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ABSTRACT
Collagen, a well-characterized polypeptide, constitutes the extracellular matrix in
higher organisms, such as whales. Deep-sea biological communities were found around
whale bones near the summit of the Torishima Seamount (4,026 m deep). From the whale
bone community, we obtained a novel collagenolytic enzyme-producing bacterium
belonging to genus Alkalimonas. The bacterium produced two proteases, which degrades
collagen, gelatin, and casein. The bacterial proteases could play an important role in the
degradation of whale carcasses.

INTRODUCTION
In general, deep-sea environments (3,000-6,000 m deep) are characterized by low
temperature, high hydrostatic pressure and the absence of solar radiation [1]. Thus, the
abyssal environment is thought to be a stable system, but the outburst of activity in the
locations of whale falls was known. A recent study of whale-falls has suggested various
developments of the communities that colonize and devour whale carcasses. A four-stage
model of succession was proposed [2]. According to this model, whale carcass degradation
would begin with the stage of “mobile scavengers” which remove soft tissue. An
“enrichment/opportunistic” stage would follow, which is characterized by aggregations of
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polychaetes and crustaceans. Next, a “sulfophilic” stage includes chemoautotrophic bacterial
mats and animals that use chemoautotrophic endosymbionts such as Idas washingtonia and
vesicomyid clams. Finally, a “reef” stage might occur after organic substances are exhausted
and the remaining minerals were provided to suspension and filter feeder. In contrast, it was
suggested that all stages do not occur at all whale-falls, and may overlap significantly in some
cases [3]. Additionally, numerous aerobic and anaerobic bacteria have been isolated from the
sediment adjacent to whale carcasses [4, 5]. Therefore, various animals and microorganisms
were probably involved in the succession of the whale carcass.
Collagen, a well-characterized polypeptide containing numerous repeats of the tripeptide
Gly-Pro-X. It is an insoluble structural protein found in animals, whales, fishes, sponge, sea
urchin, and sea stars; in fact, collagen comprises more than 80% of total fish skin proteins [6].
Various microorganisms that produce collagenolytic proteases have been isolated [7].
Collagenolytic enzymes are divided into two groups: collagenases (E.C. 3.4.24.3), having a
specific site for cleavage of collagen, and collagenolytic proteases (E.C. 3.4.21.62), which
degrade various proteinaceous substrates including collagen. In marine environments, the
collagen of higher organisms such as fish and whales [8, 9] could be important sources of
nitrogen and participate in nitrogen recycling. However, there are few reports on marine
collagenolytic enzyme-producing bacteria [6, 10]. Thus, new information about marine
enzymes will be useful to elucidate the recycling of nitrogen derived from collagen.
A whale skeleton was discovered on the summit of the Torishima Seamount, 4,037 m
deep, northwest Pacific Ocean [11]. The skeleton was encrusted with mussels and harbored
galatheid crabs, echinoderms, sea anemones and tube worms, and various bacteria were found
in the sediment near whale bones. We isolated a collagenolytic enzyme-producing bacterium,
strain AC40, from the sediment around whale bones (4,026 m deep) [12]. The strain grows by
utilizing collagen at initial pH values of 7.0 to 10.5, and it produces at least two extracellular
proteases. In this chapter, we describe the isolation of bacterium and the biochemistry and
genetics of proteases.

1. COLLAGENOLYTIC ENZYME-PRODUCING BACTERIUM
Some marine collagenolytic enzyme-producing bacteria belonging to genera Vibrio and
Pseudoalteromonas have been reported [6, 10]. Studies on the collagenolytic proteases from
marine bacteria are rather minor and preliminary.
In Section 1, we describe a psychrotolerant, obligatorily alkaliphilic bacterium that was
isolated from a deep-sea sediment. Based on a phylogenetic analysis of its 16S rRNA gene
sequence, DNA–DNA hybridization data and phenotypic characteristics, this organism is
shown to belong to the genus Alkalimonas. At present, the genus Alkalimonas comprised just
two species, Alkalimonas amylolytica N10T and Alkalimonas delamerensis 1E1T [13]. A.
amylolytica N10T was isolated from Lake Chahannor (39˚ 149’ N 108˚ 049’ E) located in
Inner Mongolia Autonomous Region, China. A. delamerensis 1E1T was isolated from Lake
Elmenteita (0˚ 259’ S 36˚ 159’ E) in Kenya, East Africa. Both microorganisms are Gramnegative, slightly halophilic, alkaliphilic and mesophilic bacteria and belong to the class
Gamma proteobacteria (formerly the gamma-3 subdivision of the Proteobacteria).
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Bar, 1µm.
Figure 1. Transmission electron micrograph of a negatively stained cells of strain AC40 [12].

Thus, the bacterial isolate is the first novel species of the genus Alkalimonas to be isolated
from a deep-sea sediment.

