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Abstract

Genes encoding novel glycoside hydrolase (GH)
families 43 and 51 arabinofuranosidases, Abf43A and
ADbf51A respectively, were found on the genome of
Paenibacillus sp. H2C. Abf43A and Abf51A were
expressed in Escherichia coli, purified and characterized.
Abf43A was highly active toward both polysaccharides
and short chain substrates, whereas Abf51A was highly
active toward only short chain substrates. The optimum
conditions of Abf43A is pH 4.5-6.5 and 45-60°C,
suggesting that Abf43A would be an acidophilic and
thermo-active enzyme. On the other hand, Abf51A has
optimum for pH 6.5-7.5 and 37-50°C. Analyses of
cleavage specificity revealed that Abf43A belongs to the
group AXH-m2,3 and Abf51A belongs to AXH-m,d2,3.
Compared to Abf5S1A, Abf43A was highly synergistic

with a GH11 xylanase in arabinoxylan degradation.

Key words: arabinofuranosidase, xylanase, arabinoxylan

degradation, thermo-active enzyme, acidophilic enzyme

Introduction

Plant cell walls consist of cellulose, hemicellulose and
lignin2). The major plant hemicellulose is xylan, which
B-1,4-linked
D-xylopyranosyl (Xylp) residues. Arabinoxylan has the

has a  backbone consisting of

xylan backbone substituted by arabinofuranose (Araf)
residues with o-1,2 and/or o-1,3 bonds, and further
substituted by 4-O-methyglucuronic acid (MeGlcA)

2,6-8,10,12,21,23,25)

residues, acetyl groups and others

Arabinoxylan shows resistance to enzymatic hydrolysis
due to its complex structure, and it can be degraded

efficiently when the enzymes that degrade the main
chain and that degrade the side chain are used
simultaneously”.

Xylanases are the enzymes which hydrolyze
B-1,4-linkage of the xylan backbone. Xylanases of
glycoside hydrolase (GH) families 10 and 11 are known
as the major xylanases, and both xylanases are different
in substrate specificity. GH10 xylanase, having a shallow
cleft which accommodates the side chains of substrates
without causing steric hindrance, can cleave B-1,4
linkages close to Araf and MeGIcA substituents and
produce shorter oligosaccharides than those produced by
GH11 xylanase. In contrast, GH11 xylanase has a deep
cleft and its activity is hindered by the side chains of
substrates™' """,

Arabinofuranosidases are the enzymes which release
Araf residues from arabinoxylan, and are classified in
GH families 43, 51, 54 and 622,4,". The cleavage
specificity of arabinofuranosidases can be classified into
the next three groups: arabinofuranosidases that can only
cleave Araf from singly substituted Xylp (AXH-m);
arabinofuranosidases that can cleave one Araf from
doubly substituted Xylp (AXH-d); and
arabinofuranosidases that can cleave singly substituted
and doubly substituted terminal Xylp but not act on
doubly substituted internal Xylp (AXH-m,d). The
additional numbers often indicate the linkage of
arabinose to be cleaved. For example, AXH-d3 shows
the arabinofuranosidase that can cleave an Araf residue
linked by the o-1,3 bond from doubly substituted

Xylp4’l3’l7’18).



Paenibacillus sp. strain H2C was isolated from an e
nrichment culture using corn arabinoxylan as the sole
carbon source”. The 16S rRNA sequence analysis of
strain H2C revealed that its most closely related type
strains are Paenibacillus ginsengiterrae (99.0% identity)
and P. cellulosilyticus (98.4% identity). GHS5, GHI10,
GH11 and GH30 xylanases (Xyn5A, Xynl0B, XynllA
and Xyn30A, respectively) are found from the culture
supernatant of strain H2C. Genome analysis of strain
H2C9) identified putative genes encoding GH43 and
GHS51 arabinofuranosidases, Abf43A and ADf5SIA,
respectively. In this study, we characterized the two
novel arabinofuranosidases, Abf43A and Abf51A. The
combinational effects of Abf43A or ADbf51A with
XynllA on degradation of arabinoxylans are also

investigated.
Materials and methods

Materials

Oligonucleotide primers were purchased from
Hokkaido System Science (Sapporo, Japan). Restriction
enzymes and KOD DNA polymerase were obtained from
Toyobo (Osaka, Japan), and In-Fusion HD Cloning Kit
and DNA Ligation kit were obtained from Takara Bio
Wheat
(WAX), rye arabinoxylan (RAX) and arabinan were
(Brey, Ireland).
(AXOS) such  as
3%-a-L-arabinofuranosyl-xylobiose (A°X), 2°-a-L-

(Kusatsu, Japan). arabinoxylan (insoluble)

purchased  from  Megazyme
Arabinoxylooligosaccharides

arabinofuranosyl-xylotriose (A*XX), 2*,3°-di-a-L-

arabinofuranosyl-xylotriose (A*~XX), 3*-a-L-arabinofuranosyl-

xylotetraose (XA’XX) and a mixture of XA’XX and
2’-g-L-arabinofuranosyl-xylotetraose (XA’XX) were also
purchased from Megazyme. p-Nitrophenyl-arabinofuranoside
(PNPA) and p-nitrophenyl-xylopyranoside (pNPX) were
obtained from Sigma-Aldrich Japan (Tokyo, Japan).

Preparation of recombinant enzymes

InterPro™, dbCAN®, and CAZy (http://www.cazy.org)
databases were used for determination of the conserved
domains of Abf43A and ADbf51A, and SignalP 4.1
algorithm (http://www.cbs.dtu.dk/services/SignalP) was

used to identify potential N-terminal signal peptides. The
structural genes encoding Abf43A and Abf51A were
amplified by PCR using genomic DNA as the template,
and then cloned into the Ndel/Xhol site of pET-21b(+)
Madison, WI) to construct

vector (Novagen,
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pET-spAbf43A and pET-Abf51A, respectively. In order
to remove the signal peptide region, inverse PCR was
performed using pET-spAbf43A as a template to
construct pET-Abf43A. Both pET-Abf43A and
pET-Abf51A contain C-terminal His-tag derived from
the vector. Sequences of the primers used are:
5’-AAGGAGATATACATATGTTTAAGAAATTGAG-
TTC-3’ (forward), 5’-GGTGGTGGTGCTCGAGGGTG-
ATTCCAAATAATCGG-3’ (reverse) for construction of
pET-spAbf43A; 5>~ AAGGAGATATACATATGGCAA-
CGAAGCCTACTGC-3’ (forward), 5 -GGTGGTGG-
TGCTCGAGAGCTTTCAGTGCGAGCGATG-3* (rverse)
for construction of pET-Abf51A; 5’-GCTAACAGCTC-
TATTGCG-3’ (forward) and 5’-CATATGTATATCTC-
CTCCTTAAAG-3’ (reverse) for construction
of pET-Abf43A.

Escherichia coli BL21(DE3) cells (Novagen)
containing pET-Abf43AM or pET-Abf51A were
cultured at 37°C in Luria-Bertani (LB) medium
containing 50 pg/mL of ampicillin until ODgg reached
0.4-0.6. Then, 0.1 mM isopropyl-p-D-thiogalactopyranoside
(IPTG) was added to induce gene expression, and
incubated at 18°C for 18 h with shaking. The cells were
harvested by centrifugation (7,000 x g, 4°C, 10 min),
suspended in 50 mM Britton-Robinson (BR) buffer (pH
6.5)”, and disrupted by sonication. After centrifugation,
the supernatant (cell-free extract) was applied on a Ni
Sepharose 6 Fast Flow column (GE Healthcare, Chicago,
IL). The column was washed with 50 mM Tris-HCl
buffer (pH 7.5) containing 500 mM NaCl and 25 mM
imidazole, and eluted using the same buffer containing
500 mM imidazole. Eluted fractions were pooled and
dialyzed against 50 mM BR buffer (pH 6.5). Protein
assessed by sodium

purity  was dodecyl

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)",
and protein concentration was determined by the Lowry
method'® using bovine serum albumin as a standard.
Recombinant XynllA was prepared as described

previously”.

DNA sequencing

DNA sequences were determined using an ABI PRISM
3100 Genetic Analyzer (Applied Biosystems, Waltham,
MA). For sequencing reactions, a BigDye Terminator v3.1
(Applied
Biosystems) was used. Sequence data were analyzed with
GENETYX-MAC ver.16.0.0 (Genetyx, Tokyo, Japan).

Cycle Sequencing Ready Reaction Kit



Accession numbers

The nucleotide sequences of arabinofuranosidase
genes have been deposited in DDBJ/EMBL/Genbank
with the following accession numbers: Abf43A,
LC520056; and AbfS1A, LC520057.

Enzyme assay
Activity measurements were performed using long
substrates (RAX, WAX and

arabinan) and p-nitrophenylated short chain substrates

chain polysaccharide

(PNPA and pNPX). The activities toward polysaccharides
were determined by the 3, 5-dinitrosalicylic acid (DNS)

assay'”)

using xylose as a standard. Each reaction
mixture contained 1.2% polysaccharide and enzyme
solution in 50 mM BR buffer (pH 6.5). Reaction was
carried out at 37°C for 10 min. One unit was defined as
the amount of enzyme that produces 1 umol of reducing
sugars equivalent per min under the conditions described
above. The activities toward pNPA and pNPX were
assessed by measuring absorbance at 405 nm. Each
reaction mixture contained 0.4% pNPA or pNPX and
enzyme solution in 50 mM BR buffer (pH 6.5). Reaction
was carried out at 37°C for 10 min, and then stopped by
adding 667 mM Na,CO;. One unit was defined as the
amount of enzyme that produces 1 pmol of pNP

equivalent per min under the conditions described above.

