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Abstract
strains were isolated from each part of the intestine of the
deep-sea holothurian collected at 32°30'N, 129°09'E
(southeast of Fukue Island, Nagasaki, Japan) and water
depth of 236 m in November 2010. The temperature of
seawater at the water depth of the sampling point was

Ninety-two aerobic culturable bacterial

estimated to be ca.13-14°C from data in Japan
Meteorological Agency. By partial 16S rRNA gene
sequences of the isolates, the isolates belonged to 45
nearest type strain species (below, referred to as species).
High diversity was observed in the genera Bacillus (21
species) and Vibrio (6 species). The bacterial diversity
was similar among three parts, i.e. anterior, mid and
posterior parts of the intestine and 14 species were
detected in multiple parts of the intestine. Most isolates
showed various polysaccharide degradation activities but
few isolates showed alginate or agar degradation
activities probably because there were no seaweeds
containing alginate or agar in this deep-sea. Comparing
the functions and properties of several species in three
parts, the posterior part was likely to be different from
the anterior or mid parts.

aerobic culturable bacteria;

Key words: deep-sea

holothurian; diversity; function; 16S rRNA gene

Introduction

Deep-sea is one of unexplored regions even today.
Holothurians (~1430 species) are found on various sea
floors from deep sea floors to intertidal areas *%.
Holothurians belong to phylum Echinodermata and their

diet is detritus such as organic matter, microalgae, and
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bacteria®”'V.

Gut bacteria play an important role in digestion of diets.
Studies on bacteria associated with Holothurians were
reported only for Holothuria atra'® and Molpadia
musculus"?. Ward-Rainey et al. reported partial aerobic
bacterial flora of Holothuria atra.'® In their report, only
23 isolates were characterized by 16S rRNA gene
sequences analysis (the first 300 nucleotides) and they
were affiliated to the genera Vibrio and Bacillus. On the
other hands, Amaro et al. used non-culturing methods to
analyze bacterial community of abyssal holothurian,
Molpadia musculus.” Their results suggested that the gut
bacterial composition was similar to that of the organic
of Cytophaga-
Flavobacteria-Bacteroides (CFB) group dominated in the

matter-rich  sediments. Members
bacterial community”. Recently, they also found that ca.
82% of total bacterial OTUs (Operational Taxonomic
Unit) were common between the gut contents and the
surrounding sediments”. Enomoto et al. also reported
recently that y-Proteobacteria members were mainly
isolated as culturable bacteria from the intestine of
2 the

Jjaponicus™. molecular
techniques, they also found that Proteobacteria members

Apostichopus Using
were main metabolically active microbial populations in
the intestine of Apostichopus japonicus.

Gut microorganisms play an important role in digestion
of diets, but the diversity and function of aerobic
culturable bacteria in the intestine of the deep-sea
holothurian are still unclear.

In this report, we isolated ninety-two aerobic culturable
bacterial strains from each part of the intestine of the
deep-sea holothurian collected at the southeast of Fukue



Island, Nagasaki, Japan, water depth of 236 m and in
November 2010. We found that the aerobic culturable
isolates belonged to 45 nearest type strain species (below,
referred to as species). The bacterial diversity was
similar among three parts, i.e. anterior, mid and posterior
parts of the intestine. Most isolates showed various
polysaccharide degradation activities but few isolates
showed alginate or agar degradation activities probably
because there were no seaweeds in deep-sea. On the
other hand, when we compared the functions and
properties of several species in three parts, the posterior
part was likely to be different from the anterior or mid
parts. Maybe the posterior part was related to the
digestion of polysaccharides or high salt environment.

Materials and Methods

Sample collection and dissection

Deep-sea holothurian specimen was collected at
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southeast of Fukue Island, Nagasaki, Japan (32°30'N,
129°09'E), at a water depth of 236 m in November 21,
2010 (Fig.1). The temperature of seawater at the water
depth of the sampling point was estimated to be
ca.13-14 °C from data in Japan Meteorological Agency.
The specimen was kept in icebox and aseptically
dissected in our laboratory in November 24, 2010.
Whole intestine was excised from the animal body
aseptically wusing sterilized instruments. Fraction of
intestine was carried out according to Shimizu et al. ¥
The intact intestine was divided into three parts, the
anterior part (0.71g), the mid part (0.88g) and the
posterior part (1.80g) (Fig. 2). To isolate bacteria from
both intestinal wall and contents, 1 ml of saline was
added to each part and each part was crushed and mixed
enough. Each suspension thus obtained was used for
isolation of bacteria and 50 1 of the each suspension
was spread on plates.

Fig.1 Map of sampling site (arrow) and environmental conditions.
Sampling point : 32°30'N, 129°09’E (Southeast of Fukue Island, Nagasaki, Japan) Water depth: 236 m, Sampling data:
November 21, 2010, Temperature of water depth 200 m : ca.13-14°C, Sea surface temperature: ca. 21-22°C (Data from

Japan Meteorological Agency)

Growth media

Luria-Bertani medium (LB) and Horikoshi medium
were used basically. But NaCl concentration was 3.5%
instead of 1%. Polysaccharides such as carboxymethyl
cellulose sodium salt (CMC) (Wako pure chemicals,
Osaka, Japan), xylan (Sigma), sodium alginate (Wako
pure chemicals, Osaka, Japan) and soluble starch (nacalai
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tesque, Kyoto, Japan) were added to Horikoshi medium
as carbon sources (final concentration 1%).

LB solid medium (pH 7) contained 1% tryptone (Difco),
0.5% yeast extract (Difco), 3.5% NaCl, and 1.5 % agar
(Wako pure chemicals, Osaka, Japan). Horikoshi solid
medium (pH 7) contained 1% polysaccharide, 0.5%
peptone (BD), 0.5% yeast extract, 0.1% KH,POy, 0.02%



MgS0,4+7H,0, 3.5% NaCl, and 2% agar. Sodium alginate
solid medium contained 2.5% agar. For 10% NaCl media,
NaCl concentration of growth media was 10% instead of
3.5%.

For alkaline Na,CO;
separately) was added to neutral agar medium (final pH:
pH10.3-10.5). Na,CO; concentration of alkaline plate

was 1%.

agar plates, (autoclaved

Isolation of bacteria
Fifty
agar plates without enrichment culture. High salt

1 of the gut suspensions was directly plated on

concentration or high pH were used for isolation
conditions to isolate various bacteria because marine
water is semi-alkaline pH and contains 3.5% NaCl.
Seventeen different media were prepared by combination
of pH, NaCl concentration and carbon source (Table 1).
The plates were incubated at 30 °C aerobically for two
weeks to obtain slowly growing bacteria. Bacteria were
isolated from each plate, purified and stored in slants for
further analysis.

Physiological and biochemical characteristics of
isolates

Polysaccharide degradation activities were detected by
plate methods using CMC, xylan, alginate, starch or agar
as substrate. The following plates were prepared for
detection of enzyme activities.
1. Neutral agar plates
1-1. Horikoshi
containing 1% potato starch instead of soluble starch was

Amylase detection: agar medium
used for amylase detection. Amylase-producing colony

showed turbid halo around a colony.
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1-2. Cellulase detection: Basic neutral agar medium for
cellulase detection contained 0.1% CMC, 3.7% marine
broth, 0.6% MgCl, - 6H,0, 1.5% agar, 1.6% NaCl,
0.0015% congo-red, adjust pH to 7.0 with 1N NaOH.
Clear zone around a colony suggested cellulase activity.
1-3. Alginate lyase detection: The basic neutral agar
medium for alginate lyase detection, contained 1%
sodium alginate, 3% NaCl, 0.07% KCI, 0.26% MgSO,,
0.5% MgCl,, 0.1% CaSOy, 0.5% peptone, 0.01% ferric
phosphate, 0.1% yeast extract, 2% agar; adjust the pH to
7.0 with 1N NaOH. After two weeks’ incubation at 30 °C,
70% ethanol was filled into plates. A clear zone around
the colony indicated the presence of alginate lyase.
Horikoshi
containing 1% xylan was used for xylanase detection.

1-4. Xylanase detection: agar medium
Xylanase-producing colony showed clear zone around a
colony.

1-5. Agarase detection: Horikoshi agar medium without
polysaccharide was wused for agarase detection.
Agarase-producing colony showed dent around a colony.
2. Alkaline agar plates

For alkaline agar plates, Na,CO; (autoclaved separately)
added to neutral agar medium (final pH:
pH10.3-10.5). Na,CO; concentration of alkaline plate

was 1%.

was

All isolates were tested for salt tolerance: 0%, 3.5%,
10%, 15%, 20%, 25% NaCl (w/v), pH tolerance (pH7
and pH10) and effect of oxygen.

Anaerobic growth was examined using gaspak
(COSMO BIO) at 30 °C for two weeks, and then growth
condition was changed to the aerobic condition at 30°C
for two weeks. The isolates were assigned to three
groups, facultative anaerobic bacteria (FA), anaerobic
tolerant bacteria (AT) and aerobic bacteria (A).
Facultative anaerobic bacteria form colony in both
aerobic and anaerobic cultivation. Anaerobic tolerant
bacteria do not form colony in anaerobic condition for
two weeks but form colony in aerobic cultivation after
the anaerobic cultivation. Aerobic bacteria do not form
colony in anaerobic condition for two weeks and also do
not form colony in aerobic cultivation after the anaerobic
cultivation. Growth ability at various conditions of
salinity or pH was measured at 30 °C for two weeks. The
isolates were divided into two groups by effect of pH on
growth, neutrophilic bacteria (NE) that grew only at pH7,
and alkaliphilic/alkali-tolerant bacteria (ALK) that grew
both at pH 7 and pH10.



Molecular identification of the isolates

Partial analysis of 16S ribosomal RNA (rRNA) gene of
the isolates was carried out. The 16S rRNA gene was
amplified using bacterial primers 27f
(5’-AGAGTTTGATCCTGGCTCAG-3’) and 1492r
(5’-GGTTACCTT GTTACGACTT-3") and the purified
PCR product was sequenced with dideoxynucleotide
chain-termination method using 3130 or 3730 DNA
sequencer (Applied Biosystems). Primers 27F, 520R
(5’-ACCGCGGCT GCTGGC-3") and 907R
(5’-CCGTCAATTCMTTTRAGTTT-3") were used in
gene sequencing reactions. Sequences of the partial 16S
rRNA genes
Sequencher

assembled and
4.10.1 demo, Codes
MacVector 10.0.2).
Nucleotide sequences of the partial 16S rRNA genes
GenBank/EMBL/DDBJ
databases under accession numbers AB741781 through
AB741873 except AB741857 (Supplementary Table 1).
The partial 16S rRNA gene sequences were compared
with other sequences in DDBJ database using BLAST
program and compared with type strain sequences in

were edited using

(version Gene

Corporation)  and (version

have been submitted to

Ribosomal database project (RDP). Each isolate was
assigned to nearest type strain species (Supplementary
Table 1). When isolate showed more than 97% identities
with some type strain sequences, the isolate was assigned
to nearest type strain species (below, referred to as
species). When isolate showed less than 97% identities
with any type strain sequences, the isolate was assigned
to the tentative nearest type strain species (below,
referred to as tentative species).

Results

Isolation of bacteria

Fig.2 shows photographs of the deep-sea holothurian
and its dissection (C), including anterior intestine (1),
mid intestine (2), posterior intestine (3), Polian vesicle
(4) and respiratory trees (5). But Cuvierian tubules were
not detected in the specimen. The each intestine
suspension was directly plated on agar plates and
used. Table 1
summarized number of the isolates obtained by different

seventeen isolation media were
cultural conditions. The intact intestine was divided into
three parts, the anterior part, the mid part and the
posterior part. The each part was crushed and mixed
enough and the suspensions thus obtained were used for
isolation of bacteria. Number of colony forming units
(cfu) per g of the anterior, mid and posterior parts were
1.4X10* cfu/g, 0.6X10* cfu/g and 0.58 X 10* cfu/g in
LB medium, respectively. Similar cfu numbers were
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obtained in Horikoshi media (pH7), but lower cfu
numbers in the alkaline Horikoshi media (ca. pH10.3).
Twenty-four, 33 and 35 isolates were obtained from the
anterior, mid and posterior suspensions, respectively. In
total, 92 isolates were purified and analyzed further.

Fig. 2 Photographs of the deep-sea holothurian (dorsal
side A, ventral side B) and its dissection (C), including
anterior intestine (1), mid intestine (2), posterior intestine
(3), Polian vesicle (4) and respiratory trees (5). Cuvierian
tubules were not detected in the sample.

Phylogenic analysis of bacterial isolates

The partial 16S rRNA gene sequences were done and
compared with other sequences in DDBJ database using
BLAST program and compared with the type strain
sequences in Ribosomal database project (RDP). Table 2
summarized the species/the tentative species of the
isolates as determined via BLAST (Supplementary Table
1). By partial 16S rRNA gene sequences of the isolates,
the isolates belonged to 45 species. Fourteen species
were detected in multiple locations of three parts, i.e.
anterior, mid and posterior parts of the intestine. The
isolates belonged to the phyla Firmicutes (33 species)
and Proteobacteria (12 species) (Table 2). Among 33
species of the phylum Firmicutes, 21 species belonged to
the family Bacillaceae 1, the genus Bacillus. Ten species
belonged to the family Bacillaceae 2, the genera
Halobacillus,
Thalassobacillus and Virgibacillus. Twelve species of the

Gracilibacillus, Oceanobacillus,



phylum Proteobacteria belonged to the genera Vibrio,

Halomonas,  Photobacterium,  Pseudomonas  and

Marinobacter. Among them, high diversity was found in
the genera Bacillus and Vibrio. The closest relatives of

these isolates were observed in various sea environments.

The bacterial diversity was similar among three parts, i.e.
anterior, mid and posterior parts of the intestine (Fig.3)
and 14 species (indicated by star in Table 2) were
detected in multiple parts of the intestine. But, the
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number of species belonged to the family Bacillaceae 2
decreased in the posterior part of the intestine compared
with those in the anterior or mid parts of the intestine
(Fig.3).

Three isolates (isolate no. C214, C254 and C271)
showed less than 97% identities with any type strain
sequences. The isolates were assigned to the tentative
species. (Supplementary Table 1).
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Fig.3 Number of the species of isolates in each part of the intestine

The species were divided into five groups: the family Bacillaceae 1 (gray box), the family Bacillaceae 2 (vertical

stripes), the family Planococcaceae (dotted box), the family Staphylococcaceae (black box) and the order

y-Proteobacteria (diagonal stripes box). Fig.3 was summarized from Supplementary Tables 1.

Polysaccharide degradation ability of isolates
the
polysaccharides degradation ability and degraded one or
more substrates (S, CMC, AL and XL). Twenty-eight, 12,
3 and 12 species showed amylase activity, cellulase

Many isolates from specimen  showed

activity, alginate lyase activity and xylanase activity,
respectively (Fig.4, Supplementary Table 1). No agarase
activity was observed in all isolates.

Amylase producing isolates were mainly affiliated with
the genus Bacillus (15 species). Twelve species such as
Bacillus horikoshii, B. hunanensis, B. licheniformis, B.
B. Halobacillus
kuroshimensis, H. trueperi, Photobacterium rosenbergii,

megaterium, vietnamensis,
Pseudomonas cedrina, P. libanensis, Vibrio pomeroyi,
and V. rotiferianus were found in multiple locations of
three parts, i.e. anterior, mid and posterior parts of the
intestine.

Most cellulase positive isolates belonged to the genera
Bacillus (5 species) and Vibrio (4species). Three species
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such as Jeotgalibacillus campisalis, Vibrio pomeroyi and
V. rotiferianus were found in multiple locations. Only 3
isolates producing alginate-lyase were affiliated with
Gracilibacillus dipsosauri, Pseudomonas synxantha and
Vibrio agarivorans. All isolates producing xylanase were
most closely related to the genera Bacillus (9 species)
3 One
Pseudomonas libanensis was found in multiple locations.

and  Pseudomonas species). species,

Several species showed multiple polysaccharides
degradation activities. On the other hand, 11 species had
no polysaccharides degradation ability and 7 species of
them in the anterior or mid parts of the intestine
belonged to the family Bacillaceae 2 but the number of
them decreased in the posterior part of the intestine
(Fig.4). It was observed that in the posterior part, the
number of xylan degrading species related to the family
Bacilliaceae 1 increased and the number of starch
degrading species related to the order y-Proteobacteria

also increased (Fig.4).
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Fig.4 Number of the species of isolates degrading various polysaccharides

The species were divided into five groups as shown in Fig.3. S, CMC, AL, XL and None indicated starch degradation

activity (S), CMC degradation activity (CMC), alginate degradation activity (AL), xylan degradation activity (XL) and

no degradation activity (None), respectively. No isolates showed agarase activity. Fig.4 was summarized from

Supplementary Tables 1.

Physiological characteristics of the isolates

Fig.5 and Supplementary Table 1 showed effect of
anaerobic condition for growth of the isolates. The
isolates were divided into three groups, facultative
anaerobic bacteria (FA), anaerobic tolerant bacteria (AT)
and aerobic bacteria (A). Twenty-five FA species were
mainly affiliated with the phylum Proteobacteria and the
family Bacillaceae 1. Six species such as Bacillus
licheniformis, Photobacterium rosenbergii,
Pseudomonas cedrina, P. libanensis, Vibrio pomeroyi

and V. rotiferianus were found in multiple locations.

Thirty AT species were mainly affiliated to the genera
Bacillus (16 species), Gracilibacillus, Halobacillus,
Oceanobacillus and Virgibacillus. Only one aerobic (A)
species, Halobacillus kuroshimensis was found in
multiple locations. The species belonging to the family
Bacillaceae 2 were mainly affiliated to AT group and
species belonging to the family Bacillaceac 1 were
mainly affiliated to FA or AT groups (Fig.5). The species
belonging to the phylum Proteobacteria were mainly
affiliated to FA group (Fig.5).

Fig.5 Number of the species of isolates classified by effect of oxygen on the growth

The species were divided into five groups as shown in Fig.3. Facultative anaerobic bacteria (FA) form colony in both

aerobic and anaerobic cultivation. Anaerobic tolerant bacteria (AT) do not form colony in anaerobic condition for two

weeks but form colony in aerobic cultivation after the anaerobic cultivation. Aerobic bacteria (A) do not form colony in

anaerobic condition for two weeks and also do not form colony in aerobic cultivation after the anaerobic cultivation.

Fig.5 was summarized from Supplementary Tables 1.



High salt concentration or high pH were used for
isolation conditions to isolate various bacteria because
marine water is semi-alkaline pH and contains 3.5%
NaCl. Salinity tolerance of the isolates was examined
(Fig.6, and Supplementary Table 1; JISE Web site). The
Halobacillus
kuroshimensis and Bacillus clausii showed the highest

isolates most closely related to
salt tolerance (25 % NaCl) and some strains were able to
grow in absent of NaCl. Twelve species were halophilic
(20-25% NaCl conc.) and mainly belonged to the family
Bacillaceae 2, the genera Halobacillus, Virgibacillus and
Thirty-two

halophilic (10-) and 18 species belonged to the family

Oceanobacillus. species were moderate
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Bacillaceae 1, the genus Bacillus and 9 species belonged
to y-proteobacteria such as the genera Pseudomonas,
Vibrio and Photobacterium.Seven species were slight
halophiles (3.5% NaCl) belonged to the genera Vibrio,
Photobacterium, Jeotgalibacillus Bacillus. It appears that
the species belonging to the family Bacillaceae 2 are
most salt-tolerant (more than 20% NaCl) and those
belonging to the phylum Proteobacteria or the family
Bacillaceae 1 were moderate halophilic (10-) (Fig.6). It
was observed that number of species related to slight
halophiles (3.5%) decreased in the posterior part
compared with those in other parts.

