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Abstract

The marine bacterium Pseudoalteromonas sp. strain A28 is able to kill the diatom
Skeletonema costatum NIES-324. The culture supernatant of strain A28 showed
algicidal activity when it was applied to a paper disk placed on a lawn of S. costatum
NIES-324. The condensed supemnatant, which was prepared by subjecting the A28
culture supernatant to ultrafiltration with a 10,000-My-cutoff membrane, showed
algicidal activity, suggesting that strain A28 produced extracellular substances capable
of killing S. costatum cells. The condensed supernatant was then found to have
protease and DNase activities. Two Pseudoalteromonas mutants lacking algicidal
activity, designated NH1 and NH2, were selected after N-methyl-N’-nitrosoguanidine
mutagenesis. The culture supernatants of NH1 and NH2 showed less than 15% of the
protease activity detected with the parental strain, A28. The protease was purified to
homogeneity from A28 culture supernatants by using ion-exchange chromatography
followed by preparative gel electrophoresis. Paper disk assays revealed that the
purified protease had potent algicidal activity, designated Aspl. The purified Aspl had
a molecular mass for 50 kDa. The optimum pH and temperature of the protease were
found to be 8.8 and 30°C, respectively, by using succinyl-Ala-Ala-Pro-Phe- p-
nitroanilide as a substrate. The protease activity was strongly inhibited by
phenylmethylsulfonyl fluoride, diisopropyl fluorophosphate, antipain, chymostatin, and
leupeptin.  No significant inhibition was detected with EDTA, EGTA, phenanthroline
or tetracthylenepentamine.

The determined N-terminal amino acid sequence of purified Aspl was identical and
internal amino acid sequences showed high similarity with Aprl, which is an
extracellualr serine protease of marine bacterium Altermonas sp. strain O-7.
Molecular cloning of the serine protease gene, aspl, was performed using the mature

Aprl encoding DNA fragment as a probe of southern hybridization. The sequencing of



cloned aspl gene revealed an open reading frame of 2,073 bp with the capacity to

encode a polypeptide of 691 amino acids and with a molecular size of 71,007. - The

mature Aspl is 50 kDa by SDS-PAGE, suggesting that the protease is synthesized as a

pre-protein composed of four domains: the signal sequence, the N-terminal pro-region,

the mature Aspl, and C-terminal extension. The C-terminal regions were characterized

by two repeated sequences, which showed high sequence similarities with those of the

C-terminal pro-regions from other known bacteria. The predicted product of Aspl had

82.9% and 71.5% identity to the mature product (35kDa) and C-terminal pro-region

(23kDa) of Aprl, respectively. Two repeated amino acid sequences were found in the

C-terminal region of AspI'. While, the same repeated sequences‘were in the C-terminal

pro-region of Aprl. The mature protein of Aspl was also prediéted to contain only one

of the repeated sequences. The aspl gene inactivated mutant strain, SP1, was isolated
by insertion of kanamycin resistance gene. The algicidal activity of SP1 culture

supernatant was dramatically decreased, and this result makes clear that extracellular

serine protease Aspl of A28 is the major substance for algicidal activity of culture

supernatant. |

The Aspl-inactivated strain SP1 showed still weak algicidal activity. | Thi's‘ result

sugge_sted that there are some algicidal substances other than Aspl in A28 culture

supernatant. To invesﬁgate another algicidal protease, the metalloprotease gene of
A28 was cloned, sequenced and expressed in E. coli. The purified metalloproteaée, |
Empl had molecular weight of 38 kDa and sensitive to metalloprotease inhibitor
1,10-phenanthroline. Purified Empl showed algicidal activity when supplied paper
disk on the S. costatum lawn, but Empl needs twofold brotease unit, which is
correspond td 6.2 fold protein concentration of Aspl to show algicidal activityf To
investigate whether strain A28 produces Empl protease or not, the protease activities of
A28 culture supernatant was analyzed using SDS-skim milk-PAGE gels. The 38 kDa
band in extracelluar supernatant of A28 co-migrated with the puriﬁgd Empl protease.

These results suggest that A28 produced 38kDa metalloprotease corresporiding to Empl.
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Chapter 1.
Introduction

1.1 Background of the present study

1.1.1 Harmful algal bloom phenomena

Occasionally, the algae grow very fast or “bloom” and accumulate into dense,
visible patches are appeared near the surface of water. Formerly, “Red Tide” was a
common name for such a phenomenon where certain phytoplankton species contain
reddish pigments and "bloom" such that the water appears to be colored red. Some
kinds of phytoplankton species produce potent toxins, which impact to mass mortalities
of wild and framed fish and shellﬁsh, human illness and death from contaminated
shellfish or fish, death of marine mammals, seabirds, and othér animals, and alteration
of marine habitats or trophic structure. Scientists now prefer the term, “Harmful Algal
Bloom (HAB)”, to refer to bloom phenomena that they cause harm. Unfortunately, the
global occurrences of HABs were apparently increased in the over the past decade and
coastal countries are heavily impacted by the phenomena of HABs (20).

In marine ecosystem, there are about 5,000 species of phytoplankton were reported
in present. In the marine phytoplankton, about 300 species can grow very fast and
make blooms and about 40 species of those release some kinds of toxins found in
Japanese seawater. When algal blooms occur, most of cases were occupled one kind
of phytoplankton species over 95% phytoplankton presence and more than two kinds of
phytoplankton were related on the blooms, two kinds of main algal bloom species took
possession of over 87% of the phytoplankton in bloomed marine eCOSYStem (46). The

HAB species or potent HAB species were reported such as Cryptomonad,



Cyanobacteria, dinoflagellate, raphidophyte flagellate, gymnodinoids, diatom,

haptonema, and aplastidic protozoa (46).

1.1.1 Impacts of HABs

The HAB impacts occur when marine fauna are killed by micro-algal species
that release toxins and other compounds into the water, or that kill without toxins by
physically damaging or by creating low oxygen concé_ntfatibn conditions as bloom
biomass decays. These impacts frequently'occur at aquaculture sites where caged
fish and shellfish cannot escape the harmful blooms. Farmed fish mortalities from
HABs have increased considerably in recent .years, and are now a major concern to
fish ’farmer. In Japan, HABs have been often occurred and financial damages on
framed fish industries since late in the 1950s. The raphidophyte flagellate,
Chatonella marina is well-known causative organism of mass moﬁalities of cultured
fish, resuh:ing in 1700 million yen damage in 1972 alone in Japanese seawater (47).
In recent years, algal blooms caused by Heterosigma akashiwo were occurred in
Kagoshima»Bay in 1995 and in Nomi Bay in 1997, and 1,090 million and 237
million yen’s worth of cultured fishes, respectively, were killed by the blooms (the
amounts of dainage are estimates made by the Fisheries Agency of Japan). In
Hiroshima Bay, Heterocapsa circularisquama caused algal bloom, and killed 3,800
million yen’s worth of framed oyster in 1998. Today the prediction or prevent of
the HABs is one of the most important and urgént subjects-in Japan fisheries.

Blooms of macro-algae (seaweeds) can also be harmful, to seagrass and coral
reef ecosystems and the food-webs dependent on those habitats. Nuisance seaweed
species replace indigenous macro-algae and they thus modify benthic habitats, affect
microbial and macrb-_faunal food webs, and alter key biogeochemical features of
costal ecosystem (34). |

The public health impact from HABs occurs when toxic phytoplankton are



filtered from the water by shellfish, which then accumulate the algal toxins to levels
that are potentially lethal to humans or other consumers (58). These poisoning
syndromes are named paralytic, diarrhetic, neuro toxic, and amnesic shellfish
poisoning (PSP, DSP, NSP, and ASP) and all of these poisoning syndromes occur

within the U. S. and its territories (58).

1.1.2 Interaction of bacteria with HAB species

The increase of global HABs in past decade enhanced efforts to identify factors
controlling the population and toxin dynamics of HABs. As the processes of the
bloom initiation, maintenance, and decline, as well as toxin production, are dissected
into their most basic elements, bacteria and their interactions with HAB species are
among the components and processes increasingly cited as potentially important
regulators of algal growth and toxicity. It appears that now the question is not
whether bacterial—algal interactions play a role in HAB ecology, but instead how
these interactions are manifested in terms of population and toxin dynamics and what
mechanisms are involved (llv). Some bacteria may selectively promote bloom
formation by algal species (17), while other bacteria have algicidal effects and are
involved in the termination and decomposition of algal blooms (14). It is these
kcellulaf level interactions between bacteria and algae, which are among the factors
contributing to the regulation of HAB populatibn growth, as well as influencing the
successive dominance of the algal coinmunity by a given species (15). |

~ Several researchers have isolated the bacteria algicidal to marine algal cells
‘from the costal seawater, sediment, and aquaculture pond and a mass culture of
marine diatom (3, 14, 24, 26, 27, 44, 50, 74). The taxa of these marine algicidal
bacteria are spread widely among genera; these genera are Vibrio, Flavobacterium,
- Acinetobacter, Alteromonas and Pseudoalteromonas as well as gliding bacteria

Saprospira and Cytophga.



In case of bacterial effects on phytoplankton population, algal cells may be
affected by extracellular growth inhibiting and algicidal compounds (28), as well as
directly attacked by bacteria (24). Direct attacks require cell-to-cell contact
between bacteria and algae. For example, Cytophaga sp. strain A5Y had algicidal
effects on the diatoms S. costatum, Ditylum brightwellii, and Thalassiosira, as well
as the raphidophyte C. antiqua, when it was added .to algal cultures but not when
filtrate alone was added (44). Similarly, Alteromonas sp. strains R and S also
showed algicidal effects through direct attacks (27). In contrast, Alteromonas sp.
strains K and.D, Pseudoalteromonas sp. strain Y, and Flavobdcterium sp. strain
5N-3 are known to exhibit indirect attacks (14, 27, 38). While algicidal effects
were detected w1th the culture supernatants of these bacteria, physiéal contact of
bacteria With algal cells was not required (14, 27, 38). Indirect attacks are thought
to be mediéted chemically, and some seem fo be species specific. Yoshinaga et al.
(76) showed that Flavobacterium ép. strain C49 effectively inhibited H. akashiwo but
did not affect the dinoflagellates or diatoms. However, little is known about the
mechanisms of algal lysis by algicidal bacteria at the molecular level.
| Yoshinaga et al. recently developed a most probable number (MPN) methods
for detecting ‘and enumerating algicidal bacteria in seawater and found a close
relationship between the dynamics of algicidal bacterial populations and of marine
phytoplankfon communities (25, 74, 75). An increase or decrease of the number of
marine bacteria which inhibit the growth of Gymnodiﬁium mikimotoi (dinofallagaete)
correlate negatively with the development or decay of a G. mikimotoi, respectively,
in Tanabe Bay, Japan (74). Moreover, the rapidk increase of algicidal bacteria
targeting Heterosigma akashiwo (raphidophyte flagellate) at the end of H. akashiwo
blooms which occurred in Hiroshima Bay, Japan, in 1994 and 1995 (31). These
results Strongly suggést that the marine algicidal bacteria may be one of the agents
regulating the dynamics of the phytoplankton cofnmunity in seawater and also may

prove to be useful agents to control the growth of harmful algae in marine



"environment.