Cleavage specificity

Each reaction mixture contained 0.08% AXOS and
0.43 nmol/mL of an enzyme in 50 mM BR buffer (pH
6.5). Reaction was carried out at pH 6.5, 37°C for 2 h.
Aliquots of reaction mixtures were applied to a thin layer
chromatography (TLC) plate (Silica gel 60 F,s4, Merck,
Millipore, Billerica, MA). TLC was carried out with a
solvent of chloroform-acetic acid-water (3:6:1) as a
developing solvent. Sugars were detected by heating the
plate after soaking with a mixture of 6.5 mM
N-(1-naphthyl)ethylenediamine  dihydrochloride, 3%

sulfuric acid and methanol.

Assessment of combinatorial effect with xylanase

For assessment of combinatorial effects with xylanase,
8.33 ug/mL of Abf43A or Abf51A and/or 1.67 pg/mL of
XynllA were incubated with 1.0% RAX or WAX in 50
mM BR buffer (pH 6.5). Reactions were carried out at 37°C
for 24 h. After stopping the reaction by boiling, the amount
of reducing sugar was measured by the DN'S method'?.
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Results and Discussion

Domain structures

Abf43A is predicted to be a multi-domain enzyme
composed of a GH43
carbohydrate

catalytic domain and a
(CBM)
carbohydrate binding domain (Fig. 1). On the other hand,

binding module family 6
ADbf51A is a single-domain enzyme composed of a GH51
catalytic domain. Abf43A has an N-terminal signal
peptide, but Abf51A has no signal peptide, indicating the
difference of cellular locations and thus physiological
roles of Abf43A and Abf51A.

Signal
Abfa3A + N{ [ eHss [ }c
(64.8 kDa)
Abf51A - N] GH51 tc
(56.4 kDa)
Fig. 1 Domain structures of Abf43A and Abf51A
from strain H2C.
GH43, GHA43 catalytic domain; GHS51, GHS5I1
catalytic domain; CBM6: CBM6 carbohydrate
binding domain.
A B
(kpa) M 12 (kpa) M 1 2
974 — | 97.4 —
66.2 — < 66.2 — o |«
45.0 - 45.0
H 31.0
31.0 — ) -
“a
21.5 —
21.5 —
14.4 —
14.4 — -

Fig. 2 SDS-PAGE of cell-free extracts and purified
enzymes of Abf43A (A) and Abf51A (B).

Lanes M, molecular mass markers; lanes 1, cell-free
extract; lanes 2, purified enzyme.



Cloning, expression and purification of recombinant
enzymes
Expression plasmids encoding C-terminally
His-tagged mature Abf43A and Abf5IA were
constructed and transformed into E. coli BL21(DE3).
Both enzymes were successfully expressed in the
cell-free extracts of E. coli, and were purified by affinity
chromatography using a Ni chelate column. Each

purified enzyme showed a single band on SDS-PAGE
(Fig. 2).

Substrate specificity
The activities of Abf43A and Abf51A toward RAX,
WAX, arabinan, pNPA and pNPX were determined.
Abf43A showed high activity toward RAX and WAX,
while Abf51A showed little or no activity (Table 1).
Meanwhile, Abf51A showed higher activity toward
pNPA than that of Abf43A. From these results, it was

suggested that ADbf43A  would act on both

Table 1 Activities of Abf43A and Abf51A toward
various substrates.

Enzyme (U/pmol)

Substrate

Abf43A Abf51A
RAX 1,790 * 81 Trace
WAX 425 = 0.5 N.D.
Arabinan 6.69+ 0.07 344 £ 6
pPNPA 632 * 29 4,490 * 60
pPNPX Trace N.D.

Trace, slightly active after overnight reaction; N.D.,
Not detected.
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polysaccharides and short chain substrates like pNPA,
whereas Abf51A would specifically act on short chain
substrates. These facts are consistent with the previously
of GH43 and GHS5I1

arabinofuranosidases”. Comparing the activity toward

reported  characteristics
arabinan, Abf51A showed much higher activity than
Abf43A. Arabinan has the backbone consisting of
a-1,5-linked Araf residues, and these can be branched by
a-1,3-linked Araf" residues. Therefore, Abf5SIA can
cleave the substrate of which backbone is constituted by
Araf. Both Abf43A and Abf51A did not react with pNPX,

suggesting both enzymes have no xylosidase activity.

Effects of pH and temperature on activity

The effect of reaction pH on activity was determined
at pH 2.5-10.5 in 50 mM BR buffer at 37°C. The effect
of reaction temperature on activity was determined at
20-80°C in 50 mM BR buffer (pH 6.5).

pH and temperature dependencies on activity of
Abf43A toward RAX are shown in Fig. 3. Abf43A
showed the highest activity (more than 80%) at pH
4.5-6.5 and 45-60°C, indicating that Abf43A would be
an acidophilic and thermo-active enzyme. The
extremophilic characteristics of Abf43A are desirable
for industrial applications.

pH and temperature dependences on activity of
Abf51A toward pNPA are shown in Fig. 4. Abf51A
showed the highest activity at pH 6.5-7.5 and 37-50°C.
ADbf51A is a cytoplasmic enzyme and the optimum pH
and temperature of this enzyme may reflect the

physiological conditions in strain H2C.

B

120

100

80

60

40

Relative activity (%)

20

0

10 20 30 40 50 60 70 80 90

Temperature (°C)

Fig. 3 Effects of pH (A) and temperature (B) on activity of Abf43A toward RAX.
Activity was measured using 1.2% RAX as a substrate. Reaction was carried out at pH 2.5-10.5 and 37°C for 10

min (A), and at pH 6.5 and 20-80°C for 10 min (B).



Mode of action

a-L-Arabinofuranosidases can be divided into three
groups according to the cleavage specificity'®. In order
to determine the group of cleavage specificity, several
kinds of AXOS were assayed as a substrate for Abf43A
and Abf51A, and reaction products were analyzed by

TLC.

As shown in Fig. 5, Abf43A cleaved singly substituted
AXOSs such as A’X, A’XX, XA*XX and XA'XX, but
did not cleave a doubly substituted AXOS, A*”XX. This

A

120

100 |

80

60

Relative activity (%)

2 3 4 5 6 7 8 9 10 11
pH
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result suggested that Abf43A could cleave only singly
substituted Araf residue of which linkage is a-1,2 or
a-1,3, that Abf43A would belong to
AXH-m2,3. On the other hand, Abf51A cleaved both
singly and doubly substituted Araf residues, indicating
that AbfS1A is a member of AXH-m,d2,3. The
differences in cleavage specificity between Abf43A and

indicating

Abf51A may contribute to efficient degradation of
arabinoxylan by strain H2C.

B

120

100

80

60

40 |

Relative activity (%)

20 +

40 50 60 70 80
Temperature (°C)

10 20 30 90

Fig. 4 Effects of pH (A) and temperature (B) on activity of Abf51A toward pNPA.
Activity was measured using 0.4% pNPA as a substrate. Reaction was carried out at pH 2.5-10.5 and 37°C for

10 min (A), and at pH 6.5 and 20-80°C for 10 min (B).

A

X1 —
X2 —
X3 —

X4 —

X5 —
X6
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X2— )
X3 —
X4 —

X5 —
X6

- + = +

wa el e

Fig. 5 TLC of AXOS hydrolysates by Abf43A (A) and Abf51A (B).
M, standard markers of xylose (X1) to xylohexaose (X6); A, Arabinose; -, without enzyme; + with enzyme; 1,

A3X; 2, AZXX; 3, ATXX; 4, XATXX; 5, XAPXX/XAZXX.



Journal of Japanese Society for Extremophiles (2020) Vol.18

Table 2 Combinatorial effects of Abf43A or Abf51A with Xynl1A on hydrolysis of RAX and WAX.

RAX WAX
Enzyme(s) Reducing sugar Synergy* Reducing sugar Synergy*

(mg/mL) (%) (mg/mL) (%)
Xyn11A 2.52 + 0.19 - 1.24 + 0.07 -
Abf43A 1.03 + 0.03 - 0.0870 * 0.0066 -
Abf51A 0.0259 + 0.0021 - 0.00608 + 0.00057 -
Xyn11A + Abf43A 4.77 + 0.37 34.7 1.92 + 0.01 451
Xyn11A + Abf51A 2.71 + 0.29 6.39 1.33 + 0.05 7.21

*The synergy was defined as the ratio of the amount of reducing sugars generated when enzymes were used

simultaneously to the sum of the amount of reducing sugars generated by each enzyme was used alone.

Synergistic effect with xylanase

The combinatorial effect of Abf43A or Abf51A with
XynllA on hydrolysis of RAX and WAX were
investigated by comparing the amount of reducing sugars
generated.

When XynllA and Abf43A were reacted alone to
RAX, the amounts of reducing sugars generated were
2.52 mg/mL and 1.03 mg/mL, respectively. The mixture
of XynllA and Abf43A released higher amount of
reducing sugars (4.77 mg / mL; synergy value of 34.4%).
Likewise, a synergy value of 45.1% was obtained when
XynllA and Abf43A were simultaneously added to
WAX GH11

substituted xylans'”, so it is considered that Xynl1A can

substrate. xylanases do not prefer

)

degrade only a part of the main chain of arabinoxylans.
On the other hand, ADbf43A has
long-chain and short-chain substrates. Abf43A can

activity toward

remove the arabinose side chains from arabinoxylans
effectively, correspondingly increasing the ratio of
Xynl1A-hydrolyzable glycosidic bonds in the main
chain of arabinoxylans. Therefore, a large synergistic
effect was observed when adding Xynl11A and Abf43A
simultaneously. A similar observation has been reported
for GHA43 arabinofuranosidase Abf43A and GHI10
xylanase XynBE18 from Paenibacillus sp. strain E18°.

When Abf51A was reacted alone to RAX, the amount
of reducing sugars generated was 0.0021 mg/mL. The
mixture of Abf51A and XynllA released reducing
sugars of 2.71 mg/mL (synergy value of 6.39%), which
was not so much compared to the sum of reducing sugars
released by each enzyme alone. A similar tendency was
observed when WAX was used as the substrate.