Fig.6 Number of the species of isolates classified by effect of NaCl concentration on the growth

The species were divided into five groups as shown in Fig.3. Fig.6 was summarized from Supplementary Tables 1.

All isolates were examined for growth responses to pH
shift (pH7—-pH10 pH10—pH7. All
alkaliphilic/alkali-tolerant strains isolated from alkali

or

medium were able to grow at pH 7, while half of species
isolated from pH 7 were able to grow at pH 10. Nineteen
species were the neutrophilic species (NE) growing only
at pH7. Eleven species were affiliated with the genus
Bacillus.

Discussion

In this report, we isolated aerobic culturable bacteria
from each part of the gut of deep-sea holothurian using
different culture conditions. The deep-sea holothurian
was collected at southeast of Fukue Island, Nagasaki,
Japan (32°30'N, 129°09’E), at a water depth of 236 m in
November 21, 2010. Ninety-two aerobic culturable
bacterial strains were isolated from each part of the
intestine of deep-sea holothurian. By partial 16S rRNA
gene sequences of the isolates, the isolates belonged to
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45 species. The bacterial diversity was similar among
three parts, i.e. anterior, mid and posterior parts of the
intestine and 14 species were detected in multiple parts
of the intestine. But, the number of species belonged to
the family Bacillaceae 2 decreased in the posterior part
of the intestine compared with those in the anterior or
mid parts of the intestine. (We will discuss this later.)

As shown in Table2, the isolates belonged to the phyla
Firmicutes (33 species) and Proteobacteria (12 species).
Among 33 species of the phylum Firmicutes, 21 species
belonged to the family Bacillaceae 1, the genus Bacillus.
Recently, Enomoto et al. reported that Proteobacteria
members were mainly isolated as culturable bacteria
from the intestine of Apostichopus japonicus®. These
results suggested that the sea environments such as deep
sea or intertidal areas maybe affected diversity of aerobic
culturable bacteria.

Detritus is organic materials and is used as a source of
for detritus  feeders”. Most

nutrient important



components of detritus are recalcitrant polysaccharides
and bacteria are the main decomposers that degrade these
materials. Therefore, we analyzed polysaccharide
degradation of the isolates. We found that many isolates
showed various polysaccharide degradation activities.
High diversity was observed in starch degradation
isolates, suggesting the large amount storage of starch in
detritus, for example algae. But, there were few isolates
showing alginate or agar degradation activities probably
because deep-sea was not suitable areca for seaweeds
which contained a lot of alginate or agar. As mentioned
in Fig.4, 11 species had no polysaccharides degradation
ability and 7 species of them in the anterior or mid parts
of the intestine belonged to the family Bacillaceae 2 but
the number of them decreased in the posterior part of the
intestine. It was observed that in the posterior part, the
number of xylan degrading species related to the family
Bacilliaceae 1 increased and the number of starch
degrading species related to the order y-Proteobacteria
also increased (Fig.4). It was also observed that number
of species related to slight halophiles (3.5%) decreased in
the posterior part compared with those in other parts.
These results suggested that the posterior part had a
different role or environment compared with the anterior
or mid parts, maybe the posterior part was involved in
the digestion of polysaccharides.

We found that almost all isolates were facultative
anaerobic bacteria or anaerobic tolerant bacteria. It
appears that oxygen will enter the intestine of the sea
cucumber from the mouth with the detritus food and also
some amount can penetrate from the body tissues. These
results suggested that the aerobic culturable isolates
potentially contributed to digest detritus and supply
metabolic products (minor components and vitamins) to
their host sea cucumber.

Three isolates (isolate no. C214, C254 and C271)
showed less than 96% identities with any type strain
sequences and two of them were obtained from alkaline
plates and 10% NaCl. These results suggested that the
intestines of deep-sea holothurians were still new
resource for new species.

The temperature of seawater at the water depth of the
sampling point was estimated to be ca.13-14°C in
November 2010 from data of Japan Meteorological
Agency. But, it was surprising that the full year
temperature of the sampling point was estimated to be
ca.12-15 °C throughout the year (from data in Japan
Meteorological Agency). These results suggested that
this deep-sea environment seemed a little low
temperature but more suitable environment for deep-sea
holothurian and their intestinal bacteria.

Journal of Japanese Society for Extremophiles (2012) Vol.11 (2)

In this study, only one specimen, deep-sea holothurian
was obtained and investigated. Therefore, future
challenges remain regarding individual variations,
morphological descriptions, haplotypes of host species
and surrounding environments including sediments.
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Abstract
moderately

Ferredoxin from Cyanidioschyzon merolae, a

thermophilic  unicellular alga, has a
hydrophobic interaction between two solvent-exposed
V53 and V87, which are

thermophilic ferredoxins. This interaction is located on

residues, specific for
two p-strands, which are part of a [-grasp motif
constructing ferredoxin. Point mutations were designed
to those two residues, which were participating in this
surface hydrophobic interaction, and it was revealed that
the thermal stability of the V87A mutant was largely
decreased compared to that of the wild type (WT). The
result suggested an example for the finding that surface
hydrophobicity affected protein thermal stability.

Ferredoxin; thermal

Key words: stability, hydro-

phobicity, B-grasp motif, Cyanidioschyzon merolae

Abbreviations

Cm: Cyanidioschyzon merolae

So: Spinacia oleracea

Ml: Mastigocladus laminosus

Fd: Ferredoxin

WT: Wild type

CmFd:  Cyanidioschyzon merolae ferredoxin
SoFd:  Spinacia oleracea ferredoxin

MIFd:  Mastigocladus laminosus ferredoxin

SoFd-NADP reductase:
Spinacia oleracea ferredoxin nicotinamide adenine
dinucleotide phosphate (oxidized form) reductase
NADPH: Nicotinamide adenine dinucleotide phosphate
(reduced form)
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One of the most generally recognized factors for
enhancing the protein thermal stability is to increase the
packing density of the hydrophobic core™'?. In addition,
amino acid substitution at the surface has been shown to
have little effect on protein thermal stability'®'".
However, examples that few point mutations at the
surface drastically increase the proteins thermal stability
have been also reported'>'”. The factors that enhance the
protein’s thermalstablity seem to vary with regard to the
proteins to be focused on and general concepts to raise
the thermal stability are still a matter of debate.
is

Cyanidioschyzon merolae (Cm) a moderately

thermophilic red alga, whose

42°C-50°C. It
thermophile that is positioned as a primitive eukaryote

cell according to its simple organelle structure'".

optimum  growth

temperature is is also a wunique

Ferredoxin (Fd) is an iron-sulfur protein present in many
life forms where it acts as a multifunctional electron

carrier™'®

. The B-grasp motif is a protein motif that
forms the core of Fd with five B-strands and one
o-helix*®'®. This motif is also present in ubiquitin, one
of the most phylogenetically well-conserved proteins in
eukaryotes and several other proteins with biologically
distinct functions. In many studies of thermostability of
proteins, more thermophilic or hyperthermophilic
proteins are used because of their attractive features.
However, we chose to compare a moderately
thermophilic protein with the mesophilic protein from
Spinacia oleracea (So)" because it has more similarities
in its primary, secondary, and tertiary structures, and has
still approximately 20°C difference in thermal stability”,
which may unobtrusively carries a unified set of rules for

protein thermal stability.



By comparing the structure of the plant-type [2Fe-2S]
ferredoxin from Cm and So (a mesophilic higher-plant),
we found that CmFd has a specific hydrophobic
interaction occurs on the surface of the protein as
building up a hydrophobic shield that is likely to protect
the B-sheet structure. In this study, by introducing point
mutations into this region, we examined the effect of
surface hydrophobic interactions on the protein thermal
stability.

All mutants were prepared by inverse polymerase chain
reaction with the KOD-Plus-Mutagenesis  Kit
(TOYOBO). We used the pTTQ18 vector (Amersham
Pharmacia Biotech) that carries the WT Fd gene as a
template. The V87A mutant was prepared by using two
oligonucleotide primers, i.e., forward primer (bold letters
are the mutational points):
5'-GCCATTCAAACTCATCAAGAAGAAGCT-3', and
reverse primer: 5-GCAATCAGAAGTAGGATATGC-
AACACAGGTTAG-3'. The sequences of the V87T
mutant primers were as follows: forward 5'-GTACTAT-
TCAAACTCATCAAGAAGAAGC-3', reverse 5-AAT-
CAGAAGTAGGATATGCAACACAGG-3'. Those of the
V53K mutant primers were as follows: forward
5'-AAGAAAGGATCCGTGGATCAATCTGATC-3,
5"-TAATTTGCCTGCGCAAGTAGAGCAAG-
3'. The linear DNA fragment containing the mutation

reverse

was ligated into circular DNA and the mutant proteins
were expressed and purified as described previously®”.

L

Fig. 1. Crystal structure of CmFd WT
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After the proteins had been applied to the first two
columns, ammonium sulfate was added to the eluate to a
final concentration of 2 M, and the solution was loaded
onto a DEAE Sepharose FF column (GE Healthcare). Fd
was eluted with a negative linear gradient of 2-0 M
ammonium sulfate and the purity was confirmed by
The Fd
estimated on the basis of its

native polyacrylamide gel -electrophoresis.
concentration was
absorption at 420 nm, using an extinction coefficient of
9.68 mM™"' em™ '\

For the measurement of protein thermal stability, Fd
samples were assayed for cytochrome c¢ reductase
electron transfer activity'>*?. Fd samples were incubated
at each temperature (ranging between 20°C and 80°C)
for 30 min. Continuously, the incubated Fd samples were
added to an assay mixture that consisted of 50 mM
Tris-HCI (pH 8.0), 250 uM NADPH, 39 uM bovine
and 3.3 U/mL SoFd-NADP
Immediately

heart cytochrome c,

reductase. thereafter, cytochrome ¢
reduction was monitored spectrophotometrically at 550
nm at 25°C. The temperature midpoint of the remaining
electron transfer activity of Fd was calculated by fitting
with the Boltzmann function.

The hydrophobic core of Fd is located in the inner
space of the B-grasp motif, which is formed by five
B-strands and one a-helix (Fig. 1). In addition, there is a
hydrophobic interaction between the side chains on the

surface of CmFd, i.e., V53 on 3 and V87 on B5 (Fig. 1).

I

(a) The [2Fe-2S] cluster is shown in stick representation. Fe and S atoms are orange and yellow, respectively. “N” and

“C” stand for N-terminal and C-terminal end, and the secondary structure elements are represented. Five B-strands,

B1-BS, and an a-helix, al, form the B-grasp motif, and the hydrophobic core exists in the interior of this motif.

(b) (a) viewed from a different angle. V53 and V87, shown in stick representation, located on 3 and B5, respectively.

The side chains are exposed to the surface of the molecule.
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Thermophilic cyanobacterium Mastigocladus laminosus
Fd (MIFd; optimum activity at 65°C®) also has
hydrophobic residues at this position, but SoFd has K52
and T86 at the corresponding site. Therefore, we
designed a point mutation in CmFd that replaces V87
with Ala and assayed protein thermal stability by
measuring Fd electron transfer activity. The midpoint
temperature of the remaining activity of V87A was 61°C,
which was largely decreased compared to 71°C of the
CmFd (Fig. 2). This result may indicate that the

Journal of Japanese Society for Extremophiles (2012) Vol.11 (2)

important for protein thermal stability. With regard to the
V87T mutant (amino acid substitution corresponding to
SoFd), the midpoint temperature was 67°C, which is not
as low as that of V87A, but still showed a decrease in
protein stability. With regard to the V53K mutant, in
which an amino acid was substituted that was holding a
hydrophobic interaction with V87 and corresponded to
SoFd, the midpoint temperature was 66°C. The double
mutant V53K/V87T, in which both V53 and V87 were
replaced with residues corresponding to SoFd, had a

hydrophobic interaction in this region is indeed midpoint temperature of 67°C.
* CmFd
100 & = SoFd
S . A VBT7A
:?g“ 80 4 ° V87T
E °  VB3K
ko) & VB3K/NETT
@ 60
-
£ 40
3
el
@«
= 20
)
7]
[i4 A
0 T a é
40 80

Temperature (°C)

Fig. 2. Measurement of Fds thermal stability

Electron transfer activity of Fd remain after the incubation with indicated temperature was monitored in Fd-NADP"
reductase system by absorption at 550 nm for reduction of cytochrome c. Symbols represent, CmFd WT; closed circles,
SoFd; closed squares, CmFd V87A mutant; closed triangles, CmFd V87T mutant; open circles, CmFd V53K mutant;
open squares, CmFd V53K/V87T double mutant; open triangles. Lines represent fitting with the Boltzmann function.

Comparison of the tertiary structure of CmFd and SoFd
showed that CmFd has a specific hydrophobic region
formed by V53 and V87 and -CH,- from K51, L54, and
Q89 (Fig. 3). On the other hand, SoFd does not have
hydrophobic residues but has an ion pair between K52
and E88 (corresponds to V53 and Q89 in CmkFd,
respectively) instead in this region. It is generally
assumed that close packing of the hydrophobic core and
minimized cavities play a major role

stability™*!?,

in protein
while amino acid substitution on the
surface of the molecular has little effect on its
stability'™'". Yet, exceptions for these general rules have
been reported by demonstrating the few point mutations
at the surface resulted in a sufficient increase in protein
stability'>'®'”) Since both CmFd and SoFd have a
hydrophobic core under the f-sheet containing these two

B-strands, a hydrophobic shield on this region may be

61

important for the structure and thermal stability of Fd.
Indeed, MIFd has this hydrophobic shield at this region,
too.

Among all 4 mutants, the decrease in thermal stability
was the highest for the V87A mutant. It is most favorable
to think that this was caused by a loss in the volume of
the hydrophobic group. The loss of the methyl group
might create a hole in the hydrophobic shield, and
thereby destabilized this region. MIFd, which has higher
thermal stability, has Ile instead of Val in this region (Fig.
3). A closer packed hydrophobic shield may enable
higher protein stability. In contrast, among 3 mutants in
which the residues were replaced according to the one in
SoFd, V87T, V53K, and V53K/V87T, there was no
remarkable difference in their thermal stability. This
result indicated the importance of “inter B-strands™ action
of hydrophobic residues. Furthermore, it indicated that



substitution of one amino acid had the same effect as that
of two with regard to hydrophobic interactions. However,
these 3 mutants, in which Val was substituted with Lys
and Thr, did not lose its thermal stability as did in the
case of V87A. This might be due to the volume of the

T53 T86 K54

V53
B3

K52
B3

B4

E88

K50

K51
K91

E71

SoFd

Fig. 3. Surface region of B3 and B5 in 3 different Fds

CmFd

Journal of Japanese Society for Extremophiles (2012) Vol.11 (2)

hydrophobic -CH,- parts in Thr and especially Lys®.
These methylene groups covered the lack in the
hydrophobic shield and, as a result, the mutants did not
lose their thermal stability as did the substitution to Ala.

V87 $255 V288
» 1254 »
B3
Q89 E290
K252
K293
E296

MIFd

Five residues that face the surface of the molecule in the B3 and B5 regions from SoFd (blue), CmFd (pink), MIFd
(orange) are shown in ball and stick representation. Yellow dashed lines represent the ion pairs. The light-blue circle
represents the hydrophobic region. CmFd and MIFd both have a hydrophobic region that shields the p sheet. SoFd does

not have hydrophobic residues, but has an ion pair instead.

SoFd does not possess the hydrophobic shield but instead
has an ion pair in this region. Since ion pairs have
relatively high binding energy, it may be generally
thought that this could contribute more to the
enhancement of protein stability. Nevertheless, CmFd
and MIFd, which have hydrophobic residues in this
surface P-sheet region, had higher thermal stability.
Additionally, one amino acid substitution in this region
can decrease its protein stability by 10°C compared to
the CmFd. This demonstrates that shielding the B-sheets
from solvents (in many cases water) by hydrophobic
residues is more important than to connect the two
B-sheets with a strong bond. Placing the hydrophobic
shield on the surface of B-strands presumably enabled the
proteins to obtain a higher thermal stability by
preventing an invasion of water molecules into the core
of the protein. However, increasing the thermal stability
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of mesophilic ferredoxin by introducing a hydrophobic
shield should be examined to confirm the hypothesis.
The examples of hydrophobic shields protecting the
B-sheet structure against water molecules were also
reported for thermophilic proteases and cold shock
proteins”'®. In addition, in CmFd, the existence of a
hydrophobic shield on the surface of the B-sheet in the
B-grasp motif represents the importance of this region
and may be the key point for investigating strategies for
protein thermal stability. We are further performing
structure-based analyses of CmFd and its mutants and
investigating its mechanism of thermal stability.
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Abstract
bio-molecule that specifically binds to the surface of an

Antifreeze protein (AFP) is an extraordinary

ice crystal to inhibit its growth below 0 C, and also to
the membrane surface of a cell to improve its viability
above 0 C. Based on our knowledge about the

biochemical/biophysical properties as well as the
structure-function relationships of various AFPs, we are
trying to develop new AFP-technologies applicable from
industry to medical fields.