1.2 Over view of the present study

As the processes of the bloom initiation, maintenance, and decline, as well as
toxin production, are dissected into their most basic elements, bacteria and their
interactions with HAB species are among the components and processes increasingly |
cited as potentially important regulators of algal growth and toxicity. To understand
- population and dynamics of HABs and algicidal bacteria, it is highly desirable to
analyze the molecular mechanisms through which algicidal bacteria kill or lyse the
algal bloom cells. However, little is known about the mechanisms of the algicidal
bacteria at the molecular level. |

Pseudoalteromonas species, which are extrémely common, slightly halophic,
gram-negative bacteria found in many marine ecosystems (62). In this study, the
algicidal bacterium Pseudoalteromonas sp. strain A28 is investigated. The marine
bacterium Pseudoalteromonas (formerly named Alteromonas) sp. strain A28, which
had potent algicidal effects oh the diatom Skelefonema costatum was previously
isolated (3). This organism was also able to kill the diatoms Thalas-sfosira and-
Eucampia zodiacs and the raphidophyte Chattonella antiqua. Algal cells of diatom
' Skeletonema costatum strain NIES-324 are used to examine the strain A28 algicidal
activity.  Diatoms play an important role as primary producers in bmarine
ecosystems. However, in some Japanese costal waters such as the Ariake Sea and
Mikawa Bay, red tides caused by diatoms have frequently occurred in Wintér and
have damaged the production of aqua-cultured seaweed (Poryphyra C. Agardh spp.)
by competing with it for the utilization of dissolved inorganic nutrients (42). In this
study, algicidal mechanism of algicidal marine bacterium is investigated by genetic
and biochemical approaches. |

The goal of this study is to derive the algicidal mechanism of bacteria, which



would assist to understand the interactions of algal blooms and the bacteria. The
key contents of each chapter are as follows. |

In chapter 2, algicidal activity of the culture supernatant of Pseudoalteromonas
sp. strain A28 is described. Genetic information of algicidal activity 6f strain A28
is investigated comparing with that of algicidal activity deficient mutants of strain
A28. | - |

In chapter 3, purification and chéracterization of the algicidal substance of stain
A28 are described. The algicidal substance, which is extracellular seﬁﬁe protease
of stain A28, is purified and characterized.

In chépter 4, cloning and- analysis of algicidal substance gene from strain A28
chromosomal DNA are carried out. Algicidal protease-inactivated mutant is
constructed by insertion mutagenesis on the strain A28 chromosomal DNA, and
extracellular protease and algicidal activities are compared with parental strain.

. In chapter 5, another algicidal substance: of Pseudoalteromonas sp. strain A28
other than serine protease is described. The métalloprotease gene is cloned from
Pseudoalteromonas sp. strain A28 genomic library and expressed in Eschervichia coli.
The algicidal activity of purified metalloprotease is investigated. |

Finally, chapter 6 summarizes some important results obtained from this study
and suggests future work to clearly understanding the algicidal mechanisms of

Pseudoalteromonas sp. strain A28.



Chapter 2
Genetic Investigation of Algicidal Activity of

Pseudoalteromonas sp. Strain A28

2.1 Introduction

Many workers have discovered the complex interactions within algal bloonis
and bacteria (11, 30, 49). In the last several decades, it has become well known ‘that
soine bacteria in lakes, ponds and rivers kill and inggst blue-green algae, and these
algicidal bacteria are considered to be one of the agents causing termination of
blue-green algal blooms (55, 63, 64, 73). Gliding bacteria of the genera
Myxbbacter, Lysobacter and Cytophaga were the primary members of these algicidal
bacterial populations (72). On the other side, recently, the dynamics of marine

| bacterial and algal population have been discussions concerning the roles of marine
bacteria in HAB and miany kinds of élgicidal marine Bacteria were isolated from
where the HAB often occurs (3, 14, 24, 27, 29, 38, 44, 50). It is therefore possible
that bactéria héving algicidal effects are involved in the termination and
decomposition of algal blooms.  However, virtually nothing is known about the
mechanisms underlying algicidal effects at the molecular level.

A marine bacterium, Pseudoalteromonas sp. strain A28, which‘ had potent
algicidal effects on the diatom Skeletohema costatum was previously isolated (29).
The diatom, Skeletonema costatum occasibnally cause algal bloom in winter at
Japanese costal waters such as Ariake Sea and Mikawa Bay. Skeletonema costatum
bloom damaged the production of aqua-cultured seaweed (Poryohyra C. Agardh

spp.) by competing with it for the utilization of dissolved inorganic nutrients.



To study the algicidal activity of strain A28 at the molecular level, the algicidal
activity deficient mutants were selected and investigated. This chapter describes
about genetic and biochemical evidence that an extracellular substances especially,

- protease is responsible for the algicidal activity of strain A28.

2;2 Materials and methods

2.2.1 Bacterial strain and growth conditions

Pseudoalteromonas sp. strain A28 is an algicidal bacterium isolated from the
Ariake Sea of Japan (29). Pseudoalterbmonas cells were grown at 28°C with
shaking in ASWM medium, which was a modified SWM-III medium (6)
supplenient'ed with 0.1% Casitone (Difco) and 0.05% yeast extract (Difco).
ASWM agar and soft agar were prepared by adding 1.5 and 0.8% agar (Difco) to
' ASWM medium, respectively.

2.2.2 Algal cultures

The diatom Skeletonema costatum (Bacillariophyceae) NIES-324 was obtained
from The National Institute for Environmental Studies, Tsukuba, Japan. Clonal
axenic cultures were routinely maintained on modified SWM-III medium made with
filtered seawater as the base. The seawater was filtered through a
0.45-pm-pore-size nuclepore filter and stored at 4°C in darkness. Cultures were
grown at 20°C under an illumination of 35 microeinsteins m 2571 onal2-h

light-12-h darkness regimen.

2.2.3 Mixed algal-bacterial cultures



A log-phase culture of S. “costatum NIES-324 was diluted with modified
SWML-III medium to a final density of 2 X 10° cells ml”. Strain A28 cells in the
- logarithmic phase of growth were added to the S. costatum culture to a final density
of 10* cells per ml, and the mixed culture was further incubated af 20°C with
illumination at 35 microeinsteins m? s under a 12-h light-12-h dark regimen for 3
weeks. Enumeration of S. costatum cells was accomplished with a differential
interference microscope (OPTIPHOT-2 X2F-NTF-21; Nikon Co., Tokyo, Japan).
Bacteria  were counted with an epiﬂuoresceﬁce microscope (OPTIPHOT-2

X2F-EFD2; Nikon) after 4°,6-diamidino-2-phenylindole (DAPI) staining.

2.2.4 Isolation of algicidal activity deficient mutants

~ Bacterial cells grown overnight in ASWM medium were inoculated into fresh
‘ASWM medium (a 1% inoculum), and the cultures were incubated at 28°C for 4 h
with shaking. Cells were then harvested by centrifugation (4,000 x g, 10 min,
25°C). Pellets were resuspended in modified SWM-III medium, washed twice with
the same medium, and resuspended in 0.3 of the original volume of modified
SWM-III medium. Bacterial cells were mutagenized with 50 pg of
N-methyl-N’-nitro-N-nitrosoguanidine (NTG) per ml at 28°C for 40 min. The cells
were washed twice with modified SWM-III medium, resuspended in ASWM
medium, and then incubated overnight with shaking at 28°C. Axenic cultures of S.
costatum were grown in modified SWM-III medium for 1 week, and 1 ml of the S.
costatum culture was mixed with 2.5 ml of molten ASWM soft agar (equilibrated to
~ 47°C). The mixture was immediately poured onto an ASWM agar plate. After the
agar solidified, mutagenized with NTG bacteri‘a were transferred onto the agar plates
with toothpicks, and the plates were incubated at 20°C under an illumination of 35
microeinsteins m 2 s ! on a 12-h light-12-h darkness regimen. Bacterial colonies,

which failed to produce clear zones on lawns of S. co;tatum,' were picked, purified,



and maintained on ASWM agar plates.
2.2.5 Algicidal activity assess

A log-phase culture of S. costaum’ culture was used to investigate algicidal
activity of strain A28 culture supernatant. Strain A28 culture supernatant, which
were sterilized by being filtered through a 0.2-um-pore-size polyethersulfone
membrane filter (Kurébo, Osaka, Japan) added to S. costatum culture then incubated
at 20°C with illumination at 35 microeinsteins m 2 s "' on a 12-h 1ight-12-h darkness
regimen.  Algicidal activity judgments were accomplished with a differential
interference microscope enumeration of S. costatum cells. To paper disk assess of
algicidal activity of the strain A28 culture supernatant, S. costatum cells were first
‘grown for 4 days on modified SWM-III agar plafes to form algal lawns. Strain A28
culture supernatant, which were sterilized by filtering, were applied to
8-mm-diameter paper disks (Advantec Inc.) on the S. costatum lawns. The plates
were incubated overnight at 20°C under illumination. - Algicidal activity was

assessed by the presence of clear zones around the paper disks.

2.2.6 Enzyme activity assays of strain A28 culture supernatant

The protease activity of strain A28 culture supernatant was measured as
azocasein (Sigmé) hydrolytic activity. A28 cultures were grown for 18 h at 28°C in
ASWM medium then culture supernatant used for assays. A reactian mixture (0.5
ml) containing 10 mg of azocasein and sample sqlution appropriately diluted in 50
mM Tris-HCI buffer (pH 7.8) was incubated at 30°C for 30 min. The reaction Was
stopped by adding 0.5 ml of cold 10% trichloroacetic acid to the reaction mixture.
The precipitate was removed by centrifugation at 10,000 x g for 5 min, and the
absorbance of the supernatant at 400 nm was measured. One unit of protease

activity was defined as the amount of enzyme that caused an incremental change of
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~ one absorbance unit per hour. Cellulase and amylase activities were determined by
measuring the release of reducing sugars by the dinitrosalicylic acid method (41).
The reaction mixture contained 0.1 ml of bacterial culture supernatant and 0.9 ml of
50 mM Tris-HCI buffer (pH 7.8) supplemented with either 2.5% carboxymethyl
cellulose or 2.5% soluble starch. The reaction mixture was incubated at 30°C for 1 -
h, and the reaction was stopped by boiling the mixture for 10 min. DNase activity
was determined by the methods of Blaschek and Klacik (4). To determine the
DNase activity, 75 ml ofa 1 mg ml™! DNA (type XIV; Sigma) stock solution and 725
ml of DNase buffer (20 mM Tris-HCI [pH 8.0], 50 mM NaCl, 10 mM MgClz, 5 mM
B-mercaptoethanol) were added to a 1.5_ ml microcentrifugation tube. After |
pre-warming of the solution at 30°C for 5 min, 0.1 ml of culture supernatant was
added and mixed. The polymerized DNA present at time zero and remaining after
60 min at 30°C was. precipitated with 0.1 ml of 5 N HCl. Turbidity was developed
at 37°C for 10 min and was estimated by reading the absorbance at 600 nm. DNase
activity (1 U) was defined as the amount of enzyme depolymerizing 1 mg of DNA

per min at 30°C.