ADbfS1A

substrates, so Abf51A alone can hardly act on long-chain

shows activity only toward short-chain

arabinoxylans. When Abf51A was simultaneously added
with  XynllA, it
oligosaccharides generated by XynllA. Since it would

became possible to act on
be assumed that Xynl1A degraded arabinoxylans to a
limited extent, the synergistic effect of Abf5SIA and
Xynl1A was restrictive. To our knowledge, there are no
the effect of GHS51

arabinofuranosidases and xylanases.

reports  on synergistic
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Abstract

genetic code is one of the unsolved questions regarding

The order of amino acid addition to the

the origin of biological system. To achieve sustainable
supply of amino acids, biosynthesis pathway plays an
important role. However, enzymes are made with the
amino acids they produce. To solve this chicken-and-egg
problem, we focused on the cysteine biosynthesis
pathway in Escherichia coli where serine is converted to
O-acetylserine via serine acetyltransferase (CysE) and
O-acetylserine  to  cysteine via  O-acetylserine
sulthydrylase (CysK/CysM). We have bioengineered
substituted all

methionine residues (two sulfur-containing proteinogenic

these enzymes and cysteine and
amino acids) and tested their enzymatic activity both in
vivo and in vitro. We found that both the cysteine-free
CysE and CysM are capable to rescue E.coli knockout
strains that lack cysE gene and cysE/cysK genes.
of the and CysM

recombinant proteins were also confirmed in vitro.

Activities engineered CysE
Together this research provides the first example of the
reconstruction of complete amino acid synthesis pathway
using enzymes that lacks the so-produced amino acids,
providing new insight into the orders of biotic amino

acids to the genetic code.

Keyword: > A7 A VALK, BlaiEER, 73/
ok, AEYY. B WE
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1L LI

MmO, b bIEMHERIZ IS T 5 I
H oG 2L BRGNS, ED K D IZHAE DM
MY AT AL Lo & v ) K& 2R,
FHEMFELSBFICBITLA KT —~THDH. £DOH
Th, Rk b ROG O & U TR ST
WD E T EDEARERKFTH D 20 FEHOT
RBOOL, KERIIEARER, DLV ITa—
U— -+ I 7 —DOERICAFR I DHIEK EToOEEY
NHOILFEHEIZ L > TER SIS 5 Z EDGEN &
LTS (Danger et al., 2012; Glavin et al., 2010;
Higgs and Pudritz, 2009). — 45 C, ZNoD7T I Bk
ERERNCHE T B - O DS ERRKIX, BfEDAE
BT Z U RXITEZOLORASTND Z LD,
M A DLW OT X BREGKT 5
DB X U RTEE, FOT X BERYIT
WCEERNWZ ENTIEIND. 2F Vb Lok
L, TORRTEEBHKEFRICaZ— NI TWHTE
HORbNZT I 7 aar U THIME L TV ThE
PN E 2 5T D (Luand Freeland, 2006). HAET
R BOAG R D A ERILEY 20 FHEO
TI/BEETEHEATHWDN, NI T 77, 7
TS AT IT=, Frir W o T BEEROME—TF
F— VIR S Y 2T A A AR D %
L L BICBERFRICEL Db EEZ X BN
TWA., FRICV AT A BT, MiliEE AR
F A= Ekkx AR E O EI & L TR
AT 2 fli( Ferla and Patrick, 2014), AZ{RKNOE 1=



B LIE TSI B o 2 M m ) 7e ki s 7 7 A X
—H NI BFIZBWTELHRE L EEEG T T X/
f%2Cd v (Beinert et al., 1997), 7= ¥ /X7 B D EIR
G AT 270D AV T 4 NEEE 212 5
HIE/2T X /B TdH % (Sevier and Kaiser, 2002) .
D X DA mERE DR & 735w CRIH S5 855+
WH D BT, BREWZ LSl EORE & ik
LR K OBEAFICE EN DA O IX 720
AT A I ST 72V (Parker et al., 2011b). %
ZTARTIE, YATA VIZENAT ZRAICE £
RNH R ERRICE > TAKEN D D E VIR
MAERAET D720 H &2 BT - B G RIS K
HYATA v DEG RO BEEER LB T 5
(Fujishima et al., 2018). EAKAYIZIZ KRG IZI 1T Dk
FDOYVATA L ERRRIEICED D 2 FEOZ Xy
BRHNZLWE L, BEAEBRM THDL VAT A i —4)
FAAINZ & F RV EER TH RS ETe 22 & 9 DD
BEATSTZ. ZNETIZH T X/ BOMEEZ RE S
THERL L Te B & R 7 B OWMEBNILH 5 73 (Reetz
and Wu, 2008; Walter et al., 2005), 7 3 ./ /L& plfR i
(2B BRI R L TIT e oL = Filix 72,

-
—
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AT A A AR

BUE, VAT A OAGRBREICE L TiXEIC4
OORBENA LN TS, TR OIELWEYFET
RSN THDON, Y777, —Hod
HEICBWTHERENTWAE Y b K E T
L TAREN 5 &R TH 5 (Kitabatake et al., 2000)

(B 1).

Bl Z I ERIFEN T CysE EMEENAE Y T &
FNVET AT 2T —ERE) 2T EFAELLT
O-7TkFNt) v &24EL, HIWTALTE RY T—
BTHD CysM BHDHWILCysK 3 O-TEF L&D >
EWMTETF AL L, Bi(bKFED D VILT AR & i
EIRE L THREBIICV AT A VBT S Z & A
BNTWD,

— 5 TR RN — O AW Tl A
TANIATFF =P T ARV T L— g
BEIZE S THREV AT A &N L TRKAMIIZT A
T A > & AE- TV bH(Morzycka and Paszewski, 1979). &
Te A B ERRRR Z FEO WM OA 1L, BRI
tRNA EIZ—BHARRAFREBY & LTF vy —VENE
12, Sep-tRNA:Cys-tRNA synthase (SepCysS) & I 5

BDBERIS L AT A VNZEBLTND. ZOTATA
Pathway
EHE Cys2
2-0G Glu NADH NAD* Q
o o S 2 o o o (] ~—OH
P P s P - - -— - Cc
HO“/ o OH HO © O oH HO "/ O ]
HO /r Pat HO é SerA HO 5 - o
O-Phospho-L-serine IS 3-Phosphohydroxy- D-3-Phospho- Pyruvate
yruvate lycerate
=] Py oly
SerB CysK <
= SerK Pi Pathway
P Cys1
= o BEEY
o = 2-Oxobutyrate + NH;*  H,O
i I CGL NH, o
HO
HO OH HS O Y sT [ o
NH. NH,
g s CGS o NH;
L-Serine L-Cysteine L-Cy8iathionine
Acetyl-CoA Pt i .
Pathway | CYSE CysK
Cys3 CoA H,0 H.0
> ° o X 22 e 2
R e ) § - H2S /—
NIF7YI7J o Ton ces | | cBL
NH;
— . Serine Pyruvate + NH,*
nBo)Emﬁ O-Acetyl-L-serine 4
LR %
o ) Yo o
o
HO P - A —_— S
I OH HQ 1O “on PHSS [ oW | o
o NH, 'lm NH; NH,
L-Aspartate O-Phospho-L-homoserine L-Homocysteine L-Methionine

Makin

K 1. 2EMFICBIT A 45D T L 2T A VAL R

AT A v EEERNCE

)
S-Adenosyl!
homocysteine

S-Adenosyl!
methionine

0, Y etal. (2016). Nat Comm % &%

T D EERARKEE LTHREVATA UNO VY AZTF = 2N LTEREN

L% (Pathway Cysl), HRARZ VY VBN OEAREY U EN L TEKRSNDRRE (Pathway Cys2), &
Vot O-7T2F kY V&2 LTEMRSILDREE (Pathway Cys3) & L CE Y v 225 Pathway Cys2 [FlEK,
RAREY 2 L THR SN DEE (Pathway Cys4) 23217 Hvsd  (Makino et al., 2016 DX 1 & —fkZ) .
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VIEFEDOEFEX O RIEOHE L TR RTF R
WZHLD SAE 45 HFIT 72 D (Sauerwald et al., 2005).  IT4F,
CD2ODREN LA ALTIA X i
72T TR, MBIRWREER SME & —Hor T U7
WIZBWTHRA SN TS, BLREN &2 21 FH,
2 FHOTI /BELTHMLENATVWSEL VAT
A r U LTYH, ZNEILRNA RIZT
ST VIMEENTERAREY U D URERIC
Lo TR A= 1T TEMR STV S (Yuan et al,
2010). F7=EER7ZR 20 FEOT X JBOFTH 7L
I LT ARG R UAZHE L TR ERED tRNA (K7
BT BOBERD D WVIXERICL > TAKEND
T ENREEN TV AH(bba et al, 2000). ZD KD 7%
tRNA {KIFR72 7 XV BRERITRFIC L > T L
tRNA G klEFR(ARS) &/ TN & VX7 B E T
LWT 2 BREEANL, RURXTF RogiEz a5
EWVVO BT, EWHBRER SR ORI R
W72 Db LvRV., WTIIUZE XV AT A v DES
FRICEE L IR ORBENTFEL, TOWThbny
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AT A R BSPICE AR ORI LD RSITK
EL TV ENIHEIIDORBEAZ X TV 5.
SATA VIR AT A AR OV

Z TR ITEHERNZRLD F T OMED %
G B HiEE R, TXUTT AT A AR D
BTCVATA VEREEZBHRT 2L VWO FIETHD. §F
W24 DDEBMEKED 5 b biEA < RAFS T
LY o0-THFAEY Vo AT A LN IR
HICEE L, TOKEAT v FIZBb b ZN T ORESR
T D cysE & cysM BAnTFEH 2 KIGFE O BfF, >~
ATFA vEa— Rt L5882 ) kst b L9
YIS EHR U epsE-C & cysM-C BI51(-C 1TV AT
AV EFERNW EER ARG, Bl TrOoeEE
TFEER LT, VAT A U HIE CysE # /X7 BT
#t 3 f&6HT, CysM ¥ > /X7 B Cht 2 fpT & Ef L.
FFRRI IR AR NG 220 & T O
IZF ¥ Lo DT B0 AT A UERICINZ T, 51T
Bt R LISND A FA = A% R U BUKMT R/ g
THoHaA T BHDHWNIA Y aA VAZER LTS cpsE-CM