1.1. Isolation of Collagenolytic Enzyme-Producing Bacterium
Deep-sea sediments were collected around whale bones off Torishima Island (30˚
55.0509’ N 141˚ 48.9809’ E), northwest Pacific Ocean, at a depth of 4,026 m [12]. An aliquot
of the sample was spread on an alkaline plate consisting of (w/v) 1.0 % collagen from bovine
Achilles tendon, type I (Sigma, St. Louis, MO), 0.1 % bonito extract (Wako Pure Chemical,
Osaka, Japan), 0.5% yeast extract (Difco, Detroit, MI), 1.0% NaCl, 0.2 % MgSO4•7H2O, 0.02
% K2HPO4, 1.0 % NaHCO3 (sterilized separately) and 1.5 % agar (pH 9.0). After incubation
at approximately 4˚C for 1 month, bacteria having collagenolytic activity had grown on the
plate with a zone of collagen dissolution around the colonies. After cultivation in an alkaline
liquid medium at 4˚C for 10 days, a bacterium showing apparent collagenolytic activity was
finally selected. The bacterial isolate was subsequently purified three times on alkaline plates
at 15˚C. The isolate, designated strain AC40, was maintained on an alkaline plate without
collagen at 4˚C. Cells of strain AC40 were strictly aerobic, Gram-negative rods (0.6–0.86 ×
1.1–2.2 mm) that were motile by means of a single polar flagellum (Figure 1).

1.2. Phylogenetic Position of Strain AC40
To determine phylogenetic relationships, 1,506 bp of the 16S rRNA gene sequence of
strain AC40 was amplified by PCR with the eubacterial primers 27f and 1525r. The results of
phylogenetic analysis based on 16S rRNA gene sequence data are shown in Figure 2. The
nucleotide sequence of the 16S rRNA gene of strain AC40 was most closely related to those
of A. amylolytica N10T and A. delamerensis 1E1T with similarities at 96.7% and 97.9%
identities, respectively. DNA–DNA hybridization experiments of strain AC40 with A.
delamerensis 1E1T were carried out as described by [14].
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Figure 2. Neighbor-joining phylogenetic tree showing the relationships between strain AC40 and
related bacteria based on 16S rRNA gene sequences [12].

Strain AC40 shared only 30% DNA–DNA relatedness at the whole genome level with A.
delamerensis 1E1T. This result suggested that strain AC40 represents a novel species of the
genus Alkalimonas.
Bootstrap values were calculated from multiple re-samplings of the sequence data set,
which are the basis for multiple tree topologies. GenBank accession numbers of 16S rRNA
gene sequences are given in parentheses. Bar, 0.01 nucleotide substitutions per site.

1.3. Morphological and Physiological Properties of Strain AC40
Morphological and physiological tests with strain AC40 were performed according to
Barrow and Feltham [15] and Baumann et al. [16] except regarding the use of alkaline liquid
media. Strain AC40 grew over the temperature range 5–37˚C with optimal growth at 33˚C. It
grew at initial pH values of 7.0–10.5 with optimal growth at pH 8.5–10.0. The optimum NaCl
concentration for growth was 1% (w/v), although the strain was able to grow at
concentrations from 0 to 10 % NaCl. Carbohydrate utilization was investigated based on acid
production, which was assessed by using a modified OF basal medium [17] consisting of
artificial seawater (1.5% NaCl, 0.035% KCl, 0.54% MgCl2•6H2O, 0.27% MgSO4•7H2O,
0.05% CaCl2•2H2O), 0.05% (NH4)2SO4, 0.01% yeast extract, 0.05% Tris, 1.0% carbohydrate
(sterilized separately) and 0.003% bromothymol blue (pH 7.1) at 33˚C. Strain AC40 utilized
and produced acid from cellobiose, D-glucose, maltose, D-mannose and sucrose, but did not
produce acid from L-arabinose, D-fructose, D-galactose, glycerol, myo-inositol, D-lactose, Dmannitol, D-raffinose, L-rhamnose, D-sorbitol, D-trehalose, xylose or palatinose. The strain
was positive for hydrolysis of gelatin, casein, starch, tributyrin and Tweens 20, 40 and 80. It
was positive for catalase and oxidase. It was negative for reduction of nitrate to nitrite and
formation of indole and H2S.
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Whole-cell fatty acids were analyzed with a GC-MS system (GCMS-QP5050A;
Shimadzu, Kyoto, Japan) according to the method of Komagata and Suzuki [18]. The cellular
fatty-acid profile of strain AC40 was dominated by saturated and mono-unsaturated straightchain components (C16:0 and C18:1), which is one of the distinctive features of the genus
Alkalimonas [13].
Based on phylogenetic analysis of its 16S rRNA gene sequence, morphological and
physiological features and predominant fatty acids, strain AC40 is considered to belong
within the genus Alkalimonas. The genus Alkalimonas comprised just two species, A.
amylolytica N10T and A. delamerensis 1E1T [13]. As described above, strain AC40 is a novel
species of the genus Alkalimonas, which is probably involved in the degradation of whale
carcasses in the deep-sea environment. Thus, strain AC40 was designated as Alkalimonas
collagenimarina AC40T.