2.3 Results

2.3.1 Mixed cultures of strain A28 and S. costatum

S. costatum NIES-324 demonstrated typical bafch gulture kinetics in modified
SWM-III mediﬁm (Fig. 2.1). Rapid lysis of the S. costatum NIES-324 occurred in
the presence of strain A28 cells.. When S. costatum NIES-324 and strain A28 were
grown together, the algal population rapidly declined around 10 days after the start of
cultivation. In contrast, bacteria werelable to grow in the mixed culture, and the
bacterial population increased to up to 1107 cells per ml within 14 days after the

start of cultivation.
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Fig. 2.1. Influence of Pseudoalteromonas sp. strains A28 on the growth of S.
costatum strain NIES-324. §. costatum was grown in modified SWM-III medium
in the presence of A28. Bacterial cells of A28 were added to S. costatum culture
4 days after the start of cultivation, as indicated by the arrows. Symbols:H, algal
cells; A, bacterial cells. »



2.3.2 Algicidal activity of strain A28culture supernatant

The culture supernatant of strain A28 showed potent algicidal activity (Fig. 2.2).
When the A28 culture supernatant was applied to a paper disk placed on the lawn of
S. costatum NIES-324 cclls, clear zones were detected around the paper disk (Fig.
2.2,> a). No clear zone was detected with fresh ASWM medium. The algicidal
activity of the A28 culture supernatant was labile to heating at 100°C for 15 min (Fig.
2.2, b). The culture supernatant was then subjected to ultrafiltration with a
10,000-M,-cutoff membrane, and the filtrate and concentrated supernatant were
examined for the ability to kill S. costatum by using the paper disk assay technique.
The filtrate failed to form clear zones around paper disks (Fig. 2.2, c). Whereas,
concentrated supernatant showed algicidal activity (Fig. 2.2, d). These results

suggest that strain A28 produced extracellular substances having algicidal activities.

2.3.3 Isolation of algicidal activity deficient mutants

The mutants lacking algicidal activity were isolated after NTG mutagenesis to
iﬁvestigate detail elucidations_ of requisite for killing S. costatum of the strain A28
culture supernatant. A total of approximately 3,000 clones were examined for the
ability to kill S. costatum cells, and two mutants, designated NH1 and NH2, were ’
unable to form detectable plaques on the S. costatum lawns (Fig. 2.3). It was also
confirmed that neither NHI1 nor NH2> killed S. costatum NIES-324 in mixed
algal-bacterial cultures (Fig. 2.4). There were no influences of NH1 and NH2 to S.

costatum cultivation.

2.3.4 Enzyme assays of culture supernatants of A28 and mutants

strain

To identify the extracellular algicidal substances, the concentrated supernatants
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Fig. 2.2. Detection of algicidal activity of culture supernatant. of strain A28.
Zones of clearing around paper disks indicate lysis of S. costatum cells. a : A28
culture supernatant (20 _1), b : heated supernatant (20 1), ¢ : ultrafiltration of
culture supernatant, d : culture supernatant concentrated by ultrafiltration and
reconstitued by fresh medium (20 1) | |

A28 NHI

Fig. 2.3. Detection of algicidal activity of strain A28, NH1, and NH2. Zones of
clearing around the colonies lysis of . costatum cells. ‘
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Fig. 2.4. Influence of Pseudoalteromonas mutant strains NH1 and NH2 on the
growth of S. costatum strain NIES-324. S. costatum was grown in modified
SWM-III medium in the presence of NH1 (A) and NH2 (B). Symbols® , algal
cells; o , NHI1; ®m | NH2 bacterial cells.



Table 2.1. Enzymatic activities of the culture supemétants of
Pseudoalteromonas sp. strain A28 and mutants

Enzymatic activity (U ml of supernatant?)

Strain Protease DNase Cellulase Amylase
A28 » 8.2 . 9.4 —_ —
NH1 0.9 8.8 — —

NH2 1.1 9.0 = — _




were further examined for their activities of various enzymes, including protease,
DNase, cellulase, and amylase. The concentrated A28 supernatants showed
protease and DNase activities (Table 2.1), while cellulase and amylase activities
were not detected. In addition, the agar plate assay convincingly showed that A28
cells had protease and DNase activities.

The culture supernatant of either NH1 or NH2 showed at most about 13% of
the protease activity detected with the parental strain, A28 (Table 2.1). Both NHl
and NH2 had DNase activities comparable to that of the parental strain (Table 2.1>).
These results suggest that the extracellular protease of strain A28 is responsible for -

the algicidal effects.

2.4 Conclusions and discussions

The algicidal bacteria kill or lyse the algal cells by direct and/or indirect attacks.
Indirect attack, doesn’t need the cell-to-cell contact, was considered chemically
mediated with the bacteria produced substances. It is well known that gliding
algicidal bacteria, including Cyrophaga, generally attach directly to algal cells and
lyse them (24). In contraét, most algicidal 'b‘;icteria belonging to the genera
Flavobacterium (14), Alteromonas (27), Pseudoalteromonas (29), which belong to
the v -proteobacterial group, are thought to kill algal cells by means of algicidal
substances.

Pseudoalteromona& sp. strain A28 (formerly named Alteromonas sp. sﬁain A28)
(18) was fatal to the diatoms Thalassiosira and E. zodiacs as well as the
raphidophycean flagellate C. antigua (29). Strain A28 was isolated by soft-agar
overlay technique (55). When the bacterium was co-cultured with diatom
Skeletonema costatum on the soft agar plate, S. costatum cells were lysed and clear
zones formed around the colonies of strain A28 on the lawn of S. costatum (Fig 2.3.

A28). Strain A28 produced some kinds of extracelluar algicidal substances into the
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culture and the algicidal activity of culture supernatant was diminished after heating.
Algicidal effects of the culture supernatants of strain A28 were also excluded by
ultrafiltration with a 10,000-My, -cutoff membrane. Therefore, this strain is unlikely
to excrete low-molecular-weight substances capable of killing S. costatum. To
clarify the algicidal substances of strain A28 and investigate in details, mutants
which lacking algicidal{ activity were isolatéd and conipared the éxtracellﬁlar
enzymatic activities with parental strain A28. Spebiés of Pseudoalteromonas are
generally found in association with marine eucaryotes and display the anti-bacterial,
bacteriolytic, and algicidal activity. While a wide range of inhibitory extracellular
agents such as toxins, bacteriolytic substances, and other enzymes are produced,
compounds jﬁromoting the survival of other marine organisms living in the vicinity of
Pseudoalteromonas species have also been found (62). ‘In the case of strain A28,
the culture supernatant showed protease and DNasé activities. The mutants which
lacking algicidal act'ivity showed reduced the extracellular protease activities while,
DNase activities comparable _to' that of the parental strain A28. This result
suggesting extracellular protease of strain A28 may have ‘concerninAg to algicidal

ability.
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Chapter 3.
Purification and Characterization of Algicidal

Extracellular Protease of Pseudoalteromonas sp.

~ Strain A28

3.1 Introductioh |

The algicidal marine bacteria can generally be divided into two groups by _their '
algicidal mechanibsms. The first group, direcﬂy' attacks and lyses target algal cells
after cell-to-écll attachment, and the second grbup produces and excretes algicidal
substances to kill algal cells. Fukami et al. (14) reported that Flavobacterium sp.
_strain 5N-3 produced a basic compound with a molecular mass of less than 500 Da to
kil the dinoflagellate Gymnodinium nagasakiense. ‘It has also been reported that
Pseudoalterombnas tunicata produced an extfacellular component with algicidal
activity toward to algal spores that is heat-sensitive, polar and between 3 and 10 kDa
in molecular size (12). ° Pseudomonas sp. Str‘ain T827/2B killed the diatom
Thalassiosira pseudonana by excreting a heat-labﬂe compound having a relatively
high molecular weight (3). While the many algicidal bacteria are thought to
produce algicidal substances, most of these substances have not been purified and
little is known about the mechanisms of algal lysis at'the molecular level.

Pseudoalteromonas sp. strain A28 kills diatom Skeletonema costatum by
producing extracellular substance. In genetic investigations of strain A28 and
algicidal activity deficient mutants, extracellular protease was thought to be
concerning the algicidal activity for culture supernatant of strain A28. To make

clear whether the extracellular protease of strain A28 has algicidal activity or not,
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protease was purified to homogeneity from the concentrated culture supernatant of
strain A28 in this chapter. The purified proteaSe has molecular weight of 50 kDa,

serine protease, showed algicidal activity to diatom Skeletonema costatum NIES-324.

3.2 Materials and methods

3.2.1 Enzyme purification

Pseudoalteromonas sp. strain A28 cultures were grown for 5 h at 28°(£ in
ASWM medium, and the cells were harvested by centrifugation at 6,500 x g for 15
min.  The culture supernatant was filtered through a 0.45-pm-pore-size
nitrocellulosé membrane filter (Advantec Inc., Tokyo, Japan) to remove any
remaining bacteria. Filtrate of 3 liter was concentrated to approximately 100 ml by
using a stirred ultrafiltration cell equipped with a 10,000-My-cutoff membrane
(Advantec Inc.). The concentrated sample was then dialyzed against 20 mM
Tris-HCI buffer (pH 8.0). The dialyzed sample was applied to an anion-exchange
column (Poros HQ/M, 4.6 by 100 mm, PerSeptive Biosystems Inc., Framingham,
Mass.). The coluﬁm was washed with 20 mM Tris-HC] buffer (pH 8.0), and
proteins were eluted with a linear NaCl gradient of 0 to 1 M in 20 mM Tris-HCl
buffer (pH 8.0). Fractions with high protease activities were pooled and stored at
-80°C until they were used for preparative native-protein gel electrophorésis.
Preparative native-protein gel electrophoresis was performed using a
mini-preparative cell (Bio-Rad) (13). The lower gel (4 cm) contained 8%
polyacrylamide and 376 mM Tris-HCI (pH 8.8), while the upper one (1.5 cm)
contained 4% polyacrylamide and 124 mM Tris-HCI (pH 6.8). ‘The electrode and
elution buffers contained 25 mM Tris and 192 mM glycine (pH 8.3). The sample
buffer contained 62 mM Tris-HCI (pH 6.8). A 500 pl sample was mixed with 500
ul bf 25% (wt/vol) glycerol and 0.012% bromophenol blue stacking dye in 62.5 mM
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Tris-HCl (pH 6.8) before being applied to the gel column. Electrophoresis was
conducted at 400 V and 3 mA. The elution of protease was complete after 5 h at a
flow rate of 0.1 ml min'. The protein concentration was determined by the
bicinchoninic acid method (60). The purity of the prdtease was determined by
electrophoresis on sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) gels (33). Protein bands were Visuélized by using the silver stain
method (45). The native-protein molecular mass was measured by gel filtration
(Superdex 200 column, 1.0 by 30 cm; Pharmacia) with a flow rate of 0.5 ml min™
(with buffer containing 25 mM potassium phosphate—0.1 M NaCl [pH 7.0]).\ The
molecular standard used for gel ﬁltratibn chromatography included bovine serum
albumin (67 kDa)>, hen egg ovalbumin (43 kDa), bovine pancreas chymotrypsinogen
(25 kDa), and bovine pancreas RNase A (14 kDa)'.‘ '

3.2.2 Enzyme assay conditions

The protease activity durihg purification was measured as azocasein (Sigma)
hydrolytic activity as described in chapter 2. One unit of protease activity was
defined as the amount of enzyme that caused an incremental change of one
absorbance unit per hour. The protease activity was ’also measured by using
succinyl-Alé—Ala-Pro-Phe-p-nitroanilide (Sigma) as a substrate (56). A standard ‘
assay mixture contained 2.5 mM succinyl-Ala-Ala-Pro-Phe-p-nitroanilide, 50 mM
Tris-HCI (pH 7.8), and 2% dimethylformamide. After 10 min of incubation, the
absorbance of the reaction mixture was measured at 410 nm. One unit of thé
enzyme was expressed as the enzymatic activity giving an absorbance of 1.0 under
the above-described conditions. |

The pH dependence of activity was determined by using 50 mM acetate buffer at

pHs of 4.2 and 5.0, 50 mM phosphate buffer at pHs of 6.0 and 7.0, and 50 mM Tris

buffer at pHs of 7.8, 8.8, and 9.3. Protease activity was measured at 30 °C. For,
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thermostability test, the purified protein was pre-incubated at 4, 20, 30, 37, 42, 50,
and 60 °C for 30 min in 50 mM Tris-HCI (pH 7.8) buffer then protease activity was
measured at 30 °C. |

The algicidal activity of purified protease is performed by the method of paper
disk assay described as chapter 2. Algicidal activity was assessed by the presence of
clear zones around the paper disks.

