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The gene (espl) encoding an algicidal extracellular serine protease was isolated from Pseudoalteromonas sp. strain A28.

DNA sequence analysis revealed that Espl is synthesized as a 711-amino-acid prepropeptide and is further processed to the

50-kDa matured protease after cleavage of a 148-amino-acid N-terminal domain and 6.7-kDa C-terminal domain. The

Conserved Domain Search program found that Espl belongs to the subtilisin-like serine protease family. The program also

found two PPC domains in the C-terminal region. The PPC domain is normally found at the C-terminus of secreted bacterial

peptidases and they are not present in the active peptidase. However, the molecular size of purified Espl predicts that it

contains one and half PPC domains in the matured Espl protease.
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Skeletonema costatum is the marine diatom which
occasionally produces blooms in the Ariake sea, Fukuoka,
Japan®. Its undesirable blooms cause severe damage to
aquacultured laver. Pseudoalteromonas sp. strain A28,
which was isolated from the Ariake Sea, is capable of lysing
S. costatum?. The culture supernatant of strain A28 shows
algicidal activity, suggesting that strain A28 produces
an extracellular algicidal compound(s)®. Genetic analysis
revealed an involvement of extracellular proteases in
algicidal activity of strain A28. We identified two serine
proteases, designated serine protease I (Espl) and serine
protease II (Espll), as the major extracellular proteases.
Espl is a monomeric protease with molecular weight of
50 kDa, whereas Espll is a heterodimer of 48-kDa and
33-kDa subunits. We demonstrated that Espl was responsible
for the algicidal activity but not EspII®. Interestingly, some
commercially available proteases, including trypsin, pepsin,
subtilisin, and pronase, did not show algicidal activity. These
results suggest that some properties of Espl, for example,
substrate specificity or affinity to algal cells, are required for
its algicidal activity. To further investigate molecular mecha-
nism of algicidal activity of Espl, we cloned and character-
ized the espl gene encoding Espl from strain A28 in this
study.

In the previous study, the N-terminal amino acid sequence
of purified Espl was determined to be Ala-Thr-Pro-Asn-

Asp-Pro®. To design an oligonucleotide probe, we deter-
mined the N-terminal amino acid sequence again. Amino
acid sequencing enabled determination of the first 15 amino
acid residues (Ala-Thr-Pro-Asn-Asp-Pro-Arg-Tyr-Asp-Gln-
Trp-His-Tyr-Tyr-Glu). A degenerated 23-mer oligonucle-
otide (5’-TA(C/T)GA(C/T)CA(A/G)TGGCA(C/T)TA(C/
T)TA(C/T)GA-3’) derived from the N-terminal sequence,
residue 8-15 was synthesized as a hybridization probe.
Southern blot analysis” detected a 2.1-kb EcoRI fragment
of the Pseudoalteromonas sp. strain A28 genome. A size-
fractionated library of EcoRI fragments of strain A28
genomic DNA (1.5-2.5kb in size) was created with a
pUC118 vector'® and Escherichia coli MV1184'3, Plasmids
DNA:s, isolated from recombinant colonies, were screened
with the oligonucleotide probe. One positive plasmid, desig-
nated as pPA28-1, was obtained. Restriction endonuclease
analysis showed that pPA28-1 contained a 2.1-kb EcoRI
fragment of the strain A28 genomic DNA. Nucleotide
sequence analysis of the 2.1-kb EcoRI fragment found part
of an open reading frame (espl). To obtain the 5’ region of
espl, Southern blot analysis with a 0.8-kb EcoRI-HindIIl
fragment as probe (Fig. 1) was performed and the 2.0-kb
HindIIl fragment hybridized to the 0.8-kb probe was cloned
into pUC118. DNA sequencing found that the 2.0-kb HindIIl
fragment contained the 5’ region of espl. The espl gene of
2133 bp could code for a protein of 711 amino acid residues
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having a calculated molecular weight of 73.2kDa. The
N-terminal amino acid sequence of purified Espl was located
within the 711-amino acid polypeptide starting at Ala-149
and is in perfect agreement with all 15 sequence amino acids
(Fig. 1). To confirm that the cloned espl gene really encodes
Espl, an espl mutant of strain A28 was constructed by in-
activating the chromosomal espl gene. The espl gene on
pPA28-1 was disrupted by inserting a kanamycin resistant
gene cassette!? into the Psi site within the espl gene (Fig.
1). The resulting plasmid was introduced into strain A28 by
electroporation®? and kanamycin resistant transformants

