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The gene encoding serine alkaline protease (SapSh) of the psychrotrophic bacterium Shewanella strain Ac10
was cloned in Escherichia coli. The amino acid sequence deduced from the 2,442-bp nucleotide sequence
revealed that the protein was 814 amino acids long and had an estimated molecular weight of 85,113. SapSh
exhibited sequence similarities with members of the subtilisin family of proteases, and there was a high level
of conservation in the regions around a putative catalytic triad consisting of Asp-30, His-65, and Ser-369. The
amino acid sequence contained the following regions which were assigned on the basis of homology to
previously described sequences: a signal peptide (26 residues), a propeptide (117 residues), and an extension
up to the C terminus (about 250 residues). Another feature of SapSh is the fact that the space between His-65
and Ser-369 is approximately 150 residues longer than the corresponding spaces in other proteases belonging
to the subtilisin family. SapSh was purified to homogeneity from the culture supernatant of E. coli recombinant
cells by affinity chromatography with a bacitracin-Sepharose column. The recombinant SapSh (rSapSh) was
found to have a molecular weight of about 44,000 and to be highly active in the alkaline region (optimum pH,
around 9.0) when azocasein and synthetic peptides were used as substrates. rSapSh was characterized by its
high levels of activity at low temperatures; it was five times more active than subtilisin Carlsberg at temper-
atures ranging from 5 to 15°C. The activation energy for hydrolysis of azocasein by rSapSh was much lower
than the activation energy for hydrolysis of azocasein by the subtilisin. However, rSapSh was far less stable

than the subtilisin.

Cold-adapted microorganisms, which include psychrophiles
and psychrotrophs, are known to produce enzymes with high
levels of activity at low temperatures; these enzymes are called
cold-active enzymes (8, 15). Homologous counterparts of the
cold-active enzymes are produced by mesophilic or thermo-
philic microorganisms but are less active at low temperatures
(10).

In order to obtain high catalytic efficiency, cold-active en-
zymes probably have evolved to have high conformational flex-
ibility, although stability has been sacrificed. It is thought that
the flexible structures of these enzymes are based on weakened
noncovalent interactions, such as salt bridges, hydrogen bond-
ing, hydrophobic interactions, and aromatic-aromatic interac-
tions. a-Amylase from an Antarctic psychrophile, Alteromonas
haloplanktis A23, has been shown to contain fewer surface salt
bridges, to have fewer polar interactions, and to have a lower
proline content than porcine pancreatic a-amylase (9). How-
ever, the molecular basis of the high levels of activity of cold-
active enzymes remains unclear. The fine tertiary structures of
cold-active enzymes need to be compared with the fine tertiary
structures of their counterparts that exhibit less cold activity.
Moreover, it would be effective to study a set of enzymes that
exhibit high levels of sequence similarity in order to simplify
the comparison. The subtilisin family is probably one of the
best models for studying structure-function relationships be-
cause the three-dimensional structures and the primary struc-
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tures of various enzymes belonging to this family have been
clarified.

We found a psychrotroph of a Shewanella species that ex-
hibited a high level of protease activity at low temperatures
and cloned a subtilisinlike protease gene from this bacterium.
In this paper we describe the characteristics of a cold-active
recombinant subtilisinlike protease.

MATERIALS AND METHODS

Fatty acid composition. Shewanella strain Acl0 was cultured at 4°C in a
medium (pH 7.2) containing 1.5% Polypeptone, 0.1% yeast extract, 0.1% glyc-
erol, 0.2% K,HPO,, 0.1% KH,PO,, 0.01% MgSO, - 7H,0, and 3% NaCl. Cells
(about 2.7 g, wet weight) were freeze-dried and suspended in 5 ml of 5% (wt/vol)
NaOH in 50% aqueous methanol, and the mixture was then incubated at 100°C
for 15 min. The saponified material was cooled and acidified to pH 2 by adding
concentrated HCI. A 4-ml portion of a 14% (vol/vol) boron trifluoride solution
in methanol was added, and the mixture was heated at 100°C for 5 min. Then 10
ml of a saturated sodium chloride solution was added to the mixture, and fatty
acid methyl esters were extracted twice with an equal volume of CHCl;—n-hexane
(1:4, volivol). The combined extracts were evaporated under a stream of nitrogen
gas to a volume of about 0.1 ml. The fatty acid methyl esters were analyzed with
a Shimadzu model GC-14A gas chromatograph equipped with a flame ionization
detector and a type HR-101 capillary column. The temperature of the column
was kept at 120°C for the first 5 min; then it was increased to 220°C at a rate of
3°C/min and then kept at 220°C for 10 min. The injector and detector temper-
atures were 250 and 280°C, respectively. The fatty acid methyl esters were
identified by comparison with authentic samples purchased from Sigma.