2. COLLAGENOLYTIC PROTEASES OF A. COLLAGENIMARINA AC40T
The bacterial isolate A. collagenimarina AC40T can grow under utilization of collagen
over the temperature range 5–37˚C and can produce at least two extracellular proteases with
molecular masses of 28 and 55 kDa, each of which has a different N-terminal amino acid
sequence. It has been known that some Gram-negative bacteria produce alkaline serine
proteases belonging to subtilase families A, B, and C [19]. We are trying to determine what
kinds of protease are produced by genus Alkalimonas and also which proteases degrade
primarily collagen because in marine environments, the collagen of higher organisms such as
whales could be important sources of nitrogen and participate in nitrogen recycling.

Lane 1, AcpI (1 μg); lane 2, rAcpI (16 μg); lane 3, molecular weight marker.
Figure 3. SDS-PAGE of AcpI and rAcpI [20].
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In Section 2, we described enzymatic properties of two proteases, AcpI and AcpII.
Furthermore, two genes coding for the proteases were cloned and deduced amino acid
sequences were determined.

2.1. Purification of AcpI
In the culture supernatant of strain AC40T, an alkaline protease (AcpI) was found and
purified [20]. Strain AC40T cells were grown aerobically at 15°C for 2 days in an alkaline
medium containing 0.1% bonito extract (Wako Pure Chemical), 0.5% yeast extract (Difco),
1.0% NaCl, 0.2% MgSO4•7H2O, 0.02% K2HPO4, and 1.0% NaHCO3 (sterilized separately).
The culture supernatant (300 ml) of strain AC40T was sequentially concentrated and diluted
with 100 mM glycine–NaOH buffer (pH 10.0) using an ultrafiltration system (Vivaflow 50,
Mr cut-off 5 kDa; Vivascience, Hanover, Germany). AcpI was purified with a DEAEToyopearl 650M column (2.5× 16 cm; Tosoh, Tokyo, Japan) and a phenyl-Toyopearl column
(2.5 × 6.5 cm; Tosoh) to homogeneity as judged by SDS-PAGE (Figure 3, Lane 1). Enzyme
activity was measured with casein as the substrate [20].

2.2. Cloning of Alkaline Protease Gene
The acpI gene encoding AcpI was shotgun-cloned and sequenced [20]. Genomic DNA
prepared from the strain was digested with restriction enzyme, EcoRI. The DNA fragment
was ligated into the EcoRI-digested pHY300PLK plasmid (Takara Bio, Kyoto, Japan). The
recombinant plasmid was introduced into Bacillus subtilis ISW1214 (∆aprE ∆nprE).
Transformants were inoculated on Luria-Bertani (LB) agar containing 2% (w/v) skim milk
(Difco). The plate was incubated at 30˚C for 5 days, and protease-producing clones formed
clear halos around colonies. The recombinant plasmid containing a DNA fragment was
subcloned with Escherichia coli cells. The nucleotide sequence of the DNA fragment
encoding AcpI was determined. A single open reading frame (ORF) encoding AcpI, which
started from an ATG codon at nucleotide +1 and ended with a TAA codon at nucleotide
+1,615, was found in the sequence. The acpI gene encodes a protein of 538 amino acids with
the calculated molecular mass of 56,810 Da.
The acpI gene product consisted of three parts, namely, an N-terminal prepropeptide, a
catalytic domain, and a prepeptidase C-terminal domain (PPC domain), according to the
prediction of a conserved domain search (http://www.ncbi.nlm.nih.gov/Structure/cdd/
wrpsb.cgi). The determined N-terminal amino acid sequence of the purified AcpI from A.
collagenimarina AC40T, Ala-Gln-Thr-Thr-Pro-Tyr-Gly-Ile-Thr-Met-Val, was found in the
initial Ala150 to Val160 [20]. Therefore, Met1 through Met149 is the prepropeptide sequence. A
prepeptide works as a signal peptide and a propeptide works as a molecular chaperone for a
correctly folded protein; subsequently, it is cleaved off by autolysis to give an active protease.
The predicted mature AcpI showed the highest homology to AprP (AAA84886) from
Pseudomonas sp. KFCC 10818 and an alkaline protease precursor of VapK (AAF23173)
from Vibrio metschnikovii RH530 with 74 and 73% identities, respectively. As shown in
Figure 4, amino acid sequences around the catalytic triads (Asp30, His63, and Ser219 by AcpI
numbering), P1 cleft site (Ser127-Leu128-Gly129), and oxyanion hole residue Asn157 are highly
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conserved in all proteases that belong to subtilase family A [19]. The putative Ca2+-binding
sites of AcpI are shown in Figure 4. The Ca2+-binding sites of subtilisin Carlsberg were
highly conserved in AcpI [21].
Amino acid sequences of AcpI (AB305158), AprP (AAA84886) from Pseudomonas sp.
KFCC 10818, VapK (AAF23173) from V. metschnikovii RH530, and AprIV (BAB86297)
from Alteromonas sp. O-7, and subtilisin Carlsberg (Carl) (P00780) from Bacillus
licheniformis were aligned by the Clustal method using DNASTAR software (DNASTAR,
Madison, WI). All proteases belong to subtilase family A [19]. Amino acid numbers of each
sequence are shown on the left and right sides. The black and white boxes show conserved
amino acid residues in proteases from both Gram-negative and Gram-positive bacteria and
proteases from Gram-negative bacteria, respectively. The active sites of these proteases are
marked by open circles. The Ca2+-binding sites of subtilisin Carlsberg are indicated by
arrowheads [21].