Keywords: antifreeze ice

protein,  ice-binding,

recrystallization inhibition, three-dimensional structure.
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fighr & 19, ZoEEEE 01 oK) Ful v
RGP L 3 AT L Ic— AT o EEE~Y »
JAEETHD Z EBHALNI o Tz, HEHBES
L CW% Thr FEFEIIA~Y v 7 20 FANZERIRIZ
BliE SN TRy, HHICH DKIRIEDZ 1T~V v
7 ANHATIZW AT Wz, 2 S OSLAREE E oK
DKL & O EA/EHDY AFGP O REIENEE
EHTEEZLNTVD,

AFPI (%, FEAGRIE Tl 7e < ALRPEFEDQILERIR 24
B9 572t 7 ADMmEH S FEE %2 17 Tu/a
WEIHTD AFP & LCHR SR Y, AFPL I, 7
SUNKERT X 2D 6 Bl A 5D S HER
) ~ 7 F F T H )
Thr-Ala-Ala-X-Ala-X-X-Ala-Ala-X-X(X [3EE) 706
25 1 BIEDOFEF—7 D 3—6 [BIOME K LIS
fENb, T7bH AFPI OKRMEG 7 3/ kA
EHEDRRDZEHOT AV 74— LDIREMTH
BN, F DT RSAIE 3—4.5 kDa & R ITIRES
FHICH D, Z D=0, AFGP ITHARD L ENCES
W2 “TA YT F—LREW L LTO AFPI XY
TS 5 LN TE D, HDFFED AFPI
TA YT F—NTOWTHENNTZ X I, B &
FISSAD 1 K a-HHEATH-TZ, ZOHEAT

3.6 FRILT1EEET D700 EEHZ0 100° [AlEx),

11 FRETIE 1,100 E37eb b 3 Flizd 5, 20
W& DFFHENE T — 7 NOLT X /% HE AN
st LT O EMRICEE S TW5b, 11 LA
IZ® % Thr RO 16.7ATHY, €72
VT & R 2K SR A AT 2 KA1 D
fRE(16.5A) L IZIFE LY, ZD=®H, #IHIX AFPI O
Thr 753D OH A [F 77 2 KiEfICiE & S 55
AETHDHETHIETZ, £D%, Thr MDA F L
Foe Ala MIEH O BRKME KA S & O A AER IR

b4 2% 2 L IR 2 EBRFER NG O N0,

AFPI DKiERFE A A B = X LT 2 ikam T HAE
HFEVNTND Y,

4y 13kDa @ AFPII (X AFGP <° AFPI ® X 9
7eRR 0 R LRSI & b 77wy, RSyl 10 {8 o
Cys BENFHEL. ZOT TR S-S ZEE%
R L TWb, 7 /BRI, Cys OALE., LA
WEIZE L TN T LFEER(C YL 7 F v D—H
RAA v EORIZEWARREERNALND, £7-, E
NSOy AR AEBRE() Y AZ YY)
& B MRMEZ RS, AFPILIZABIEMEDRBLZ BL
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VULENBELE LWL ENELETHLOD 2
MIZKBlSD, AFPIL R EHT A Y 7 4 — LD
BEMTIEH D0, ZOREBEIXIEF IRV, FE
SITALEE DA R — Y VIR EFEICAR T H VT u
U UMD BEEER ST v v T AIEIRFELO
I B AFP O X A& % 2008 4EICH Bz L= ',
D FOFRINITNR NS FITR-— R D

D ZOMANZ ¢ -HFEAN—2FT ORLE L T, [F
AFPII D7 FBARVER FEBR A & | AFPIL DK A& fbfs A H
MIZB-v— M ZOEFEONL—THHEETHDZ &
DR ENTz, 2 OFEEITBOK MR I A & T D
[SAY: Sk A AP SE/INIY/ § 1t "B J i) (eb Rk i
MICHEET D E TSN, 72, ZHoixv sy
XHED Ca¥' KR AFP 2 %15 & LT, Ca®'fi
BN—FN AFET D Thr ~ER A2 A UREIENE
DA E AT Uiz, ZOFEF. Thr ISHOKEEEEN
K FERA~OFREAITHEE L TWA Z e a@mELE",
ZOZEiE, 1A AFP ° Ca¥' IRk FEo 1 A
AFP 72 CICTAE S 7= AFP D BRKMEREIR 2 K b
EOHBEERIZOWTEETH D LWV ) HIR L TR
RoTWh, TOZEMNDL, AFPILIX C BL 7T
BHRGETE UTBSEE A REE L e N (L L,
KL & DM EAERBERIC O W TR EEEZ A LT
LEBEZLND,

AFPII [TALK DAL HEIB FICAEE L TWD 7
FRHCBT 2 EN b RHENE 9, S TEIT 6.5
—7kDa Th Vv, 7 I /IR 2372 < # vk
LELHISC57 7N SS Z8KE A1 L 72V, AFPIIL DFF
D1 2lE 1O AEDOH%E <L D AFPIL 7 A Y
TA—LRBBINTNWD EThHD, T4V 7
F—A5 (T pH EIRIC IS I B A A AR HE AR~
DFEGDIEFIT L T, BA AU REBIIETH D
QAE-Sephadex IZ#A %5 QAE & A 7 (i A MEMI
O pl EAET D), BAAUKBBIETH D
SP-Sephadex (ZA5A 95 SP & A 7 (FetEMl o pl
EHTDNCKRA S D, AL 5 KR TR &
Wi SN D7 o RN BEBLD AFPIL O
BE. TAY 74 —208X1312b B0 FREh
DOARBIEMEIT R E < B2 P, AFPHI 1 3 AN
B-ART7 Y RIZXEo TR IND MOMFAT B -
U REEKICHLOEKRERE THY, ZNHDB-
V= M Ko THEeEN T F O HOEBIZBKE = 7
ZEMRLTNWD, 1 KD B-A T KEZEDERF
DN—TNZE > TR STV D Em D &\ o1
R DVKAE G AL & PRI, [FEALITBIKME
PR L BUKMIREE OWM G2 &L, 74 Y 7 4+ — Al
TRBIEEN R D Z L id, TNERBEETED
AAEREORFE LG ORINBER LTS EE X
LN TW5,

BFRCINZ T, 1996 4EIZIX 0 ¥ DI RTET S
FARL (R 2 A7) AFP L IEEN D FEEN IS S



Y. 2004 FEITITEVEREMEICIIRIT D b O DR T
FRVRBIEMEZ R T8 LWZ A 7 OfSE AFP 28 A
HENRTWE W, BADEA FIBT 5 AFP 2 Y
IBFELTND EDOFHILDH 19978 I 3 HIZ T F
RSN, ZORMOFERY ZF6H L7 S 2008
IZHER TS Y, 2ok 5 IcaEbsko AFP 1T
[Ro THEEDOZ A THRREHINTEY, 4 DK
FE RS OB DM - T D, BIFERTT A
VT F—LETEEDD EHU LD DI AFP

X 1.
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DIPFAET HZ L2720 EO AFP A MO &
FEFRE T D00 E Bd 5 Z LIIA S TIL2RW, HBr
7o fEH AFP 0 I RSB A SN e S B 5,
B, FHE ST 2012 FIZEHEB KD AFP O 3Rt
S FREEDMBICKRII L (K1) Y, ZoEEH
Sed AFP D R[REMEIZ DWW Tl % o TR L
7=y,

fEl Sk AFP (AFPI—II) 35 X OVE¥EH K AFP (FingalAFP) O L8 EHKEHEED VR ET0, W

LD AFP &oKFER ISR L CHRMICHE S TE A0 FREEZA L TV 5,

FEH K AFP DRERE

FSHH D AFP % H\ 72 SRS B O BRAR 2 ST
OfHEARERGZX 2 12”1, T 4050y
k% S0ml FOMET D, RWT, £xITHL
THRIENLKER L7 AFP Oy K% 0, 0.1, 0.2,
0.5mg/ml (27225 X512z b, ZnbENHAOEE
JE (F9-20°C) IC AFLCH S B2 fE RN 2 OFRIZ 72
%, Tbb, AFP Z M TRV ok (Eiad = v
7)) TS T2AKPAL 2D kO REFTNAL KD
ERB, KIFEE DY 7oK OkE) DEaE Lzt o
ThHHM, Ky TLSNOWEITZ OBEIZBINTE
eV, ZORER. BRTIIRE T 5 Y 7K G B E)
ANCHEBR S D, HERR S 7 ko) 13 AR RS D BB 4y
FThbbikay 7ORRMITICEF SN D, 25 L
TEBRTTKDPAL A5, Tz KIKIZE
T HERORFER RN PR 2 %Y EiF 5, —J7, AFP
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ZUSIN U= K & Wik S 72 8A121%, AFP BE %
0.1 7°5 0.5mg/ml £ THASE D ITIEVE S IX S A
HA., KOBEEY E30 Mz bid 2 Enand,

T 7 AFP Z N L7z /K TIXERAEERC)
BFERINTZEEHMET H, T4k, AFP 2MElx D>
TKIHEE LEN L DOREE B, T 6RO
AEIETARERE LT, ik a2 dbRd 2 /100
FENZRA M2 DA L HESND, 2D X 57 AFP O
B = X T/ & & b B % B A8 (Recrystallization
Inhibition)] EFEENAHZ &b H D, BB, Y. Eb
JAHRD AFP IZOWT HIEHDOR S ITEWTH D
T E HKDO RS LR EEER RO LT b,

L2s Uy oKl 2 RERI 722 75 07 SR O HIR AL il 12 &
THRUE L7 R C AL AL LB EE 2 IE T 2 01,
SDLZAME AFP 25 THDH, ZDLK I AFP
IREASIRTEIC B D S /KM ONER & Y 7 K Tl 729718



EETH, ThEilT52 LT, ILEm A—
TR, OKETFH, DA, NUBL B, RE, M
T IEBERERK, R, ERGR, (BRES, A 7B

2. AFP OBSIRMEIHIZIR 2T EROM, LB
(CRREL L 78 K 2 -18°C T B SRR OIKOER, FEB : @H OKEKZ R b2 L ST Z 2WE
DHFEIRAERG ORI (F5) . AFP Z WIS 2 LK 7 L RSy DIRAIREE & 70 0 BURE IR MBS 03 B

énéo

fE IR AFP Ofia{REMRE & BRI BRAE T
A ODOEBRBERAK3ITRT, b3 LESL
— Y —BASEE 2 IV THREZ L7z AFP E£7213 v vifl
BT V7 I (BSA) fFEFIZEIT S 1o MF
fige 1 >R (HepG2) DS Toh %, aUEHREE 1T 30°C
THY ., FEHAIRECOBE-ETH D Z LITER
SN2V, AFP & BSA IIZEN NN E & FE S
EHTW5, K3 A X AFP 1#(E F CORBAMEE A T
A AWBTH Y, MlaREONEE B\ E A
R HHTNDZ ERNHRITE D, MEEZEZ
TIRE Lz 16 LD AT A ZA@EE LA LAl
BIEDA A=Y (K3 ¢) IZBWTH AFP OAffafE
~OWEDHERTE D, —H., AFHETHRE LE
BSA f77E 281+ % HepG2 DM Tl BSA {1
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B BOFTIVEONERE Y 7K T 795 LUV R
IR ER AR XA EEZ NS Y,

AFPIII OFEEA 0, 0.1, 0.2, 0.5mg/ml (2725 X9

SAMRE ZHEHBEAMAEICRE LTINS DD, £
DEEIT AFP OZ TR TELLEW, T7bb
FSFEH kD AFP 13~ A F A DOIREEIE ClIokiEsm I
fEA L. 77 AOHREBIZIS W CIaR s fE 59
LA A LTS, FEEDIZ, 77X 4COIFR
FEIR IR (2 38U T AFP 28 HepG2 Al D AR 271
BICmb D EH LML 7, FHiz, BRI
FH)EBR O R A FIZ LT HepG2 ARAE IR RS
&L HITHEIE L CRYZSEIZE 508, AFP O
W& D3 % OREIR Z 35 Z £ 12 L > T HepG2 @
WHE AR ST DD TIIRNN? EHELE Y, =
DM RER RN T T EOMALIC DV THERR S
ALTHY . H LUWHIREECR A & LT AFP OIEH
LHIfF SIS,



+AFP
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+BSA

X 3.

AFP 72130 v ifiE 7 V7 2 > (BSA) fAE FIZH T % b MTIRE M (HepG2) DI AL —W

— AR, & T BT T A EE LTS, BB (A) @5 ~UL AFP ORI, 5 % =~
THAMREE AR 7 A AEH, (C) [AATA A@GZERQTER LM Z2EZTEE, FE: (B, D) 3%
Z~UL BSA 75 HepG2 #IIZfE & DA+ 2 79 Hif4,

FEHK AFP OIEHER L 4B ORE

AFP DK i S RE I I DTFE T Th T4
CREIND, BE, ., SV ke—n Mot E
N7 F R LI AFP ORBEREZ Mo 2@ %7
%o AFPLIZ % /) — /VAFAE T T boKiE fmfs i EE %
KO WERPRPERN O RINTNS, b Eb
& AFP BEEN TV HZEIEY ORIRHIZIEE % <
DOWENRIEL TR Y . AFP [ZHMEY OB A2 1
I WE D ICHETW D DB, T7b b,
FISHIZE > T L AFP O @l i (3 2
TIiE7eW, Bl IXMmERLR IR E D438 Tl AFP
D RIRW &> 2\ NTIBAR 7R 2 W) O HLURE B % 5
T ENTE D, EERIC, == U N—F3FFE D AFPIIT
TA YT F— LDOBAR R 2 W OHUE L 2 RN
LT AR Y —2%&RELTWD, T7bH AFP
Db KO FAERCAEREZFHT 2 TTr A
A7 Y — DHIZ AR LTRSS ORI 2 /N & R T=
BFHZEITHIHILTND, Wk, 74 A7 U —L4KN
DK DORIRITZ EDOIIENI S Z M2 5 Z & T/hE<
LTEEN RDVITAFP % 5 Z & THIEN %
PEOTZENEkB EEND, Fio. HEEOAE
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EIZEIM L2582 ORI ENRESIND Z
DR TWNWD,

fafg sk AFP (X, DL F OB RS A 2 T
%o 1) MRS LCThEMES & LT H AR
HE CRAW) . 2) KikdhZ S HmsER ORIk 72 &
FEEDARIZKRIETX 5 (JE. AFPI-II B LW
AFGP), 3) ftho> AFP X 0 &3 741 XRIEF I/
SV (. AFPI & AFPID ., 4) KEMIHRD THE
VN (JE. AFPI & AFGP). 5) /KIZEEfE L 7=t Dt
B L AR TN D (JE. AFPL & AFGP).
6) MfatREN R AT S (£ AFPI, AFPII &
LV AFGP), - T, fJH AFP 17 A A7 U — A
RWFEDATADO I 6T EFHSBHE ST LV IA
N OREE LR L CHISHANTRETH D, iR
REZCRR 2B VE L L WE =X —ME
EHLTWDZ ENFRZAIA AFP S0 HE T 5K
X TCH D, AARIHAE 6 1AL oE ks
PET/NSZRETE, BHUMRE A (fEEE S Te)
DR S TR 6 (L2725, A AFP X Z DJAK
PRI CHIE SN D FED D I RURIC K BAFET D
T ENFEMICIIREE E XD, ABBEMEISH



O E I HAFE AFP OMFZEEIR 2 M LD HAD
R & AT & 9 I 2 Al > TIT X 720,
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Abstract  Alkaliphilic bacterial organisms have an XC®IT
optimal growth pH above 9.0%. They can maintain the pHO.0LLEE WS mWT Al Y B T CREAT
cytoplasmic pH close to neutral pH under such high pH R T VR VR, AT S0 XS IT v
condition. In general, sodium transport cycles are 1V BREBEZHIST D D ETEMBAELFL D D pH
coupled to the cytoplasm acidification. Bacillus D _EFRIT EDRREEZR D7) & o T ARA ) 72 FETES
pseudofirmus OF4, an exclusively studied facultative TVT1 Y BREE N CHERERIICB S BER A EAT H LW
alkaliphile whose genome has been sequenced”, can I R TCHLRIRVMF TR R T 5, 4F 7 V1 U P
grow on malate by oxidative phosphorylation and it DFEDO—>L LT, 71 b H)DDROERET
requires sodium ion at more than 10 mM at pH 10.5%. THEBTHOICT NI AL A Na)zFIHT
However, some of alkaliphiles such as Bacillus foraminis HZEBNFEFOEND VOV RIS, ATV Y PR
CV53T are assumed to be independent on sodium ion'?. FITMIEN pH Z2 FHAHTICiR> TR Y . 2D
In addition, contribution of intracellular acid production Jasb~0 Na OB R & & L Tnd, 2D
to it has been suggested from the fact that B. Na F ¥ %/L, Na BREfRI A FBE—F— Na'/7 3
pseudofirmus OF4 could maintain the intracellular pH at J AR 7 EIC K o THIBEANIC L VRV A E L
9.2 on glucose without sodium when the cells were 72 Na'23, Na'/H'7 v FHR—H —I2 L > THEH &
upshifted from pH 8.5 to 10.5”. Exploring alkaliphilic LB H B A, AN s b En s, —
bacteria, which grows by oxidative phosphorylation and J7. Bacillus foraminis CV53T O X 9 \ZAFIZ Na' %
requires much lower sodium would be one of the MEL LWL DOE A5 TEY 9 Zonk )7
challenges to find a novel alkaline environment EMTIE, BELL DV LA F KR ERIDA
adaptation. F BRI Lo R RS D L & 2
HRTWD I, GFT VA VPEE O Z DR 65
Keywords:  alkaliphiles, Bacillus, genome, ion Z2 5 &, Na™e KT LS DkE & 7B A A & 15 R TH]

transporters, cell surface ML, MlaNZEBEE T2 2 LD TE4047 10 Y
X—U—R: 7B VERE, NTFILAL TS A PERIEE 2MFE L TV T h I L <iFevy, Fexld,
A A R, MR E ZOMWEEENT D Z & T, 7 v ) MR O 8T

70



TV Hh Y BREE A O 58 L - R LB A s
SEOREZHES LTS, BRIZIE, Na'd
ROVIZLTAZNVTHD Y F U LAAL L (LiNE
Z T BEH A ERL L, Na'loKTFE L7e\, E 7213k AF
PEDMENEF TV U PR O B2 5 7=, & LT,
SYEERR T O 1 EERICOWTIX, KT 7 MNP L& R
L. BEfED Na KGRI 7 v 0 ) M o 7
AL EITH Z LT, ZOREEME L, Zh
(ZE 0, Na' FEERER E IR ER T v h Y B
FEHEICHEREOET VOMEL HIFE L7z, — 5T, Li’
DFEEZ RGN RO IIE, VT ALV THD
VT LOBRINSEMICHIHATE S L, A 4 Uifaki
DA A AEB BN A A L BREBAL D L 035 &
AT, A F 2 F v X732 EOIRRIT T2 H,
ERDHZ ENIRTE D,

Na"K DG T A VB DOEFT IR T 5 LT
D

Bacillus pseudofirmus OF4 ¥RITAFRNMEDEMEL T
VT VR T, AR T R RAETE R T
O, — R M & DO RERITINRe TN T LR,
B LFPFEZRAARETHL Z LR EN D,
T VA Y BREEEICHEE O T VAR & LT R AR
ENTWD, o, REE B RPMEMAETES
T HMIE & BRI AR HIREDT V7 U BREE Rk
WTH e NUBREN )2 VT B Y U b E 1T
STEY ., BRIV X —DIZEHBIZBNTHE
iR E R L T D Y, REOT ) ATY s
(3.86 Mb) & K/ 2 5D 75 2 2 1(0.29 Mb. 0.10 Mb)
D720 2011 I AHUERSI ARG ST g Y,
B. pseudofirmus OF4 ¥RIZ— X720 7 /v 71 U MEHE B
LREEEIC, Na'lTIETEF L7244 B AR L, =R/ ¥—
JRELTY v afigaE A7 pH 10.5 OB HICIEE
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AFIC10mM FREO Na Z0EET5 7, Ll
N T AT U MR O LitOBREIZ OV T,
F oA TV o7,

F ZTHEH A, 1T L DIT B. pseudofirmus OF4 £k D
HEFIZBIT D Li OB AR~ T, B lAl & L C R
TRV TAL =X AF—HELTY TN D
L E e AR (MYE 554D DS B, pseudofirmus
OF4 tROEERIZE S AV BITWD, T MYE H
WP OREBEFT N ALY TR NI U LE, R
(RTINS Ry IR i i ae
& TR Na TR ORI A ERK L 72(KMYE K5, =
DM 2 7 IRED Na'E721% LirZiRinL., B.
pseudofirmus OF4 R DABF EBRE1T 72, FORER.
B. pseudofirmus OF4 ££iZ pH 10.5 {235V Tl 10 mM
LI_E? NaCl 2 25R9 %725, 300 mM & T LiCl 2§
MLTHEBFBIILRWI ERHLNER-T2(X 1
% 2R, B. pseudofirmus OF4 #£1X pH 7.5 ® & =, pH
10.5 THERT 2 NaPRE LD b EWVREAZRT 5
ZERMBENTND D, ZhuE, Na /7 3/ Btk
KR &0 Na BR8] 2 R H 3 2 B ik w2 H' i
XA EELZ T HIOTHS LHEINLTND
9, % ZT. B. pseudofirmus OF4 ¥kDEBIZBIT 5
LiCl ®%h %% pH 8.5, 9.0, 9.5, 10.0, 10.5 T2
&L pH 10.0 LLF CAB MBI S 1L72(K 2), LiCl ##
FENRE L 7 DIE EEMAF ISV pH THIEL S,
200 mM LiCl Ti& pH 9.0 (4 2A). 50 mM LiCl Ti3
pH 9.5 (14 2B). 10 mM LiCl Tl pH 9.5-10.0( 2C)
TEEEFTZ R L, LN~ T, Na'ikF7a o B
pseudofirmus OF4 FRIL, KIER DIV AR LD
FRIZBWTIENa ROV IZ LI AR TE 523, &
D &\ pH CHIFEN ZBAME(L T 2 BICIX LI 21 & A
EFIVHTX 7o E 7203 Li O @RISR D i
AT TH D EZ 2 b,

1. B. pseudofirmus OF4 {k & B. pseudofirmus KU50 £k DA EIZ31F % NaCl & LiCl DZhFE
Kk & 722 @ NaCl F 721X LiCl 251z 7= pH 10.5 ® KMYE 5 COAE # 57, B. pseudofirmus OF4 £k
DEFIZEIT D NaCl DFhE (@)L LiCl DZFhE(A), 31 L O B. pseudofirmus KUS0 Bk DAEFIZF51F % NaCl D)

HO) & LiCl OFE N EENZENR LT,
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2. B. pseudofirmus OF4 ¥ DAEFIZH1F % LiCl & pH OZhHE

B. pseudofirmus OF4 ¥k KMYE B COEF IR IT 5 LiCl & pH OZhREZFH~7-,
10 mM LiCl Z Nz 7= & & (C)DAE A4 72 pH Til~7-,

L% (A). 50 mM LiCl /% 7= & % (B).