DNA manipulation. The standard protocols of Sambrook et al. (26) were used
for DNA manipulation. A genomic library of Shewanella strain Ac10 was pre-
pared with BamHI and pUC118 in Escherichia coli TG1 [F' traD36 proAB lacI?
AlacZ M15 A(lac-pro) thi hsdR ara). PCR were performed with a thermal cycler
(Perkin-Elmer Cetus) by using 0.02- to 0.1-ml reaction mixtures containing
deoxynucleoside triphosphates at concentrations of 0.02 to 0.2 mM, 20 to 100
pmol of primers, 10 to 200 ng of Shewanella strain Ac10 genomic DNA, 0.01 ml
of 10X reaction buffer, and 2.5 U of exTaq or LATaq DNA polymerase
(Takara). The program used for the PCR was as follows: up to 45 cycles con-
sisting of denaturation at 95°C for 1 min, annealing at 30 to 45°C for 2 min, and
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TABLE 1. Effect of growth temperature on the cellular fatty acid
composition of Shewanella strain Ac10

Temp % of the following fatty acids:

O 120 140 160 161t 180 181  20:5
4 3.7 5.2 1.1 51.0 43 22.0 121 0.6

15 3.1 89 49 471 39 215 9.8 0.8
25 41 125 75 439 41 210 5.1 1.8

Unknown

extension at 72°C for 2 min. Colony hybridization was carried out by the digoxi-
genin labeling method performed with a kit supplied by Boehringer Mannheim.
The oligonucleotides used for 16S ribosomal DNA (rDNA) amplification were
prepared as described previously (33). DNA sequencing was performed by using
an Applied Biosystems model 377B automated DNA sequencer and a dye-
labeled terminator sequencing kit (Applied Biosystems). The sequence data
resulted in 1,488 usable bases for the 16S rDNA sequences. Sequences were
aligned by using various previously described sequences obtained from the Ri-
bosomal Database Project (19), GenBank, and EMBL databases and the
MEGALIGN program of DNASTAR (DNASTAR Inc.). The GenCANS-RDP
system obtained from the internet site http:/diana.uthct.edu/gencans.html (34)
was used for classification.

Assays. Proteolytic activity was determined by using N-succinyl-Ala-Ala-Pro-
Phe-p-nitroanilide (AAPF) as the substrate in 50 mM Tris-HCI (pH 9.0) con-
taining 2 mM CaCl,. One unit of enzyme activity was defined as the amount of
enzyme that catalyzed the formation of 1 pmol of p-nitroaniline per min, which
was determined with an extinction coefficient of 8,480 M~' - cm™" at 412 nm (7).
The activity toward azocasein was determined in a reaction mixture containing 50
mM Tris-HCI (pH 9.0), 2 mM CaCl,, and 6% azocasein. The reaction was
performed at 25°C for 15 min and was stopped by adding trichloroacetic acid to
a final concentration of 5%. The chromophore was determined with an extinc-
tion coefficient of 900 M~! - cm ™! at 366 nm.