2.3. Purification and Characterization of Recombinant AcpI
To characterize of the acpI gene product, heterologous expression system of the gene was
constructed with E. coli cells. A DNA fragment encoding AcpI was amplified by polymerase
chain reaction (PCR) [20]. The amplified fragment was digested with XhoI and EcoRI and
ligated into the corresponding restriction sites in a pRSET-A plasmid (Invitrogen, Carlsbad,
CA). The resultant plasmid was introduced into E. coli BL21 (DE3) pLysS (Invitrogen).
Recombinant AcpI (rAcpI) was produced in a culture of the recombinant E. coli. The enzyme
was purified to homogeneity as judged by SDS-PAGE (Figure 3, Lane 2). The molecular
mass of rAcpI was around 28 kDa, which is the same as that of AcpI.

Figure 4. Multiple alignment of deduced amino acid sequence of catalytic domain of AcpI with those of
other proteases from Gram-negative and Gram-positive bacteria [20].
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Table 1. Hydrolysis of proteinaceous substrates by rAcpI [20]
Substrate
Casein
Collagen
Gelatin
Elastin
Keratin

Relative activity (%)
64
24
100
4.5
1.8

Figure 5. Effect of pH on enzymatic activity [20].

The reduced molecular masses of AcpI and rAcpI are probably caused by removal
of a PPC domain from the secreted AcpI and rAcpI molecules. N-terminal amino acid
sequence, Ala150-Gln-Thr-Thr-Pro-Tyr-Gly-Ile-Thr-Met-Val160, is completely identical to that
of AcpI [20].
Among natural proteinous substrates, casein was found to be a suitable substrate for
rAcpI, although rAcpI showed the highest activity toward gelatin (Table 1). Additionally, the
enzyme showed some activity toward collagen but less toward other insoluble proteins,
keratin and elastin.
The effect of pH on rAcpI activity was examined over the pH range from 6 to 13. The
optimal pH was found to be 9.0–9.5 in 100 mM glycine–NaOH buffer and the enzyme did not
work at a pH higher than 12 in 100 mM KCl–NaOH buffer (Figure 5).
The activity was measured at 50°C for 15 min in a total volume of 100 μl that contained
0.28 μg rAcpI in the following buffers (100 mM): closed triangles, phosphate (pH 6.0–8.0);
open squares, Tris–HCl (pH 7.1–9.0); closed circles, glycine–NaOH (pH 9.0–11.0); open
triangles, KCl–NaOH (pH 12.0– 13.0). The activity in glycine–NaOH buffer (pH 9.0) is taken
as 100%.
The optimal temperature for the activity of rAcpI was around 45˚C at pH 9.5 in 100 mM
glycine–NaOH buffer, and the addition of 1 mM CaCl2 shifted it from 45 to 50˚C (Figure 6).
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Figure 6. Effect of temperature on enzyme activity [20].

rAcpI (0.28 μg) was added to 0.5% (w/v) casein in 100 mM glycine–NaOH buffer (pH
9.5) in a total volume of 100 μl. The reaction was carried out for 15 min at various
temperatures. The activities are expressed as a percentage of the activity at 50°C in the
presence of 1 mM CaCl2. The relative activities in the presence of CaCl2 are indicated as
closed circles and, in the absence of CaCl2, as open circles.
rAcpI was incubated at 15˚C for 20 min in 100 mM Tris–HCl buffer (pH 7.0) in the
presence of the several metal ions (2 mM each), and the residual caseinolytic activity was
measured under the standard condition of the enzyme assay. The enzyme activity was slightly
increased to 9% by Ca2+ ions. Mg2+, Co2+, Mn2+, Fe2+, Zn2+, Ni2+, and Cu2+ ions did not
significantly affect the enzyme activity.
rAcpI was treated with 1 mM phenylmethylsulfonyl fluoride (PMSF) or 5 mM ethylene
diamine tetraacetate (EDTA) in 100 mM Tris–HCl buffer (pH 7.0) at 15°C for 20 min, and
the residual activity was measured. PMSF completely abolished the enzyme activity,
consistent with the classification of AcpI as a serine protease. EDTA inhibited the enzyme
activity by 51%, suggesting that part of the enzyme activity and/or stability depends on the
presence of Ca2+ ions near the surface of the enzyme. AprI from Alteromonas sp. strain O-7
was also inhibited by both PMSF and EDTA [22].