were selected. The insertion mutation of the chromosomal
espl gene was confirmed by Southern blot analysis. The
culture supernatant of the espl- mutant was examined for
proteolytic and algicidal activities as described previously?®.
It showed ca. 70% decreased proteolytic and algicidal activ-
ities compared to that of the parent strain (Fig. 2), confirm-
ing that the cloned espl gene encodes algicidal serine pro-
tease I.

A computer-assisted sequence similarity search revealed
that Espl showed 74% identity with Pseudolateromonas
piscicida strain O-7 (formerly named Alteromonas sp.
strain O-7) serine protease Aprl'V. P. piscicida stain O-7
was isolated from a sediment sample at the Sagami Bay of
Japan as a chitin-degrading bacterium®. There is no infor-
mation about algicidal activity of P. piscicida strain O-7

1 kb
1 — and Aprl. It is predicted that the Aprl protein is synthesized
}? P E 1 g F; as a preproprotein with a 40-amino-acid signal peptide, a
espl
B

CCCTTCGCGAAAAATATCGTGGAGATTTACAATAACAATCTAGGGATCAATTATGACAACTAACAACAACTTGAAGAAGTGCGCAATTGCACTGAGCTTGAC 102
M T T N N N L K K C A I A L S L T 17
TGCGTTGTTTGGGACGACGGCAGCAATGGCTACTCCAAACCAACTAATGTCACCATCTATGCAGGAAACTGCAGCGAAATTACAAGGCCAAGAAGGCTTTGG 204
A L F G T T A A MA T PNQL M S P S M Q E T A AI KILOQG Q E G F G 51
TACACAATTCATCATCAAGTATAAAAACAACAGTGATGAAATGATGACAATGTCGGCAGCAGAACAAATGCCGACTATGATGAACAAAAAAGCAAAAGGCTT 306
T Q F I I K ' ¥ K N N S D EM M T M S A A E Q M P T M MN K K A K G F 85
TGTTAAAAACTTCACCAGTAAAAAAGGTAAAGTAAAAGCACAATATGTTCGTGCAATGGCGATGAGTAATCACCACGTAATGCGTGCTGATAAAAAACTTTC 408
vV K N F T S K K G KV K A QY VvV RAMA AaMSNUHUHV M R A D K K L S 119
TGCTCAAGAAGCACAAGAATTCATGCAAGAGATGGTTGCATCAGGTAACGTTGAATACATCGAAATCGACCAAATGTTAAAGCCATTTGCAACGCCTAACGA 510
A Q E A Q E F M Q EMV A S G NV E Y I E I DQ ML K P F A T P N D 153
CCCACGTTATGACGACCAATGGCACTACTACGAGCAAGCGGGTGGACTTAACCTTCCTACTGCGTGGGATACAGCAACGGGTAGCGGTGTGGTTGTTGCGGT 612
P R Y DD Q WH Y Y E Q A G G L N L P TAWTDTA AT G S G V V V A V 187
ACTTGATACAGGTTACCGCCCACATATTGATTTAAATGCCAACATCCTTCCTGGCTATGACATGATCTCTAACGTGTCTGTAGCTAACGATGGGGGTGGTCG 714
L. b T™ G Y R P H I DILN ANIL P GY D MTI S NV S V A N [] G G G R 221
TGATAGCGATGCACGCGATCCGGGTGATGCAATCAGCGCTAACGAATGTGGTTACACACATGGTGCGCAAAGCTCAAGCTGGCACGGTACGCACGTTGCGGG 816
D s b A RDU®PGID ATI S ANUET CGY T HGA A Q S S S W II G T H V A G 255
TACTGTTGCGGCAGTAACTAACAACGGTGAAGGTGTTGCCGGTGTTGCATACGATGCGAAAGTAGTTCCTGTACGTGTACTTGGTAAATGTGGTGGTTTAAC 918
T vV A AV T N N G E G V A GV A Y DA K V V P V R V L G K C G G L T 289