200 mM LiCl Z A0z 7=
VFv

LB Lo 2R DAFIT NIV A DR TRL, B & C TIEEIEDOTZOEME LT,

Na'FERAEMEDIF 7V U PRI o BiEE & FlE

B. pseudofirmus OF4 BRDEB FEBROFERZE S &1
100 mM L o> LiCl Z %I L 7= pH 10.5 ® KMYE 5%
2 AT T v A0 ) PR O 4y BERE L & L TRV,
ZOFRGETTHEETHET VL U HMEIL. ONa®
SOIRIFPEPME, @Li' 72 E DA A2 2N O

BRHEAVICRIATE 5, QLITHEREWZ L AP X
N, REPFUC I NV a—xTiFe . UV diEsxH
W2 BRH & LTI, BRI K 5 AR D ARk
Ko THIRNOBMEILNEEZ D & 7 v U
EOWGA 4 o ~DIEGENMET T ENEZILN
T2l THD D WA OSEERIC TR 7t
SOz, 7B Y pH R AKEO 5,
UF U LEGRENNADOY T BRI Y% H
Wz fER L LT 2 E TIT 56 BERRS EEES -,
IS OHIED DY /K DNA Z7H% L, 16S rDNA
FEI A PCR CHANE , HIEALS AP E L, FH RS
REATH12(FE D TRTOERITE T VA U PEASF
VAR &b mOHIREEEZ R LTS, 2055

72 1. 16S rDNA A5 2 VN = 55

D 1 EEDS B. pseudofirmus OFARE DY FECLH] & 100%
—H LTz, KUS0 BEE i Lic ZOME X, i
ED & 5 7T NGPEORRE T, ML O 62 REM A
DD ERVIRTF IR EIT W, B X 7 —BIEtEE A
XU —BIENEZ R L, ZROOWEIZTTB.
pseudofirmus OF4 BROME LRI L ThHho7=Z &b,
KUS50 ¥kiZ B. pseudofirmus OF4 DT TH 5 Z
ENHEE Sz, — 5T, KUSO ££1E Na™ & LiTloxt
THMEED OF4 #E L ITRE S Bg>TW(E 1),

BEBROFEEG, OF4 £RIL pH 10.5 2B W TE
WABIC 10mM BLE® NaCl 248 L L, LiCl iIZ5
WX 300 mM E TIINL THAFIRBIZR SN
Do T DIZxF L, KUS0 #£1% NaCl < LiCl 2L
72 THAB L, LiICHIZHR LT 100 mM % Tl
NHoT=, ZOFRERIL, KUS0 BEDOMIIAN ORIl
FEHEICIX OF4 BRDERT 2 0 L [AIFEEE D Na™P Li'
EVELE LN L, DF0, BOBA A 2RI
T 50, ol BIOENTET 5 L a2mme L
77

TEERE R D[R TE

RUBUOERMEERLIEYE Y BiIn-EHEHR
Bacillus lehensis 33 E#
Bacillus polygoni 11 E%

Bacillus clausii 7 B
Bacillus neizhouensis 3EK
Bacillus clarkii 18%
Bacillus pseudofirmus 1 8%

VEFE CRIEENTWAAEWFEDHF T,
LR A & o 7= AW FE,
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SrBEERED 16S rDNA HEFLELS & B b B WOFRIEIME &2 7~ L7z 16S rDNA



KUSORD KT 7 W4 ) LOfEFE L OF4RY ) bk
D L

2 DD B. pseudofirmus HRDEFIZEBT HA 4 4K
FYEDENWEZ PR D720, KUS0 kD RZ 7~
LuBHTNRA AR R T T VeI 7 2k
VHE—THEH LTI, oy ) ADT — 2%
EDENA (http://www.genomic.ch/edena.php)? T7 ~ &
VTY =& 1306 O T 4 LR, R
{2, OREF finder
(http://www.ncbi.nlm.nih.gov/gorf/gorf.html) & BLAST
Search (http://blast.ncbi.nlm.nih.gov/Blast.cgi). F721%
in silico MolecularCloning Genomics Edition % FV T
INHDAT 4 TinOHEE EOBA AR L
MRMREREIT o7, BbNET /) T—varT—
K%t L2 OF4 fk & KUSO RO WAl L7z, &
T, OF4 RO Na' OYEER 2T 5 Na F v R/L &
Na'/H'7 v FHR—4 —% g Uiz, Na F ¥ * /LDl
BT (nchA)TEH L DOEKIZE 1 DTETAFEL, &
HoH 2847 X VBRI O R D Z NI e A —
RLTWD Z EMHEE STz, 284 7 X/ Rk D
2H 6 fEETDT X BRIRILT IV THHIED RO B L,
ZDIHLD 1 FEHFHNAF L BIRT A NEF—ThHDHZ
EDRBHLMNE IR oTE, TDZ EiE, KUSO B Na 7
¥ HNDA T FIRVED OF4 BRD b D & Bie D Z
LHETREL TS, Eio, Ml ORI E R
595 F%7 Na'/H' 7 > F 7R — 4 —(MrpABCDEFG
VAT M) OFARKIE 1 By b LEi > TR0,

-
=
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KU50 #£1X 2 By MRFREL TWD Z ERB BN E R
ST TD 2D Mrp ¥ AT LDA F L FRPEICE
W8 D DNE D TS EO ) D IT 5
D72 2 TR, — 1% OF4 BRD Mrp > AT A
& 89~100%D E\WAHIFEIER H VD . b 9 — I
PEM 44~61% Lo T2 & bh, A A V@RI
EWRH S THENL LT, kDo &b,
KUS0 #kiEZ Na' OH Y A% & HEHR O T2\
T, OFA R EITHERH V| Na'LIS DA F % (b)
T ) BREEASOBESIZFIH LTV D ATREMER B 2
HITZ(K 3), ZDIENOFEE LT, KUS0 #kD 5
J BZiE, BX 22 By, ARG ICE D 5B 5 T RE
(cysG, cbiX, cbil, cbiH, cbiF, cbiG, cbiD, cbiJ, cbiF,
cbiT, cbiC, chid, bruR)°, A / > b — /L ORGHZE D
% &5 (iolG, iolE, ioll, iolD, iolB, iolC, iolJ). M+
O A L AWM EICBE b D E G TR
(mnxABCDEFG)72 £, OF4 KRIZIZAFE(E L 722 RegHe
BNTFETDZENHL N E o7z, £2, SEIO
K77 N7 7 A0v51E OF4 BROFF O MuEE & Rk
{65 T-BE(slpA, slpA2, csad, csaB)B DO ->TEHT,
OF4 £k & KUS0 FROMIF RSB IE WD B D Z & AR
2 X3L72(1X 3), OF4 #ED &2 SIpA LA ¥ —IX7 /v
Y pH ~O7 v 77 MO EE e AE &
FFoTwazenmbnTng P Lo T,
KUS0 #ROMIEREN ED L 5 pET, Yo k)
TV ) BRSO G- LTy % O Hs LBk
VA TH D,

3. B. pseudofirmus KUS0 ¥R D7 ) ARGEN HHELZ S D 7V 7 Y BRI SHEE O €T L

B. pseudofirmus OF4 {k & B72 2 (& T & ARV & RV C/R L7z, OF4 #£D MrpABCDEFG ¥ 27 A & &
WVFHIEIE &2 £52 KUS0 #ED Mrpl & Na T v % /L7% Na ORI U CHIFRN Z2BEtE(L3 5, KUS0 #RiZiE
510> MrpABCDEFG + A7 AMrp2)23dh % s & Na % R DA F B IRPEIZBED 57 X 7 BRFk DY OF4 #
LIRS TW gD, IO T F 4 (XD ERAE & JLER L 7o Ma N b L FF > 2 L 3R S %,
Nz T, MREREN OF4 #k & 138D Z LR ILD,

73



SBOBE
AIFFECTHWER Na Bt Co A7 ) —=2 7
ko THELNGT VI VEMEIZ, A4 F ¥
FNDAF VR T 4 N H =TI RA > BT
BHIN AT\, ZOEENIFRIZ Na F v RV
DA F VRN Z 5 2 2 M2 OW I BUER
BEHTHLIN, b LA A VBRIRVERE > TSR
SIE, 7B VHEEE WA R T ) —=2
RBBNDA 2 DEEAR DN & 25 A 7 L B PEL
OHEEIZHIEHTE 5 0b LivZew, 7o, AR
Bl X7 KUSO BED 7 7 AR Off 4 7o R, FERE
(ZHEIEAN OEEMAES LIRSS LT b oo e
IMITHONTIEL, 5%, D OBEGF DO KBRS
ERREEET DL CHBTILERDD, ZD
KW DOZAT L - T, 7 A U R O Fi -
PRT VT ) BT ICAEAE NI 5 T A0 D 2 L AR
Ehad,

HEE
AWFFRITHTE RS Rk 23 R ReRITZED SHE
BRI THEMSNE L,

BE IR
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Abstract Limno-terrestrial tardigrades can withstand
almost complete desiccation through a mechanism called
anhydrobiosis, and several of these species have been
shown to survive the most extreme environments through
exposure to space vacuum. Molecular mechanism for
this tolerance has so far been studied in many
anhydrobiotic metazoans, leading to the identification of
several key molecules such as the accumulation and
vitrification of trehalose as well as the expression of LEA
proteins to prevent protein aggregation. On the other
hand, the understanding of comprehensive molecular
mechanisms and regulation machinery of metabolic
compounds during anhydrobiosis is yet to be explored. In
this review, I report and summarize the recent progress in
the comprehensive metabolome analysis using the
tardigrade Ramazzottius varieornatus, which is a
potential model species for anhydrobiosis. In order to
analyze the metabolic changes in the active and
dehydrated states, metabolome is measured in both
conditions using two types of high-throughput mass
spectrometry (MS) systems, liquid chromatography
time-of-flight MS (LC-TOFMS) for lipids and sugars
and capillary electrophoresis TOFMS (CE-TOFMS) for
primary metabolite. Increase, but no significant
accumulation of trehalose in this species was confirmed,
suggesting a more complex mechanism for
anhydrobiosis in comparison to other metazoans. While
changes in gene expression profiles are limited in
between active and tun states, dynamic changes were
observed in the metabolism of this species in response to
desiccation. Changes in the metabolic profiles suggest
complex intracellular responses to oxidative and osmotic
stress.
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Keywords: Anhydrobiosis, metabolomics, tardigrade,
cryptobiosis, Ramazzottius varieornatus, oxidative stress
F—U—F: @GR, AZFeITR, I~<vbv, 7
U7 MRAF VAR, Favyrr~iy, BEA L
A

1. BE=0EaIRie 17 U7 XA TR

ey ST T DZERRORINA~DEIZ T A
H) « WERFHNLIGR ENDBO IR LEAAERH D H D
DIRIRE L TEZO A HaW S, B R o
72O AR K TH D &) s EE#k o —
SThHDHEEDND, HBEVITHLHELR Y2 LVT o
VA= LA IV EIITAD T Fr B —
B2 TELY AT Z LI X o THEMIEEI 2 HER L.
g Rk b —) RETHD 1] hokivT
W5, ElRRENTWD 6, Zd k5 Rz b
U7 ARr[fi7p 2 LR OBESRITIA < —/RIZZ T AND
NTWHLHOTHDIN, EWTFIHNOERTH
%, FIEADOIEFHEEMZ R L L LW D00
AL, SEISERBREAE (F24 - KR - (KE
FBBE - BERLY) ITLoTI IV LT
AL BEEN D B ORI REIC AT D 2 LT
&, RIEOUEIZ L > THOMNITAMIEEN 2 FHEI7
LZEWTED T, koT, ZUF RS AT RIT
AR RENEBEIOE I TH Y . TEHEA R RHNEE)
NROLND T4, Rl e REHEEOEIETH D
(eI AT = DEMIREE L ALE ST b5 2,
DFYN, T VT INA AT ADSFREREZ BT DA
FEIZ Ko T, AEMIEE) & 1T Dy, KRRl 7 A A iE )
DEIREETH D T3] i3, ZBHLEMNZLT
W ZENTEDHLEEZBND,



7N RS F T AD Ly A RERE IR IO E Sy 03 %
WS, ZOHCEITER LA TV D DR FZHR
(T oA FagfFoR) ThHhpH 32 7y
KA A ANHE SN D BB AN AL
THAHKIEEEEZDHLDIENY THAHN, IR
TIT L0 EHEIC, B ORI X > TAEEKN DK
O3 BRI F T S8, 2 OBEOKS B TIIHI
WO TF-IKFIE N2 T=, ERENRIE~ L AT
T 5, HARPITAMEEINE L LTV D 7 DITEE
NOETEOEYICIE > TIRIFNARETH V| BZE
FRLICELS FICL - TRIbE T2 LN TER
IEERARBEELAIRETH D EEZ BN TS
2, &bIT, EHREETITHIEHITIE L A EAKDE
FEL72WEDIL S F I E RBRERE ~DMEN & 5
ZERImoNTEY, HlxXT <L TE-2000CH
5 100°CRRE DIRE, HZE) G 7.5GPa DET), 7V
a—jb -« BT L« T b= MU A7 EOE
6,000Gy @ vy #it7e & OIRREIZE DAL= HZ I HIIKIC
Lo THenCIFEBEZHRTE 5P, ok ok
FRFRER B D & & BB 72 S DY Jonsson HIT L
S>THE SNT-FTHEMA~OZBZEERTHY | EEH
T2 nboo, 10 BEOEZE - BIKE « TR
~NORBHRIZT ~ D ORIRD D OBEIFN R 5T
W3 B 7T RS S A TIRAMAN L
RRBZ I 72N 6 B ARORERE Z D L 5 ITH
FICHER LT B Cnd o, £ LT, afaic L
THAMIEBOBEREZ FEEIZL TWA D0, FD40hF
W A R X BADNT Z &3, AEMIEEIOARE I8 5T
BEERD DD,

2.2 1k 7 R R A AT

WEHRII N7 7 V) 7R E O B AEY ., & L
TULY, B, IJ~Ly, TATIT., XU
AN A 78 EOWuNEITIEIL bk Y LT
DRE SEDOEYIZE O TIEELERE DRI L T
X ELR 72 B BN P K O [a1kE T I 7 < Rz &
DLWV IR DL EN ThH -T2 EMA x5,
— 5 CREIRBEAT O 5y 7-HEE B RIS D RRFEE S AR,
BTN DO U I b IS 1 2
BFINTWbLEBE2 NS, BIZIE, TAURT IV
T T IR, R AU R Y TSR, B
TIXMHES) 72 PRFE D RE AT —IZB W T DA
HIRBITNRRIRETHDDIZX L, 7 <AL TP -
WK « RO R AT —C COWIRNATRETH 5 1O,
T, Vv AV TEHERICE L THEZED L 9 72
TECHE DRI A HE/N S8 5 tun B M T 5 2,
S B, HIRICHLEZFFRICBE L TH, mWBET
BAMMNT TR D Z EMARARRR LY 2R
HDE I IBNEIRBITET DI —T L P
(ZFEXHEE 0% 3TN K 9 2R TRz L 72 IR BB
DAL T H IR R HZIRFEAT 23 R RE 72 — R DRI B
MR~ L DX IR ITN—FITHENDLZ EN
B &> TE TS 7,
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MR OIRIF R &V S BB R BEEE N D
DEMIEBOFB A ATREICT A 7=®l2iE, MLV b
HEHRBFIZAE RIS DNA, Z L CTH V37 B e EOH
TN OE TSR A . FKFIERZZ3 5 OEEZ #EFFC
XHLHIEIRIC L AX A=V DAR#ET S Z LT
BCThD, ZOLIREHEEEL LT, TATIT
XLV 2R B LB WTIIERTCETH S
L —2ADER/BNEETH Y . IR I EE
DEIZ 10-20%ICFTEDL Z ENRFHILTND P,
g —A3ERNTREER L, ¥ o3 T0E
PREL, E. VIBLERAZE ST ERNmon
TW5 B Bz, RV 22U BIZBWTE R L
2 —ADH T AU L DRENRVEATH Y . L
BT M —2AOFEBEENPAT2ICR>TLE
WEFAEN TE RN ENFEMARBITIC L > TREN
TWb 2, 20k, BRIZBOWTH bLaam—2R
B BRI OO SR S DHERFIC W CThH D Z E BRSNS
Y BHZEBEWEIRICB W T R g — 2R E
Dy FHEDHREL /e > TN D,

—J7. b long— R TERIE L2 W LIRSS O fF14F
Hbkx EHLNIRS>TETND, FLmr—RE
D =Rl N PN =R 1 | D A [ S AN AV =AY )
REEN ZRT U LURMESN S, FLaron—24
KBERD /7T T FFEBRIZ K o T, BERFCIIRE
MHEIZ b LN — AR UATIE W EDNR STz,
F 72 RO IR S AT RE 7R 7 < A TRV TR,
% < OFRIZBUVTHAMRIFIC b Losm — Z 3B 128
MTHHDOD, EOREITHBEERED 1% 6T
Z OB TIIAG T OBEBRCH T ZUIZ L DA OMR
HIIRETHAZ L, EHIL, A= ~<wLb YV
(Milnesium tardigrada)lZ 3> CTIXZ 62 LA ~
LB —ARBRETERNWZ ERENRHLNE 2o

7= 12

720, BOWEIRTHNIE M Love —RRFET, &
WRZIR THAVTIEET D & W0 235813 9 HliTlX
72, B Panagrolaimus superbus 13\ & 72 V) FAXHE
BE 0%ICEDN T HRIRNBABETH D23, ZOFT
BRFEATICBE D O T HICHBEEED 10%IEED k
Long— R ZARaNICHEG 35 2 & TRV EZIR 1258
JELTWD T, DF D R Lo — AR R TH
AR FIREZR 7 <= AU B W TUIFFE D4 115 <
TBEETICBEF O EHROEERNEE L, EFIIZ
HEIRIZ A 2 T 5 ATREMEAY @ U,