Purification of SapSh from Shewanella strain Ac10. All of the procedures used
to purify serine alkaline protease (SapSh) from Shewanella strain Ac10 were
performed at 4°C, and 50 mM Tris-HCI (pH 8.5) supplemented with 2 mM CaCl,
was used as the standard buffer unless indicated otherwise. E. coli BL21(DE3)
[F~ ompT hsdSz(rg~ mg ™) gal dem] cells harboring pSapSh3, which encodes the
cloned protease gene, were grown aerobically in 50 ml of 2YT medium supple-
mented with 0.2 mg of ampicillin per ml in a 500-ml Sakaguchi flask at 37°C.
IPTG (isopropyl-p-p-thiogalactopyranoside) was added to the culture to a final
concentration of 10 wM after 6 h, when the absorbance at 660 nm was around 0.6
to 0.7. Then the temperature of the culture was adjusted to 15°C, and the culture
was incubated aerobically for about 12 h. The supernatant culture was dialyzed
against the standard buffer and applied to a bacitracin-Sepharose column, which
was prepared by the method of Stepanov and Rudenskaya (29). The column was
washed first with the standard buffer and then with the standard buffer supple-
mented with 1 M NaCl. The enzyme was eluted with the standard buffer sup-
plemented with 1 M NaCl and 25% isopropanol. The active fractions were
dialyzed against the standard buffer.
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FIG. 1. Phylogenetic relationship between the 16S rDNA sequence of She-
wanella strain Ac10 and the 16S rDNA sequences of other Shewanella strains and
selected Vibrio strains. The balanced cladogram was constructed by using a
matrix of pairwise genetic distances generated by the Clustal method with the
MEGALIGN program. The scale indicates percentages of sequence divergence.
The numbers are the GenBank accession numbers of the 16S rDNA sequences
of various bacteria.
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FIG. 2. PAGE of rSapSh. Lane 1, precipitate obtained from cell extract of E.
coli BL21(DE3)/pSapSh3; lane 2, soluble active preparation of rSapSh after
bacitracin-Sepharose column chromatography; lane 3, molecular weight mark-
ers. The position of the inclusion body formed from the preproprotein of rSapSh
is indicated by an arrow.

N-terminal sequencing. Protein samples isolated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) were blotted electrically onto a
polyvinylidene difluoride membrane (Millipore). The membrane was stained
with 0.1% (wt/vol) Ponceau S in 2% (vol/vol) acetic acid, and the stained bands
were cut out and subjected to an N-terminal sequence analysis with a model
PPSQ-10S protein sequencer (Shimadzu).

Nucleotide sequence accession number. The nucleotide sequence of the pro-
tease gene determined in this study has been deposited in the GenBank database
under accession no. AF047370. The GenBank accession number for the 16S
rDNA sequence of Shewanella strain Ac10 is AF061557.

RESULTS AND DISCUSSION

Characterization of Shewanella sp. strain Ac10. We searched
for psychrotrophic strains that exhibited high levels of protease
activity at low temperatures in the stock cultures maintained in
our laboratory. Strain Ac10 was selected as the best protease
producer. This organism grew well at 4°C, had an optimum
growth temperature of around 20°C, and did not grow at tem-
peratures greater than 30°C. According to the definition of
Morita (22), strain Acl0 was a psychrotroph. Cold-adapted
microorganisms are characterized by their unique fatty acid
compositions. Eicosapentaenoic acid (EPA) (20:5) has been
detected in psychrotrophs belonging to the genus Shewanella at
levels ranging from 2 to 16% of the total fatty acids (1). There-
fore, the fatty acid composition of strain Ac10 was determined
at different growth temperatures (Table 1). In cells grown at
4°C EPA accounted for 12.1% of the total cellular fatty acids.
However, the level of EPA decreased as the growth tempera-
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TACGTCCCACCCTGATTAACAT GGRARAGATAAT
ATGAAAAAGCATAAAAACCCAACGGTCGTGCTTAGCATGACAGCACTCGC TTTGGCCATTTCAACTCAAGTAAACGCAGCACCAGCTCCTTCTCAACTCTCTGCAACGAATCAACAAATT
M K K H K NPTV VLS MTATLA ATLA ATSTSTSGQV VNG AATPA ATPSG QTLSA ATN NG QO QT
-143 -1181

GAACGACAATCACCTTTACCAAAACGATATATCGTTAAGTTCAGAAATGATARTGCTGCACAGATACTCAATAGCAGTTCCGCTGTGCAAARTGTTAATGCTGAAGCGGACAACAGTATG
ERQ S P L P K RY IV K FRUNDNAAI QITILN NS S S AV Q NV NAZEA BADNSM

GCTTACGAGCCTCGTTCAAACGAAGTATTTACTCAATTTAGAGCCTTGAATAGCGTARRAGCACGAGAAATGAAGCGCGTAGGTCGCAGTAATAGTTACTCGGTAAAGCTCGACTCGTCT
A Y EPRSNZEUVFTOQF RALNUNSU VI KA ARIEME KU RVYVG GRSUNSY SV KTILUDS s

TCTATTARAGCATTACGTTTGCGTCAAGATGTTGAATACGTGGAAGAGGATTTACCCCGTAGACTGCTAGCAGAGACAACACCTTGGGGACAAACCTTTGTAGGTGCGACTGTGTTAAGC
s I KALURILURO QDU VEYVEZETDILUPRI RTILTILAETTZ?PWGQTF V GA TV L S
+1