CysE % I\ & (273aa)

Cys — Ser 37%E Met — Leu/lle 87%&

1 1 2

, st o
MSCEELEIVWNNIKAEARTLADCEPMLASFYHATLLKHENLGSALSYMLANKLSSPIMPAIAIREVVEEAYAADPE

B-MwoL

11

MIASAACDIQAVRTRDPAVDKYSTPLLYLKGFHALQAYRIGHWLWNQGRRALA
Active site —

MtolL
1

Active site —

Mo L—() MwoL—(

13 14
IFLONQVSVTFQVDIHPAAKIGR

—Active site Active site —

GIMLDHATGIVVGETAVIENDVSILQSVTLGGTGKSGGDRHPKIREGVMIGAGAKILGNIEVGRGAKIGAGSVVLQ
0 o) 0

| |
MtoL  Active site Active site

(8] Mo L—{
Active site

PVPPHTTAAGVPARIVGKPDSDKP SMDMDQHFNGINHTFEYGDGI

moL—{) @—MtoL

- Active site

CysM % >~ /\% & (303aa)

Cys — Ser 27%E Met — Leu/lle 117%&E

30

MSTLEQTIGNTPLVKLQRMGPDNGSEVWLKLEGNNPAGSV
Mto L-—. Active s:te—. Mto L—.

80 9 100 1

AMIAALKGYRMKLLMPDNMSQERRAAMRAYGAELILVTKEQGM

m Mo - Mo - MtoL—(
MtolL Active slte—.

1

MoL—@ Mwoi-§
Active sxtc—.

KDRAALSMIVEAEKRGEIKPGDVLIEATSGNTGIAL

Active site —

1 0 140 150
[ g

E.IGARDLALEMF;NRGEGKLLDQFNNPDNPYAHYT
Active site —

200 21(

160 70 180 0 2 210 220
TTGPEIWQQTGGRITHFVSSMGTTGTITGVSRFMREQSKPVTIVGLQPEEGSSIPGIRRWPTEYLPGIFNASLVDE

Mo L— D MwoL—@

Active site

230 240 250 26(
VLDIHQRDAENTMRELAVREGIFCGVSSGGAV

MoL—@ t

AGALRVAKANPDAVVVAIICDRGDRYLSTG

Active site —- .—Acnve site

270 290 303

VFGEEHFSQGAGI

X 2. AT A AREEESE CysE KN CysM Z VRV BICBIT DY AT A Y A F A = I E

CysE % /37 B (27355 H) & CysM & L /37 B (30373 DB W TR Lo v AT A VR EE (R,
AFA =R () 2 LUEERLEA OFR) 2739, 7 781 XTFELIEFILLTO®EY C:v AT A
VSV MiAFA =2 LivAf v It Vv A . (Fujishimaetal, 2018 DX 4 & 5 % —HkE)



& osM-CM B{5 T bkl LIBIE A5t L. &
Yol 7=7 X BRI ORI e~ » 7 E X 2 (T

AFF NIV AT A R, FbKkFEES
NIEX T —DEBRTEOHFIEDNHERINTEY, ;i
IEHIER O KK TEG N D AIREMED & D Z & HARIR
ST % (Parker et al., 2011a). —F TATF A =%
REIMAET D12 DAL R % H5 & Z DR
BNV ATA L ThHHENREN. LER->TUR
TA L EATFF = O G BEINIE TR
Wb 72 2 N7 B b ERRICE R L R T 5 2 &%
RS SE O F MW ~DEEG Z i e Rz 2 2 H
FRVWRYAXTF RTHELTE 2008 9 0 EREET
LHZEFEETHDLEE R

B LTeZ R B OEME A BEET DRI & L
T, VATA e AF A= U EIEDO SRR EofL
i& % KNE O CysE # > 37 % (PDB ID: 1T3D) LK}
CysM # > 237 % (PDB ID: 2BHS) TR L7 & Z A,
WPFNDZ NI S Y AT A R EITIEE T OER
M HIWLEICELE S CTEBY, ZOHREL VA
NT 4 RS L E R EBEO 23 A
(Bhattacharyya et al., 2004) (2@ 722 & D3GR T
X, —HTAF A= 5EIL CysM Z 87 BT
BT Met-58 3 L O Met-95 235 HLOMT T 0 HE
TR —FRry MNEFIZ2OBEINTEBY, B
T HERHCEDDITHA D Z ENRBI LT,
UEDZ L, Ll b AT A4 B LT
2 ODEEROTEMIITESERAR L TRV &3 F
HEhl, BAXEOICEREN 2T 7o —F %
W, CysE KON CysM X X7 DA —Y a7 Lo
LT 2 L T AT A VRO A F A= Dl
B R EER L2 & 25, CysM Z 287 B!
TEPEFFLUTEE D Met-58 35 X OY Met-95 13 UTfxfEIZ 8
WT, EFICELSRESNTWDR, TS 2
FA =V RO AT A IR RODMRIE M TR S
Nipnode., LR TU AT A OESROREEE
D D~DREGITRN Z & ESIEAT S B B S )
Lotz

SRATA TR LDYV AT A AR IERET D72
ZITVWIWESKEL R EOMEERTZ L
W72 T DEDR, —FLHLTWHEE LT, K
JGHE K-12 ¥£2° 5 cysE & cysM BAGT & Ei /)
v I T URLTCVARTA VHERMEE o T BRI E
FIRT2Z Lz, KIBEIZ 20 EHETOT X/
R A BRI 2 B 72 O BF AR 1T MO Fe/ B it & IR
NI x TV, VUi, BRFELTOT
FoU LSV a— R (RFER) ZMZTER
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T5. LOLRKBEICBWTCTEF AV RET AT =
7 —E¥%a— RT5 cpsE &6 T KRB AcysE), L
2FFHDAN T R TF—F cysKicysM 861D
BRI eysKAcysM) X, v AT A AR D Be
BRETEERVWZDEFT LN TEY, VAT
AHERMEE RS, LR TEATHHE X X
78 CysE X° CysM DIRe &5 T 5 2 LN T
i, Tz @ OHEREE & v O RHR THE T2
ZENARELE D, ARV deysE BRI KA
K-12 BRO —#AnF KK 2 V7 > 3 > TH % 7Keio
collection” (Baba et al., 2006) LML TEH B,
AcysKAcysM O —FE/RIERIZE U I 72 ISR T
HZEITHIILT. 2 b OXREHRIT M9+ 7 1=
—ADFERFFHIZFHNT30°CTT7 AfE#E% b an
=—RITRZ T 6N T2D, AT A CEIM
LRV ZDEENREIET DD, VATA UE
RMETHD Z L3N D HIZ. 2T REES
IV AT A VRTINS E LR eysE-C & AT A
VEBMATF A= SN DATF A =G E RN
cysE-CM BART % AcysE BRIZENZENIEERH L,
TITAI REMET 27 0va—ARM LT M9 &/
Bt T 30°CTIRIARE R LR, ALFRIEOBE
WZEZXHD DD, cysE-C BT S cysE-CM BI5 T
LT E Y cpsE BIGTOXRBEMTET DI ENT
52 LN, OD MIEIZ X2 KIGHE DOHEIEIZ &> T
fEs8 S L7=(14 3).

VATA CEBINITICE AR O cysE BT
THITE LTS BT RIGE OBEEI A 10 B & Ex
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T&E7 (K3)., o X7HBIKX in vitro DERT
TEHEZHMERF L TV 2 &G, cysM-C B 1 T4
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B Ry B DORERL A R I T BB T TR 3 AR
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(CysE-C & CysM-C) Ny AT A v BT 525
DJEHEMD Z EEFEHTHZ ENTE . T/
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% x & % H3(Akanuma et al., 2002; Amikura et al., 2014),
TR AR AR O T R B EE DT
WSS LT BlE 3wl omsE & e o7

2HTFA47AvhO-)L

X 3. AT A o BRNME KNG B S SRR o B B 18 SE R
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Abstract

must be self-replication. Appearance of replicators

One of the most important features of life

harboring information should be an essential process in
origins of life. The RNA world hypothesis proposes that
the replicators could accumulate mutations and selected,
leading evolution of novel functions, and finally the life
came out. The scenario is, however, supposed to be
unrealistic in uniform (bulk) solution since functional
RNAs would be exterminated by non-functional ones
(parasites). Theoretical aspects have shown that
protocell-like compartments encapsulating the replicators
would solve this problem by suppressing the parasite
diffusion and providing compartment-based group
selection. Several studies have verified this theory by
experimental evolutions, but advancement of “droplet
microfluidics”, leading edge technology handling
water-in-oil emulsion droplets very fast and precisely, is
able to make such experiments highly quantitative.
Recent study has demonstrated that molecular diversity
could spontaneously emerge when a few different RNA
replicators are compartmentalized in a same droplet and
selected as a group, potentially providing an opportunity
for further functional evolution. This review overviews
such constructive studies approaching “origins of genetic
information and evolution”, and droplet microfluidic

technology.
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T 77 AR ED X BT Do iR L= Y,
THE, ERICKVERGEE OV RNA 4372381
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Abstract

in our environment. Many of these microorganisms

There are various microorganisms constantly

provide significant benefits to human life and health
while others can cause harm. For example, the latter can
directly endanger the health of people through infections,
allergies, and food poisoning, and in some cases, they

can claim lives. In the natural environment or living

environment, microorganisms  cause  unpleasant
phenomena, such as odor generation, microbial
coloration, food spoilage, and biodeterioration.

Unpleasant odors generated in laundry, clothes or shoes,
black mold and pink stains (pink biofilm) in bathrooms,
slimy sponges in the kitchen, slime in the drain port,
bacterial corrosion of piping, deterioration of leather,
food rot, and expansion of packages are familiar to us in
our everyday lives.