3. V=LY DIR

7 I IRFEAE OFRMT X, BUERE RN S
NTWwat=rs~sy P raavyrrs<ny
(Ramazzottius varieornatus) > O 2 Fz FlZi#ED &
nNcTkv, FFTIRERICBTI o FE#E T ) I
AL RNTGUART VT NI T A, TaT A I AR
HOELEEFNE A7) o7 7 —FI2L->TH
BN ZD Z EBPRABELNTVWS X, BURTITE
TEOAEMIC b ILBIZ R o AR b L AR



L7eRAT 2 DRERICEE>TWHDHHOD, Zh
FTORAYDIN—FIC I A=~ D—iE
DRZAZ VT M=K 1T A — AT Tl
HEHRIC I T 2 JREPR AR RN S A T = A g OVH o
7 DRGNS NV SoH D 1B i ZE,
Falls EICAFE LAKOPEHIZBE b > T b &2 b
L7 7 THRY > (B2 AQ4). MutS = RADS1 72 &
® DNA EEE#HDO/SA T = A | fR{b A b L RJRE
\ZB84>% Super Oxide Dismutase (Mn)<> Glutathione
transferase D/XA T — A 73 ERFGIREE OB TTHED
SEOEENRBEEINTWDS, BEBA KL AR E
JEA kL ZBRIZIL DNA OBRERLEIRZ 37 O
IbZBlER T 7V =T P HANREHEND Z &N
MHLNTHY ., HIRIZBWTEEA b L Z S I3H
Ja DREREMERF &\ 9 BLE S LA E 248 - T
HEBEZOND, BT, BAKIZEDFZ /37 DU
a2 5720, oA TIEEICEKEEE 2
ML RIZBWTHEN RS H A N L RINER ST
T n U EORBN T < AT ORI T TEE
ThbDH, =7~ AU BWCIFFICHRE R To
BURTDELWT +—I)VF 4 BT 28 3
> 7B X7 (HSPYT0 OFBEE N SH4v, ZEALL

%] 1

BERNED 7 ~ DU 7 —7"TiL, )15
WX o TALHRE LRSI, BELEZFHAERO DL
& HRFAL(YOKOZUNA-) EN-3 a2V 7~ A
RS LE LTS B 3 ay s aiiiz
DELDWEY | filE ORG IR, £ LT
WIRBITRMOE S 2 Sl W Tho 7 <~ AL 2
By A2MEE QM2 TRBY ., ZOM) TR
IREEATICHE W T, fLOIRAEMIZAOND X957
BLEFRERAOLZEBNZIEA RO, LoT,
ZOfEE, FOL I L THIIBNOMRESR DK E
7R BB PEDTITHZIR & O BN 2 A A IR ERRBE
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S % HSP90, HSP60, HSP40, HSP20, GroES, GrpE 7
7 IV =R EBFIELTND Z EDMERINTWND,

FIRICB W CERE A b LR & RIS EE R AR
FEER & LT U7 OBSEIRIN SV | Z D728
W& A EDOWIRZAT 5 £ LEA (Late
Embryogenesis Abundant) & FEIEAL 5 Z 2 /37 ZFfD
o Zobboma—2 L A CHEHRBERE ORI K
RN N7 T & EHYORE TR S,
EDFEM72 0 TR IR DR LN H DD, F
A N L AZBW T MER#E D S F S F 2w o
B2 Rl HEERTTH D, £9. LEA ¥ 37 (%
fiRed THIKMED B <. RIFEOZIH 2R TH /iR
P - PLEBEIE 2 HEFF CX D720, B A B L RIRRIC
Z R DEEEIIHNICE D D Z L AVURIEBE I TV 5,
Fo. I OZ T IR IIBE E & S0,
HLJRER IR 7 a ~ U v 7 AREETER L, 4
F— /L RELTOMEEEZRL, SHIZFI hav
KU 7 OIEORES L — R EOFED T A
(b ZETHERETHRIESNLTWD, =7
~AhTDT T A I 7 ATITEIRIZEBIT S LEA 4
— YR OFENBEINTEY, 7~ AT OHIR
IZBWTH LEA DSBS L TW A RREMEN B 5,

CEFNREED I VS I v Ay

BlEEI L TWDEONERRD ETOETIVEY
ELTHELTWAEEZLND, FaYFI<wby
FBEIC 7 ~ A3 & LTI & 72 249 60Mbp O =ik
e RT 7 NT ) ADMRGESVERET S T — a3 v
BEALTNS ' —paavFs<A BT,
BT A SIZ X » T OOF R E st & v =y
7 7 X U — CAHS/SAHS (Cytoplasmic/Secretory
Abundant Heat Soluble)3¥ R &h/=*, Zd_»>d
& 7 7 7 2 Y —I% LEA ® X 5 Zpbikeiatt
&L HIREED o~ v 7 AEEELE R L, R
PIFMIZBWTERIFES L, 7 Ao B —1F1E



THZLRENS, JvAYOHIRIZB W CEER
TE|ZH S TV AREM IV R SN, FEBE, 33
F 7 <= 5 AZF W TIE CAHS/SAHS (3@ i T 6 1
FWHNCKERBLL TRV, MWEZIRZITOEMS L

WZHZIRIZAE 2 D HRIE 23 6 & 72 8O THERR S 417,

4. RO A XA I 7 A

FaV I~ AV TIEEHOZ T 77 I —
CAHS & SAHS BEFIICKEIZHEBLT H Z Li2 X
V. LEA O X 9 72X X7 B & £ S £ /i
P2 N L RSN TEIWN TV D BTREPEDSH & 72 & 7
ST, TNET TIEEBRICL > T ERZIIND
T OERIEA b L A~OXINE R TIHTE 2017
Tiﬁw F7-. CAHS X° SAHS 134 CTHWHZAR
OBV Ry Py A F T < by
(Hypsibius dujardini)lC BN T HIRFSNTND Z &
MH, FaAVF I AUIIBIT D EOEGIR A ATRE &
D0 THEREIZOW T & B 72 DT R AR TH
%, daYF v AT OERTITEES - FIFRIC XL 5
FREEFMNREHTH D720, BT L8 &
D EER R NE SO vENRE, Bl A XK
n—Abn5,

A SR — NENICITE &5 e (Mass
Spectrometer: MS)% H\ % ﬁ) . fﬂiﬂ@f) LAt sz
{EETEESTERIIT TENENOEZRES
HENCE X B SN DMEND D, Db, A
SR w— MEFTIZB W TIRRE 7 n~ N7 7 7
(Liquid Chromatography: LC), # A7 a~ K77 7 4«
(Gas Chromatography: GC), £ L TH ¥ &7 U —
VKHE)(Capillary Electrophoresis: CE)72 2 & Db

Syl % 474 o 72 LC-MS, GC-MS, CE-MS & \»
STV AT WD, TS O EETIEITHIE RS
G OILEW OFEFIC X > THHFEN R LC ITH M
WE. GC IFTHERMEWE ., CE XA A MEWE D55

X 2

0.735%REDETH Y. FLoo—REE

78

Journal of Japanese Society for Extremophiles (2012) Vol.11 (2)

Wi LTV D, — RIS LR B Eo—kR
H o TR E I i%ﬁ/ﬁwmA%#§< al
A5 Z EREIZ 3B - WIET H729121X CE-MS 23
B LTV 223 FEREIC \%E%ﬁ&&®¢&%
HIZIiE LC-MS 725, BT va— e Eoxdk
LoV ITIE GC-MS 23 LCH Y . fmR72
RHE O E T END—2D Y AT 2 EHND
DTIERL . ZTNDHDY AT AEMAE DR -
NARERTHD, PlziEA=r b DAZFRT—
DEMTICOWTI ZNE T DB ENH D0
L Z O I RE#E R TV DI BB 5
BERE N — /IR GC-MS & 2T LA EFHWTWA T2,
RFHRBELT 2 BRI EDR OB DI L
FRHC & TR MK < L R & U CHzRIEAS & 7
ST D E TR ERNERBOBIRIZITE -
TV,

%:T\ﬁﬁﬁ4ﬁVﬁMé%&¢f% g % E
BNZIRNT T 5 7212, CE R OYLC ¥ AT M L 51k
B DIHEE | FEE w52 1= DRI TRER Y
(Time-of-flight: TOF)MS % 74 1>+ 72 CE-TOFMS
KX LC-TOFMS (Z Lk » T3 a V)7~ s
A E P ~T-, ZORE. 8T, &7t 373 Fo
JEE. 269 FEDOFEESHI-A A MbEW. £ LT
1328 FEDO R Y — 7 %4577,

7= DU AR X B H T 2R TR
M, FaVF I AVIZBWTHER2ITRT LT
%VAD~Xﬁ%@@¢T@%<ﬁELT%D\i

L HIRIC K o TRIEREMA RSN D, —H T,
%m%®%i NETIZEL DI~ L THIESH
TELOICHBEED 1% I W22 VWETH D,
Mz 77 2L CRi#ET D LW D K0T, BiBE
AN LVAIZBWT b LAa—REE5HNCIEH LT
WHERDRETEAS,

cIEaYF v AVEER (F) EWIREE OR) OFERE
PEREOHRTIE b Lonm —ARBFFIC L <, RIS 3.5 151
TIDR LY 2R Y B 7e EOFIRMERE & 138705 Z LR b,

CETHMLTWD A, TR THRIREED
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30 3aVF IS LIRNAFFUFOAZ R —LGER, EOFIDEFERFORER, T OFSELIREF O
R, EOVIMEEMERIETE =7 ABRRFEEDE—7, [AE Sz B — 2 Tl Glycerophosphocholine
DO tun THETH Y | REEDE—7 TIZEE 170.1049 ORIWEPEHL T0D 2 ENDnd, &
REWETEE/FEM(m/z) & F v © 7 V) —EXKEOKENIRRE (MT) TERIND,

T avyF I~ AT OB WEIREZ FEH LT\ 5 FHINZFFORH A b Ui b4 e A A
KRR IT 2 D725 9 0y, Ik BEEE 2E D21k VEBETOEE NS S TWnD f, &b, =
AT AR BN (K3), BEEREEZIREFD A avVF < AVOERTIEHMICH S I F R HBEA
AR —hTn 7y AV ERETS L KREHOK FURIGBENRETWDZ ENI DN Z D, GPC D
WE I mE R EEBIIER LNV DD il HEAE A b L A ISE TIREA B LR 7 N 2 5
Glycerophosphocholine(GPC) 73 3 L Wi N % FL - C FoREAFUHREEIML T DA, AEZRE
W5, BT GPC OB 720, 2L ETIX MERIACED DL LTI E A vk L— MER %
1 7 IRE & R AR O G B & IS B 72 BN (Welch ﬁo YT Thotz, ZnHREoEKGE, fHHEO
t-test, p < 0.05)% RA72 17 EDILEH D H H Hr 4 WCHBICE® LW D&% ) L, Pathway
iz =) REROFEEY (Phosphorylcholine, Projector % AWTKEGG 7 v —/ Vb= v 7 BRI
GPC, Ethanolamine phosphate, Choline, %1241 3 L7 bonM4 THD, HARIZE > TR — A
—8 fE£H) NEDOTW=, 7 =4 TlEziREc ZIET 5720, T VX —JHTH D ATP 72 & DR
AR U E 2R 7fi A 72 2 & S O T 2 BEOIFE A EITEMITENR L T
5 TRY . IRENEEIZED L TnD 2k BDo TIUIMER L, GPCRT NV A F A BATF
mo, REENRLTHELNEZ Y e — a2 H el ol BEEA NV AKIED/SNA T =
LT GPC ZHEFRFHITHR L TWDIEFIZH AT ANTLEL, FRIREDEIXZENENDRA T = A
v 7 RHIRISENEE TWD EE X BD, GPC I THROLIITFHEDOF L— hOoRY A o~ LR - Bk S
WIRBEA ML AIZE D IND B L CEER n., EEasns, BIb, T H 2R ERFT, 7%
BEXE2THZLENMOENTVWAEREA b L AR H SNTe RN —Z G NER L 6 2fUHR T
JEA R VARIZBWCEE R THY, ¥ X"U7H BIZEDIRBIE - A 42 - B{EOA b L RIZHHG L
DIRERC, KO TO XD ICEER & ABRZF—5 TWAETPRZTE T,
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B4 532y F s ATHROMERA 2R I 7 X

KEGG Pathway bIZH & 7228 b %7~ L72AL & D fold change % AIfi b L7z, FZHAREF (tun) 1 BEH L7=9E
KT, WD LTEMENT TRENTND, =R X —REN BRI T 5 T, %‘ﬁuﬁﬁ A f%ﬂl]b
TWOWENGFIET D,

M5 :g3avr s~ A ERICBTO2REEEDOE LD

b“#”%éh T OHRGHTE T H 5 EEOIENIRES LRI 505, 7V Eu—/WdLICiEA b L RIS
I\ZEHZL72 Glycerophosphocholine DA HITE LN D, fIZH T I/ BEROE = RAVF— U VB S & FF o4

%fcﬁk MAREARF L— My~ ERWENDZEICLY, NRAY = A 2R TEIICHEZEAR b L RITHIS

LTWDERTR D R D,
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5. 5% OREYE
FaVF I AU D T~ BTHARD L EE RN
E%f%éﬁ\%%@$ﬁm@%?wé%mw&é
o EIRD A X NS LB RIFRR A #
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DRI B W T EERFE ZH L D, ELHE kB
FABAKITAMTIC S ESERA ML AIREICE ST
RN E DN TVD L LTHAEREIC DR B R
HBiE% 5 % 5 Rt X+
A ML RAEZEL LT GPC ZE/ Lo O IRER LM
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HLEAEDETHITL TN ZET, VAT LELTO
WIRZFAE L TV 2 ENTE DD TIERV ) E -
Do

Eirsa

AT B E SR BRI A B R Ze T (R
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Abstract Deep sea is characterized by high pressure T HIT
and low temperature, and the organisms inhabiting the
environment have adapted to such extreme conditions. 2012423 H 26 A, BEIEEE DY =— L X - £y
High pressure and low temperature exert profound A KR~ U T FTUREOMFREE 1 7 A — L
physiological impacts on bilayer membranes, primarily DF v Loy —WICEE Lo, BMEHTE LT
resulting in tighter packing and restricting the rotational AP TH D, ZHITHELD 1995 48, JNATEE
motion of acyl chains. The maintenance of appropriate NWEFERTFE PR T8 A% O B ANTE/KAE “2 2 57 1A
membrane fluidity is crucial for the integrity of CF ¥ Loy TR 7Y o ZIZkP L
membrane proteins and cell survival under high pressure TS, N9 OERETHEES L7z 3,000 DK
and low temperature. Of the spectroscopic techniques EMRIE. 1000 RJE S OEAKIEI S 5 SN2 EEN
available to study membrane properties, fluorescence O TIIINZ & 2WEES T, WO E X
anisotropy measurement is a common useful method BEAMZELS B L% 3,800 m IZEET 5, HEREERDOK
providing information on dynamic membrane properties. L OHE 5 & = OMIERD KE 3136 Eod> 380 £%.
Recently we developed a new system that enabled FIZ3RORIELDEENCE L SNTBRETH D,
time-resolved fluorescence anisotropy measurement ok, JENOEBEEALIZNA T L (Pa) THY, K
under high pressure. In this paper, I describe a renewed fRTbInaEHWD, M Bl &R0 T 0.1 MPa,
view of the membrane properties in deep-sea piezophile S 1,000 m TiX 10 MPa, 10,000 m TiX 100 MPa %,
Shewanella violacea when the cells are exposed to high DOKREDRPND[E D L THEEBEDTIZ I EDOR
pressure. BIEN T TCEELNLON?] Fr LYy —F0D
WLHED B 140 4, HEOMLE O BN THTDH
WM I2E Z LR Do TnZgy, Ll JFAE
LD BRI > 72 &322 61X TEH2°-T
F2 AT ZAUE EOIRES) TICES Lk LT
=DM ] LVosfnnTICEEHRZONEES
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9. EHAEMOERRITRICEENRTEY, 45%<
DOWFFEE OB A Z DT TV 5D,

ZoBell & Johnson |X”barophile” &\ 9 4 Wyl &
JEF L7z, Barophile (3@ E & 4f A THABT DML
W) “LF e A7~ 9, ZoBell & Morita [ XK
TeakElN b @) T CHIET DAY DAFEAE 2 WD
THER L, Z D1k 1979 4F1Z Yayanos O 234 P HH
D HEEIZ ALY L= 2, Yayanos 1ZD 52, “barophile”
% piezophile” & FES Z & Z4RE L, BIfEIL S A
AHI TS, baro [LHE S &) BERE WA
W, piezo DFNBES) & FKT DIZ5 X LV, Yayanos
MEETIIFEL TN EERATND, HigM
etk RS OBLR N B3 FET 5 & | piezophilic (4F)/+
1) Oz piezotolerant (fMifLf:) & piezosensitive
(FEVEESENE) 238 % o KAUE FICHER T 2 413,
FEARMNCENESZ 2R U, IET 2 & s )
KT 2, fFEMESIIRERET LY bEES T T
FEHENEELMEDZ ETHDH, £io, MEMkEE
IERKUE & @IET) T CRIREICHIET 258 1CHW

biLd, INEFAITRLIZONRK 1 TH D,

IEM
(Piezophilic)
T~

i 1
(Piezotolerant)

YR T R EE

EHEZHE

....
o
------
fare
fea

0.1 50

£ (MPa)
1. JEJ 80T LI O TR

TR D & 7 Bl S T A D 4 TSSO
TEEERTNE ST L TEART E1T720,
W[ B SR DT XA IR T % DT B & BB T
ERLBDEMNEND L FARZELR N, L
Z ) L7oHBERR R, IR R A 2 5 &K
ELLENT D, b ETERETBEI N —DD
RO TH D, L LN SA01 0 ChEEMEH
B &R TR & i 95 & IRERIER, ¥
VR EOREE LR, B D WITIRE 0B &
VN To bk & 72 L)L T O R ARSI DS AL
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S D EDBIRIR, AFEMERIE I OWTIE, A Y
TAN=T RFERAZ Y w7 ZMENFEFT O D. H.
Bartlett © @ Photobacterium profundum SS9 & WM
ZE BRI O N & O Shewanella violacea DSS12 %
WAEMET NV E LT 1AW FRR S T
HHNTWD, &6 5DIFEMME B T-RI
2Ny EREREICET 2 2 BOMENRH Y | Btk
25 LRSI b G S L, ARHETHLENR L O#EI
FrRIN—=V T TEDL LI B2,