GACAGCCAAGCAGGTAARCCGTACTATCTGTATTATTGATTCTGGTTATGACCGCAGCCACAATGATTTAAGTGGTAACAATGCAACCGGGACCAATAATTCAGGCACCGGTAACTGGTAT
D S 9 A G N R T I C I I D sc¢YDRSEHENTDTILSGNUZNATGTUNIENSGTTGNWY

CAACCAGGTAATAATAATGCCCATGGTACTCACGTAGCAGGTACCATTGCCGCAATAGCAAATAACGAAGGTGTGGTCGGGGTTATGCCTAACCAGAATGCCAATATTCATGTTATAAAT
o P 6 NN NaA HeTHVAGTTIAABAMTLIANISNETGV YU VGV MPNOQQNATNTIIHTUYVTINHN

GTGTTTAACGAAGCAGGATGGGGCTACTCATCATCGTTAGTCGCTGCGATTGATACGTGTGTTACTTCAGGTGGTGCAAACGTAGTCACAATGAGTTTAGGTGGCAGTGGTTCAACCACA
vV F NE AGWG Y $§ S S L VAATIDTCUVTS G GADNUVVTMSILGGS 6 S TT

ACTGAGCGTAATGCATTAAATACTCATTATAACGGTGGGGTGTTATTAATTGCAGCTGCTGGTAATGCTGGCGACAGTACTTATACCTACCCACCATCTTATGATATCGTAATGTCTGTT
T ERNAILNTHYNGG VL L I AAAGNAGD S T Y TYUPUPS Y DTIVMSV

GCCGCGGTTGACAGCAATCTTGATCATGCTGCTTTTTCACAATATACAGACCAAGTTGAAATTTCAGGTCCTGGCGAGGCAATTCTACCAACGGTTACCGTTGGCGAAGGTCGTTTAGCA
A AV DS NTLDUHAAPF S QY TDOQVETISGPSGEA ATITLZ?®PTU VTV VGEGRIL A

AATATARCTATTGGCGGTCAGTCTTACTTTAACAATGGTGTAGTGCCGCACAATCGTTTAACCCCATCTGGTACTAGCTACACTGCTGCACCGATTAACGCAAGTGCAACTGGAACCTTA
N I TIGG Q S Y F NNGV VPHNIRILT®PSGTS Y TAAPTINASATGTTL

GCGGAATGTACTGTAAACGGAACCAGTTTTAATTGCGGTAGCATGACCAATAAAATCTGTCTTGTTGAACGTGTAAGTAACCAAGGTTCAAGTTACCCTGAAATAAACGCGGTTAAAGCC
A E CTVNGTSFNT CGSMTUN K TICTLVET RV S NQGS S Y PETINDNAUVIKA-A
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VATIULVW S Y HPETCSASQV RAALWNA AT ADUDT LSV AGIRUDIDNDZOQTGYG

ATGGTTAATGCAACAACAGCAAAGGCTTACCTARACGAATCATGTAATGGTCCAACCGATCCAGGTACAGGCTCTGGTGACAGCGTACTTGAAAAGGGCGTGGCARARACGGGCTTAGCT
M VvV NATTAIKAYLNZESCNG?PTUDZ®PGTSGS G DS VL EZ KGV AEKTGL A

GGCGCTAARAACGATGARTTATATTTCTCGTTAGACATTCCTGCAGGCGCGACAGACTTAAGCTTCACTATGAGTGGTGGCACTGGCGATGCTGACTTATATGTGCAGTATGGCGCATCA
G A K NDEULYF SLDTIU?PAGATDILST FTMSSGGTGDADTILYV QY G A S

CCTACCAGCAGCAGTTACGACTGTCGTCCATGGAAAGGTGGTAATGCAGAATCTTGCCCAATTGCGACGCCTCAATCTGGTACTTACTATGTAATGCTACAAGGTTATAATGCATTTAGT
P T S S 5 Y DCRUPWI KGGNA AMESCPIU®BATZPZ® QS GGTVY Y VMILOQGY NATF S

GGTGTARATTTAGTGGCTAACTACACCGCTGGTAGCACTGGAGGCAGCAACACAGGCGGCCCAGCAAGCTACAACAATACCGGTAATTATACARTTCCAGACAACAACACTAGTGGTATT
G vV NL VADNYTA ASGS STSGSGS NTGGUPASTYNIUNTG GNYTTIUZPDNUNNTS G I