To investigate S. costatum cells digestion by the purified protease, cell free
extract of S. costatum was prepared. S. costatum cells »Were harvested By
centrifugation at 10,000 x g for 10 min then resuspended by 10mM Tris buffer (pH
8.0) and lysed by sonication with five 20-s pulses generated by a Sonifier (Branson,

‘Danbury, Conn.). After each 20-s burst, the cells were cooled for 5 min in a wet-ice
bath. Cell debris was removed by centrifugation at 10,000 x g for 10 min, and the
supernatant was incubated with adding pi;riﬁed protease at 30°C. The reaction was

stopped by adding PMSF to final concentration 1 mM.

3.2.3 Inhibitor studies

Protease inhibitors tested in this study were phenylmethylsulfonyl fluoride
- (PMSF; Sigma), diisopropyl fluorophosphate (DFP; Katayama, Oséké, Japan),
leupeptin (Nacalai Tesque, Inc., Kyoto, Japan), éntipain (Nacalai Tesque, Inc.),
chymostatin (Sigma), pepstatin (Nacalai Tesque, Inc.), J,10-phenanthroline (Sigma),
tetracthylenepentamine (Sigma), EDTA (Sigma), and EGTA (Sigma). The mixture
- of each protease inhibitor and enzyme solution appropriately diluted in 50 mM
Tris-HCl (pH 7.8) was incubated at room temperature for 30 min before
succinyl-Ala-Ala-Pro-Phe-p-nitroanilide was added. Protease activity was

measured at 30°C by the method described above.

3.2.4 Amino acid sequence analysis
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To determine the N-terminal amino acid sequence, the purified protease was
subjected to SDS-12.5% PAGE and then electroblotted onto an Immobilon-P
membrane (Millipore Corporation, Bedford, Mass.), and stained with Coomassie
brilliant blue. The protein band was excised and N-terminal amino acid sequence
was determined with a Procise protein sequencing system (Applied Biosystems,
Foster City, Calif). Internal amino acid sequences of trypsin-digested peptide of
purified protease were determined by mass spectrometry. An amino acid sequence
sitnilaritj search was done with the FASTA program (48) with the Protein

Identification Resource amino acid sequence database.

3.3 Results

3.3.1 Protease purifiéation

Protease was puriﬁéd to homogeneity from the concentrated culture supernatant
of strain A28 by ion-exchange chromatography, followed by preparative gel
electrophoresis. The purified protease designated as Aspl. The results of a typical
enzyme purification procedure are summarized in Table 3.1. Chrortlatography of
the concentrated culture supérnatant on a Poros HQ/M anion-exchange column
resolved two peaks of protease activity (Fig. 3.1). The two peaks of activity were
eluted with approximately 300 and 500 mM NaCl, respectively. However, paper
disk assays revealed that only the first peak fraction had algicidal activity. The
-proteases wh1ch were detected in the first and second peak fractions, were
de31gnated Aspl and AsplIl, respectwely The fractions of Aspl showing algicidal
activity were further purified by preparative native-protein gel electrophoresis.
After preparative native-protein gel electrophoresis, SDS-PAGE analysis shoWed a
single protein band (Fig. 3.2).) When protease Aspl was applied to a paper disk

placed on the lawn of S. costatum NIES-324 cells, clear zones were detected around

23



) A280

00 - 1
150 E
B =
>
g | e
5 @)
100 = 4 =
. 2 7.
B 2
v
50
0 -0

Fig. 3.1. Elution proﬁles. of the protease activities from a Poros HQ/M anion-exchange column. The
concentrated culture supernatants of Pseudoalteromonas sp. strain A28 was applied to column. The
column was developed with a linear NaCl gradient of 0 to 1 M in 10 mM Tris-HCI buffer (pH 8.0).
absorbance at 280nm; —8—, protease activity (U ml-1); - , concentraion of NaCl (M)
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Fig. 3.2. SDS-PAGE analysis of Aspl-enriched fractions obtained during
enzyme purification. The pooled samples from each of the purification steps
were subjected to electrophoresis and silver stained. Lane 1, molecular mass
markers; lane 2, concentrated culture supernatant (20 _g); lane ‘3, AspI-rich
fraction from anion-exchange chromatography (10 _g); and lane 4, Aspl-rich
fraction from preparative native-protein gel electrophoresis (3 _g).



Table 3.2. Effects of inhibitors on 'proteaSe activity of Aspl

Relative

Protease Specificity(ies) of Inhibitor
inhibitor inhibitor conc. activity (%)
None 100
Phenylmethylsulfonyl fluoride Serine lmM 0
Diisoprophyl fluorophosphate. Serine - 1mM 5
Leupeptin Ser/Cys 1mM 1
Pepstatin Aspartic 1ImM 72
EDTA Metallo 1mM 94
EGTA Metallo 1ImM 77
1, 10-phenanthroline M_etallb 1ImM 87
Tetraethylenepentamine Metallo 1mM 83
Chymostatin Chymotrypsin SOppm 3
Antipain 0.1mM

Papain, trypsin, cathepsin A,B

4




Fig. 3.3. Detection of algicidal activity of purified extracellular protease of

Pseudoalteromonas sp. strain A28. Algicidal activity was detected by formation
of clear zone on the S. costatum lawn. a, preparative native electrpphoresis

buffer as control (20 _1); b, purified Aspl (20 _1: 0.16U of protease activity).

the paper disk (Fig. 3.3). Agar blocks in the clear zones were then cut out and
inoculated into fresh modified SWM-III medium. No growth or S. costatum was

observed, confirming that Aspl is algicidal substance.
332 Enzyme properties

By means of SDS-PAGE, the molecular mass of Aspl was estimated to be 50
kDa. Since the molecular mass of Aspl was also estimatéd to be 50 kDa by gel
filtration, Aspl should be a monomer. Aspl was able to cleave succinyl-Ala-Ala-
Pro-Phe- -nitroanilide. However, neither succinyl-Ala-Ala-Val-Ala-_-nitroanilide
nor tosyl-Gly-Pro-Lys-_-nitroanilide was cleaved by Aspl. Effects of temperature
and pHs on the activity of purified protease was studied with succinyl-Ala- Ala-
Pro-Phe-p-nitroanilide as substrate. The optimum temperature for ‘hydrolysis

activity was 30 °C. To examine the heat stability, the enzyme solution was allowed
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to kstand 30min at various temperatures, and then the residual activity measured. As
shown in Fig. 3.4A, protease activity maintained only 10 % of its activity at 60 °C,
The protéase activity was abolished by incubation at 68 °C for 1 h or 100°C for 15
min. The optimum pH was 8.8. And 4, 5, 13; 81, and 61% of enzyme activity
corresponding to pH 8.8 were detected at pHs 4.2, 5.0, 6.0, 7.0, and 9.3, respectively
(Fig. 3.4 B). The pH stability was determined by the measufement of the residual
activity at pH 7.8 after incubation at various pHs at 20 °C for 30min. Protease
activity remained over 90 % of its activity at pH 6.0, 7.0, 8.8, and 9.3.

The Aspl and S. costatum cell free extract were mixed and reacted at 30°C then
digested cell free extract analysis by SDS-PAGE electrophdresis. The digested
protein band of S. costatum cell free extract was excreted then intérnal amino acid
sequence were determined by mass spectrometry. The determined amino acid
seqﬁence was Asp-Asn-Asp-Gln-Asn-Ser-Leu-Asn, which showed similarity with
outer membrane precursor of the bacterium Treponema pallidum. | ‘

Ten enzyme inhibitors were tested for the ability to block the hydrolysis of
suécinyl-Ala—Ala—Pro-Phe-p-nitlfoanilide (Table. 3.2). PMSF (1 mM), DFP (1 mM),
and chymostatin (0.1 mM), which are inhibitors of serine proteases, completely
inhibited the activity of Aspl. Antipain (0.1 mM) and leupeptin (1 mM), which’
inhibit both serine and cysteine proteases, also caused complete inhibition of Aspl
activity. No significant inhibition was detected with the metal protease inhibitors,
including EDTA (1 mM), EGTA (1 mM), I,/0-phenanthroline (1 mM), and
tetracthylenepentamine (1 mM). Pepstatin (1 mM), an inhfbitor of aspartic protease,
did not inhibit the activity of Aspl. |

The N-terminal amino acid sequence of purified Aspl was determined to be
Ala-Thr-Pro-Asn-Asp-Pro. Only vsix N-terminal amino acids could be determined
because cleavage of the peptide bonds after Pro proceeded very slowly (Procise
protein sequencing system user’s manual, Applied Biosysterhs). Internal amino

acid sequences were also determined to be Gly-The-Gly-Asp-Ala-Asp-Leu-Tyr-Val-
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Table 3.2. Effects of inhibitdrs on protease activity of Aspl

Specificity(ies) of

Relative

Protease Inhibitor

inhibitor inhibitor ‘conc. activity (%)
None 100
Phenylmethylsulfonyl fluoride ‘Serine 1mM 0
Diisoprophyl fluorophosphate Serine 1ImM 5
Leupeptin Ser/Cys 1ImM 1
Pepstatin Aspartic 1mM 72
EDTA Metallo 1ImM 94
| EGTA Metallo 1ImM 77
1, 10-phenanthroline ~ Metallo 1mM 87
Tetraethylenepentamine Metallo 1ImM 83
Chymostatin Chymotrypsin SOppm -3
Antipain Papain, trypsin, cathepsin A,B - 0.1mM 4
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Pro, and Ser-Ser-Thr-Thr-Gln-Ser-Ala-Leu-Asn. A computer-assisted similarity
search revealed that the N-terminal amino acid sequence of Aspl was identical to that
of the mature alkaline serine protease of Alteromonas sp. strain O-7 and high

similarity with internal amino acid sequences (68).