MR & ARGyt D E TR

F 1TSS AR TSR B 2 B X TN
DOBLFOFREZ T, L0 Th BLRE
\ZE 2 TN & 720, 50 MPa LU T Cl, fliES)
O, B ER 2 A U7 SRR IREL Y IAA T2 &
IZIENOFENEND Y, a2 G~ DN
REVOIX, IFE ZHEHEOEMIHE D mkEiE D%
fERKRENTZDOTHD "1, 50~100 MPa TlinE
OFIER. DNA Bil7e O ENBEE IR T 7 F
PRTFa—T VOB ER, VARV —AYT =y
L OfEEfER & A I~ —F R EOREN G E
2 TR 2 U AR Rk 5 ADRTEZL
kDb T, BHLEZ 7 BEREOKFINC &
HEERREV, I 2 THREE &3O RIS
PO RBROEEELRR T, Pl2IEFa2—7 Y K
WiREBZ THhDE, BALTND & X LA E
BALTWDLEEDERF2a—TV 0 1ELHTZVD
FEPFIIOmL /hENW®, ToTh ¥y RUxD
EANCHE, NET 2 & RES TR e 7 B
9%, 100 MPa LL FOJE T RICHEEIR & 5
o, By, HBEIC X o TIEERFER OME T AF%
NDREIEFTDZ LiFen, LLEDEZ A,
FEBREZM T C 100 MPa TOMIESYZR (HEAE) 23He
BENTHNL. BEHER SR OLEMEME & W2 8 b
HINTWRY, —F, B/ v—F T EORTE
SO F1ZEMEIE 100~200 MPa ThaE V. DNA <° RNA
IZE - TiE 1 GPa £ THEENLETH S >89, 4t
- T, BZECHER. DNA L1 A5 I HE TR
ZOLDODOEETIE RS, DLAEZNLERD
DNA/RNA RYU AT —BEHAEERSLY R Y — LD
NN T 5, S. violacea D RNA R AT —FIZ
WXTHEMER SV | @ EBRIKEINEIC LD in vitro fiEHT
M5 140 MPa £ ClIVr 7 2= MEEZHERFT 5 2
ERDPoTND D, —J5 5T TRIBE D
RNARY AT —Pi3fifB L CLFE 5, S violacea D
HHF ERESDK 70 MPa THhHZ EaEZDH L,
RNAR U A7 —BIIREIC2EDLER LR L T
HDTZ,



Journal of Japanese Society for Extremophiles (2012) Vol.11 (2)

1. MM EOHEECERE S FOEENELLED

i el e s £ 7 (MPa)
it e 2 ) 10

A 7 = 20
EJRODYRAH 15-20
FILo—JL3EE 25-50
A A OHOHRE 25-50
wR 50

#E 50-100
#ER 50
EHFE 100-200
BUNIHEDOES 50-100
KBS AT E O EE 100
FoNVHEOEN 200
DNAD ESE 1000

AR D mE IS

AIETIXZ VR B e duls & LTIZE DR R 2R~
oo T, WICEBE~DOEBIZOWNTE X TH
720, HEARMIER L U CEENIIEE —HE & LA
L. 7IVHDEER T F v L EfhZ2 IR 5, 7
JVEHO R SO BRI, MBS OFIEIC K 5 221X
HHN, BB AN TIEE “HEEOHIEBIREIX
100 MPa T 20~30C LA %, #IZIX, LI b
ANTFAT7FIoNal) o OEES, RKETOE
AR 1T 42°C72 A%, 100 MPa 72 & 64°C £ T LF-
% O, AR A ERE 7R O THIRE 2R MRS 1 3L
Hanw, L, X o7 EOMREN & ITE )
TRELHELRDOND DI, BEOJEMEICHES Z 2 Xy
BOBEBIKIC L 2720 Th D, WURKOIRIES

RO ENEE FOAMMBERICEETHD Z L1,

AYOKIREIS ERLTHE G Ly, KR~
W SES O — S IIIEE 7 L A O R AT TH D,
— i & B WX A FAFAR DA BRI IS LRI 2> E
720, BEOFHEE G @O REME SRS, =
AU E D ES R B OREDMRTZILD &\ )
HTH D, Macdonald & ILEMED HGEF THEE T
LR R O MM A A~ JE N OB E RE LT,
51 #YEROEEZE  1,6-diphenyl-1,3,5-hexatrine
(DPH)Z VN, @) F CaOLmICAERNE 217 >
oo TOFER. BUEHD Y & TS OAEED
FEDOFRFHME L FREED m L)L THERF X
NTWBZ Enbhote, £, WEINTREIC
ST HENENTH L, EOMTHIREORENZ
FERCICA 5 Z EARENT O, A EREEERIEC
AOETHEOREMEEZESZ O X D A
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% . “Homeoviscous adaptation” & FE.5%,
WHHEMEOZ T a2 VR
(eicosapentaenoic acid, LA~ EPA) X° K= =34
T W (docosahexaenoic acid, LA F DHA) 72 ¥ D%
i N EIFIAEIEE 2 2% < B e D T, BEOFEME: % & 6
HEEZLNTWD, LML, P profundum SS9 TliX
EPA KARFRT & B AERK & RIBRIC S E T CTHIZES 5,
EZAM, i ANESFIAE L EE D cis-vaccenic acid
(C18: )& XL EENEZMEEZRTOTHD P, mil
DK H B IR I KR Shewanella
livingstonensis Ac10 TlX, EBPA TR T2
DM SUIAR AR IZDS, B L o T OJEHGHEE T
DRV EPA OF IO FREMNEIZER 720 &
S b Tng 9 £z, S violacea DSS12 T
I EPA #KIET 5 & ®mES) T CHFFEEME T
%W, 2o XS ICEES) TR T T EPA AR
EN & BEMICOWTL, HECE RS, EHT
HIEIZ Ko THEGmP R Y | H—He RAEITSE S
TV, 2L ELMEMORBENEE T EF
EIES T TRl SN nNE TR T2, 2
TLAE T, @IE S T2 24 EVEME S. violacea
DSS12 OO Yyt & EPA OEENZSWT, FAT-
HORGE DRI IESW TR T 5,

) T2 3610 2 dO R E AR R E

AT TSN 72 30t EE DPH ° % OF5 5K
1-[4-(trimethylamino)pheny]-6-phenyl-1,3,5-hexatriene
(TMA-DPH) X, NTHEOWHEEZTRL7-H ik
TR HWHNTE 72, DPH MEE —HEFOT v L
BURH (BErh i) ITALIES D DIk L, TMA-DPH



LRI IE A 2 RO 7= OIRE FE 8 ORI I
T U —END, wHEIFME (fluorescence anisotropy,
r) 13K (1] TEZES N, REDBRENTE THT r EIX&E
<, BLHES T & ZDEITIRT T 5,

r=(lyv - G Iyp)/(Iyy + 2G Iyn) [1]
T IC, NITHEOEHE, H & VIR LE
ﬁ”b%ﬁ’wkq:}ocl:()‘ﬁﬁjiﬁ@fﬂfﬁﬁk TEEWT D,

ITEEBERBAE TS S, bt am oMo fiE
{E'JIE%*Uﬂ% UIRCREHIE AT T (LR, R
SRR ERRETE) ( BERF O L T AT a—
NV EZEOFERDPBICE LT THELFHITER 2,
i 0 RRE 1T K2 100 ps TH D, r OBFREIZE(LIE
X [2] TERIND,

(1) = [Lvw(?) — G Lyu(D))/[Iv(?) + 2G Iyn(9)] (2]
RE'E g T O IA F T4 F IR RIERES) A3 HI R <
NTWDHDOT, BGEORIZ TR b #Efie—mk
TR 3] TREIND,

)= (ro— re) ~exp(—t/0) +r, [3]

EhT—

Q =
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ZZ T, ro I THEFEN TV & %@;@Jﬂ
Fl XFERITRIEMEN LT & & DR, 0 138k
¥0>IEI$J:$HB§JH#F”3T&> D, EEELRDONRFAT
(S, order parameter) & H{5) O [RIHAFHBILREL (D,
rotational diffusion coefficient)y TH b, i ZE
[41E[5]THREND,

S=(rw/ro)"? (4]

Dy, = (ro = r2)/66r0 [5]
JEORRFPE T2 & SIHMET L, 7Y /D EER
HEERM L kD& D, 1Fm< b, &, B2H
12200 MPa % T /L) T TR o3 G DC iR TH
ExaITHO> VAT L& L, T % High-pressure
time-resolved fluorescence anisotropy measurement
system (HP-TRFAM) & IEA TWA 20, X2, ([2F D
VAT MR RT, £ 2 TIRIZ, HP-TRFAM % M
VT S, violacea DSS12 D REMME % b L 725 FAZ D
WTHIAT T %,

BEN RS

mEREEIL

375-nm /LA L—H—

—
HEIE

BEASFILLERH

PN b

2. R HE o fREOE RGN E & 2 7 A HP-TRFAM

I EMERIE S. violacea DSS12 OFIfRAE & EPA D&%

S. violacea DSS12 DBy AKX 50 MPa T B AT I HEF#
T D08, Apfad Bk CIXHEREE DMK T35 (X 3) 2,
TMA-DPH T~V L7=4AMg% 10 ‘CT 0.1~150
MPa DJE /] F T HP-TRFAM %47 - 7-, & D5,
AR O MBI LR RE T CHIEFICHIE T S X
09 LW I EWEZRT Z ENbroTe (K4A), K
Wi 7e & & e TE D MICEOFREME TRV, L
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# 150 MPa £ THIE L TH Z OfE IR & < 2w,
BAERRO ML H IZHIE TH 5 L 5722, EPA %
%) EITMIELIC 22 D D& TR L TV A3, #i
Apfad ¥R D SIZBFAEREL D b Te L ARUVMEZ R LT,
DF Y EPA 3d 5 HDEIZENOTH S, (4 4A),
INEIFFTDHE O, Dy FApfad R CTEL T v
FHOEIHAER) 3 m E - Tz (X 4B),

TiX, 728 EPA # B 0B AR OMIRAEN X, EPA %
B ERVApfad BREVRIEZ D245 2 Fi%, BE



MROENENAERIZ 5 5 EPA OEISIIH 11% 72D 72
D3, Apfad R TIX BPA MERTH & & b, 7L
kLA B (palmitoleic acid, C16:1) DEIA 3K 24%
D35 49%ICHE R LTz, T 724, EPA DKRRIC
PEHIARRRAR L & A Rk 2 HEIAEE 7S KBS | B A% 41
ENTWEDTHD O, HFrIal—railk
% &, DHA (C22:6) [IEARNTaA R E 720
£72%8 082 nm Z2oizxt L, A LA B (oleic acid,
C18:1) TiX 142nm EHE SN TWD 7, EPA b
B_HBOERBMITafsroXsicar 7 M

FEH

= 0.1 MPa
o 50 MPa

0 10 20 30 40 50

B (h)
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iz L0, EOREMEZ SO TNDONE Lt
WV, L, LUV R R LA UEITApfad BRD
EENSEL L, MEEOK T2 &2 Lz b
Wahbs, 2720, Apfad ¥R CREORMIEMEIME T L
iz, KER, 37 ClIcEBEBEIRE 2 H > L D
PR R & D & Apfad BEIZIEBIBIICEV, 5o
T, & HWMAEMIZEB O TIREMER DD 220534k
LChH., FrEDORPHN TRDPE D MER: S v Tuiuid
ERPIAEETTODLND, EWV ot b5 5,

ApfaA¥k

# 0.1 MPa
o 50 MPa

B¥fE (h)

3. S. violacea DEFERK & Apfad BRDEE NI T 5 HE5H

A
0.95
v 0.93
E 091
E naa;ﬁg{}
e
@ 087 |
0.85 L .
1] 50 100 150
EH (MPa)
® HiH

FLILHOEELRHFER 00

!
nﬁ
0 50 100 150
EH (MPa)
O ApfaA#k

4. S. violacea DIFERK & Apfad ¥RO & E FITHIT 2 WM
(A) BEOFLFR T S OEIMEAFNE (B) IBE T 2 VO BlESE IR 5L D, O E A7



6. “MEOFLENE" HFFOEIK

Homeoviscous adaptation %, @&/ /JPRIREREE T
HEOREME (REME) 2 EICRDOWIG 2 B L,
— I T VO IFIE TR U b b, RIBICE
LU EMEME CTH D NP 2. S. violacea DSS12 Dl
fall: S ZREMEICE TIZE N VN EEB X B TX
720 & Z AN HP-TRFAM (2 X DFL=HOWEI, S
violacea DSS12 DI IEF \ZHIE CTHEMEIZZ LU
ZEEWLMMT LT, FERICHE L THTHOH TH
MolcZ L ThD, SHIZEDEDIRAEIL 150 MPa
FTHEL TS SIZEE LRV, o T, KiRE)
PEDOMIHENEE /2D TIX 7 JENZ DT TH R
DHNE O E EZNLLEE LR Z & D NER
EEFODOTRWNEFT=BIFEZ TS, 29 Lz
BT MRRE L TEEN RO, 5%, RN
SeDkE 2 28 A YAl Z HP-TRFAM TR %
T ETEZNADMDITENR, LU,
FIEAREHMEN RSN TS, ZiUE, A FF
T IR T S CERRIEEGREL D, & HIZER
O DEIMELENEN ., EBRIZ E 5 W o - A ekeE & E
BEU 27 LTV B 00, B 2 X5 LR OTE M
oA AT v RVOFEREIR DD, BEE T H5ME D
HAEH e DD, B D W ITHIRR 5 2L & ORRE 72 O
M, ENDEENT DL E MR T 0 —F NS KA
ECTHAHI,

Eirsa

ARFFENE FNIRSTATBOE NIRRT ZE B RS C1 T
P bOTY, EFEFEE OHFITVR, B
RHE L EETIE L, AR —E L, 25 ONTHR
R AT O )N AifE L & FE R, 2%
BERICBWTIE Y » a—RL—3 3 DA
Fe+ LokBER, £ LT, EHIcBE+T 5 46%
72 B E A TAWZEE R FORABE L L &MEE
LGP L BT ES, 2, AI=Lba—iX
(B OR: & Hifff) 55 CHUERIRIF D% Ok
o TEES TSR T 2MeEDMREOBI#ESE ] %
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Abstract Metabolic engineering has emerged as a
practical alternative to conventional chemical conversion
particularly for biocommodity production processes.
However, this approach is often hampered by as yet
unidentified inherent mechanisms of natural metabolism.
To overcome this limitation, we developed a novel,
simple technology, designated as synthetic metabolic
engineering, for freely designing a chimeric metabolic

pathway. In this technology, genes encoding
thermophilic enzymes were overexpressed in a
mesophilic host (e.g., Escherichia coli), and the

recombinant cells were heated to inactivate mesophilic
indigenous enzymes. These operations enable a
one-step preparation of highly selective and stable
biocatalytic modules, and an in vifro synthetic metabolic
pathway can be readily constructed through the rational
combination of these modules.  Owing to their
independence from biological activities of living cells,
synthetic pathways no longer play physiological roles in
natural metabolism involving the energy generation and
energy-consuming synthesis of biomolecules; thus, the
bespoke pathway specialized for chemical conversion
can be designed. In this mini-review, several examples
of the chemical production systems developed using
synthetic metabolic engineering are shown and the
feasibility of this new technology is discussed.

Keywords: synthetic metabolic engineering, pathway
design, thermo-tolerant enzyme, thermophile, archaea,
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1. 13U ®IC

ISNA A PRBMVEFE % B TS TR B A PE T 1B A D&
DA E BT 9 2T, R LE2FA LAY
) LDEEIL, ARRNTZEDTE RV -
BARERIEDONE DL o5 Y, Fo—J, {4
BT TIEC DX - BA L2k, Hifks
EBY OEFEMER EITFEEOM s v & v S S
72 RN D TE Z THIURIT ARG 722 L7208,
WAL > TIROEHERF A7 LIX, =& ) —)b
EFETHT I VR THR< . BEPENNZER
BN TCTOMNNIER - AT 2002b 5, Lz
Mo T, DIVOIVHREE DEPEY O EFENEI K &
HimA CHMAEW T ) DT NBISEEZMZ LD &b,
FEDOWENE B OAELF - HFEIZ & > TARFNCE< &
DTHSTIBE. MEhDE—T7F 4 —Fy hT—
T NHEE L KEONEBITBHEINDZ B H D,
TR UWEFED-omics Biffi &2 HifHE L Wb B T4
MOENAMME] ORI ER>TND—#HO R v k
T— 2% XGRS BR LA L X 5 &9 iR,
TTEORF LSBT DO O E D L 7o T
[APIRA

—J. BHEODO I NL—T7TIiL, EE o RHE
BB EUETHOTIERL, Y a—/b L7
B%32 % in vitro TIEEITHAS Y, WE A BI85 b
L7 fR 8 2 A 5 = & T, BEFORE T30
ZHMEEERT D Z & ERATND,

2. BB ITE
Rk 3% & 51, HBERESR & G E Tz invitro
TORBRKEOBEL ZNE O T=WEAFEOHIT



INFETIZHEL OFRENR I TS, LaL,
T 2 CRIE L 72 D OITEE ORISR & B UG % £
DI LU E CHRET 2 IEEDEMESICH D,
EHOILZ OEMES ZELET 5720, (B) GBS
HRT A MHEWERE & L FICE R Lz, £, MiEL
PR B L 1 & KIGHE 722 & O iR EMAEMN T
WP S5, 15 O IR X % 70°C FRJE DL
WLBRICHE L 7=, filfii b LCFOEERMT 5, =
OFER, 15 T HREESE O KE 7y DNEVENEIC X A< H]
W STE L, FEREESE L [F L UL D @ O R &
B LI AERMERES /OIS, £72%< OHIR
P ) 0D K R SR Y X BVLER |2 K 0 fsgE Ak S
L1280, WAEMERR S TUIX UIEREE 72 5 5
g - AR oS EAERNPFEE S D, AT S e—
FIT RS SN CTOMBENREL X 2 ATRE CTh IR,
H 5D DIMEAMERERIC L CEHRETH D, o

X 1
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TR 24 2 S EHOMEWE#E L Y 2 —
UEL., 2B EEREICHAEDLEDLZ LIk~ T
{EFMAEFED T DO N TRHREE A>T~ KT
WEFTHZ ENRER D (K1) 4 TE 2 Zetuid,
PERDOMH TEn, BEfFOHK (REHRE) o ki
BB EZSELEZY, D WVIIARELRRE 2T
LE5DZ & Tz GRE) 206 Bt (ZEPER)
~ORBEBELT 2 FIEE LT 01, RiElT
FAREDOX ¥ XA BIZ7 V=2 RTH 2K %
THEAL L LEIENI LD THD, FEELDT —
TR, AREE TARRE L% E4MT, #ix
(BB AEPE~DE A 23 AT\ 5, AfTix, i
PN ZNETICERYHATTARRB LFRICLD L
DL Y OHEFEFE L, TORREM &S ZIY
To_X BB IZOWTEREY LTV,

B R T OB,



3. AR LRI L 2 EERE AR P REEDERE
DNA OEARITZ N a— R & HEYE L U=t
BV R—=RBHOERE DR TTE EGTe 20 FEEELL
L OBEERIG B 5T DM e AR AR D, —
Ji. BEOAEMEN T~ A TR L LT Lo
BELTWRWnEon, Zhiidae BiasrRKges L
TTFAF LV R—AT )V KT —F¥ (DERA) Al
TAH57 Va7 T K3-U U (GAP) 7% &
TNTE ROT )V R—IMGEC L DT AT FHO
B 2 D AR N LN TV D, AKX
VAR—RA%&RED [ AT v —RIK) I TOEOR
FRE (1) L TR SN TV, AT
AR A AR TE DA 2T 7 m
—F 5S> TT T, 20X H e~ A F—RIKEE
WRENZIEH LT E A FENR FIRE & 72 5

WFFEBRRA S IR, 3Tz HIEME DERA % il 5 8 <
B KIGE & GAP HGIR & U CRERFOfRFE R % H
vV TTHZ LIk, BERAEKRTREERTHD
- TAFYAR—RA 5-U U (DRSP) #/EFESH
HFERRESNTWER P, bhvbhth Zhid7
B W R A EL 3 2 W B/ MR OV R 2> 6
72 5 A AR A HESL L DRSP EEER AT 72
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Do RY U RS ADP ~D Y U ER LR S & ik
I BMEERY Y g —F¥ (PPK) Z AWz
ATP F/4£5% YDOIE(E T T, DERA Z& T 5 MEOREH
BA27 vk 7L, 77 h—AEBO DRSP A
PERRIR ZAEEE LT (X 2), A, B3R O fcii s
REICHIL, 70°C TORISEFERLIZE Z A, K
BHAEDN S 30 43T T 10 mM D7)V 7 h—A 05 1.2
mM 2D DRSP DAFERHER S NZ, LrL, =
AT ORGE & & HIghd L. BUSBIIEN S 2
FREE & CRIBRA A TRl> 72, AU O
FEETHD GAP BIOFORMEEKETHH UL K
o7 U UBE (DHAP) NEUZKR L TRZE
ETHDHZ LITENT S, DERA IZ XV it x5
FOSIE T HNCHEI TS D 728, GAP OEVIMFIZ LR,
BOGHA 3T v R— Vo3 fREOMANZ 7 kL, ARG
Ta—OHRNELTLE Y, TOOEEIERIT
PPK L 2FEHDO X F—FIc L D717 F—A 1,6-F
2V g (FBP) DAEFEE T#H 70°C TITo 72, %
DOBEFREY 2 —/LERIML, 30°C I2TH &fiE X
JEEFERET H &) 2 BRI CEE LT, 20
. 10 mM D7 /L7 h— A5 5.5 mM @ DR5P
BAEETDHIENAETHS T,

X2 T/ b—ZANEHO DRSP AFEDT- D DERRET A V.