ACTAGCCCTATTACTGTTAGCCGCACTGGTGATTCAGGAACGGTATCGGTGTCAATTGGGATTATTCATACTTATATTGGTGATTTAAAAATCCAGTTAGTTAGCCTTACCGGCCAAACG
T S P I TV S RTGDS GTV S VS TIGITIHTYIGGDILKTIOGQ@ETLUVSLTGTIGQT

GTTGTACTGCATAACAACACTGGTGGTGGTACCGATAATCTAACCCAGACTTACACCGCTAATATGGCAGGTGTCGAATCAAGTGGTGTATGGACATTAAAAGCTGTTGATAATGCGAGA
vV VL HNUNTSGSGSGTDUNTILTIQTY YT ARNMMAGV VU ESS GV WTTULI KA AV DN NA AR

CAAGATACTGGATATATTGATACTTGGAGCTTAAGCTTCCAGT AATATTATTTAGTTGATTACAAAAA
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FIG. 3. (A) Nucleotide and deduced amino acid sequences of SapSh. The potential ribosome binding site is indicated by a different typeface. The stop codon is
indicated by an asterisk. The predicted signal peptide cleavage site is indicated by an arrow. The N terminus of the mature protein is indicated by +1. The N-terminal
amino acid sequences of the preproenzyme and the mature enzyme are underlined with two lines and one line, respectively. The catalytic triad (D, H, and S) is indicated
by boldface type. (B) Schematic diagram of the deduced amino acid sequence of SapSh.
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TABLE 2. Properties of SapSh and subtilisin Carlsberg determined from a comparison of the deduced amino acid sequences

Amino acid frequencies (%)”

GRAVY  Aliphatic

Enzyme

Charged amino Acidic amino Basic amino Polar amino Hydrophobic Aromatic amino pl index? index

acids acids acids acids amino acids acids
Subtilisin Carlsberg 11.7 5.1 4.7 28.1 37.2 6.6 6.57 0.132 84.78
SapSh 13.4 7.0 4.2 34.0 324 6.3 5.07 —0.157 75.38

“ The charged amino acids are arginine, lysine, histidine, aspartic acid, and glutamic acid; the acidic amino acids are aspartic acid and glutamic acid; the basic amino
acids are lysine and arginine; the polar amino acids are asparagine, cysteine, glutamine, serine, and threonine; the hydrophobic amino acids are alanine, isoleucine,
leucine, phenylalanine, tryptophan, and valine; and the aromatic amino acids are phenylalanine, tryptophan, and tyrosine.

® GRAVY, Grand Average of Hydropathicity.

ture increased; in cells grown at 25°C EPA accounted for only
5.1% of the total cellular fatty acids. The same tendency was
observed for the palmitelaidic acid (16:1t) content. The con-
tents of other fatty acids were not affected significantly by the
growth temperature. These results are consistent with the cold-
adapted nature of strain Ac10.

As determined by 16S rDNA sequencing, strain Acl0 was
more closely related to the genus Shewanella (levels of simi-
larity, 91 to 98.6%) than to the genus Vibrio (levels of similar-
ity, less than 91%) (Fig. 1). Strain Ac10 exhibited the highest
levels of similarity (97.8 to 98.6%) to the Antarctic species
Shewanella frigidimarina (1), and thus we placed this organism
in the genus Shewanella, as Shewanella sp. strain Ac10. Data
obtained with Ribosomal Database Project program and Gen-
CANS classification also suggested that Ac10 is a member of
the Alteromonas (Shewanella) group belonging to the gamma
subdivision of the class Proteobacteria (gram-negative phylum).