TTCTGATATCGCTGACGGTATTATCTGGGCTTCAGGTGGTTCGGTTTCTGGCGTACCAGCAAACGCTAACCCTGCTGATGTTATCAACATGAGTTTAGGTGG 1020
s D I A D G I I W A S G G $S vs GV P A N ANPADV I N M S L G G 323
TAGCGGTTCATGTAGCTCTACAACACAAAGCGCTATCAACCAAGCACGAAACAACGGCACTGTGATCGTAATCGCTGCGGGTAACGATAACGATAACTCTGC 1122
s G s ¢c s s T T S A I NOAIRNWNSGTV I V I A A G N DN D N S A 357
AAACTACAACCCAGGTAACTGTAATGGTGTTGTAAACGTTGCATCTGTTGGTCGTAACGGTGGTCGTGCTTATTACTCAAACTACGGTAGCAACATTGATGT 1224
N Y N P G N CN GV VNV A SV G RNGG R AY Y S N Y G S N I D V 391
TGCAGCACCGGGTGGCGCACAAAGCTTTGCGAATGACTCTGAAGGTGTTTTATCAACACACAACTCAGGCTCTACAAGCCCAAGCAGCGATTCATATCACTA 1326
AA P G G A Q S F A NDSE GV L S THNS G S T s P S S D S Y H Y 425
CTCGCAAGGTACATCGATGGCAGCACCACATGTTGCGGGTGTAGCAGCGCTAATCAAGCAAGCTAAACCATCTGCAACGCCAGATGAAATCGAAAGCATCTT 1428
S Q G T !I M A A P HV A GV A AL I K Q A K P S AT P DE I E S I L 459
AAAATCAACAACTCGTTCTTTCCCTGCAACATGTACAAGCTGTGGTACAGGTATTGTTGATGCAGCAGCCGCTGTGGCAGCAGCATCAGGCACAACACCGCC 1530
K s T T R S F P A T C T s C G T G I VvV D A A A AV A A A S G T T P P 493
ACCACCAACAGGCAATGTGTTAGAAGATGGTCAAGCCCTAACAGGTTTAAGTGGCTCTGCTAGCAGCCAAACTTTCTACACAATGGAAGTGCCAACAGGTGC 1632
p Pp T G N VL E DG QA L T G L S G S A S S |Q T F Yy T M E V P T G Al 527
AACTAACGTAACCTTCACAATGAGTGGCGGTACAGGTGATGCTGACCTTTACGTTCGTGCAGGTAGCGCACCAACAACGTCAACCTATGATTGTCGCCCGTA 1734
— T N V T ¥ T M $ G G T G bA DL Y V RA G S A P T T S T Y D C R P Yl 561
Q) TAAAGGCGGTAACAACGAAGTATGTTCTATCGATAACCCAACAGCAGGCACTTACCATGTAATGCTCAATGGTTACTCTGCATACTCAGGTGTTAGCCTTGT 1836
~~ K G G N N E V C S T D N P T A G T Y H V M L. N G Y S A Y S G V S L Vl 595
A~ GGGTGATTTAACAACTTCTGGCGGTGGTTCAGGCTCAGGTTCACCACAAGCAGGTGGCGGCACAGTGACTGATATCTCTGCAAGTGCTGGTCAATGGAAACA 1938
G plL T TS GGG S G S G S POQAGTGTGTUV T DI SASI A G o w K H 629
TTACACACTAGAAGTACCAGCAGGTATGGCAAGCTTCACTGTTACGACGTCTGGTGGTTCAGGTGATGCTGACTTATTCGTTAAGTTTGGTAGCCAACCAAC 2040
~ Yy T L. E v. P A GMA S F T VT T S G G S G D A DL F V K F G S QO P Tl 663
C) GTCATCTAGCTATGACTGTCGTCCGTACAAAAACGGTAACGCAGAAACATGTACATTCAGTAATCCACAAGCAGGTACGTGGCACTTAAGCTTAAATGCTTA 2142
[aW) S S S Y D C R P Y K N G N A E T C T F S N P O A G T W H L S L N A Yl 697
A~ CCGTACTTTCTCTGGTGTAACATTGGATGCACAGTATCAACCTTAATAGTTGATCTCCCCAGTATCCCCCTGGGACTTTTCAGCCGGACTTACGTCCGGCTT 2244
RTFSGVTLDAQ'YQP 711

Fig. 1. Restriction map of the espl region of Pseudoalteromonas sp. strain A28 (A) and the nucleotide sequence of the cloned espI gene and

the deduced amino acid sequence of Espl (B).