Daily necessities familiar to life, such as fabric care,
home care, oral care, hair care, and skin care products
often function to reduce such unpleasant phenomena
caused by microorganisms. One technique to do this is
through “microbial control,” which is commonly termed
effect,"” effect,"”

"eradication bacteria,"

"bactericidal
of

“microbiostasis," or "eradication of microbial biofilm."

"antimicrobial

"disinfection,"

25

For the first stage of research to develop a microbial
control technology, it is necessary to have a deep
understanding of the objects to be controlled, that is, the
characteristics of the target environment and the
microorganisms in it. We believe that basic science
research will provide us with an important key to
efficient technology development. In this paper, three
cases are introduced as examples of such basic science
research: 1) unpleasant odors generated on clothing and
the major microorganisms involved, 2) pink biofilms
commonly found in bathrooms and control of the
dominant bacteria, and 3) skin characteristics and
microbial analysis of each part of the hand, which has a
complicated structure.

Keyword: basic science, microbial control, product
development, laundry, malodor, bathroom, pink biofilm,
hand skin, handwashing, 4-methyl-3-hexenoic acid,

Moraxlla osloensis, Micrococcus, Methylobacterium
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AF T4 NVEGH REODFETREIND LD
72 TNICHERBAEMSSEDESIKD = ha—
V| BT,

FH o IE, MEOMRE S U CLERBAEYHIE
WEBRET D7 DICITHIET 2882 Lo b L4
BT, T7obb, XIREDERE LG
EWAEMEELLHEMT I ENTETHD EE X
TR EED CTE -, 7L, “BEFL D0
I RRARBROBD LN HBREN ED X S B
DO, “TOBEEO X ZITED XD RigdEmn L
N HNWED L IIAFET 2057, £ LT “HiHO

REGL 72 % S WAL E D & 5 IREETHTEL,
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AM3H OEIEN S =F A OFRAIITMAE OB Db
DD D LB, EEREAT HREDOWHMAEY
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FNVRICERE L, RS ERICRAET e X
ROEHERHE & 4 M3H O & BT 2 £ L7z ¥,
IO ORER, K EIZBWT 4M3H O 3L
RKELBEbDMAEY & LT Moraxella osloensis O
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TAT A P % RHEE"® AEE (c.fu/cmd) % >10* c.f.u./em* ¢
2 F )V 21 86 1.0x10' -1.3x107 52
Ty 6 50 1.9x10° - 1.6x10° 50
T& 6 33 1.8x10% - 2.4x10* 16
T 10 50 2.1x10° -2.8x10° 50
o 5 0 ND*© ND
NZA=2 v b 6 17 2.7%10° 17
B R — 3 67 1.2x10° - 2.9x10* 67
T (T &% Y P4 2 50 1.0x10" — 4.4x10" 0

EN26FREL D = A OO LT 59 LT EEDT,

b BT AT BITIUNT M. osloensis N E L= W T DEG B R,
S ETAT LOEFEBOWE (F/ME—RKE) &7,

4 M. osloensis 7% 10* c.fu/em* L ECh o= L OEE 7T,

¢, ND:ARH S 477,
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BT oM IT R o7, £ 2 TENOERE PR
FUTOWTHE L E 2 A, EREOKL REIT
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ZOREERNBUENER L CGEB 21T Y, E

&AL L 7= R DOTF D X 5 72 =3 A 5oy Ok %
Fhii L7 fE R, W - OB OIRIERS =4 A
IZFw G L TWe, ittty —o o9 —%2 iz 16S
RNA FlAIREIEIZ FE D < it & Btk oo =41
R OIBEIRSY & Micrococcus JEMEDNEE 25 2
BRI ST,
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Hh) BELBOOLNDG, FORIZEYEYD, 275
RVWEEDBRD, HELTHISICERTD Vo
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EN Ok 2 I8 FEEDOIREN D © 2 7 1K) &
IR Ut 24T - 72 49, AR EFBEMEL(SEM) TD
B, BEE OMENT. 3 LT Fluorescence in situ

F2 U UIENT D Methylobacterium &M O EI& D5 Y
v 7 v No. Methylobacterium J& o> (%) B-1,3-, -1, 4-7 A (%)
“(%)
1 81+13 3.4+6.3 15+14
2 55+3.2 0.1+1.7 45+5.5

Fluorescerke in situ hybridization (FISH) 96ER) fithfy %47 - 72 0-6832 10 5 o> V- K+ v 2 8%
‘MB 71— (Methylobacterium JEFH D71 —7) \ZXoTnA T VXA EB—T 3 LR
"EUB338 7u—7 (HIHEHAE DT 0 —7) ICkoTna TV H A~ a v LIZERK

¢ calcofluor white {Z & ¥ et S L 7-1KFH

27



hybridization (FISH)IZ X DT 2175 Z LIk | &
YIENPIAATT 4V LRETH Y . ZOPITE
5T 2 IRAEMTEIY Methylobacterium JEME CTH 5 Z
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Abstract often  called

hydrogen-oxidizing bacteria or knallgas bacteria, are a

Hydrogen  bacteria,
bacterial group that autotrophically grows utilizing
hydrogen and carbon dioxide as the electron donor and
the carbon source, respectively. This article presents an
overview of physiological features and central
metabolism, including hydrogen oxidation and carbon
fixation, of hydrogen bacteria in order to explain what
metabolic mechanisms endow the distinct features with
these bacteria. We also discuss the potential application
of hydrogen bacteria and their advantages to achieve a

low-carbon society based on the metabolic features.

Keyword: /KEME ., MM EME, B Ka s —8,
TR FEEE, e R, EITH) TCA B,
R FEHS, KFE-LS . T A I A E
(hydrogen-oxidizing bacteria, autotrophy, hydrogenase,
carbon fixation, Calvin cycle, rTCA cycle, low-carbon
society, hydrogen society, gas fermentation)
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AHEE 2 DINLRFEEAY & I LTz & & T OFF
PeD—oL LTHEOm S BETF b5 Y, T
t H. thermoluteolus 1X. fENMMEERTK 1 FFE & W5 |
MNTRAMEA Y & LTI RO S TGS 5 0,
FRMABLETHIRWEMAICOMTLZ L6,
KFME DR E L THE T NS, FROED S5
R. [
B-Proteobacteria, H. thermoluteolus I% Hydrogenophilia
& . Proteobacteria MOEMNIES D, — 77 L
PEE T, Firmicutes P& % Kyrpidia tusciae "
x> Actionobacteria P 12 J& 9 % Mycobacterium
llatzerense 72 ESKFEME L L THES TV 5,
S BT, H. thermophilus I Bacteria St TH - & by
AT B 431 U 7= Aquificae FIZ BT 5, 2D XK 5
WZIRFLR RFIC M THZ by, BT 5
hydrogenase DHFZEH XFFE D K 512, KFERE(L
EV O AR D AmitEkizBIT 2 S REE LD,

H. marinus X y-Proteobacteria . eutropha

3. KREHE OB BEAE
KFEME DT F VTR, “RLRFAEZME—D

RFEWE LTAEET D LW IKFMEORPEILT T

(ZIEARTZ3, TR ED & S REMZFRIRE T
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AREIC L CWADIEA I ), ZHICBE LT, KEMR
{EARE & IR E E R 2 OISR La v,

3-1. K FEBLARH
7k Bt & hydrogenase

DKFEZTRLF—JRET D] LnH ., KEME
ThbBEERRFMEZ X Z TV DHEEFED hydrogenase
Td %, Hydrogenase i3,

H, 2 2H' +2¢

&) PG & AR S 2 & T IRk
7 h AR LEFEGERS LN TE D,
KB IL Z OFG THRTZE T 2 MRS 72 SIS
Z LT, ATP GRCRA TR ~DE TG 217 -
TWo,

Hydrogenase ® 4738 & A HE Z IR

Hydrogenase 2/KZEMRILICHMETH H Z & 1Tk~
T2, ZITIIAKFEME L hydrogenase % 1 DFf-o
TV DEA S D, FvE O K
THHED hydrogenase %5317 T2 T 5D7
59D

MW TORIEMN &AM ENERICE - T,
hydrogenase [Z K& < 3 DIZBEIND, FE—D I
— 7%, FFEREE 12 & % membrane-bound hydrogenase
(MBH)TH 5 (K 1), KZ—TOREFRITIE ETF
S EBEIRZTHI LD, MRES T 1 b R
AEERRE HETHZ LN TED, < OKEMEA
(BT, ATP SRUICH LG L TV 5 DI MBH & &
b, %0 J)—71L soluble hydrogenase (SH) &
MR AR C NAD(P)H 7 & OFBLIRITT AT 9,
% 7 B IR RUST NADP)H 72 & OB Tt GAR
TEINDHN, KFEMEDOLZIZISHIZE->TIH
LETHEEREMHEGE LTS, F=0 7 L—T1
regulatory hydrogenase (RH) & FE{Xi1 5, RH (3kFE %
2> 7 L. histidine protein kinase % /" L C MBH
°SH 78 ERBISEM S 7 EORBLEHIET 5,
%< OKRFEMEIZZ NS 3 FOD hydrogenase D H 5

~ Hyoanr 0, H,0

RJTZAL A —

> @i
fERaE o

ADP ATP
H 2 2H* H 2 2H"
EA VIR
m His protein | . iﬁ{i:ﬁ
NADH kinase RIHH

1. /KFEHMIE O hydrogenase D JRTE & FERE,



B AEA L, RENISCTEVWS T TV D,

FEOSEEITRNC, EEFLICEANLT SR
£ > T% hydrogenase (373D, KR&ELIL3 7
=TV F v, [NiFe] <°[FeFe]!, [Fel%! & I
s 0, 205 blFeAUI A X VAT —F TS
FRRLH & &, AKFEMEE X EIZ[NiFe) R & [FeFe] %
AT D, —WESNIZ L > TEHITHANTT 7 L—
TANESEEN, BTN —F W TR DR REK
BEHTHZENMBATND Y,