Cloning, subcloning, and expression of the alkaline protease
gene. We isolated a subtilisinlike protease gene from the
genomic DNA of Shewanella sp. strain Acl0 by using a DNA
probe prepared by PCR analysis as follows. The following
primers were synthesized on the basis of the consensus amino
acid sequences of subtilisins at positions 62 to 70 and 219 to
227 (27): forward primer, 5-AA(CT)GGICA(CT)GGIACI
CA(CT)GTIGCIGG (His); and reverse primer, 5'-C(AG)TGI
GGIG(TC)IGCCATI(GC)(AT)IGTICC (Ser). An approxi-
mately 900-bp DNA fragment amplified by PCR was found to
have a sequence that is conserved in the corresponding region
of the subtilisin family of proteins. A DNA library of the
Shewanella sp. strain Ac10 genome was constructed with vector
plasmid pUC118 and host strain E. coli TG1. We selected
clones with positive hybridization signals, and all of these
clones contained plasmids with insert DNAs that were about
4.7 kbp long. We determined the nucleotide sequence of the
insert DNA in a plasmid designated pSapShl; a single open
reading frame comprising 2,442 bp was found to encode a
subtilisinlike protease that was 814 amino acids long and had a
predicted molecular weight of 85,113. A putative Shine-Dal-
garno sequence (5'-GGAAGA) occurred 4 bases upstream
from the ATG initiation codon.

No protease activity was found in a culture of recombinant
E. coli cells harboring pSapShl. Therefore, a 3-kb BamHI-
EcoRI fragment was amplified by PCR from pSapShl and
cloned into pUC119 downstream of the lac promoter
(pSapSh2) and into pET21a downstream of the T7lac pro-
moter (pSapSh3). An intense protein band with the predicted
molecular mass (about 85,000 Da) appeared after SDS-PAGE
of the precipitate fraction (i.e., inclusion bodies) obtained an
extract of sonicated E. coli BL21/pSapSh3 cells (Fig. 2). The
inclusion bodies in the precipitate were formed by induction
with IPTG at a final concentration of 1 mM. We obtained
active protease in the supernatant of the culture broth after

IPTG was added by using a lower IPTG concentration (10 wM)
and changing the cultivation temperature from 37 to 15°C after
IPTG was added. However, no protease activity was found in
an extract of cells cultured under the same conditions.

Deduced amino acid sequence analysis. The amino acid
sequence of the cloned subtilisin (SapSh) (Fig. 3A) was com-
pared with the sequences of other serine proteases. SapSh
exhibited high levels of sequence similarity to members of the
subtilase family of serine proteases around the active site res-
idues (27, 28); the overall levels of sequence homology were
about 25 to 28%. The sequences around the catalytic triads of
these subtilisins are highly conserved in the corresponding
regions of SapSh (Asp-30, His-65, and Ser-369). We deter-
mined the N-terminal amino acid sequence of the inclusion
body preparation described above; this sequence was MKKH
KNPTVVL. We found that this sequence is very similar to the
predicted amino sequence (Fig. 3B). A typical 26-amino-acid
signal peptide (24) occurred at the N terminus; there was a
charged amino acid (Lys-142), followed by a hydrophobic core
and a small uncharged amino acid (Ala-118) at the C terminus
of the putative signal peptide. We predicted that the signal
peptide cleavage site would be between Ala-118 and Ala-117
by using the method of von Heijne (31). The N-terminal amino
acids of the mature enzyme were determined with a protein
sequencer to be AETTPWGQTFV (Fig. 3B). Thus, a 117-
amino-acid propeptide probably occurs between the C termi-
nus of the signal peptide and the N terminus of the mature
protein. A similar long propeptide region has been found in
other extracellular proteases from bacteria (6, 21). The
propeptide of SapSh may be removed autocatalytically in the
same way that the propeptides of other subtilisinlike serine
proteases are removed (12, 17, 25).

An unusual feature of SapSh is the fact that the space be-
tween His-65 and Ser-369 is approximately 150 residues longer
than the corresponding spaces in other proteins belonging to
the subtilisin family. Large insertions of similar lengths have
been found in proteases belonging to the pyrolysin family (28).
For example, the cell envelope proteinase of Lactococcus lac-
tis, which is a member of this family, has an insertion that is 151
residues long and is believed to determine the unique substrate
specificity of this enzyme (2). Heat-stable proteases of the
hyperthermophiles Pyrococcus furiosus and Thermococcus stet-
teri are also members of the pyrolysin family and have large
insertions that are 147 and 163 residues long, respectively.
These regions probably contribute to protection against self-
digestion and thermal denaturation (32). However, no se-
quence similarity was found between the insertion region of
SapSh and the insertion regions of proteins belonging to the
pyrolysin family. Moreover, the location of the insertion in the
sequence of SapSh differs markedly from the locations of the
insertions in the sequences of members of the pyrolysin family.
Thus, SapSh can be easily excluded from this family.
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FIG. 4. Effect of pH on the activity of rSapSh toward azocasein (®) and the
synthetic peptide AAPF (@).