(A) The location and orientation of espl are indicated by a horizontal arrow. The gray bar indicates a DNA fragment used as a probe for
the gene walking experiment. Plasmid pPA28-2 was constructed by inserting a kanamycin resistant gene cassette into the Ps/ sited indi-
cated by the vertical arrow. Restriction sites: E, EcoRI; H, HindIII; P, PsfI. (B) The 15-amino acid N-terminal amino acid residues of pu-
rified Espl are underlined. PPC1 and PPC2 are illustrated by solid boxes. Potential catalytic triad residues, 217-Asp, 249-His, and
430-Ser, are indicated by gray boxes. Nucleotide sequence of espl has been deposited in the GSDB, EMBL, DDBJ, and NCBI nucleotide

sequence databases under the accession number AB365799.
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110-amino-acid N-terminal propeptide, a 346-mino-acid
mature protease, and a 219-amino-acid C-terminal propep-
tide which is processed into the 32.4-kDa mature protease'.
In the case of Pseudoalteromonas sp. strain 28 Espl, the
N-terminal domain with a similar size (148 amino acid
residues) to that of strain O-7 Aprl is removed during the
maturation. However, since the purified Espl protease is
50 kDa?, only a 6.7-kDa C-terminal domain (ca. 60 amino
acid residues) is expected to be removed during the process-
ing of Espl.

The Conserved Domain Search program® of the National
Center for Biotechnology Information found a subtilase
(subtilisin-like serine protease) family motif in Espl. Potential
catalytic triad residues, Asp, His, and Ser, which are common
in subtilisin-like serine proteases®, are conserved at the
positions corresponding to 217-Asp, 249-His, and 430-Ser
(Fig. 1). The Conserved Domain Search program also
found two PPC (bacterial f)re-f)eptidase C-terminal) domains,
designated PPC1 (residues 513-597) and PPC2 (residues
624-708) in the C-terminal region of Espl (Fig. 1). The
PPC domain (Conserved Domain Database accession
number: pfam04151 [the National Center for Biotechnology
Information]) is normally found at the C-terminus of many
secreted bacterial peptidases and they are removed during the
maturation of the active peptidases'¥. Another P. piscicida
strain O-7 extracellular serine protease Aprll'® and the
Mixococcus xanthus metal protease? as well as Espl possess
two PPC domains in their C-terminal regions, whereas there
is only one PPC domain in many other bacterial proteases.
In P. piscicida strain O-7 Aprl, two PPC domains are
cleaved off during maturation, while the molecular weight
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Fig. 2. Protease activity (A) and algicidal activity (B) in culture su-
pernatants of strain A28 and its esp/- mutant.
(A) Protease activity was measured by using azocasein as a
substrate as described by Lee, et al3). One unit protease activi-
ty was defined as the amount of enzyme that caused incremen-
tal change of one absorbance unit per hour. Vertical bars rep-
resent the standard deviations of measurements done in four
separate experiments. (B) Algicidal activity was detected as de-
scribed previously3). Zones of clearing around paper disks in-
dicate the lysis of the diatom S. costatum strain NIES-324.
Plates were photographed after 48 h of incubation at 20°C.

(50 kDa) of the matured Espl protease predicts that matured
Espl still has whole PPC1 and half PPC2 in its C-terminal
region. Empl is an algicidal metal protease produced by
strain A28%. Expectedly, the Espl serine protease did not
show significant similarity to 38-kDa matured Empl metal
protease, however, the C-terminal region (residues 476-711)
of Espl was 50.4% identical to that of Empl. Sequence
analysis revealed that Empl also possesses two PPC domains
in the C-terminal region and that these PPC domains are
removed from the matured Empl protease. It was shown
that Empl was 6-fold less algicidal to S. costatum than Espl
on the basis of the mass of proteins®. Thus, the PPC
domains in matured Espl might have a role in algicidal
activity. We are now investigating this possibility using
obtained espl gene.
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