3.4 Conclusion and Discussions

In this chapter showed that a serine protease, designated Aspl, was responsible
for the algicidal effects. The algicidal effects of the culture supernatants were
excluded by ultrafiltration with a 10,000-M,, -cutoff membrane. Strain A28 is
unlikely to excrete low-molecular-weight substances capable of killing S. costatum.
Inhibition studies revealed that DFP and PMSF abolished Aspl activity. Both DFP
and PMSF are known to be serine protease inhibitors, which irreversibly react with
the active-site serine residues (10, 19). Antipain and leupeptin also caused
complete inhibition of Aspl activity. Although antipain and leupeptin are cysteine
- protease inhibitors, they are also known to inhibit the sérine protease trypsin (2, 65).
These results suggest that Aspl is a serine protease. The N-terminal amino acid
sequence of Aspl was identical to that of the alkaline serine protease (Aprl, class 1
subtilase)b of Alteromonas sp. strain O-7 (59, 68). Alteromonas sp. strain O-7 was
isolated from a sediment sample at the Sagami Bay of Japan as a chitin-degrading
bacterium (69). The molecular mass of the niature Aprl (35 kDa) is smaller than
that of Aspl (50 kDa). It is not known whether Aprl has potent algicidal activity.
Strain A28 produced two proteases, Aspl and AspIl. Aspll was sensitive to PMSF,
indicating that it was also a serine protease. SDS-PAGE of purified protease II
revealed two protein bands corresponding to molecular masses of 48 and 33 kDa.
However, non-denaturing PAGE of protease II showed a single band at 75 kDa.
These results indicaté that Aspll is a heterodimer. Unlike Aspl, Aspll did not show

any algicidal activity. This may suggest that Aspll ‘had substrate specificities
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different from those of Aspl. When bovine serum albumin was degraded by Aspl
-and Aspll, the paﬁerns of cutting were not identical. Alternatively, they may have
different affinities for S. costatum cells. Thebaffinity of the protease for algal cells.
should be of importance for éausing the algicidal effects. Some commercially
available proteases, including trypsin, pepsin, subtilisin, and pronase, were examined

for their algicidal activities, but none of them showed algicidal activity.
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Chapter 4.
Cloning and Characterizations of Algicidal |

Substance Gene from Pseudoalteromonas sp.

Strain A28 Chromosomal DNA

4.1 Introduction

One of the extracellular protease of Pseudoalteromonas sp. strain A28, Aspl, had
algicidal activity. Aspl was a monomeric protein with a molecular mass of 50kDa.
Protease activity of Aspl was strongly inhibited by PMSF, which is serine protease
inhibitor. Another extracellular serine protease of strain A28, AspII was also
purified but no algicidal activity detected. This led to study, which describes the
molecular cioning and hucleotide‘ sequence of the Aspl gene. Thereby enabling
elucidation of its structure and function.

In this chapter describés cloning of the gene for the algicidal substance, Aspl.
The construction and complementation of Aspl-lacking mutant strain of strain A28

are desbribed.

4.2 Materials and methods

4.2.1 Bacterial strains and growth conditions

Pseudoalteromonas sp. strain A28 is an algicidal bacterium isolated from the

Ariake Sea of Japan. A28 was grown at 28 °C with shaking in ASWM medium.
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Eséherichia coli MV1184 was used for plasmid construction and DNA manipUlatibn
and the cells were grown at 37 °C in Luria-Bertani (LB) medium (40). Whenever
necessary, ampicillin and kanémYCin were added at final concentrations of 100 and
_ 200ugml respectively. For electroporation of strain A28, LBN (contammg 24g
NaCl per liter 1mM MgCl,, and 300 uM CaClz) medium was used (66)

4.2.2 Cloning and nucleotide sequencing of asp/ gene from
chromosomal DNA of strain A28 '

A computer-assisted similarity search revealed that the N-terminal amino acid
sequence of Aspl was identical to that of the mature alkaline serine protease
(Aprl-M) of Alteromonas sp. strain O-7 and determined internal amino acid
sequences of purified Aspl were showed high similarities to those of Aprl-M (68)._.
Therefore, for the cloning 'Qf strain A28 aspl gene, Aprl-M (mature region of Apr)
gene encoding DNA fragment was used as probe of A28 chromosomal DNA
Southern‘hybridization. Genomic DNA of strain A28 was digested with various
~ restriction enzymes and electrophoresed on 1% agarose gel, then Southern
hybridization was performed by standard procedures (61). Positive DNA fragment
in the southern hybridization was cloned by a standard method (51) using‘pUCl 18
(70) and pBluescriptll KS+. E. coli cells were cultivated at 37°C in LB medium.
' When necessary, ampicillin (50 mg ml ) was added fo the medium. The nucleotide
 was sequenced with double-stranded plasmid DNA as a template by the
dideoxynucleotide chain termination methods (52) with the Dye Terminator Cycle
- Sequencing Kit (Perkin-Elmer/Applied Biosystems, Inc.). Nucleotide and deduced
amino acid sequences were analyzed and compared with other known sequences in
the GenBank library of DNA sequences by use of DNASIS programs (Hitachi
Software Engineering, Kanagawa, Japan) and the FASTA program (48). |
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4.2.3 Construction of a Aspl-inactivated mutant of strain A28

Transposon mutagenesis of strain A28 aspl gene was carried out using the
kanamycin resistance genev (Km") cassette from pUC4K (71). pBSPKm was
constructed as. follows (Fig. 4.1). The resultant plasmid, pBSPKm, was
transformed into strain A28 by électrophoresis. Cells grown overnight in LBN
" medium were inoculated into fresh LBN medium (a 1% inoculum), and after 4 hof
incubation, cells were harvested by centrifugation (10,000 x g, 5min, 4°C). Pellets
were résuspended in ice-cold HS buff.er' containing 7mM HEPES and 232mM
sucrose (pH 7.0), washed three times with the same buffer, and resus>pend'ed» in 400
ul of bacterial ’s’uspension was used for electroporation.  Electroporation was
performed with Electro Cell Manipulator 630 (BTX Inc., San Diego, Calif)) at a
capacitance of 50 pF and a voltage of 2.2kV. After electfoporation, ‘cells were
allowed to grown ASWMglt (ASWM containing ZOmM Glutamic acid) medium
overnight and spread on LBN agar plate supplemented with 200 pg of kanainycin per
ml to obtain aspl gene transpéson mutant. Chromosomal DNA from Km' mutants
of strain A28 was isolated and Southern hybridization was carried out by standard
methods using the kanamycin cassette and HindIIl 2.1kb fragment of strain A28
AspI gene as probes. Algicidal activity and proteése activity of culture supernatant of
Aspl-inactivated mutants were measured by paper disk assay and azoéasein

hydrolytic activity as described in chapter 2. -

4.3 Results

4.3.1 Molecular cloning of the Pseudoalteromonas sp. strain A28 aspl

gene

For the cloning of aspl gene of strain A28, extracellular alkaline serine protease.
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Aprl that produced by the marine bacterium Alteromonas sp. strain O-7 encoding
gene fragment was used as probe. A computer—assjsted similarity search revealed
that the N-terminal amino acid sequence of Aspl was identical to that of the mature
alkaline serine protease (Aprl-M) of Alteromonas sp. strain O-7 and internal amino
acid sequences were showed high similarities to those of Aprl. In Southern
hybridization analysis this probe strongly hybridized with either a 2 to 2.3-kb EcoRI
fragments or HindIll fragments when the genomic DNA of strain A28 was
completely digested with EcoRI or HnidIII. The 2 to 2.3-kb EcoRI fragments were
‘cloned into the EcoRI site of pBluescriptll KS+ and constructed pPASPO.1.
Preliminary DNA sequencing of the plasmid pASP0.1 was indicated that this insert
fragment encoded the part of the open reading frame of Aspl including ‘the :
determined N-terminal amino acid sequence of purified Aspl. To isolate the
remaining part, the 2.1-kb HindIII fragment of the chromosomal DNA was cloned
into pBluescript KS+ to construct pASP0.2 and insert fragment was sequenced.
The pPASP0.2 insert overlapped with the pPASPO.1 insert by a. 0.8-kb
EcoRI-HindIll fragment. Thus, two plasmids were rec;)mbined into plasmid
pBluescript KS+ to construct pPASP1.0 which sequence covering the entire coding
region of Aspl (Fig. 4. 2). o

4.3.2 Nucleotide sequence of aspl gene

The nucleotide sequence of the 3.3-kb insert revealed one major opén reading
frame (32) of 2,073 bp with the capacity to encode a polypeptide of 691 amino acids
and with a molecular size of 71,007 (Fig. 4.3). The N-terminal amino acids of the
puriﬁed AspI,‘preViously determined by protein sequencing at Ala-149 and showed
perfect agreement with the deduced amino acid sequence (Fig. 4.3), suggesting

subsequent processing at N-terminus. And also, internal amino acid sequences,
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Fig. 4.1. Plasmid construction of Kanamycin cassette insertion on the asp/ gene.
In pPASPO.2, black arrow represents cloned aspl gene HindIlI 2.1-kb fragment.
In pUC4K, white box represents Km" cassette. EcoRI 1.2-kb fragment of Km*
gene cassette excised from pUC4K was inserted into EcoR1I site of pPASPO0.2 to
construct pPBSPKm.
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which were determined by mass spectrograph of trypsin-digested peptides of purified
Aspl, were found starting at Ser-328 (12 amino acids) and at Gly-536 (21 amino
acids). This deduced Aspl (starting at Ala-149) consist of 543 amino acids and is
calculated to be 54.5kDa, which is larger than the 50kDa of the purified Aspl

suggesting processing at C-terminus.
4.3.3 Deduced amino acid sequence analysis

The amino acid sequence of the aspl gene was compared with sequences of
other proteins. The overall deduced amino écid sequence of Aspl exhibited high
levels of sequences similarity to alkaline serine protease of Alteromonas sp. strain
O-7 (68) with 74.556% identity, extracellular protease of Xanthomonas campestris
pathovar campestris (37) with '52.834% identity, serine metalloprotease of
Burkholderia pseuddniallei (35) with 45.020% identity, and extracelluar serine
protease of Dichelobacter nodosus (36) with 40.516% identity of amino acid
residues which were the members of the subtilase family of serine proteases. The
deduced amino acid sequence of Aspl was shown high sequence similarity with Aprl.
~ The deduced amino acid sequence of Aspl was compared with AprI (Fig. 4.4). The
predicted product of Aspl had 82.9% and 71.5% identity to the mature product
(35kDa) and C-terminal pro-region (23kDa) of Aprl, respectively (Fig. 4.5). The
active sites of Aspl were identical with those of serine proteasé Aprl (53, 54). Two
repeated amino acid sequences were found in the C-terminal region of Aspl. While,
the same repeated sequences were in the C-terminal pro-fegioh of Aprl. The mature
protein of Aspl was predicted to contain one of the repeated sequences due to

molecular weight of purified Aspl.