2.4. Purification and Properties of AcpII
In the culture supernatant of strain AC40T, we found another protease, AcpII. To
characterize AcpII, purification was carried out at 4˚C. A. collagenimarina AC40T cells were
grown aerobically at 15˚C for 2 days in an alkaline medium. AcpII was purified from the
culture supernatant of strain AC40T with a DEAE-Toyopearl 650 M column (2.5 × 16 cm;
Tosoh) and a Butyl-Toyopearl column (2.5 × 6.5 cm; Tosoh). The enzymatic activity of AcpII
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was measured with collagen as the substrate. The acid-soluble peptides produced were
quantified by a DC protein assay kit (Bio-Rad, Hercules, CA) [23].
As shown in Figure 7 (Lane 2), AcpII migrated as two protein bands with molecular
masses of around 55 and 65 kDa on SDS–PAGE. The N-terminal amino acid sequences of
both proteins were completely the same, Ala-Gln-Gln-Thr-Pro-Tyr-Gly-Tyr-Thr-Met-ValGln-Ala-Asp-Gln-Val-Ser-Asp-Gln. We suppose that both proteins had the same origin,
AcpII. In fact, the 55-kDa protein was derived from a deletion of one of the PPC domains
during secretion of an AcpII precursor as described below. In the course of two purification
steps, a 364-fold purification was obtained with a specific activity of 115.9 U/mg toward
collagen and a recovery of 24.9% of the original activity.
Among the proteinaceous substrates tested, AcpII preferred hydrolysis of gelatin and
collagen to casein (Table 2). Additionally, the enzyme showed a bit of activity toward other
insoluble proteins, such as keratin and elastin.

Lane 1; molecular weight marker, lane 2; AcpII (1.0 μg), lane 3; AcpII-C (2.5 μg), and lane 4; AcpII-CΔPA (1.6 μg).
Figure 7. SDS-PAGE of AcpII and AcpII derivatives [23].

Table 2. Substrate specificity of AcpII [23]
Substrate
Casein
Collagen
Gelatin
Elastin
Keratin

Relative activity (%)
27
81
100
7.0
1.5
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Figure 8. Effect of pH on AcpII activity [23].

The effects of pH on AcpII activity were examined over the pH range of 6 to 13. The
optimal pH was 8.5–9.0 in 100 mM glycine–NaOH buffer. In the same pH range, the
maximal enzyme activity was reduced to around 40% to 60% in Tris–HCl buffer and borate–
KCl–NaOH buffer (Figure 8). The optimal temperature for the activity of AcpII was around
45°C at pH 9.5 in 100 mM glycine–NaOH buffer. To assess the thermal stability of AcpII, the
enzyme was incubated at various temperatures for 15 min in 100 mM Tris–HCl buffer (pH
8.0) with or without 1 mM CaCl2, and the residual collagenolytic activity was measured.
AcpII was stable up to 40°C, and the residual activity was 80%, 60%, or 3% of the original
activity after 15 min incubation at 45°C, 50°C, or 55°C, respectively. CaCl2 slightly increased
the thermal stability of AcpII up to 45°C, and the residual activity was decreased to 80% after
incubation at 50°C for 15 min.
Enzyme activity was measured at 45°C for 25 min in a total volume of 100 μl that
contained 1.9 μg AcpII in the following buffers (100 mM): closed circles MOPS (pH 6.0–
8.0), open circles Tris–HCl (pH 7.1–9.0), open triangles borate–KCl–NaOH (pH 8.0–10.0),
closed square glycine–NaOH (pH 8.5–11.1), closed triangles KCl–NaOH (pH 10.9–13.0).
The activity in glycine–NaOH buffer (pH 9.0) is taken as 100%.
AcpII was treated with 1 mM PMSF or 5 mM EDTA in 100 mM Tris–HCl buffer (pH
7.0) at 15°C for 20 min, and the residual activity was measured. PMSF completely abolished
the enzyme activity, which is consistent with the classification of AcpII as a serine protease.
EDTA inhibited the enzyme activity by 35%, suggesting that part of the enzyme activity
and/or stability depends on the presence of divalent cations, probably Ca2+ ions, near the
surface of the enzyme. AprI from Alteromonas sp. strain O-7 [22] and recombinant AcpI from
A. collagenimarina AC40T were also inhibited by both PMSF and EDTA [20].