% ff hydrogenase |J/KFEME ORI, 2D
BRSNS A D it Eh T g 0,
KEME LA RERE CIEERICET T 508, — &I
hydrogenase [XFEFRIZITHWERTHL Z b
TW2%, KFEMEHE hydrogenase D#EEDiEIHIC
X0, TNOBENED X D e A =X L TLHERRY
BEWERRMEZ A L TV Do T b B T 2
OO}?}ZD 31,32,45)0

Hydrogenase |3 & B B3R 2

KFME T IX R 2720 hydrogenase 7278, /K&
B IC LOMEAE L2\ Tld 72\, Hydrogenase
VIKRFEAR T 7 O BOG & FIICARIES 5 725 K
FERE THLHAVLR TV,

KBEMECAKFAERE LN OHITRE TS,
hydrogenase D FFAEILA HAL TV D, il 2 IXKIGHE O
77 AHIZ Y 4 FEEO hydrogenase 32— K& T
BY., BREETCI7ABEBEFZRIRE LR
DKFERAL VX2 BTGk & LB KkFEE
AR Ve PTG LT D, AFEMEICEAAETL
ROENTZEANTIEH D OO, —KEIZEbA TN
%80 L OEMNIITKRFERILEE (- ke %
HALTWDHEERD,

DKFEBRILEEZ AL QWL LT, TEOAEFR
BRELICIIKET A2 BV DD LN E Z A7
WOTIEZRWD EBIABNDIES S, RKPIZ
KFE57 713,05 ppm & D D 70 R BE T L METE L
2N, Lo LR, 20X 9 RIKIRE D KEZ b
T % Streptomyces BAVEN R S P, RO
Bz G 5EMPEETITILS MM T 52 & bR
ENTWD ', 29 Lk —HoOpRIE, FHKOHA

FERELPNICRELC LD BTV S,

ZDEHITEL OEWFED hydrogenase # FRFF L
TWD Z LI BN ERNH L EELBND,
AEMEPIZ DN TIIAR A RN RIE STV 523,

MEARAEMIT TR F—JHE L TKEZHNTED

Z DD EMIIM NS hydrogenase AWV BT
FlETHMEEN Z U OISR R T,
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MBH (X85 D complex I (NADH dehydrogenase) &
FLLLTEY | complex I DHELBIATIR & HEH < 41T
W5 Z 5 Lz &2y, hydrogenase |3 HLFEA: Ay
OB LFNOFET HHWEERTHY . £
NEL OBUFEMFECTRFF SN TND ~HEEZD
NnNb, KFEMEIZIIT D hydrogenase DIFZEIE, 7K
FMEIZ & & F 6T AY TR %L — G0
ELZBRET 2 ETHREREEZES>TWVDLIOND
LAIL72uy,

3-2. REREENRH
AT |

TN T Y TR TR, e R TR
FEEEMTONTNAZ ENEI ML TND, K
FME CTY H thermoluteolus <° H. marinus. R.
eutropha &\ N> 7o T, RIEEERE & LTV
EUREOEREL TV D ¢ 20 Z b oEIizE
TIE, JEERAED & b ILB ORI T iR kR HR
DEEINTWND ES XD,

F v e v al i O #Ef%EFE ribulose 1,5-bisphosphate
carboxylase/oxygenase (RubisCO)(% CO, Z FEH & ¥ 5
23 MR 03 2R IR FE D AT CO, & IG5
DIXREETH D, T2 TYT IR TITREDN
A RGHE L, HIIENIC carboxysome & MEIEIL D HETE
K& % > *), RubisCO % carboxysome PN J)
TESH 2 LI, NHERIC CO, 2 IRAE I 2 HhE 2 @ H»
HHI LT, RWETHR COIRE %2 T e [ E3h %
A TnD (K 2), £7-. @5 RubisCO |FEH
{F1E T C oxygenase SOt & it LA B ISR AL 5.
Z2% OEREE) 723, carboxysome PNIZ RubisCO % @
B2 LTI O LIS HIHITE 5,

<——2C0, €= HCO3

Carboxysome

X 2. HARFT Y —AIZLD CO, MMM,
Carbonic anhydrase (CA)iZ HCO; & CO, & % A[ify
IS 5, HCOS I MLV AR 3 Y — A D%k % il
TEX50IZx L, CO ITBBETETINLRFT Y
— A NI E M S L5, RuBP, D-ribulose
1,5-bisphosphate, 3PG, 3-phosphoglycerate,
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(A) co,__Acetyl-CoA ) (B) co,__Acetyl-CoA (C) cOo,__Acetyl-CoA
co H/ RVCR g, Pyrvate coy PITUIe
2 . 2 . 2 .
Oxaloacetate Citrate Oxaloacetate Citrate  gyaloacetate Citrate
Malate Isocitrate Malate Isocitrate Malate Isocitrate
Fumarate Oxalosuccinate  pymarate Fumarate
Succinate co/za/z-Oxoglutarate Succinate co/zd/Z-Oxoglutarate Succinate CO/ZG/Z-Oxoqutarate
S~ S~ N
Succinyl-CoA €02 Succinyl-CoA €02 Succinyl-CoA €02

3. KFEMIE TH D ALD rTCA B, FRRANT ATP ZiHE T 2R S 27T, HRANZE Ft5k L
LT7 =2V RFX V20T MBS E TR, (A) Ho thermophilus %X U &35 Aquificae [
Aquificaceae F D K FE A E 5 H + 5 TCA Bl ¥, (B) Aquificae P Hydrogenothermaceae # &
Desulfurobacteriaceae F+® rTCA [Al ¥, 2-Oxoglutarate 7> 5 isocitrate MDERL, citrate 7> acetyl-CoA +
oxaloacetate ~DBAR N ZNEFN —EREOREE KIS CHEAR, BiE T ATP Z2HETTICEITT 5, (0O
Thermosulfidibacter takaii (Aquificae 1) & Desulfurella acetivorans (8-proteobacteria) ¢ rTCA [A]# 227
Citrate BAZLSCIGAS ATP {HE 72 LICHETT S 2,

TIIARFEME S 2D K 578 CO, iaktEZ A L T BOMETRIRH#E VIR BEL LR TNE Y, Fiz,
DIEAHD I, ANVE VAT HKRFEMEAD D B, rTCA [RIEITER & 5 <. BERFZNO AR &5
H. thermoluteolus X° R. eutropha 73 £1X carboxysome B U AR AEMICHHE L WD ORI & bHEE S U
IR L7e\, —J5. H. marinus I3 carboxysome i& T3 Y 20X 5 eREn, AFBMEOPTHEHEWN
fn+% A L, EERITK CO, SRR LAY 1T carboxysome HALHEIR 2435 H. thermophilus (Aquificae ) T
BT D 2 ERHENPD L TND P, SHICAE BIEL TV 2O EMmELOBLEA S b BIKE N,
TlE. JRAED 572 2 185D RubisCO & A L —{kik
FREIIIS L TN TFLE WS, T /7T 3-3. K FEME D B RARH KL

T HRWEREN Lo o T g 343, FRLOKFBEARH & IRBEERMEZ I E 22 &
IKFEHE O P IRAREH Z X 4A O X D IR
N e EBIC & D R EE TLRTED, TORIRRFELELE, TXL

AR DKFEME & ITRRY . IV E R E R F—aak B NG, IRFRFD 3 228, AT
TRVKFERE B AFTET D, ML L7EBERIZH D EF 2D,

H. thermophilus 1. 7/ EVEIEORDYIC (A) - 01O e o
reductive tricarboxylic acid (rTCA; i&7chH) TCA)RI#E ,__,e-__,_ . - )
L PRI B $EB CIREERE 2175 192 (1 3A), | G KEHE
rTCA P8 15 TCA 9186 2 a1 & 0 7 i & L O - ) XN G LT (il RS
LIV AW & LR FB T 5 TCA A1 & 1%

W, TR I AA TR AR B, (8) %t e

ITCA [al#i%, NADH X 0 & B LIzt B MK < A L
ARG LTT = L Koy 2 58 TN oL S L
B OB DI ATP B THIRIICRIEE ST o a0 Sl it FEE
FZENTED, BIZIX 201D CO, NG 141D
acetyl-CoA & &S % DI, /L E L [EIE Tt ATP (C)  TrLE—am rcetosen
BT FHEEINDDITK L, H. thermophilus @ o T REEE b )
FTCA g;fi’ 3IHT wrg%} S, s e, e :“"?f“i {(WL% )} o
ITCA [EI 2 MR T B IER BUS A T v Z 13K R
CLo>TREY D, LEORIIC ATP 2 157 L2 4. RO = L% — AT & B AT
BEAD 7R 2= 0L 5 =257 ' TCA [l &R S fRFECH, AKFMEA) E RIBHE(B). acetogen (C)
snTns 2 (1 3B,0), OB R E R T, Acetogen (X

72¥. TCA RIEEDOLED VRO L5 I Bbh b Wood-Ljungdahl #%# (WL #&% ; 5114 acetyl-CoA
tTCA [ Tdh DAY, FIL rTCA [l Z % 7% TCA [A] BRI CTIRBEETEB LT 3L — B A 4T 5,
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O LEBRMEIRS 0RO Z I Z 250
LiLaunas, FEiEZ 5 Ty, B2 X KIGE CIRH
ROR TG 232 & fRHERS TCARED &L Z AT
NEIDDZRNPAVRL>TEBELTWS (X 4B),
ORI, ZRNF—ER - BTG - RFE
BRI LTV D &0 9 DIk FEME O
ROFFEDO—2>THY | %Rk T 2 L9 2I6HED
Flai - WREMEZ 26T EFHAITEB XL TN D,