4.3.4 Characterization of AspI-inactivated mutants of strain A28

39



TATTTTACCTTTGTCCCCCTTCGCGAAAAATATCGTGGAGATTTACATAACAATCTAGGGATCATTATGACAACTAACAACAACTTGAAGAAGTGCGCAATTGCACTGAGCTTGACTGCG
M T TNNNU LI K K CA ATIATLSTULT A
TTGTTTGGGACGACGGCAGCAATGGCTACTCCAAACCAACTAATGTCACCATCTATGCAGGAAACTGCAGCGAAATTACAAGGCCAAGAAGGCTTTGGTACACAATTCATCATCAAGTAT
L FG6GTTAAMATT PNU OTLMMS SZPSMOQTETA AR ATZ KTLSQ QG Q E G F G T QF I I K Y
AAAAACAACAGTGATGAAATGATGACAATGTCGGCAGCAGAACAAATGCCGACTATGATGAACAAAAAAGCAAAAGGCTTTGTTAAAAACTTCACCAGTAAAAAAGGTAAAGTAAAAGCA
- K NNS DEMMTMSAAETU QMTPTMMMNTI KTK KA AZKTGTEFVTE KN NTEFTTS SIE KTE KT GEV K A
CAATATGTTCGTGCAATGGCGATGAGTAATCACCACGTAATGCGTGCTGATAAAAAACTTTCTGCTCAAGAAGCACAAGAATTCATGCAAGAGATGGTTGCATCAGGTAACGTTGAATAC
QY VRAMAMSN NI HBIHVMPRADT KT KTLSA ACOQTET AQOQTETFM Q EMV A S G NV E Y

ATCGAAATCGACCAAATGTTAAAGCCATTTGCAACGCCTAACGACCCACGTTATGACGACCAATGGCACTACTACGAGCAAGCGGGTGGACTTAACCTTCCTACTGCGTGGGATACAGCA
I EI boMULEKZPFATPNUDUPRTYDDGOUWH§YJYETZG OA AT GTGTELNTILTPTEATWTDTA

ACGGGTAGCGGTGTGGTTGTTGCGGTACTTGATACAGGTTACCGCCCACATATTGATTTAAATGCCAACATCCTTCCTGGCTATGACATGATCTCTAACGTGTCTGTAGCTAACGATGGG
T G 8 GVVVAVLDTSGY YR RZ PHTITDTILNANTITLTPGT YTDMTITS SNV VSV AN D G
GGTGGTCGTGATAGCGATGCACGCGATCCGGGTGATGCAATCAGCGCTAACGAATGTGGTTACACACATGGTGCGCAAAGCTCAAGCTGGCACGGTACGCACGTTGCGGGTACTGTTGCG
G GRDSDARUDZPGUDA ATISA ANTETCGT YTUH TG AT QST ST SW®WHG GTTHU VA ATZ¢ GTNV A
GCAGTAACTAACAACGGTGAAGGTGTTGCCGGTGTTGCATACGATGCGAAAGTAGTTCCTGTACGTGTACTTGGTAAATGTGGTGGTTTAACTTCTGATATCGCTGACGGTATTATCTGG
A VTNNGESGVAGVAYUDA ATZ KTV VYV PV RVILTSGIEKTECGGTLTTSDTIADTZE GTITITw
GCTTCAGGTGGTTCGGT TTCTGGCGTACCAGCAAACGCTAACCCTGCTGATGTTATCAACATGAGT TTAGGTGGTAGCGGTTCATGTAGCTCTACARCACAAAGCGCTATCAACCARGCA
-A S G G SV S GV PANA ANUEPATDV I NM 5L GG S G S C S STTOQSATINTO QA
CGAAACAACGGCACTGTGATCGTAATCGCTGCGGGTAACGATAACGATAACTCTGCAAACTACAACCCAGGTAACTGTAATGGTGTTGTAAACGTTGCATCTGTTGGTCGTAACGGTGGT
R NNGTVIVIAAGNDINDINSANTYU NT PG GNTU CNTGV VTV VNV VA ASVGURTNTEGG
CGTGCTTATTACTCAAACTACGGTAGCARCAT TGATGT TGCAGCACCGGGTGGCGCACAAAGCT TTGCGAATGACTCTGAAGGTGT T TTATCAACACACAACTCAGGCTCTACAAGCCCA
R A Y Y SNJYGSNTIDVAATPGG GA AU QST FA ANTDTSTETGTVTZILJSTTHTNTZSTGTS T s°p
AGCAGCGATTCATATCACTACTCGCAAGGTACATCGATGGCAGCACCACATGTTGCGGGTGTAGCAGCGCTAATCAAGCAAGCTAAACCATCTGCAACGCCAGATGAAATCGAAAGCATC
S 8§ DS YHY S QGTSMARATPUHTU VA ATGV VA AA ATLTITEKTGOQA AT KTEPSAT PDETITES STI
TTARAATCAACARCTCGTTCTTTCCCTGCAACATGTACAAGCTGTGGTACAGGTATTGTTGATGCAGCAGCCGCTGTGGCAGCAGCATCAGGCACAACACCGCCACCACCAACAGGCAAT
L XKSTTRST FPATT CTJ S CGTTGTIUVTDA AAA-AA ATVA ASABEA-BATZSTGTTTPTPUPTP T G N

GTGTTAGAAGATGGTCAA
VL E D G Q

EACCAIGIAAIGCICAAIGGIIBCECIGCAIACICAGGEGIIAGCCIIGIGGGIGAIIIAACAACﬁTCTGGCGGTGGTTC
Yy H vV M L N G Y S A Y S G V S L V G D L T T|S G G G S

Fig. 43. Nucleotide sequence of the aps/ gene and adjacent DNA regions. The deduced amino acid sequence of Aspl
is shown below the nucleotide sequence. The stop codon indicated by an asterisk. The N-terminal amino acid
sequence of Aspl is underlined. The determined internal amino acid sequences were in bold characters. The repeated
amino acid sequence of C-termina! region are illustrated solid box and shaded box, respectively.
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Fig. 44. The deduced amino acid sequence of Aspl was cbmpared with Aprl
(protease from Alteromonas sp. O-7). The active sites of serine protease are in
bold characters. Identical amino acid residues between Aspl and AprI-M
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To create a mutant strain deficient in Aspl, the clone containing the N-terminal
segment of the aspl gene on a 2.1-kb Hindlll fragment was mutagenized with thé
kanamycin resistance gene and introduced into strain A28. The kanamycin
resistance (Km") gene 1.2-kb EcoRI restriction fragment from pUC4k was isolated
and cloned into the EcoRI site of pASP0.2. This Km' Ap’ plasmid (pBSPKm) was
purified from E. coli and elecfroporated into strain A28. The mutant strain, named
SP1, which showed same growth rate with parental strain, was selected on the agar
plate containing kanamycin and Southern blot analysis of the genomic DNAs of
wild-type strain A28 and SP1 was performed to confirm the Km" gene integrated into
the chromosome by homologous recombination between the Aspl sequences on the
plasmid and the chromosome (Fig. 4.6B). It is evident from Fig 4.5A that a 2.1-kb
chromosoinal DNA fragment reacted with the probe, which is N-terminal segment of
the aspl gene on a 2.1-kb HindIIl fragment in wild-type strain A28. The fragments
- of 2.0 and 1.3-kb reacted with the same probe in the digested DNAs of mutant SP1
instead of 2.1-kb fragment observed with wild-type strain A28 (Fig; 4.6A panel a).
When hybridized performed using kanamycin resistance gene caséette as probe, only
the mutant strain SP.l showed signal at 2.0 and 1.3-kb (Fig.‘4. 6A panel b) and
genomic DNA of strain A28 did not react with this probe. . The restriction map of
~ aspl gene region ‘on strain SP1 was showed in Fig. 4. 5B.

The mutant strain SP1 reduced extracellular protease activity compared with the
parental strain A28 (Fig. 4.7). ~Strain A28 and SP1 cultures were grown for 18 h at
28°C in ASWM medium then culture supernatant used for assay. The culture
supernatant of SP1 was shown only 37.5% protease activity of strain A28 culture
supernatant. However this strain still had extracellular protease activity. Strain
A28 and SP1 cultures, which sterilized by filtering, added to 6-mm-diameter paper
disks on S. costatum lawn. S. costdtum plates were incubated overnight and
algicidal activities were judged by forming clear zones around paper disks (Fig. 4. 8).

' The 12 and 8 mm diameter clear zones were visualized where strain A28 and SP1
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AspI 497 GNVLEDGQALTGLSGSASSQTFYTMEVPTGA

Al teromonas 505 GNTLEDGVAKTGLSGAAGSNQFFTFDVPAGK
Xanthomonas 480 GNTLTNGTPVTGLGAATGAELNYTITVPAGS
V.cholerae 510 GKVLEKGKPITGLSGSRGGEDFYTFTVTN-S
V.vulnificus 509 GNVLKNNTPGSNLTGNKGSEVFYTFTVDR~N
LA A T S S

528 TNVTFTMSGGTGDADLYVRAGSAPTTSTYDCRPYKGGNNEVCSIDNPTAGTYHVMLNGYS 587
536 TNVTFTMSGGTGDADLYVKLGSQPTSSSYDCRPYEGGNAEVCSFDAPQAGTYHVMINGYK 595
511 GTLTVTTSGGSGDADLYVRAGSAPTDSAYTCRPYRSGNAETCTITAPSG-TYYVRLKAYS 569
540 GSVVVSISGGTGDADLYVKAGSKPTTSSWDCRPYRSGNAEQCSISAVVGTTYHVMLRGYS 599

539 ATAVVSISGGSGDADLYLKAGSKPTTSSWDCRPYRYGNNESCSVSAAPGTTYHVMIKGYS 598
hkk okkkhkhok s s hk kk ky: kkkk  kk Kk ok L okkok ook,

Fig. 4.5. Comparison of the amino acid sequence of the C-terminal regions of AspI with C-terminal pro-region of
other proteases. Alteromonas (protease from Alteromonas sp. serine protease) , Xanthomonas (protease from
Xanthomonas campestris), V. choleare (HA/protease from Vibrio cholerae), V. vulnificus (metalloprotesas from
Vibrio vulnificus). Identical amino acid residues are marked by asterisks.
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‘Km" cassette (b). (B) Restriction maps of the aspl gene regions of strain A28 and mutant strain SP1.



culture supernatants added, respéctively. The algicidal effect of SP1 culture

supernatant was pretty reduced but not diminished completely.