2.6. Cloning and Sequencing of acpII Gene
A part of the gene for AcpII (acpII gene) was amplified by degenerate PCR
with a sense primer, 5’-TAYGGNTAYACNATGGT-3’, an antisense primer, 5’-
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TCNACYTGNGCRTTNCKYTG-3’, and the genomic DNA of A. collagenimarina AC40T as
the template using Ex Taq DNA polymerase (Takara Bio). Based on the peptide fragment
derived from purified AcpII, the degenerate primers were prepared. The 5’ region and 3’
region of the gene were amplified by an LA PCR in vitro Cloning kit (Takara Bio) according
to the manufacturer’s instructions.
The nucleotide sequence of the acpII gene and its flanking regions (2,520 bp) was
sequenced as shown in Figure 9. We found one ORF with an ATG initiation codon at
nucleotide 1 and a TAA termination codon at nucleotide 2,281 that encodes a protein of 760
amino acids with a calculated molecular mass of 79,012 Da. The G + C content of the ORF
was 51%. A possible ribosome-binding site, with the sequence 5’-GGAGGGT-3’, was
located seven bases upstream from the initiation codon. Putative promoter sequences, with 5’TTGAAT-3’ as the potential −35 region and 5’-TAAGTT-3’ as the potential −10 region,
separated by 17 bp, were located 135 bp upstream from the initiation codon. An inverserepeat sequence was found 19 bp downstream of the TAA stop codon.

Figure 9. Complete nucleotide sequence and deduced amino acid sequences of AcpII [23].
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In the 2,520 bp determined, the nucleotide sequence of the acpII gene and its flanking
regions are shown. The possible −35 and −10 consensus promoter sequences are underlined.
The putative ribosome-binding site is boxed. The deduced amino acids are indicated by the
single-letter codes under the nucleotide sequence. The N-terminal amino acid sequence
(Ala125 to Gln143) and the internal one (Thr306 to Asp325) are double underlined and dash
underlined, respectively. Inverted repeats downstream from the stop codon TAA (asterisk) of
the ORF are designated by convergent arrows. A possible catalytic triad, Asp154, His187, and
Ser465, is indicated by filled circles beneath the deduced amino acid sequences. Possible Ca2+
binding sites, Gln126, Asp163, Leu198, Asn200, Gly203, Ala290, Tyr292, Asp293, and Val295, are
indicated by open circles. The putative PA domain is indicated by boldface type (Leu 340 to
Asn457). The putative PPC domains 1 and 2 are surrounded by dash boxes (PPC domain 1;
Asn565 to Glu635, PPC domain 2; Asn676 to Glu760).
The overall deduced amino acid sequence of AcpII was compared with available protein
sequences in the Basic Local Alignment Search Tool program (http://blast.ncbi.nlm.nih.gov/).
AcpII exhibited the closest sequence similarity to the cold-active alkaline serine proteases
(YP_269576 and ZP_01131839) of Colwellia psychrerythraea 34H and Pseudoalteromonas
tunicata D2 with 49% identities. The next closest level of similarity was a cold-active
alkaline serine protease (YP_267500) of C. psychrerythraea 34H with 43% identity.
AcpII consisted of four domains, namely the N-terminal prepropeptide, catalytic domain,
which includes the protease-associated domain (PA domain), and tandem repeat PPC
domains, as was predicted by a conserved domain search (http://www.ncbi.nlm.nih.gov/
Structure/cdd/wrpsb.cgi). The determined N-terminal amino acid sequence of the purified
AcpII from A. collagenimarina AC40T was found in the internal Ala125 to Gln143, as shown in
Figure 9. Therefore, Met1 through Met124 may work as a prepropeptide sequence. The
prepeptide is thought to be cleaved between Ala32 and Ala33 according to the SignalP 3.0
program (http://www.cbs.dtu.dk/services/SignalP/), and a propeptide would be further
cleaved between Met124 and Ala125. Thus, the propeptide of AcpII consists of 92 amino acids
and probably works as a molecular chaperone for a correctly folded protein, and then is
subsequently cleaved off by autolysis to give an active protease molecule.
Predicted tandem repeat PPC domains (Pfam family PF04151) were present in the Cterminal region of AcpII. The PPC domain is normally found in the C-terminal region of
Gram-negative bacteria secretory peptidases [24]. A tandem repeat C-terminal extension like
AcpII has is also reported in other peptidases [25, 26]. As described above, the purified AcpII
from A. collagenimarina AC40T migrated as two protein bands with molecular masses of
around 55 and 65 kDa on SDS-PAGE. The difference between the molecular masses is
around 10 kDa, which is inferred to be almost the same molecular mass as the one PPC
domain closest to the C terminus (9 kDa). It suggests that one of the PPC domains is cleaved
from a mature AcpII (65 kDa) to yield the 55-kDa protease.
The predicted catalytic domain (Ala125 to Gly513) showed the closest similarity to VapT
(CAA82213) of V. metschnikovii RH530 with 46% identity. The next similarity was found in
Apa1 (BAD51450) of Pseudoalteromonas sp. AS-11, Asp (ABA28307) of Vibrio
alginolyticus HY9901, and SapSh (AAC04871) of Shewanella sp. Ac10 with 42% to 44%
identities. The sequence similarity to AcpI of A. collagenimarina AC40T [20] was less than
40% identity. The catalytic triads (Asp154, His187, and Ser465 in AcpII numbering), P1 cleft site
(Ser250-Leu251-Gly252), and oxyanion hole residue Asn280 in the catalytic domain of AcpII
were highly conserved, suggesting that it belongs to subtilase family A [19].
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Figure 10. Unrooted phylogenetic tree of subtilisins based on the amino acid sequence alignment.