In addition to the long space between His-65 and Ser-369,
SapSh has a long C-terminal extension (length, approximately
250 amino acids) whose sequence is similar to the sequences of
the corresponding regions of extracellular proteases from sev-
eral Vibrio species, including Vibrio alginolyticus (5), Vibrio
cholerae (13), Vibrio anguillarum (21), and Vibrio proteolyticus
(6, 30), although the levels of homology between SapSh and
the Vibrio enzymes are much lower than the levels of homology
between the Vibrio enzymes. The C-terminal extensions are
thought to be involved in secretion of the proteases through
the outer membranes of gram-negative bacteria (18). There-
fore, the C-terminal extension of SapSh also may participate in
transport through the membrane.

The amino acid composition of SapSh was compared with
the amino acid composition of subtilisin Carlsberg (Table 2).
The pI of SapSh is lower than the plI of subtilisin Carlsberg due
to higher and lower contents of acidic and basic amino acids,
respectively, in SapSh. Davail et al. (4) proposed on the basis
of a similar observation for subtilisin S41 from a psychrophile
that a high acidic residue content on a protein surface results
in increased interaction between the protein and solvent, which
destabilizes the protein structure. Another characteristic of
SapSh is the fact that its hydrophobic amino acid content is
lower than that of subtilisin Carlsberg. When hydrophobicity
was estimated by using the Grand Average of Hydropathicity
(GRAVY) index obtained from http://www.expasy.ch/sprot/
protparam.html (16), the value for SapSh was less than the
value for subtilisin Carlsberg (Table 2), indicating that SapSh is
much less hydrophobic than subtilisin Carlsberg. The fact that
the thermostability of SapSh is lower than the thermostability
of subtilisin Carlsberg is consistent with the general finding
that hydrophobic interactions are important for protein ther-
mostability. Moreover, the aliphatic index calculated from mo-
lar ratios and the relative volumes of the Ala, Val, Ile, and Leu
residues by Ikai’s method (14) for SapSh was lower than the
aliphatic index calculated for subtilisin Carlsberg (Table 2).
Ikai observed a correlation between aliphatic indices and pro-
tein thermostabilities; higher indices are obtained for proteins
with greater thermostabilities.

Purification of rSapSh. Recombinant SapSh (rSapSh) was
purified by affinity chromatography with a bacitracin-Sepha-
rose column. Only one major band was obtained with the final
preparation of rSapSh when SDS-PAGE was performed (Fig.
2). The apparent molecular mass of rSapSh was determined to
be approximately 44,000 Da, which is lower than the predicted
molecular weight (85,113) of the precursor form. If the prepro
region at the N terminus of the precursor was removed, then
the putative molecular weight of the resulting protein was
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TABLE 3. Relative activities of rSapSh and subtilisin Carlsberg
toward synthetic substrates

Relative activity (%)

Substrate Subtilisin
rSapSh Carlsberg
N-Succinyl-Ala-Ala-Pro-Phe-pNa“ 100 100
N-Succinyl-Ala-Ala-Pro-Leu-pNa 33 75
N-Succinyl-Ala-Ala-Pro-Asp-pNa 0 0
N-Succinyl-Ala-Ala-Val-Ala-pNa 0 0.9
N-Succinyl-Ala-Ala-Ala-pNa 0 0.5
N-Succinyl-Phe-pNa 0 0

“ pNa, p-nitroanilide.

69,053, which is much larger than 44,000. Therefore, the C-
terminal region of the precursor protein was digested to pro-
duce rSapSh. Processing of the C-terminal region is closely
related to the secretion of proteases in Vibrio strains (6, 21).
Therefore, the C-terminal region of SapSh probably partici-
pates in secretion.

Effect of pH on protease activity. Purified rSapSh exhibited
the highest levels of activity with both azocasein and synthetic
peptides at pH 9.0 (Fig. 4). The activity at pH 11.0 was more
than 80% of the activity at pH 9.0, a finding similar to the
findings obtained with subtilisins Carlsberg and BPN' (20).
Thus, rSapSh is an alkaline protease.

Substrate specificity. The side chain specificity of rSapSh for
synthetic peptides was similar to that of subtilisin Carlsberg
(Table 3); proline at position P2 is effective, and an aromatic
residue rather than an aliphatic residue at position P1 is also
requested.