4.4 Conclusion and discussions

Molecular cloning and sequencing of the serine protease gene, aspl, revealed an
6pen reading frame of 2,073 bp with the capacity to encode a polypeptide of 691
amino acids and with a molecular size of 71,007.. The molecular mass of mature
Aspl is 50 kDa by SDS-PAGE electrophoresis analysis, suggesting that the protease
is synthesized as a pre-protein composed of four domains: the signal sequence, the
N-terminal pro-region, the mature Aspl, and C-terminal extension. The C-terminal
regions were characterized by two repeated sequences, which showed high sequence
similarities with those of the C-terminal pro-regions from other known bacteria, such
as Alteromonas sp. (68), Xanthomonas campestris (37), Vibrio cholerae (22), Vibrio
" vulnificus (43) with 73 %, 61 %, 60.8 %, and 57% amino acid identity, respectively
(Fig. 4. 5). These proteases are produced the mature protein by processing the
C-terminal pro-regions, but strain A28 Aspl is thought to be excretéd havihg one of
the repeated sequence of C-terminal region. The functional domains of V.
vulnificus metalloprotcase were reported, and the C-terminal polypeptide is
suggested to be essential for efficient attachment to insoluble protein substrates (43).
It has been reported that Rarobacter faecitabidus produced an extracellular protease
with yeast-lytic activity (57). The R. faecitabidus protease was a chimera of a
serine protease on the NH2 —terminal side and a mannbse—binding domain with a
lectin-like affinity for mannose on the COOH-terminal side. When the
mannose-binding ddmain was truncated, the mutant protease showed normal
protease activity but failed to lyse yeast cells. The C-terminal region peptides of
Aspl may be mediate efficiency of association with the target substrate, S. costarum

cells.
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The aspl gene inactivated mutant strain, SP1, was isolated by insertion of
kanamycin resistance gene. SP1 showed reduction of extracellular protease activity
,cdmpared with the parental strain A28 but still produced extracellular protease(s).
When PMSF, serine protease inhibitor, and 7, /0-phenanthroline, metalloprotease
inhibitor, were added to culture supernatant of strain A28, the protease activities
were diminished 85% and 20% respectively. Strain A28 produced at least two
kinds of extracellular proteases including the serihe and metal proteases. Strain SP1
culture supernatant protease activity may be due to another serine proteasé, Aspll
and metalloprotease. The algicidal activity of SP1 culture supernatant was
dramatically decreased. This result makes clear that extracellular serine protease
- Aspl of A28 is the major algicidal substance and strain A28 is thought to produce

substance which responsible for the algicidal effect except for Aspl.
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Chapter 5.
" Cloning and Characterization of Algicidal

Metalloprotease Gene of Pseudoalteromonas sp.

Strain A28.
5.1 Introduction_

The culture supernatant of Pseudolateromonas sp. strain A28 had algicidél
activity.  Strain A28 produces an extracellular serine protease, which was
responsible for the algicidal activity of this marine bacterium. The purified
| algicidal protease, Aspl, was a serine protease and a monomeric protein with a

molecular mass of 50 kDa. Addition of PMSF, which is serine protease inhibitor,
| diminished algicidal activity of the A28 culture supernatant, however, it did not result
in a complete loss of algicidal activity. | Aspl inactivated mutant strain, SP1, was
isolated and detected the weak algicidal activity. These results suggest that
existence of algicidal substanée(s) but Aspl in A28 culture supernatant. Another
serine protease was also purified, named Aspll, which was not detected the algicidal
effect. Strain A28 secretes not only serine proteases but also metallopfdtease. When,
1, 10-phenanthroline, which is metalloprotease inhibitof, was added to culture
sﬁpematant of strain A28, the proteése activity was decreased 20 % of total activity.
This result prompted to search another extracellular protease, which has algicidal
activity other than A28 Aspl. This chapter is presented molecular cloning of the
metalloprotease encoding gene from Pseudolateromonas sp. strain A28 chromosomal

DNA. Cloned metalloprotease gene was sequenced, expressed in E. coli., and
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purified. Purified metalloprotease is characterized and investigated the algicidal

effects on S. costatum cells.

5.2 Materials and methods

5.2.1 Bacterial strains and plasmids

E. coli HB101 (1) was used for construction of the genomic library of
Pseudoalteromonas sp. strain A28. E. coli strains were grown at 37°C with shaking
in LB medium. Whenever necessary, ampicillin and kanamycin were added at final

coricentrations of 100 and 200 pgml™, respectively.

5.2.2 Construction of genomic library

Strain A28 genomic library was constructed by ligating 4- to 7-kb Sau3Al
partially digested DNA fragments to the BamHI site of calf intestine alkaline
phosphatase (Takara Shuzo, Tokyo) dephosphorylated pUC118 (70). The ligated
DNA fragments were used to transform host strain E. coli HB101. Transformants
were screened for protease activity by formation of clear zones around the colonies

on the LB agar plate containing 1% Bacto skim milk (Difco) and 100 pg ml”! Amp.

5.2.3 DNA manipulation and sequencing

‘Standard procedures were used for plasmid DNA preparations, restriction
enzyme digestions, ligation, transformations, agarose gel electréphorésis, and
Southern hybridization (51). The nucleotide sequence of both strands was
determined by the dideoxynucleotide sequencing method with single-stranded DNA
(52). Nucleotide and deduced amino acid sequences were analyzed and compared

with other known sequences in the GenBank library of DNA sequences by use of
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DNASIS programs (Hitachi Software Engineering, Kanagawa, Japan) and the
FASTA program (43). ’

5.2.4 Enzyme purification

HB101 [pPEMPO01.1] cultures were grde for 4 days at 305C in LB medium -
containing 200 pg ml™ of ampicillin, and the cells were harvested by centrifugation
at 6,500 X g for 15 min. The culture supernatant was filtered through a 0.45-um |
nitrocellulose membrane filter (Advantec Toyo, Tokyo) to remove any remaining
bacteria. The proteins were precipitated by adding solid ammonium sulfate to 80 %
~ saturation in the ice bath. The precipitate was redissolved in TM buffer (20mM
Tris-HCI (pH7.8), 2mM MgCl,) and dialyzed against TM buffer. The dialysate was
applied to an anion-exchange column (Poros HQ/M, 4.6 x 100mm; -PefSeptive
Biosystems Inc., Framingham, Mass.). The column was washed with TM buffer,
and proteins were eluted with a linear NaCl gradient of 0 to 1 M in TM buffer.
Fractions with high metal proteaSe activities were collected and dialyzed against
50mM phosphate buﬁ‘er (pH7.0) containing 1 M ammonium sulfate. The dialyzed |
sample was then loaded to a hydrophobic interaction column (Poros PH, 4.6 x 100
mm; PerSeptive Biosysytems Inc.) equilibrated with 50mM phosphate buffer (pH
~7.0) containing 1M ammonium sulfate. The column wés developed with a linear
gradient of 1 to 0 M aminonium sulfate. Active fractions were pooled and
- concentrated by ultrafiltration. Then, preparative native electrophoresis was
performed using a Mini Prep Cell (Bio-Rad) as described previously (13). Purity of
the protease was determined by electrophoresis on SDS polyacrylamide
electrophoresis (SDS-PAGE) gels. Protein bands were visualized by using the |
silver stain method. The N-terminal amino acid sequence was determined with a

Precise protein sequencing system (Applied Biosystems, Foster City, Calf)
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5.2.5 Enzyme assays

To assess protease activity, a reaction mixture (0.5 ml) containing 10mg of
Azocasein (Sigma) and enzyme solution appropriately diluted in TM buffer (20 mM
Tris-HC1 (pH7.8), 2 mM MgClz), was incubated at 30°Cfor 30 min. One unit of
protease activity was defined as the amount of enzyme that caused an increment of
one absorbance unit per hour. In addition, protease activity of separated proteins in
a SDS-polyacrylamide gel was detected by co-polymerizing 0.5% skim milk in the
polyacrylamide matrix. After electrophoresis, the gel was seaked in 2.5% Triton
X-100 for 30min at 4 °C, incubated at 37 °C for 1h in TM buffer, and then fixed and
stained with 0.75% Brilliant Blue R in ethanol-aceﬁc acid-water (2:1:7, v/v/v). After
the gel was destained with the same solution without the dye, protease actiyity was
detected by measuring zones of clearing in the SDS-skim milk-polyacrylamide gel.
The algicidal activity of pretease was determined by a paper disk assay. Algicidal
activity was assessed by the presence of clear zones around the paper disks.

Effect of protease inhibitors were measured by using phenylmethylsulfonyl
fluoride (PMSF; Sigma), diisopropylphosphoro fluoridate (DFP; Katayama, Osaka),
1,10-phenanthroline (Sigma), EDTA (Sigma), tetracthylenepentamine, and ethylene
glycol bis (S -aminoethylesther)-N, N, N', N'-tetraacetic acid (EGTA; Sigma). The
mixture of each protease inhibitor and enzyme solﬁtion appropriately diluted in
250mM Tris-HCI (pH7.8) was incubated at 20 °C for 30 min before Azocasein was
added. \
| The pH effect of protease activity was determined by using 50 mM acetate
buffer ét pHs of 4.6 and 5.0, 50 mM phosphate buffer at pHs of 6.0 and 7.0, and 50
mM Tris buffer at pHs of 7.8, 8.6, 9.4 and 10.6. Protease activity was measured at
30°C. For, temperature effect testing, the purified protein activity was measured
various temperatures at 4, 10, 20, 30, 40, 50, 60, 80°C. Protease activity was

assessed by the method described above.
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5.3 Results

5.3.1 Cloning of the Pseudoalteromonas sp. strain A28

‘metalloprotease gene

Strain A28 genomic library was constructed in E. coli HB101 using the plasmid
vector pUC118. Transformants were screened for protease activity by selection on
LB agar plates containing 1% Bacto skim‘ milk (Diféo) and 100 ug ml™ Amp. From
a screen of approx. 30,000 colonies, three clones were selected which exhibited
zones of clearing. Plasmid DNA was isolated from each of the three clones and
characterized by restriction enzyme analysis. All of the recombinant plasmids were
shown to contain overlapping DNA insert fragments. A single plasmid (pPEMPO1)
was selected for further analysis. The genomic origin of the pPEMOl insert was
confirmed by Southern blot analysis of A28 chromosomal DNA. A map of pPEMP01
was constructed and showed that the piasmid contained 5.2-kb of A28 chromosomal
DNA. The 5.2-kb insert of pPEMP01 was digested with various restriction
~ enzymes, and the fragments were subcloned into pUC118 to make pPEMPO1.1,
pPEMPO01.2, and pPEMP01.3 (Fig. 5.1).‘ When E. coli HB101 cells were
transformed with pPEMPOl‘.l, the transformant formed a clear zone on LB agar plate
supplemented with Bacto milk and ampicillin.  Neither E. coli HB101
[pPEMPOl.Z] nor E. coli HB101 [pPEMP01.3] showed ‘proteolytic activity. Thus,
the gene encoding the protease was localized to a 2.8-kb Sau3AI-Pstl fragment of
pPEMPOl. The protease-encoding gene, encoded for a putative protein of 731
amino acids with a molecular weight of 77,784. The N-terminal amino écid
sequence of the purified A28 Aspl, previously determined by protein sequencing,
was not find in the deduced amino acid sequence protease gene was localized within

a 2.8-kb Sau3 AI-Pstl fragment of pPPEMPO1.
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Fig. 4.7. Comparison of culture supernatant strain A28 and the Aspl-inactivated

mutant SP1. Protease activity of overnight culture supernatants were measured
as azocasein hydrolytic activity.