The putative Ca2+-binding residues of AcpII (Gln126, Asp163, Leu198, Asn200, Gly203,
Ala , Tyr292, Asp293, and Val295) were also found in subtilisin Carlsberg [21] and other
Gram-negative bacteria proteases [27, 28] including AcpI [20].
The predicted PA domain (Leu340 to Asn457) was inserted into the catalytic domain of
AcpII. The closest sequence similarity to the PA domain of AcpII was found in another PA
domain of a cold-active alkaline serine protease (YP_929185) from Shewanella amazonensis
SB2B, serine protease (YP_271274) from C. psychrerythraea 34H, and cold-active alkaline
serine protease (ZP_01131839) from P. tunicata D2 with 41% identities.
A phylogenetic tree was inferred by the neighbor-joining method in the Clustal X
program. Bar represents knuc unit. Source of sequences aligned: AcpI (AB305158) and AcpII
(AB505451) from A. collagenimarina AC40T; VapT (CAA82213) from V. metschnikovii
strain RH530; Apa1 (BAD51450) from Pseudoalteromonas sp. AS-11; Asp (ABA28307) of
V. alginolyticus HY9901; SapSh (AAC04871) from Shewanella sp. Ac10; Carlsberg
(P00780) from B. licheniformis; BPN' (Q44684) from Bacillus amyloliquefaciens; DY
(P00781) from B. subtilis DY; AH101 (D13158) from Bacillus sp. strain AH101; AprM
(Q45521) from Bacillus sp. strain B18; ALP1 (Q45523) from Bacillus sp. strain NHS21;
Sendai (Q45522) from Bacillus sp. strain G-825-6.
A phylogenetic tree of alkaline proteases belonging to subtilase family A is shown in
Figure 10. Phylogenetic clusters of true subtilisins and high-alkaline proteases that are
derived from Gram-positive bacteria are clearly located on different branches, as reported
previously [29]. The proteases from A. collagenimarina AC40T and other Gram-negative
bacteria, V. metschnikovii RH530, Pseudoalteromonas sp. AS-11, V. alginolyticus HY9901,
Shewanella sp. Ac10, formed individual clusters. This suggests that AcpI and AcpII are
characteristically distinguished from other enzymes of Gram-negative bacteria as well as
those of Gram-positive bacteria on substrate specificity, especially collagenolytic activity.
290
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3. ROLE OF INSERTION DOMAIN OF ACPII
In Section 2, we showed AcpII preferred hydrolysis of gelatin and collagen to casein
(Table 2) and found that the catalytic domain of AcpII includes an insertion, namely, PA
domain (Figure 9). It has been reported that several proteases contain a PA domain in their
catalytic domains, namely the cell-envelope proteinase from Lactococcus lactis [30], C5a
peptidase from Streptococcus agalactiae [31], VapT of V. metschnikovii strain RH530 [27],
SapSh of Shewanella sp. Ac10 [28], and Apa1 (BAD51450) of Pseudoalteromonas sp. As11. The PA domain would be involved in protein–protein interaction [32, 33]. Additionally, it
is speculated that the PA domain participates in substrate binding or promoting
conformational changes of the enzyme itself, which affect the accessibility of substrates [30,
31]. In Section 3, the role of a PA domain of AcpII was described.

3.1. Construction of Heterologous Expression System of AcpII Derivatives
To evaluate a role of the PA domain, we constructed the genes for AcpII, one of the PPC
domains, truncated AcpII (AcpII-tr: Met1-Arg675), the catalytic domain of AcpII (AcpII-C:
Met1- Gly513), and AcpII-C with the PA domain deleted (AcpII-C-∆PA: Met1- Gly513 without
Leu340- Asn457; see Figure 11). To construct the genes encoding three AcpII derivatives, the
directions of PCR primers were designed to start from the N or C terminus of each derivative.
The resultant expression plasmids, designated pRSET-acpII, pRSET-acpII-tr, pRSET-acpIIC, and pRSET-acpII-C-∆PA, were introduced into E. coli BL21(DE3) pLysS (Invitrogen) to
produce each AcpII derivative.