4. AR ILRICL 5% A TR R OB
T H AT HEERESE 2 N2 in vitro TOAX
R OFREE L s AW EEDORAIL,
INFETIZHEEZ S ORER I TS, H<IX
1985 4212 Welch & Scopes (2 & = T U L7 FEFE
SR DfRE RBE R LR L OV ATPase &\ /=27 v =
—ANSDTH ) —VEEOFINET NS Y, K
WEIZLAE IM (18%) DI La—AnG 8 I
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DT, BRI TH D 2M (9%) ([2EHTH /)
—NVEAEET D ZEICEIIL TR . BONEE & oxf
FEWE DL THE I, BT ORBELEET
DAEPEMENFLN TN D, EITFETIE, AHER
(2R THEWERE R 2 e 7 ) — VAR REDN G S
T Y i EEZRIR Y — AL THZ LT,
R DOLEMDEBEITHE LIz Z Loz, BRAT
v 7 RIEICHI LS5 Z L3 Re L > TED |



ZOTATTIEFHRA O ENLET S ETHRE
RNEDTH -T2, RRITIAT ATP OFARGZ &
ERNWTD, EREEEORMICITE I 203, S
mM DI a—ANn5 9 mM BEEDT X ) — VAR
DARETH Y | JEEUFREO R S 1% Welch & Scopes
DIVATALERIETHS,

7272 L, 20D OB CHABE S TR 1T
WIS RIRD T X ) — VIEEERR I & 2 D F F AL
L7Z2bDThD, REOABPERY ATP X
NAD(P)H 72 E DR ZHE L L= F—X
BT OES (BALRE) o, ZZTHELR
e X —ZH A L MiaiE g oAk Rk
R 12H D EEZFETIUE, RROMNHHRREDO—
WAEMEELIE T2 —&—ZX ] LIPS
FREE T, fEER OB A RIC K 5 UGS LD RET &
NN Z LIZABTH D, PPK X° ATPase 72 £ D
W MEE R AERBENSE DO vy T Tl D
DI ENZ D W, AEHOIHEESE O LR %
EHTIE, 2SO FEICHED < & b iEEEIL
FOMBEAART D Z ENATREL A D, BIZIET v
T—ZANSDTE ) — VEFERKEOSRES. B R
A2 F51F % Embden-Meyerhof (EM) & & #&4L
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X7 N a—R15FH7=0 2570 ATP WEE SN
% ($72bH ADP 2 3 HEEND), — 7, —
HOT —FT7121% ADP EFER*F—F¥ R la=—
U IR R 2 LB - FEAEMIZITIR S
NARNEER )N D 72 D TE EM BRI DIFEN A BT
WA D R - B EM RRIRIC 3T GAP
53 HRAKRT VY VB (3-PG) ~DZHIL, GAP
Tt Fu 4 —+ (GAPDH) (L% Y R D
BAER S ERARZT VY X —F (PGK)

WL DMLY VBRSO 2 BB R D Lo TE D
ZO—HEDOKIET GAP 1 5+H7-0 1 551D ATP
DEEAEIND, Tk L, —H o7 —%71%, V
VERFERTEIC GAP #i/K#ET D GAP 7 = L K%
T UAE IR R (GAPOR) X non-phosphorylating
GAPDH (GAPN) 2LV GAP 75 1 BEBEDO LT
B 3-PG ~DZEHAEIT S, GAPN MMl 5 Kt
TIX ATP Atk =, FEE - BEEEDR
EM ##+ > GAPDH 8 L O'PGK % 7 —% 7 H kD
GAPOR X°> GAPN [Z{&#id 5 Z & T ATP YU XD EHEL
L7¥ A T8 EM RIE ARG HZ LN Al L 725
(% 3),

B3 XA TREREROT A v ERIFZADT EM & (), 7 —% 7R EM &1 (1), B8O
EE OV LI2F AT EMRREE (). 2% EM BRI RS R 3R bR & AR REICR LTz,
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ZITCHEELRDLOIX, DX D %F A TR
AR TR TEZ AW T UIHEE X o
RIZH D, §92FTH7< EM #KIE, &b XE<
MFFESiT=, £ L TAEMIT L o T b EERHTR
KOOEDTHY, BE (Fra—X) BETLHHE
MR T RV X —% ATP OJE Tl Y 4 2 & 24 F
FIEEIE LTWD, T7206, ATP I OGE LT
(ATP Z4PEL72\Y) EM #REKIL, HIE0T D4R
MEREZK->TED, 20X )R A TRIRK A4
ETWAEYNTHBE T W) 2 L3, BV HiE
ST YA O EM #REE OFRE & b5 5 Z &
IR BN ETH D,

25 5. Thermococcus kodakarensis HE D GAPN
072 5 N Thermus thermophilus Fi 3 0 JFA%E A #y 7l
EM RIRFEERE A ML B D 7o A 7 EM 2K %
KL, Zhalnwi-Zva—2ns 03RAeFEIC
WA, 7ok, ARBEORMAT v T gD
BV B VRN D ILEE~D NADH {K{FA9E TSI
W, AT e Rus—+¥ (LDH) (T X > Tt
S D W, Thermus thermophilus B IMZEMWE LDH 13,
AR 2 (0.5 mM BA 1) @ NAD'f#7E T Chfi<
FHEZ5Z 0, RN TIHIZEACHELRVW &
NN ERoT-, FZTHEHELIZ, FME XY
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NADIZ L D EERZH5H Z & 72 < LDH & [AERD
Ot % s pTRE 72 B OB R 2 RR L, VU v T/ ALEE
Ft R4/ F—+¥ (MLDH) %i®ikL7-, £ &7=H
fa % VR WA ERACGH T T, #8855 - iR ~r
TOREERICESLA SN WWEEFENAETH D
ZEEFEIETHLRVA, 2O X HITERRHHRR
B (HDWIERRHMAY) \[CHRTIEEEET v
BTN TRZEICLY Z R E LV TERT
570 AT Yy 7 #iE b ERETE D AUCITERT
REThHD,

IO LTHEEEINT-F A 7 EM &K% AT,
HEPEERR AT oo & 2 A, KGR D 5 FRFRE
F CHERHI RSB OB BB bz (X 4), D
% AEPEHEES O NS ENMNEOER FTARED b
. THIUTEEEDORIFIC L Db D TR, filEsE
T 5 NAD B L INNADH OB RICEINT 5 Z &
DA BNE o7, ISBME 5 REfEZIZ 1 mM @
NADH % fiRiN4 2 Z 1k 0 SUSEE R L,
10 BFOST 6 mM D J )L a— A5 E )L R
100%D 2, 37205 12 mM OILEE 55 Z L3
AREE o T, TORE, BN TO ATP ¥ — 2 A —
SN—#T 31 EHEHE SNz,

4 XA FRURREZR A - 7L a— 206 034 RE 10, I (O) 8 LU NAD'/NADH O EE (O)
ORIFELE R LT, RnBALE 5 BERIZIC 1 mM NADH 2N L7285 4 Lo ¥, RIRMOBES %5 Tx

L.

5. Bbviz

YL EOBER R A28 C T, REEKO 7 ) —7 %
A URBIFEM Z D72\ (T2 b LB 100%
TO) WEAEENREE 2D, Lnolciipa &
7 MBI REES LK, SRR
DIEAEAEPEMIRE R E Db BN WET 5 L
B ALFBBEESNE L TOAKRMH TF0
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1, EREEFEEICH AR LU=, £
I CARORZIZ, B TS0 T7 4 —< A
ZEALVZETHL BIFA720, 5% bhvbhn
DN AT R EFREEIC OV TRILZ Y,

A a7 Fge ] Cld, IOt £
Va—VERREDE LR, SEEEEG T 2RI
HE SR RIBEHZREA L AL, 20



FREBD Z LIZE > T, lx OFEEEE L~ LD
TrArFa—=V I NAREE R DK, R L
WA S EMEIC 72 DT L R5E « IS0 D F
MAMEMEE 70D, Zhucxt L, SERMEWERE R
R RE2 IR B ST x BR A it s L CTHWD
T ENTENL, BERICET S FRERET 5 O
5T, MERREEZHIAN &V D BN ZERINIC
RIES® 25 Z Lz kv Rt RO SEBUEBE A #E
W, MIEOKIGHEEZFmD DH, WD spatial
organization” 2N FIREIZ/2 5 L HIfF TE %,

F7o. A TR RIC K D FLERAEPE DI TH

DT o T MR OB R ORI, T (E) 48,
FE XV LTINS OWE OMIENIRE 2 k> T
WAHDTEA SN2 LW il E bhvbiic
FErRTH2H07EEb 02D, WEHOERREL Z
O ORI 3T 2 iR A G G L (2 VXA B A
HHDES I N2 oDV, FEEIIE, RO
BELZENRFNEFEETDHDOEAIN? 25D A
IZOWT XD EWETEASE DALIVE, ARk T
D7 4=V VT 4 —%EEIEDL ETHRE—
e BITTTH D,
Z LT, T—%7 OEF EM BRI OREHEREN F A
TRUEERRESE DT D DX —Y — )L Loz kL 9T
BUE B HNCED &5 B ORBHEE S L O
ENEONES EDIMHBNERERFEO R & 7 4 7
U bR, AR TRk D, LV EEETHE
RIS T A R ERNWZ EIEE > ETYH
RINAD D,
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Abstract 1 believe that one of the fundamental goals in
research on extremophiles is to have a general principle
explaining the question, ‘what is life?’. Extremophiles
living in certain boundary biospheres, biospheres present
in fringes between habitable and uninhabitable
environments in this planet, have greater potentials to
originate, proliferate, evolve, survive and propagate in
potentially habitable environments in extraterrestrial
bodies and moons in the Universe. Thus, if we have
chances to find such extraterrestrial extremophiles in the
future, comparative studies between the terrestrial and
the extraterrestrial extremophiles will provide a
revolutionary insight into understanding what life is.
However, we should establish certain definitions and
criteria to perceive existence and function of life in
future extraterrestrial life exploration. Of particular,
concepts for limits of life and biospheres and habitability
in this planet build the basis. Here, I overview recent
progress in extremophiles’ research to extend our view
on limits of life and biosphere in this planet. In addition,
a currently proposed energy mass balance concept of
habitability and the subsequent several estimations for
the realistic minimal energy quantum and quantity to
sustain the terrestrial lives are introduced. At last, the
difficulties that we now encounter and the future
prospects are discussed.

Keywords: Extremophiles, limits of life, limits of
biosphere, energy mass balance, Astrobiology
F—U—F: MRS AY, EmoRR, LmEo
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TUARTLRIZHEDEEND, BxBHEE2E
OI-HERIZAEZ KO DE /) OF D EY 2R
LI LT 2HDERE LTO [HEWSE] 2N, i
HMNE 5 &3 DM R RIE SO — 2%, [ &1
farn] L9 RIS LT, BHRA 72—k R &
LCOEZERRTHIETHAD, TLTEDE
ZWBEL LD LT 8, AWFEFICEES
T HOWHIRFRICEITD, S LITIEAM O
T OLORIEH 2 BCRICE S\ z—oDMD BIE L S
ZHDTIERNTEA 9D, LnL—F T, £DOmE
(T AR T 7 — F R DB AR I 2
ARPBRICEE LR ICBWTIL, HEHET LR
BRSO B k> T LE D AREME L B ETE 220,

SF D FEHEIL, TEMEITMH) L) BIVIcE z
LRV R HEET D 72 0IE, BlaRmI A
LB, B0 R WRRAE T R & R
SN EBLREE SN T —~ 7 r Y =
7 NPRETIEIRWINEE R D, DX D 2 BA»
ST AL, HERICB T A2 AEMBFEETE R0V K
IR Z DMIRAZRBREE IV T, EmiEE 4 fFt
THAEY, OF D MIRREAY—OMTRIL, THEmE
WAy B2EZ A ECT—o0 K FR M0 I/
% THEMORS | TR 2 RKEWESE % 5 2 5 FH
TS E S 2L,

F T NME— o> TV D THIERAE M 721 T
<. BELLLFHIZBWTHREITFET L EEZ
SIOHERNEMOH Y I L Ol A U T, [
VM) EEMEL XS LD TREBRICBIT S H
BRAMVEMEE) \TRFEEND LI RT A ba (4



7Y — e D LDIFZERERIE . BHPAIIC AR
WZHD TRODNITEATZHESEE L TORT
X INERDTND, EERIC I E TORFE MR
(I T2 BRI 7o HUER ZM A= v R R H e & L ¢, it
REET, KR, KEOHETHL 22—/ LA
DFRT BT E AL AL DR HEE,
BRI S, KREREREEZBROTND, WO
BREICB VT, TOEERGROSESE T, ()EmBL
GHFEZOHEZRAT =N HSICHFEELTND

(W) Z & 2L TQR)ZERIP - BRI 22 = r L%
— AR T Uy N EREKT S TIXE D MG
(compartment) | °Z% k72 HEREY) OB/ HED) K OV Db
FROGH R 2D TR (solvent) ] 23143 IC/FE L T
W5 (W) Z&, BEESNTWS, 2L T IR
BB L TR, A A F BBV TIR, TRIED K]
DEHESRME LT TV D,

DFE Y | KERICE T 2 HER M EMmEE & X, [H
Mo LX—] & TRIKODK] OIE(E % HERIM 6
FIEDORHRRMEE LTI ATVWD EE->TLY, £
L CEIUTHIER OMRIRERBEIC AR T 5 A DR ZEIC
X o THEA BT &0 T & 72 BERAE G AEAE O B AR
AR TH D, b HAAHERS SIS,
HIERFRRER LAY DAFEATRESRAE K D b RE AT
YU NVERLTWAABEER+SEZLLND, L
M URIFFCARIRER B A & & o T HIERE M X, BF
O FHAEME L TUIBIIMIIZES: - Fii LT D
RIWFID—>TH Y . ZHRFEHITB W TEO T
TRREERIRE MV AT DB LTS, EEZD
WASRVE IR D TR, T0 L AHIBRA iy O FE(E AT RESS
X, FHIZBT 2 EMAESRG OB 70D b5
2D DENNIEII > TV D,

DX IRBLENS, AI =LY o —TIIMWRE
B0t AR AAMOMIEE B L TR A TE -
HER D AEMAFTESRIF ORI O TR L 72V,
NE THIERLTHIC BT DA MR A2 A O &
T AL, o0 bED LN TE R, —D
IEHERIC BT D AEMIEE O TR A (limits of life) % 5. A
W, EOAAMA BB O RS (limits of biosphere) > &

B ERRREZ RS D 327 7 n—FThHY,

t 9 —olE, HIERIZIS 1T % E M7 AE 54 (habitability)
VI L OEWE - LFEICHE L, FOWE - (b
FRIFAMITREIA RS ) LT DT T r—F Th
5o THO_ODT Fa—FIlLo TR 2 TE R
BRSO RFBIZEHS TH LD,

HERIZE T BEMEIERA

HERIZ 31T 2 AEMIEEN IR D T < OER DA
TERICE > THRESND O TIEH 50, BHFEOH
BRERBE CIL 9 TIZE < OERMN T CTIZAMAFE ATHE
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SMEOHEPANICH Y . T OEMEEICAEBTREDR
REBETHERNEIIZHD 0 H T Eidleny
A9, FER A PEEBE T HMERERERE (8
WO B e &) 12 W TR, e LARLE
FHEEIR 7R, & D WITEWT Db O MTETO
B E NG N0 K ) MR ERRE A2 T
E D BNEITHE L, HIERSME S AELE O B AR T
RS THH=R VX —) & RIEDOAK ] OfFE
THDHENE LTSS, Eb0 L MEREBREEICEK
WCEBEICHFETIRMUETH D, TS O T
REM 7R LTk, IR, B &0V 72 iHEn
S0 pH, MRS & W o T LSRR TF 5 2 L
NTE D, BRI 24MITEIORR &2k~ 2 i
W2, ETEMICE S THRIARREZ: NRIRDK] 237
EL D DRRIRA 72 B - ALF SRR 25 2 T D,
#1112k, #HERiCB W T I E TICHER ENT-IK
ROIKDBEMIZ & > TR PR BRI 1T DI,
JEF). pH. i OS5t OMIRERBIFI AR ST
%30, TR ETICE b S HERBREEEREE I BT Dk
TROK DI EIREIL 407 °C T 0 . KPGTE T S tE4s
(2D Te RIEEVKIE AL DT 5 BUK DR
ETHD, Z OREITHEAKDRERAIEE@407 °C)TH
D D IR OKOEGRIREIRE L S 25, KR
VKA T TIIEET HAKDIFE E A EDREIRIC 2 - T
L% 5 O TIRIEDOKOFI RS TREEZ 72 2 03,
KHFIZBWTH LT IRIE O KOF A/l gEMEA S
Z6NTEY, MREREE & LI’ Eo T Db
HERIKRIEZ 2T 72, ENCOWTHERINZE
IRERIE DR KR UL, ~V 7 HHETF v Lo Vv —
WM OHEREEREE D 110 MPa Td 5 19, (RIEMNE,
FH L HERO KRB OB TH % kg bE LR ORI
ZoRd, pHIZ DWW T, U 7 FRiEMEkE T v & 2
WL ORERCE TR pH 12.5 2ok L, ZTDORT L7
U PR M8 6D TR & 7eiIs P22 ST d 2
ENEBND Y, T, dkavF o~ h ) v
WO T AEEARIEREZ -T2 — A VER
JKA » KA Z BT, pH 12.9 ORIKRDE A
M T AKDBHENBED 5N TR, T THEHK
ERZEMER L TWD Z ENEmbND D, BRI
Tid, #HRAH T pH 0 DIRENE STV D V72
FTHRLE, TAV OB 74 =T MOM L
BROFEARM FHEK2S pH -3.6 &)~ A F AEE R
FTIENMOBNTND 22 HERE T, Ry
PR & B X TS R I FTE L, A I3IE 4L
EFERVHMKERELH Y SN THEET D, O,
& LIZIIR L TR WD R & 2B - (L2 5:E T
MIREREE N E 2 b b,
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F 1 HEKIZB T DIRIEDOKPAFE L 5 DIREREE & A OFFTER R S 41 5 D MREREREE
hE-LFER REDKNREELS BRI £ ROFENRESNSHEREE
&R EER R N—5 & 1h-89 “CDk JKERD K
=il 407 “COH KT Foh RigRFREK 365 ‘CORAVFFERBRRERK
35 BB DK (<0.6 KPa) 58 kmEZEORBE
=E QT FBEF LU Yy—EROBEWNI0 MPa) <UPHEEFYLYSy—iERHOMEE (110 MPa)
i3 A TAIIL=T i T HEILEEK (pH -3.6) A TAI=T 3 T Sk ILEEK (pH 0)
FILAU EINFLTH) o RAREAV T K(PH 12.9) EINFUTH) o RREAV M TKEPH 12.7)
BERE EHvES B aE