3-4. KFHE O RH O Tkt

KA R A L 1T R DRE AT
TEAZEHERRTEEN, KT LLED LIRE
TLEESRARNE VI DI TIEARY,

Bl 2 1X% < OKFEME L, T A7 & OB L
B bEILHIRE LTHATE, 295 LEESMHTIR
KFARLTEBFTTEL Y, £, AL ELLTE
LZHEBE L, KES RILIKFER L THHEMDATIE
TCIIRBEREBENCEET TS Y, &bic, KEME
DEF TEDDITFREREITICR b v, B
FMUETIHEBEBEORD Y ICHBE RIKETSZREE L
TEMEREETWETTELEBE N Y,

2D XD AKFMEIL, BEBALER OkFERR L)
LIRIEE TR (BFEL L) ZREIDLSC THEND
DT, ZHICBEFBEREZYIVEZ DD L ToRL
X—%2BHELTWDEERLD, LROKRBED XS

(CKERACREZ FF OB M IFRFMEIC VD X DI,

KEME S LODORRECTAEBFT CTEHKEMAEL S
W7,

4. KFEHE D EEFH

BT AT KD R BURTRAD G RAE D L KR
Z DUV T OMFFEIL AR R b RET O TE
7o L LILFRIFZ NUTIN A R E B OZEALN G |
KRFAMEDEEFHICOWTHBE S D & 9127

>77,

4-1. 2T R

KREME Z EER RIS NS5 —2HOF—T
— NiE, MERFELS) TH D, 2016 F08U HE
NI T L LRI AL LT,
{LIRFE 72 & DIRZE DA APEH O Kiig 72 B 23 K D
5N TWD Z IO MLENI2NEAS S, B X
Ay & UTRIEE A A A~ 2RI B A
T~ AOFAPHE SN TE N, S50
HEtEm Bz, ZERfbiRFE 7 &R R OB IRL
NEHTIEAAREESNTWS, 29 LEERILE
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HAAR CTEBIAT > TWDH DN, AFMEZIZILD
LT OMNIRENAEY TH D,

H ) —D2DF—TU— R, [KFEHE)TH H,2017
RN DK B IEAREERE 2 0 E T 572 £ (baie
MOBIKFA~DOT 7 MBREEZHT THESNLTW D,
2014 FICRES NI — K~ v 7 TlIKkF-EE
BETOHME 3 DD T = —XTHITFTWA, Hl
KRN Z L7 2—X 1 e LTHBTFbNREZ0 Tk
FKORERE - 45 22 ETidie < [KFEFHOR
WRER) TH D, ZhiE, T H 2P hkFELL
SAMESTHBHEVEEZEZ XD OTIERL, [KE
EHEH)Z LTI OV ZENABERICRD, LW H
TiifEE A L, 2R ERE) Ik FELESL
DD EVWIHIEIBICRE LD THAS I,

INBE2O90F—U—RTERINDL=—XIZx L,
NAFTE ISR DT EH T HHED DHFFEH I
MY oM EE AL 0, LiLOKFEARER T
XL kTR & R bR SE 2RI L 72 R L i Ak
Tkl BB REMAEO—2 L LTHETF LA T
5, b LAKFEMELZMEEL L, KFELE MbikFEL
FRbE LCEAFEN TEE, RO TWDHE
e L TR ESTITEDLEAD,

4-2. T ARKEEEE OB bR
ZOXDITAKRFMEORMAR TSI D —T7 T,
[KFER W bR E e & A& JFRE & U - Sl A e
RATHENCHVELDON] LI EEEFEFOA
HbWDHTEAS, FI T, HEITZ H LT AT gas

fermentation & FEIZIL, T CIZHRAF OEETITHOI

TWD Z L ZRTHH 2B EICHET LIz,

T AR D KT IR T (CO, & CO) ZFEEHE L
TEWMVEAFEZITo TCWDAEREL LT, 7AV IO
LanzaTech #:X°. R ® Evonik £ & Siemens % '»
REBMBITWD, b DARZETIL, Clostridium
JE DB £ R (acetogen) & VY, =&
—NRT L ) — NI E DI A EFE L TV D,

29 LT EApE CREFH S 405 DI acetogen 721
ICEEELT, KFEMAEODHO O TS, EAD
B TIX, CO2 BIRLAFFEHT I KSR -« I b iR D>
DAY TH ) —VAEEREICESH LTINS Y, %
THEKRFZCBOTH, KEMEICIEEE T 528
ANTHZETHRAEELZITAHZ &, FERILE
BN IT 25 2% 2 & TAERNRREEAISHINT
HZEREZRL TS (KK 5, unpublished) .

H A& FEE UT=38ERAEPE IR, LA WMAEPEIZIR S
v, 7 AU HO CALYSTA #°T v ~—27 D



Unibio fhi%, A ¥ &5k & U CThFRMEA 2

LB AR L GO E R E FZEEEHME L TV 5,
O Lo E¥IE, AEMERIEE S L TRV lifE
(BRI EERE BIFRVEAT I I BT U R)
EATWAEICERLELDTHS, ENTH,
2019 fEIZIKFETT DA FH SRR PE S L HEE S 3 C Tk
FAMEE & JRRE & 3 2 Ml E PER AETEIBH R ) AR S
o7y, KFEMEOHERE L TOIERAZEELE
FEREEE O 2 NeED TS,

43. MEEE BT KEIEMEORR

WBEAREICKFMEZFHT 22U » b & LTI,
CO, & CO, CHy & W o TR IRF AR L, 71—
Ry =a—h I 7 )=V 7pWWEAENTEDZ
ENEPETOND, ZDOAY v MIH AFEEARE
THOWOLNAMMOE E @528, £ 9 LoMar
MY & el L VA RE AR 2 &3k B
MER L TIIORELS 25,

RFEMEOREEITIILT L EREDO N A % /5
EHT BRI (K 4%) LT OKFERE, 1%L
TORBLRFRE THRE RAEFTEILE LICHE
TEH2L2FHAxFHEARALTND (BEH L,
unpublished) , {bZAfMEEE7e O EIREE - @ME O 2
EMEETHFEE R R T A
HARFHATELZ L b iffan %,

TRV F—H R - B A - IRFBREIIANL L
TWAHEWIMHES, KEME CHEEELZTTO E
THRIZR N B2 ITEZ TS (M 4), KIGET
WBAEFEEITO OGO EEZ2D L. RB|NH#HELE L
ol ZID, LB RV XF =GO /NT AN
BN TLE) ZENEXICLTEE S, fIIE, ¥
BAESHOEFIINE T ATP 28T 57201
TRLFX =GRV & BEL T D RFNRH
HENNT L EV, SRR OAR TR AE A D
LHEMEEZTLE Y, RIS, BILAIBRED one
XRXRPERDEXLFDONT U ATMAT-DRE
RV E X | ICRIE TRV EEICORN D,
KEME L FEEICTAREBEAEICHLNS
acetogen ([ZHBWVWTH, Z 9 LIEREROEMENALS
A, FICRHENEZY 9%, —F, KFEMETILZ
MHRMNLTEY, m XX =020 20551
MBH 723, BILANRY 7231 SH 3B HicE) &,
KUSNDRIVER &£ Uiy, T7bb, BRYAR
MNBRILR 7ML AW TH A D BB LEM TH
HIN, FEAMBETZ R L —aX bR ENT
TN BIEEWTH A DM, BIERYOER R &%
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EZERWeEWnWs WEAERAMELTEHWRT
YU NVERLTWD,

5. b bz

RIEFHTIL, AKEBMEORKESREOH L FE LA
i, EEXEMAEED L) et 2 A LTV 5
MEFEIT Lo, DKFEME] &) SEAMR, B
EHFEVEL L, =y FRFENROEREOME
DONTWNWE LIRS A=V EFEEZNDINL LA
W, L LZOREEFEICTHR TN &, ol
SESRFEME AW A I IEm T B A R RE RS, 72
AMmOEIZONWTE Y FERDZBDETHRAZT
<5, KEMEIZRRSTFETIERWA, 25 LEH
OB ZEDORE T TIT IV E o> T B,
IKRFHIE OEEFAICONT, AfaTix MEREHEH
&) R EESOF—TU— RIZR->THIM L=, LavL
ZDOLRIZRS>TNDLDIE, 29 LIESENEEND
A2 B HGE KB OMEIRZH S L T& 72k
ANDWFEFERTH D, 4% b, UKFEME > THEREW
b OB DX KEME OF - 7o ATRENE
Z BTN ER-> T ZEREEND, K
KR Z D Z o IFIZRIUTENTH D,
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Abstract Molecular evolution based on mutagenesis is
widely used in protein engineering, where critical amino
acid residues of a target protein are identified based on
available structural information and mutated for function
alteration and maturation. In iterative saturation
mutagenesis (ISM), one of the principal molecular
evolution methods, mutagenesis proceeds in a step-wise
manner: however, ISM does not always lead to the
optimal sequence, because the effects of mutations on
function are often synergistic or antagonistic. Here, we
propose a novel approach that combines molecular
evolution with machine learning. In this approach, we
iterated mutagenesis, following machine-learning
guidance: a Gaussian process is trained with a last small
library to propose the next-round mutagenesis library.
This enables to prepare a small library suited for
with  high of

functional proteins. A first library of variants was

screening  experiments enrichment
generated, and the sequence and functional data acquired
from the variants in the library were used for training a
machine-learning model to create the second-round
library. The library containing the positive candidate
variants predicted by machine-learning are analyzed, and

the data are used for training a machine-learning model

39

again. We show the potential of our approach as a
powerful platform for accelerating the discovery of
functional fluorescent in the of

proteins case

fluorescence protein and enzyme.