Diagrams of the domain structure of AcpII as follows:
; prepeptide (Pre),
; propeptide (Pro),
; catalytic domain (CA),
; protease associate domain (PA),
; tandem repeat
prepeptidase C-terminal domains (PPC-1, PPC-2). Amino acid numbers shown above diagram are
the same as in Figure 9. AcpII was not produced by E. coli cells harboring pRSET-acpII. AcpII-tr,
AcpII-C, and AcpII-C-ΔPA were produced by E. coli cells harboring their corresponding plasmids.
The predicted molecular masses from amino acid sequence and the actual ones produced by A.
collagenimarina AC40T or E. coli cells of each protein are indicated on the right side.
Figure 11. Domain structures of AcpII and its derivatives [23].
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Table 3. Substrate specificity of AcpII derivatives [23]

Gelatin
Casein
Collagen

Relative activity (%)
AcpII-C
AcpII-C-∆PA
100
253
25
88
63
85

AcpII-C-∆PA /AcpII-C
(fold)
2.5
3.5
1.3

3.2. Purification of AcpII Derivatives and Comparison
of Substrate Specificity
For the production of recombinant AcpII, E. coli BL21(DE3) pLysS was transformed
with pRSET-acpII. However, host strains did not grow at all. Although the reason is not clear,
the complete AcpII might be a strong stress on the host strain. Next, we introduced expression
plasmid, pRSET-acpII-tr, pRSET-acpII-C, and pRSET-acpII-C-∆PA, into E. coli BL21(DE3)
pLysS cells. The recombinant enzymes were successfully produced extracellularly by each
host strain. AcpII-C and AcpII-C-∆PA were purified to almost homogeneity as judged by
SDS–PAGE (Figure 7, Lanes 3 and 4). AcpII-tr had a molecular mass of around 42 kDa,
which is smaller than the predicted molecular mass of 56.5 kDa (data not shown). The
molecular masses of AcpII-C and AcpII-C-∆PA were around 42 and 35 kDa, respectively,
which are in agreement with the calculated molecular masses from the amino acid sequence.
The relative specific activities toward gelatin, casein, and collagen of the purified AcpIIC and AcpII-C-∆PA were determined (Table 3). They acted well on gelatin, casein, and
collagen, but the specific activities of AcpII-C-∆PA were greater than those of AcpII-C. The
results indicate that the PA domain of AcpII-C regulates the access of substrates to the active
site. Meanwhile, the specific activity ratio between both enzymes for collagen (1.3) was lower
than that for gelatin (2.5) or casein (3.5). This suggests that the PA domain relatively
enhances the affinity of the catalytic domain of AcpII for collagen. The PA domain of C5a
peptidase is positioned as a lid covering the active site [31]. Likewise, the PA domain of
AcpII might be located as a lid to restrict the accessibility of the proteinaceous substrate.
Next, we examined the binding of both enzymes to collagen. The collagen-binding ability
of AcpII derivatives was examined using the batch method [34]. First, 5 mg of collagen was
added to 0.2 ml of chilled 10 mM glycine-NaOH buffer (pH 10.0), and the mixture was kept
in an ice bath for 30 min. After centrifugation (1,000×g for 5 min at 4°C), the precipitated
collagen was washed three times with the same buffer. Approximately 8 μg of each AcpII
derivative, AcpII-C and AcpII-C-ΔPA, was added to 10 mM glycine-NaOH buffer (pH 10.0)
containing 5 mg washed collagen and 400 mM NaCl. The mixture (100 μl) was kept in an ice
bath for 180 min. During incubation, samples (5, 30, 75, and 180 min) were withdrawn, and
the centrifuged supernatant (5 μl) was subjected to enzyme assay. As a result, during a 180min incubation with collagen at 4°C, both AcpII-C and AcpII-C-ΔPA activities were detected
in supernatants without any loss of the original activities. The results indicate that collagen is
not bound to either derivative, which means that the PA domain is not responsible for binding
to collagen.
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CONCLUSION
A psychrotolerant, obligatorily alkaliphilic bacterium, A. collagenimarina AC40T, was
isolated from deep-sea sediment around whale bones near the summit of the Torishima
Seamount (4,026 m deep). The strain AC40T produces two alkaline proteases, AcpI and
AcpII. AcpI prefers casein to collagen as the substrate, while AcpII degrades well collagen.
Also, both enzymes hydrolyze well gelatin which is a denatured collagen molecule.
According to pH- and temperature-activity profiles of both enzymes, it is supposed that they
work well in deep-sea environment. AcpI and AcpII belong to subtilase family A based on
their deduced amino acid sequences. In the catalytic domain of AcpII, we found an
unidentified insertion, namely, a PA domain. From the substrate specificity of several AcpII
derivatives, the PA domain seems to relatively enhance hydrolytic activity toward collagen.
Hence, AcpII as well as AcpI of the strain AC40T can participate fully in collagen
degradation and accordingly contribute to nitrogen cycle in the deep-sea ecosystem.
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