WIT, ZA S DOIARD K AFI AT RE 22 M6 R B 55 D
WEL - LSRRI T DA OAEBRR & 417
IR DILN Y DWTEZ DK 1), AdnTEfe wTRES:
i, B TITEDNBGE AL A~ AR
% (growth) &, L < I #EFF (maintenance) T & % 52T
b, TORRAEENEBFRRCTHD, —J7, L5
DEMAIERTRESA X, EFRAZ T TR, &
W DOBF A~ ARG 2 — E R R 2 78 4
(ZFEIR L7220t AR ETREEN TV DY
YA AR

RHEFCICHbLNIEMOREEFTRE L. 1
R VE O B KIS Bk o SR Uk (365 °C)THAE
B S T HE D & B S VT2 T —F T Methanopyrus
kandleri 116 #RDE KT T TO R EHEHIEE 122 °C
THY ., ET-AHEIL 108 cells/ml DFfEEZHT 5
Bedibclid, 130 °C T 3 REfEALER L C b 58 25007
LD 3w, L BB D 365 °C OEUK
(CHGE AT RE R A SR S h T W Ba DT JBE
[ZOWTIRIREE « [EH LIS B SRERBT D 5/t % F B
L Callid 2 B2 5 5 O, IKDOKMNEE A ETF
1E L7 WIS CIE, MR COEFAIREMEIL L Y
HRTDEEZLNTWD, BEMEFZDOSE T,
300 °C. 30y DHEERE TIL T T LN TV T
DRI 2 RIS D Z LR TE RS
NELHBLNTEY ., wIRREOEEEYM D 7 <
Ly D—FRIE, 151 °C T 35 5y ORLEVLEREL & JE3 L
RN L LSRN S, BN SR AR
RBAFENE ORI IR, < B W EIR - Fotgikae
TOHEMFERRNEZET LD HONTITIFE A E4L
WFZEBI D3 720,

A O EARAEBIRE L, EBRORHIER T
HE S N=fsk s LTI T U T Psychromonas
ingrahamii ODFARIEIHIRIE-12 °CO, BAPHBRE E Xk &
BEOHGH THENONNYZ T U T Shewanella
gelidimarina OHEE FARBIERE-27 °CY, AL
TW5, EEMAEDOMRIEMEX, -33 °C THiiH
ERTns D KIETOAEFERFICOWNTIE, —f&
WCHAEICIR &9, M ECIREEIC 5 D LMD T
EWIMAGFT 5, BEIRIEICH DO ELF 2 E
SFBHRTFE LT, WRZ 7 EFOT 2 B
Z b LMK DNA OBV AL fEf ST
% 0 2 DAL I AR STE O T ITHE .,
& 2 WIHIRE DK N IZHEWZE DO RO E Il & b o

98

T, ARIEM O ELFIR TR XK OFBIZE D &3]
REZR IR VAKIR THIUER Y,
EWOREERIEX, <~V 7 THHED G EES
A7z Colwellia sp. MT41 fEEWHI NI T U T OHFT
% 130 MPa & E 98k d 5 P, mIEF TOEYD
BT ONWTIE, 77 AT TV 7 ORKT %
ATz oW TRLSHFES TR Y FERITIX 120 °C,
1.4 GPa O /KR TE o MALEL L T b | S84 FEPK
LAWEIRE SR TND Y, Z 0FAE) S P S
% KIS OB IR AE AT 7715 120 °C T 2 GPa
THY ., TIUTHER T 150km LA OZEWERS 50km
PLEOESOM T KICHY T HENTHY, BlEE
DX 7 KBIIAFE LV, @1 Cldze <Mk
W EMN T, 700 MPa TIZAEFETE 5 2 &3
BTV D 7, S SITKEIE T Cidre < iRk RE D
EROIEINCH T DHEFREINTII D EL, 7~ Ly
D—FETH DI aXF 7~ LI IRIRETIX 7.5
GPa DJES FC 13 FERJALEE L C B4 2, &
U NV AE= = 1) s ol e dcar g WD S T =Y RV T}
HERTH LV, BE DL IEMOTGEE IR
JaFOmEMMEL. & HITHREVIZE WD &2 T48
SNDHD, FRERD DUFEHNTHRE STV RN,
RESMIZ SV TE, RIEERC X D ICRHALES
WRIED K DIFAE RN EB OHEHIC /R Y | WA D
KRB L o THERERDZEICE ST, Wb
B HERR RISV T O ERIIAEF IS AR
W<z enEXOND, EEM END 58km EZ2ED
B DA X AR SN TR Y P, e
PO B L O O OAEFFIT LR E L
T, =7y VR TOEFTORREEL +oE 260
%,
EMDOAT pH BB HOWCIE, BEMEMITIE pH 0
THABTELT7—FT70NMbN TS %3, £72 pH
0 T< DEMTHEEBETE, pHO TR EZAE
Wb oo TG B3 7Tl UM, BT
7 U BEFLOM T KD 27 ) — FEFARE(H 10.5)
MO GEES NI T T LGN T TV T Alkaliphilus
transvaalensis 75 pH 12.4 FTHEFTH I LN TE,
TR K D 4F pH 7 U R TH
%3, —F. BRICBEALdea g o~ ) T
AT D EIRERIER 22 -8 F 22— A VERIK
Mo APCEMAE O pH 12,7 o AKICIE, Bk
3.3 x 10° cells/ml OFEMHIFLNBEZ SN TN D Y,



Z DS EE pH Z 3l FAKIC AL A2 TR L
BRI L 25 WEMD A A~ ZOHINHEL
BENTWD D, ZOMEOHTFAD pH 1% 12.5 Th
0. AL OB STEIX Pseudomonas J&/NT T
TCholzEWESNTND Y, LinL ZofkR%E
EMOAEE pH 70 VR & B 2 HITIXE 5
WA R+ Th D, F7o Alkaliphilus transvaalensis
REDET NIV N T VT OAELFIZKIET pH O
HEITTAR O NIZEHNL 72D, AFRA A2
% pH THEAWRETH L Z LIRS IEGTE, »n
> Alkaliphilus transvaalensis |31 % T 5 Z &
MWTED, 775N T VT OB L ha+0
SHEFR AL, BSOS & o Tk W BRI - i
PEAENZ EFED Z ERMBNTNLDT, BEH
< Alkaliphilus transvaalensis D a1~ @ pH i 13 pH14
ThHhoTHI LR EBEANSEy HITAESITE
FETEDEHERIEND,

EMDEBERAEFICB T HEREORR S L
TIE, R L LTOEE - AR LZIRE LRV E
VD BIHRICNE TR, 26 < OREKMEAY)CMAEY X
JREIZE 0 TEFARTH Y, AFIEIRENaCl T
BE L TRI30% wy)Tho>Th. %< OEEFHET
—X7 LWL OO ELEA Y T ) TIIAE R
Thd, FAEMOEMFEL L BRI
AU DHEOREMBCEE)IX. BRI/ T D847
OIAEMAAFBREE L 705 2, AXTAEY & LTl
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INE N7z d i WA ORE L, 2.5 (EAERTO
Bacillus J&/X 7 7V 740 A DNA & L TOHEIL,
42 (BERTOEEHET — %7 0BG P05V .
WD RAFD BV A2 BRI E TN S,
72720, FNHOHREFFEERLE L UL ZITWVRS
TWA DT TIZR,

Vb, %2 OTEE LR T S A
DOAEFBRR EAFBRBRICOWTHER LZ, 2 b
BRAMOATCEFICRB T 2 EMomEL - (LariRss
FLUEORAIL., HL ETHEETOREESTHY
A% BIFFROERICE > THEES T < Z & 1ERH
EWRW, THHORMEIR, 27 &b &Y -
{BZEAEN Z OFHNIC B IS, HERAEGRAET H
HVIFELED LW R/hOFIHZ RTHDOTH
b ZOEMGIESIFRPHZ ERICB W TR S
ToRBIREREE &t L2 GG (X D IREZ R IZ & A
T _RTOEMIT, T TICAEBTRERH#ICH D =
EMOMLDETHAH, 2O EMnbL, BIRREAL
BRITIZHIER IZIB WD CTAEMMPBFE TERWEREN T L
AETRNWENWS Z ELHEfETE S, AL, Inb
DELEINIH L EF T, BHMOSFHIZBRE LTZSHETH
0. BExREENEAS LEEEA. TNERORME

ITFRINC B 2 2 T A G bbb 5, EEED
BAEMIRERBISA: Tld, BEIMOSM LY & IRAE
MR VIR 0B Z b TWS 2D,

HIERIZ IS 1T 2 MR DK 3 AT RE 2R MR [RERBE DML « (L2 ARAFIRA & AWM OB IR & AEFRA, (A)

AR D K D3H T AT RE 72 MR SRERBE O M B (LA 20 A IR AT G O K 8 O TR (x4 % SEBR R PN TS T e e i B
DAEF BEIE) RS SAT (VIR A DT D IRAN Y o (B) MR DK DFI AT REZR MR REZEE DM B - (LZESAF IR
(K G D RIS 69~ 2 SEBREE PN TR ATRE 22 /K T 38 1T 2 U D A= A7 IR LS AF (1 W K B D S oD T
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MRBEAY DO DT XN X —BBEMTFEESE
(habitability)

ZZE TR LA EE L E - LRSI BT
HHERICE T DAY OABRK & ATFRAIL, i
TIRESNT-HEB SN EI1IE 2. W2 AEMFES
g ERTbOEE2 D, LTz, HLE T,
TS £ T2 b D Bk OR b/ & < BAE
b ONIAEMAESRMEO—] I[ZT X720, Ll
HIERIZ 33 1F 2 A=A i B O [R LSO HIER A= Ay D AL i
B & B D B2 i3, THUER A iy O A fn R AE Stk 0 — it
T, FHILEFE L U CREAICREE rTEE
TeMEE 7o DT & 72 DS N METH D, Z D7
THE Z SN TME&72Y, habitability(42 ay fF7E 5 1F)
ThDd,

Z L TCZOEMGIESMEE W HIEEZ YO TAK
{t L7=® 1% Hoehler'" T %, W DI-ET 5 =31
X—im& U COEMBIESRME] LV oBi&IE, )
THMER R E L COAEMEENZ, =XV —KRT
VX INV(EE)E =RV —B(BEIND _ODHEET
JTHIFIT D B D TH -7 (1K 2), Hoehler' (%, — %
NF—fa e L TCOEMAESRME. LFD 42500
XUVMETHEI OGN T XL F—HERTH L L ERL
7.
(WAEMISEIOJREN )72 D ROEHES ) ZHERFT

B E/AIND T R NVF — KT ¥ ¥ /L (biological

energy quantum: BEQ), ©OF Y TN FO= R /L

X —R T vy L TIIAEMIFE O ZOIFHT

X720 e [RAME,

Q) TROBHMES | PHEFRF SN DR KO RLF—

AT, DF0 2L EOZ K ILF—RT

V¥ VTR TR REIZ 72 2 BRI,
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B IFoEMS ) ZHFET 2RI OMEFE
(maintenance energy: ME), EMiGENIOHERF 2 M3
IRE/ND TR —

@) TROBHES | BZITANDZEDOTEDHRAD
TRX—f, OF D AMIEENE FE STV
IND T TV — i,
ZD4ODLEWVED Y B, ZRAX—RT v

¥ VX —EICEET D E ORI, AmTE

B OIEEE T B 2 K0F OO FHEMED & D IO AT

TEIRBEIC R E IRFEL, £/, T0LEmiE#ha Xz

%% H IR ORERSCAEE DN IAfE TR & Z DIRA & IE

Tl D 5 2 L 38 LS, HIBRD Mz oW T

=20, Lo E A B IRE G R A IR AR

SOLESMRAETEMER AR D X 5 7 THmiE# 2 X 2 5

R ODREVEDRF LI ZDFNTE D,

o L AEMIGEIOMERFIZ LR R/ N DO = RV —
KTy VR R NVF—EDO TN, HIEKIZBIT 5
AMIEETER A B 2 5 ETH, MERSMGEE 2%
25 ETHLEETHD, FRICAEMEBOMERC L
MIFNLF—NRZLTNDHEEZ OGN TE K
R DA 2TV RIS T HERE 2O RS
WM NSA A ADBFIETDHEVI AN, ZD X
I IRBEREICR N TS AEMAFIEREN I STV D,
T 725 BEQ X° ME MR STV D &) F:HE
BERRTDHI L L oTn, HEROIRD CTEMMBPTEFE
LEEWEEZ DN TEREICE O CTAEMGESM
72 SN TWAH R BT, MIERARESCHEEIZB W
THAMAIESRM X7 STV 5 ATREME I3 Kk
Do TN, HERIZIS T B HERA M O A MTFIESM:
DORRF, >F 0 AmEORER, 2HRETHHNO—
DTH D,

Hoehler' M4 % = 3L X —ih & L COAEMIFIEATRESME O EX (X 2 24 %), Hoehler' 1%, — %

IR EETTRERIE 4 >0 L & WECRIRD D =XV F— (Tl 5 RS 7.
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Ti%, #HIERICBIT 24500 = 3L X —mIITEES
. B2 BEQ ° ME, 12 & ZF THL M EN=D
THA 97 ?BEQ. OF W AEMIEEZHEEFT DD
BRI NBDO TR —RT 2 ¥ L(F T AH
H T 3L X —21b), I2oWTE, EPFEmiEaiodt
W RV —FEME TCHLTT /=) Vg
(ATP)SMEIEIZ B W TR SN D BRIC B 7e = X
NX—=RT vy b RBELbNEY, 75 7
v U UBER(ADP)/) D ATP % 71 b > A BEE) ATP
B REERE THERT DB, MR R/ROXF 7 AHH
T R LFX—ZALI1EK9-60 KI/molATP TH V., 1455+
D ATP %4720 35O 1 U (EF)RMELEIND
72, 1 BFH-VOX T AHHZ XLV =2k
-20 KJ/mol & PN D, FEEROMAED L FEHRIC
Lo T, WEMDRIEEZ X2 DI/N TOTFRILX —
KT vy VRSG5 &L FENNT-20 KI/mol F2E
THHZENHALMNT -T2, ZOfEEIZHE .
[-20 KJ/mol F£ £ (BBNL TF Z1E-200 mV FEE) LA Lo
F7AAHTZ RNV F =L E ALK D 78,
S I A BR B S I M B FETE R &
WO ZEEERT S, Lo LEFEOMEREEE SR
SENEEBREE TIX. -20 KJ/mol L FO T R/ —7K
T UYL IVERHERWNE D REHETTH. M
EWIHEIE S DUMNINA A~ A MR T 2 LT
XL ERHLMITRoT- Y, FD LS e D

-
—

EBEITHRREELAEL VW) A= X LIEHFELTEY

IR B ERR TOR RIS BEQ %
RIS > 7258 B/IMEIE-5 KI/mol B2 & Uy 5 fE A
Bon Y, X512 Hoehler' i, AARBEICBIT S
TRVX—RT X VDO RED L MAMBEOTE
PEICHESE . BLZ-10KI/mol #2EEA BEQ L 725 =
EERERL TS, oF DAY SERSC B RBRES
DAEMBEDOTEMENBIX, D7 & H-5—-10
KJ/mol FRED T R ILF—RT ¥ ¥ LI FER S
LV —BETHIE, AMTFE O/ AT HE
THDHZENGNhoT,

BEQ lIH EFTCZRALF—HRT ¥ /LD L&
VMETH Y, EERICHLE 2T R —E TR,
HEMIEE 2R T 2B/ ORI LF—BTHD L E
FINDME OFH, BUEORE TILL Y BT
H59, ZOMEIZHOWTIL, HEGR 2 M OBES
2T T —FIC 0 BEL D RHE ST
%, Price and Sower™ 1%, TAMBEE D —E AL A~
AW 720 (gC)DIRFE LY A KR & BRETIRE DO BIf%R
ME . HERODER 2 72 AMIEEN OHERF DR EE S 5 2 5
N5 WIRERBEIZE T DI AEWREE D FEIRIED
growth(¥45), maintenance(¥EFF), survival(AE1F)IZ 5
e b Z & & R Lz (Hoehler DEFHET S ME [
Z O survival IRBBIZF Y 3 5), & L CAEMmIGHE)
EHMERFT DT DRMEIL, o X TEROT ART
X UMD 77 DN ER %R O R E
MERINDIUERHD LWV REL Y #1757,
ZORERIL, AMITEYZHERFT 2 72 0 O E X
R LB RHBEE O 107100 FREE IS & 200
ZEERLIE(KE ), & ORFHHEE &%, B 2 1F-40°C
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T — H R—= AN GEREREIC L > TR o 72,
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BFHO M B e = R L X — 8, RS F Tl 184K,
BRI T TIZ 14K THhH E REL b, 2D
WFEORRD TEE ST, AMIEEIOMERF /LB
RO RNV —EE | IR e RO H 25
BH - W7« ERITIKGET D37 A—2—Bl 2 1E,
AREHTE PRI O I L AL - DR ) & i o
TN, ALFESORICE A OB IFM 87 A — 2 —%
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ARHHE & ME O WRAES 0 6 | HIERO A (e
YRR O A A TFLE T RESRE 2 BARROIZ B L T A4
D, BlE L TEBENDBEL M EME R ¥ U
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720 OVHEREIT 47102 g THY, ZOA X UH
D 1 fEs, FlZIE 25 °C THCHEE T 57201044
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H 0 ThD 1.4 Kl/geells DIEND 6.6 x 107 T & HHH
TX %, WRIT Price and Sower™® D 25°C ITBITH T A
NI XD T ' AR I PCEcT 2 A L 3
x 10° gC/gCeh L ETE 5, DF Y 3 x 10°H]T
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B 1 ffRlE 25 °C CAEMIGEZMERFCE A & ) E
B DN, ZOA X CEITAKE L bR EN
BT ANX—ZME L, FI 2 ITEEAERAE T 4 mol D
KFEE 1 mol D _FRILKFENDHELND TR/ F—
IF13x10° ) ThbH, Lo TZDAK L HE 1N
25°C THMEHMFFT 5 7-0120%. 1 2RI 340
FEMNCAKFEDS 2 x 10 mol. —F{LIRFEA 0.5 x 107
mol FREMEINLIMNERHL LSO L THD,
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KB RIE, HIERRE O (R B A & L)
KEBRBEICR W T, EBERIFAEWFIIRFE LR A T
= RN Bl ZASIERCEACEUE P, KO s il 2.
EEEBZ%’?DF’*‘T%T H@FA%’HWK%&FG N REI J:o
TEHGIERSND EEZOND, bHAAKEE
I EMIEE O T R F—JRTITR, Ll

Price and Sower* |2

4 3

T (HARZZAOE D) D BRI DUV TOREKH (X 2 ), A7 (survival) 2 26 272 REHE 1
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Dipl &b L-
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Methanotorris formicicum O X 9 72 EE 2 2 VB,
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