Fig. 4.8. Detection of culture supernatant algicidal activity of strain
A28 and Aspl-inactivated strain SP1. The overnight cultures were
added on the S. costatum lawn. a, strain A28 (20 _1); b, SPI (20 1)



5.3.2 DNA sequence analysis

Nucleotide sequence analysis of the pPPEMPO1.1 insert revealed that the 2.8-kb
Sau3Al-Pstl fragment contained an open reading frame (ORF)‘, which was
designated of the empl gene. A computer-assisted sequénce similarity seafch
revealed substantial similarity (51.8% identity in a 498-amino-acid overlap) between
Empl and the Pseudomonas aeruginosa elastase precursor (16).v Elastase is a zinc
metalloprotease mediates tissue destruction during Pseudomonas infection (23). P,
aeruginosa elastase is initially translated as a 498 amino acid polypeptide and
processed during export to a mature polypeptide of 301 amino acids. A 304 amino
acid Empl protein commencing with Ala-207 showed 61.2% identity with the rﬁature
P. aeruginosa elastase. The putative protein also had 62.5, 63.0, and 64.4% amino
acid identity with the Vibrio cholerae HA/protease (8) the ¥ vulnificus metal
protease (7), and the V. proteolyticus vibriolysin (9), respectively. The crystal
structure of the P. aeruginosa elastase has been established (67) and the zinc-binding
sites, the calcium-binding sites and the active sites have been detefmined. All of
the sites were conserved in the Empl protein (Fig. 5.2A). The deduced C-terminal
amino acid sequence of EmpI exhibits significant similarity to the C-terminal of
alkaline serine protease I of the marine bacterium Alteromonas sp. strain O-7 which
undergoes C-terminal processing (68). The C-terminal 219 amino acids of alkaline

serine protease I and Empl share 48.4 % amino acid identity (Fig. 5.2B).

5.3.3 Purification and characterization of metalloprotease

To further characterize the protease encoded by the empl gehe, the protease was
purified to homogeneity from the culture supernatant of HB101 [pPEMPO01.1] by ion
exchange and hydrophobic interaction chromatography, followed by preparative gel

electrophoresis (Table 5.1). The N-terminal amino acid sequence of the purified
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Fig. 5.3. SDS-PAGE analysis of purified Empl from E.coli. Protein pooled from the
purification step of preparative native-protein gel electrophoresis was subjected to
electrophoresis and silver stained. Lane 1, molecular mass markers; lane 2, purified

Empl (2 pg)

Fig. 5.4. Detection of Algicidal activity of Empl. Zones of clearing around paper disks
indicate the lysis of the diatom S. costatum incubated for 24hr. a : preparative native-
protein gel electrophoresis buffer (20 pl), b: Empl rich fraction from preparative
native-protein gel electrophoresis (0.16 U of protease activity), ¢ : Empl rich fraction
from preparative native-protein gel electrophoresis (0.32 U of protease activity).



protein was Ala-Ser-Ala-Thr-Gly-Pro-Gly-Gly-Asn-Leu-Lys, which cofresponds to
the amino acid sequence from position 207 to 217 (Fig. 5.2A). By means of
SDS-PAGE, the molecular mass of the Empl protease was estimated as 38kDa. (Fig.
5.3) Since the molecular weight of the Empl protease was also estimated as 38kDa
by gel filtration, the Empl protease should be monomer. Paper disk assays
confirmed that the purified protease, Empl, had algicidal effects on S. costatum (Fig.
5.4). |

Inhibition experiments of the purified protease were performed with possible
inhibitors. ~ I,10-phenanthroline, which is inhibitor of metalloprotease, severeiy
inhibited the activity of the protease (Table 5.2). No significant inhibition was
~ detected with the serine protease inhibitors including PMSF and DFP. These results
suggest that the purified protease is a metalloprotease.

' - To investigate whether strain A28 produces Empl protéase or not, extracelluar
supernatant of A28 was analyzed us{i‘ngy SDS-skim milk-PAGE gels (Fig. 5.5). Five
major bands (117, 75,-59, 50, and 47 kDa) and three minor bands (130, 64, 38 kDa)
of protease activity were present in the supernatant fraction. When extracelluar
supernatant was treated with 1mM PMSF before électrOphoresis, the major bands of
protease activity disappeared. In the previous chapter described the presence of two
serine protease, Aspl, and Aspll in extracelluar supernatant of A2'8'. ~Aspl had a
molecular mass of 50 kDa and Aspll, which did not show any algicidal activity, had a
molecular mass of 75 kDa. Therefore, the 50 kDa and 75 kDa bands, which were
sensitive to PMSF, were supposed to correspond to Aspl and Aspll. The 38 kDa ‘
* band co-migrated with the purified Empl protease. These results suggest that the 38
kDa band in extracelluar supernatant corresponds to the Empl protease. The 38
kDa band was resistant to PMSF, while this band was not detectéd in ‘extracelluar
supernatant after treated with 1, /0-phenanthroline. These results suggest that the 38

kDa band in extracelluar supernatant of A28 corresponds to Empl.
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Tablg S. 1. Purification of Metalloprotease from the Culture Supernatant of E. coli HB101 [PPEMPO01.1]

- - Total Total Specific L B
Sample analyzed protein activity activity Purification Ylgld
mg units units/mg Jold %
Supernatant 60.84 448 7 1 100
Salted-out 2075 155 7.5 1.07 34
Anioh-exchange column 4.10 103 258 3.57 23

Hydrophobic column (.39 19 48 6.85 4
Preparative electrophoresis 0.11 7.2 66 | 9.4 1.6




Table 5.2. Inhibitor effects on the protease activity of the purified Empl

Compound (conc) Relative activity (%)
None | 100
EDTA (1mM) 52
EGTA (1mM) 33
1,10-phenantroline (1mM) 3
tetraethylenepentamine (lmM) 78
PMSF (1ImM) 110

DFP (ImM) 115
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116.2
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Fig. 5.5. Proteolytic Analysis of the Extracelluar Supernatant Proteins from Strain A28 and Purified Empl. Protease
with SDS-Skim Milk-PAGE. SDS-skim milk-PAGE gels were stained after removal of SDS by soaking in Triton X-
100 then incubated in 50mM Tris-HCI buffer (pH7.8) (A) and in 50mM Tris-HCl buffer (pH7.8) with SmM 1,10-
phenanthroline. (B) respectively. Lane 1, extracelluar supernatant of A28; lane 2, extracelluar supernatant of A28
treated with 1mM PMSF before electrophoresis; lane 3, purified Empl protease. Arrow indicates purified Empl
protease activity.



5.4 Conclusion and discussions

Pseudoalteormonas sp. strain A28 showed culture supernatant proteases
activities produced two kinds of extracelluar proteases, serine and metal proteases by
the investigation of protease inhibitors. The protease activity of the A28 culture
supernatant was inhibited by PMSF and 1, 10-phenanthroline, about 85% and 20% of
protease activity were vanished respectively. When both inhibitors PMSF and
~ 1,10-phenanthroline were added A28 culture supemétant at the same time, protease
activity disappeared. Previdusly purified algic‘i'dal product from A28 culture
supernatant, which is a serine protease designated Aspl. In this chapter
demonstrated cloning of the metalloprotease gene empl then expressed in E. coli and
- purified. Aspl, which was shown to be responsible fér the algicidal activity of this
marine bacterium, is a serine protease. The N-terminal amino acid sequence of
Aspl was not found in the deduced amino acid sequence of the empl géne.
Therefore, Empl is an algicidal protease distinct from Aspl.

Both purified proteases Aspl and Empl degraded azocasein, but no elastolytic
activity was detected with elastin Congo red substrate. The C-terminal pro-region
amino acid sequence oqumpI was showed 44% identity with Aspl C-terminal region.
Whereas Aspl was produced into extracellular fraction with that C-terminal region,
C-terminal region of Empl was thought to be processed by the molecular weight of
38 kDa at SDS-PAGE analysis >and zymogram analysis.  The purified
metalloprotease, Empl showed algicidal activity when supplied paper disk on the S.
costatum lawn but Empl needs twofold protease unit, which is correspond to 6.2 fold
protein concentration of Aspl to show algicidal activity. This may suggest that
Empl had substrate specificities different frorh those of Aspl. Alternatively, they
may have different affinities for S. costatum cells. The affinity of the protease for

algal cells should be of importance for causing the algicidal effects.
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Chapter 6.

Conclusions and Future Scope

In this study, algicidal mechanism of algicidal marine bacterium was
investigated by genetic and biochemical approaches. The marine bacterium
Pseudoalteromonas sp. strain A28 is able to kill the diatom Skeletonema costatum
NIES-324. The important results of this study as follows. These results may be
useful to understand the algicidal mechanism of bacteria, which would assist to
understand the interactions of algal blooms and the bacteria. |

Strain A28 prodﬁced extracellular algicidal sﬁbstance, which is heat sensitive
and a molecular mass of over than 10,000-M,,. The culture supernatant of A28 was
fourld to have protease and DNase activities. The algicidal marine bacteria can
generally be divided into two groﬁps by their algicidal mechanisms. The first group,
directly attacks and lyses target algal cells after cell-to-cell attachment, and the
second group produces 'and& excretes algicidal substances to kill algal cells. Strain
A28 did not need to cell-to-cell contact to kill algal cells. _

Algicidal substance of strain A28 was purified. The extracellular serine
4 protease, Aspl had a molecular weight of 50 kDa. Another extracellular serine
protease of A28, Aspll was also purified but algicidal activity was not detected.
Commercially avabile proteases such as trypsin, pepsin, subtilisin, and pronase did
not showed algicidal effects. The algicidal substance, Aspl was thought to have not |
only protease activity bﬁt also have any function need to exhibit algicidal activity.

Aspl was a major algicidal product of strain A28 culture supernatant. Molecular
cloning and sequencing of asp/ gerle was performed. Then, ‘AspI-inactivated
mutant strain, SP1 was constructed by the Km' gene integration into the Aspl
sequences on the chromosomal DNA of strain A28. The culture supernatant of SP1 |

showed dramatically reduced algicidal activity. This result suggested that Aspl is a
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main algicidal substance in the culture supernatnat of A28. '

Strain A28 produced extracelluar sefihe proteases and also, metalloprotease into
culture fractions. Addition of PMSF whi‘clh is serine protease inhibitor, diminished |
algicidal activity of the A28 culture supernatant, however, it did not result in a
complete loss of algicidal activity. The protéase activity of strain A28 culture
supernatant was inhibited by PMSF and /,/0-phenantroline which is metalloprotease
inhibitor, about 85% and 20% of protease activity were vanished respectively.

Metalloprotease gene of strain A28 was cloned, sequenced, and expressed in E.
coli. Purified metalloprotease, Empl showed algicidal acitivity. Empl needs
twofold protease unit, which is correspond to 6.2 fold protein concentration of Aspl
to show algicidal activity. This may suggest fhat Empl had substrate specificity
different from those of Aspl. Alternatively, they may have different affinities for S.
costatum cells. | The affinity of the protease for algal cells should be important 'fof
causing the algicidal effects. Empl was a minor protease in the extracellular
proteases of strain A28. |

In this study, algicidal effects of algici&al'maﬁne bacterium Pseudoalteromonas
sp. strain A28 was investigated. The culture supernatnat of strain A28 had algicidal
activity. The major algicidal substance of srtain A28 was puﬁfed and identifed.
The purified algicidal substance extracellular serine protease. iThe serine protease is
thought to have affinity for algal cells and/or substrate speciﬁéity to exhibit algicidal -
activity. Affinity and substrate specificity of algicidal substance to algal cells may
be important boint to understaning of élgicidal activity. And analysis of fuctional
structure of algicidal substance will be needed to clarify the algicidal mechanism.

As shown fesults of this study, the identified and purified algicidal substances
from strain A28 will be further useful for understanding relationships of bacteria and

algal cells in marin ecosystem.
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