine and arginine residues may be involved in the
catalysis by this enzyme. Although 23 lysine and ten argin-
ine residues were found in mature thermicin, only one
Lys96 residue has been found in the region conserved in
various enzymes, indicating that Lys96 may play an essential
role. Thermicin was also inhibited by CuSO,, and ZnCl,. A
possible cause for the metal ion inactivation may be inter-

actions with metal-sensitive amino acid residues leading to
oxidation or complex formation (Basak et al. 1999).

The protease cleavage sites of the oxidized insulin 3
chain have been used to define specificity (Peek et al. 1993).
The insulin B chain was cleaved at the Val, Leu, Phe, Gly,
and Pro carboxyl groups. Similar cleavage patterns at Val,
Leu, and Phe have also been reported for other proteases
such as Rt41A proteinase, aqualysin I, and proteinase K
(Peek et al. 1993). However, the cleavage at Gly and Pro by
thermicin was unique. To investigate the P1 site, synthetic
substrates were used for thermicin catalysis. As shown in
Fig. 5, proline was recognized by thermicin, but synthetic
substrates containing glycine at the P1 site were not
digested, indicating that this protease recognizes not only
the P1 site but also the P2 site. The triplet sequence Gly-X-
Y is common within the triple helical domain of collagens,
where X and Y are often proline and hydroxyproline
(Harrington 1996). As expected, thermicin was able to
hydrolyze collagen types I, 11, and IV and fibronectin, which
are components of the extracellular matrix.

The 21 proteases analyzed phylogenetically were
unequivocally grouped into four clusters on the basis of the
amino acid sequence analysis: the pyrolysin, thermitase,
proteinase K, and subtilisin groups. This result is consistent
with the phylogenetic tree reported by Siezen and
Leunissen (1997). Multiple alignments also allowed a
phylogenetic tree to be constructed on the basis of a
comparison of the thermicin precursor with the proteases
(data not shown). Positions containing gaps were ignored.
Interestingly, thermicin was quite distantly related to the
other four clusters. However, thermicin was considered to
be more closely related to the thermostable proteases from
the hyperthermophilic archaea and thermophilic bacteria.

In conclusion, a novel thermostable protease that shows
unique cleavage specificity at Gly and Pro was discovered in
T. yonseiensis KB-1 isolated from hot springs. This enzyme
is categorized as a new class of subtilisin, distinctly different
from the pyrolysin, thermitase, and proteinase K groups,
and from other subtilisin groups. This enzyme will be indus-
trially applicable for the degradation of collagen at elevated
temperatures without contamination.
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