Stability. rSapSh and subtilisin Carlsberg were incubated at
various temperatures for 15, 30, 45, and 60 min, and changes in
the activities of the enzymes during incubation were moni-
tored. rSapSh was less stable than subtilisin Carlsberg; rSapSh
was almost inactivated by incubation at 60°C for 15 min, but
subtilisin Carlsberg kept about 30% of its original activity un-
der the same conditions (Fig. 5A). Moreover, rSapSh was
found to be more susceptible to high concentrations of urea
than subtilisin Carlsberg was; rSapSh lost 70% of its activity in
the presence of 2 M urea within 30 min, whereas subtilisin
Carlsberg exhibited 50% of its original activity under the same
conditions (Fig. 5B). Therefore, rSapSh was much less stable
than subtilisin Carlsberg, probably because of the high struc-
tural flexibility of rSapSh (11).
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FIG. 5. (A) Thermal stabilities of rSapSh (@) and subtilisin Carlsberg (m).
The enzymes were incubated at 60°C in 50 mM Tris-HCI buffer (pH 9.0) sup-
plemented with 2 mM CaCl, for different periods of time, and the residual
activities were determined at 60°C with AAPF as the substrate. (B) Denaturation
of rSapSh (@) and subtilisin Carlsberg (m) by urea. The enzymes were incubated
with various concentrations of urea for 30 min, and then the reactions were
started by adding AAPF.
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FIG. 6. Effect of temperature on the activities of rSapSh (@) and subtilisin
Carlsberg (m) toward azocasein.

Effect of temperature on enzyme activity. The temperature
dependence of the proteolytic activity of rSapSh was compared
with that of subtilisin Carlsberg (Fig. 6). The optimal temper-
ature for rSapSh activity was about 20°C lower than the opti-
mal temperature for subtilisin Carlsberg activity. The specific
activity of rSapSh toward azocasein at temperatures ranging
from 5 to 15°C was five times higher than that of subtilisin
Carlsberg. However, the specific activities of the two enzymes
toward AAPF were similar, although rSapSh exhibited a
kea/K,, value that was 80% lower than the k,/K,, value of
subtilisin Carlsberg. The activation energies (E,) of reactions
catalyzed by enzymes from cold-adapted microorganisms are
usually lower than the activation energies of reactions cata-
lyzed by the corresponding enzymes from their mesophilic
counterparts (11). The activation energy of the reaction cata-
lyzed by rSapSh was determined from an Arrhenius plot of the
values shown in Fig. 6. The thermodynamic activation param-
eters at 15°C were calculated by using the following equations:
AG* = AH* — TAS*; AH* = E, — RT; and AS* = 2303
R(logk.,, — 10.753 — logT + E_/2.303 RT). The values for
rSapSh were compared with the values for subtilisin Carlsberg,
as follows: for rSapSh, k., = 10.4 s™%, E, = 41.6 k] mol ",
AG* = 64.7kJ mol ', AH* = 39.2kJ mol ', and AS* = —88.7
J mol™'K™%; for subtilisin Carlsberg, k_,, = 1.27s~ 1, E, = 57.5
kJ mol !, AG* = 70.3 kJ mol !, AH* = 55.1 kJ mol %, and
AS* = =529 J mol 'K ! Thus, the contributions of the
enthalpy and entropy terms to the AG™* values in rSapSh were
also significantly different from the contributions in subtilisin
Carlsberg. It is reasonable to assume that the activated com-
plex of rSapSh is formed through the smaller entropy change
and smaller heat content compared with the entropy change
and heat content of subtilisin Carlsberg. rSapSh probably has a
much more flexible structure than subtilisin Carlsberg has.

The genes of cold-active proteases have been cloned from
two Bacillus strains, strains TA39 (23) and TA41 (3). Both of
these proteases are members of the subtilisin subfamily that
exhibit high levels of sequence similarity to other members of
the family. Three-dimensional structural models of these two
enzymes have been constructed on the basis of known subtilisin
structures, and these models have been consistent with the
structural features expected for cold-active enzymes, including
a large hydrophilic surface, few salt bridges, and few aromatic-
aromatic interactions (4, 23). In order to obtain a structural
model of rSapSh on the basis of known subtilisin structures,
prediction of the secondary structures in the long region be-
tween His-65 and Ser-369 with little sequence similarity would
be a crucial step. We are planning to develop a method for
large-scale preparation of rSapSh in order to crystallize this
protein for X-ray analysis.
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