Keyword: ATLHHE, #THE, #1115, AR,
& /N7 & (artificial intelligence, machine-learning,

molecular evolution, mutagenesis, protein)
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Abstract Electrochemically active bacteria are capable
of electric interactions with electrodes via extracellular
electron transfer (EET) pathways and serve as essential
(BES),

including microbial fuel cells and electro-fermentation

components of bioelectrochemical systems

systems. In these bacteria, intracellular redox reactions
involved in energy metabolism are electrically connected
to electrodes via EET pathways, and their metabolic
activity is affected by electrode potentials. A recent study
has found that a model EAB, Shewanella oneidensis
MR-1, senses shifts in electrode potential using an EET

pathway and the Arc regulatory system, thereby

regulating the expression of diverse catabolic genes. The
finding of this electrode potential-dependent regulatory
system suggests that gene expression in living cells can
be directly controlled by using electrodes, and opens up a

new methodology, termed “electrogenetics”, that

facilitates the application of BES. This article

summarizes current knowledge on EET-related catabolic
and regulatory systems in S. oneidensis MR-1 and

describes the potential of electrogenetics in

biotechnology.
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1. S. oneidensis MR-1 £#£ @ EET %% ¥

Shewanella BE I o~ a7 477U 7 Hl
DOIEMEHEMEME TH D | %%ﬁ@w ExFFoZ &
PEHR TS Y, RKBEMESERICHATE 58
FEARITIR, R 7L, EE@&\ HagE,
AFNVANVRFL R P AF LT I VN-AFT R
R EDOWEMEEIINA T, Bk ) ik
~ A (V) 72 EOREIEE B AN G N5 9,
S. oneidensis MR-1 #i3fx b L <IN TN D
Shewanella BHMETH Y, b~ Fr (V) %
Bor L CRER AT O Bk RiECME & L T



’"1,;"1 x G DOOOOOCX |"x XX

: AN Y X
) ) )
545
A ( l l | A xx)ll l l! I

STC/FccAO

%3
y §§

'xxxxr(x('(‘

Formate CO,

OO0

Journal of Japanese Society for Extremophiles (2020) Vol.18

MtriE S 1F

Lactate Pyruvate
NADH  NAD*
REEEL
mtrB mtrA mtrC omcA {—+

2 MR-1¥:IZ31F % EET #&0K & EET BEig s 1B

1988 4RI HLHE S 7z 2, LARE, AKX EALAY 4 R R
JEHE B L O EAB @%?/viﬂi& L. EET O%
FA B =X LR BES IIBITDEIRAERA =X A
%ﬁ%#ét@@ﬁn_mwgmfwémo
INETIZE K OBIEFER - ELFEROERTD
N7-4E R, MR-1 %K Tl EET &I AR+ 5 % oo
7 ERENFE STV 5 (CymA, FecA, STC, MtrA
MtrB, MtrC. B X OmeA; ¥ 2) D, ZhboX
VNI EIFEICEERERT N2 THY
WD DS £ CET 2 nET D &8 & R,
KRB IZBWNT, Bt HK (FLEE. . 721
NADH) DIz K-> THEUEFIZ. NiES
ZRAL, £ CymA ~E2ZFESND P, CymA
EABIZT v I — SR ST RALZ LRI ET
H 2O NEF ) ORI > THEUEZEF 22
V7T XAANCRIET HAENE v A THD
FccA F7213 STC (2fziEd 5 ¥, Zn s oaiat
b a LI ANY T AANEREER L, AMEICE
T2 b7 mb c BEE M HEK) £TE

47

T 5 Y, M AT MtrA, MuB, MtrC,

BLROmcA Mo TEBY, XY 7T X L0
DAME B L CHilast E CETE AT A &R &M
STNDS S MirA 132V 75 X ALl EbemA
£7202 STC P HETFEZRT S Yy MrA ICZRS
NI EFIIAMERE I HTET S MtrC & OmcA ~&
fGESN Y, ZhoDAES by a b ¢ L OERE
HIZR R Y, b LS IXBEF AT =—F—L LTH
BERHWTH 7T (78 0E ) X7 LT
FBEIQRUARTZIEY) 20T 29 fifast~n
WE~LBEFMEESND, Blific7 7 28R
EENDHEITIE MR-1 ¥EO BT AR E A KIE I
T 52 enb P AKOBRAERITIEICTZ T BV
e LUTbnb EEXLN TS, £, 77
EUEMMES R a A c IR L. B BERN
ETHMRTE LTHL Z & bEEshTng 9,

MtB X B S U UREE & RO S L B (R V)
ThHo 2, v hrah e TERVA, MuC X MtrA
EBEERERER L, 2D DX 3T 8 MR D



DM 2L BT ECE S D %E &2 B4 ), MR-1
FRD BET 128\ T, BRI, ) =R L F—RAF

(e F REAROEM) 1L CymA £ TOE R
ERETThbhbEEZLN TS P, 2070,
CymA LI DO E RERKIL, N ~DETDF
A TOOBTHHREE L THIEL WD &
W2 b,

MR-1 B D7/ JZEBW T, F72 EET BEE S 1
(omcA. mtrC. mtrd, ¥ X O mrB) 1X[E—F I
T L CTIEATWD, ZOBGEFEEIL omed & murC
D EFIZH DT HE—F — (Popes BE D Prye) 76
RESh, Zhb607 e T —%—% cyclic AMP
(cAMP) receptor protein (CRP) IZ X - THlIfHISND
(K 2) ™, CRP X cAMP %A v F a—H%—LT5
REIGHELR T CTH Y | MO cAMP JRE 2 E5H-
T % & CRP N7 uE—HF— L OMEAEANFES
L. TiOEETFOET2iEIT 5 P, CRP &
CcAMP |2 X D HIERIZKGEICB N T L a—2
OB HRT A MIFNZEE L TELSIFEREINTE
D KIBE T Z L 2 — ZADIFELE F T cAMP 2 ki
F (TT=ABrr 7 —8) OIEERIH S Z
XL TS O LaL, MR-1 iz &t
Shewanella JEFE 2B 1T DA cAMP JBEE O iR Hi
AT =X NIRMEHTH D, MR-1 kD57 7 MIZ1E 3
ODT T =NV 77—+ (CyaA, CyaB, CyaC)
Na—RENTEL, ZN6OH TRICHNEERE G
DI FZAMT T =NV 7 7—8Th D CyaC N E
372 cAMP Akl & LC< ¥, ¥7-. MR-1 £k
BT cyaC ZiBEPRELSH 2 &, BES I 5 8EH
BB 5 Z LB mESNTHE Y, Lizd-
T. MR-1¥kiZBIF % EET B EmF DI H & Eif
A RIE CyaC O & ITEF L TRY . AkoBRL
IR ORI IXE OIEERIEAEE TH D L0 1
%o CyaC IZNEIZRTET D 2 &b DD BER
T F AT U TE OIEM DA S 40 Tu 5 RIREME
NEZBND, L L, CyaCIZIZBEED > 7 F L33
ik R AL BFERET, BRI TZE ORI A B =X
LETRITHZETEH LY,

MR-1 #RIZFACR AR Tl CTH Y . AR
HFCRABe FOEBEOMLIZE s TELEE %
T~ Ay (V) e EOBFZERIUSET D
Z L TRRZATV, I BB R T R L ¥ — 25T
W5 B UL, Ao EET REICHIT 5 E T BH
IEMH B TS Y . BES IZB W CEMEN %2 MtrC
EDOY RN a b e OFLETENME YD LIRS HE
L7eGEid, S sl ~DE DAL
U539, Z o, WX 2 SAZHA LT E AR

48

Journal of Japanese Society for Extremophiles (2020) Vol.18

HERH L TREBIEZEIND L, T N DORE
HELNAE LT ATP BREakaEns ¥, 29, MR-
RITEMZ EFZABRE LTET TR, Bt
GHRELTOFIH L TR ZITH) 2N TESH, L
o35 T, ARERITIREIREL BRI T 558 EE &
L CEAMT S, IAEWBR A OB RS HREEEZ 5
WCHRAWEEZAFET D100 FRA FEEE L TH
FHTEx:E2LND,

2. S. oneidensis MR-1 ¥8 D % & B AL HHR I

BES (28} 3BT EAB O 3L ¥ —
WZEDLS D THLTED, ZORPA D= LDH
fi#1X BES ORI EXD 5> 2 TEETHD, MR-1
BRI FEIR - =3 L F—Ji & L THBROE L E U
REDERSTABBREIFATHAL, ZnbomE
DEpfL & % L CEMRCM OB Z R/ IEE2ETT 5,
—JF., BEORFBHEIRONTEY, -TEF LIV
a3 (NAG) IR TE 208, NS DIFIE
ETOH (FLva—Rkl) 2&LTHILNTX
720 P MR-1 RIZ A Y % B3 28 Dl IS HERE
MOHEESNLTEY P, 20X 5 BRI REEH
FIZ L o TERINZRS THREBS, X570 050
iRl X > THA U2 NAG BERBICHFEET D EEZD
N5, 0=, AERIZZN S OREDOELHEZ %
EIETEEHER SN A,

MR-1 B TiE, 7/ AECS '8 L OVE(L 2R AT
ICHESWT, X3 1T0R L7 R 35 BALEHR G 2 H2 18
INTWE, AERIZZVva—20BViAHRE )
(IZ LB R 2 R T2 720 3  NAG O RHTRR IR 1R
BLTEBY O, ZoRKICE>TNAG X712 k
—Z-6-U VBEE TR SNT=DL, R (= b
F—F7 ke 7&K ko TEVE VR~ L ZH
S5, MR-1 #RIZ NAG LISMC b LR (D-AfEd K
ONL-3LE8) Z4FACHRIFA L, D-3LEE & L-AiRiZZ 1
Z A D T BRI R B 72 AL R K 3R SR
(D-lactate dehydrogenase; DId & L-lactate dehydrogenase;
LIdEFG) IZ L > TEALE VI E Tk sh s 2, =
O DOEEFRITNEES /o & e U T2 R
b5 LELZLATNS 2,
FROBBICL > TAELZELE VBRIT, ELE
fiefii/k BE%3E (pyruvate dehydrogenase; PDH) % L < (&
EALEUEXEY 7 —1E (pyruvate-formate lyase; PFL)
IC Lo TRETENS 3, PDH I E TR T X,
LB R Z NADIRIFAUICER{L LT, 7&F /L CoA
L CO,, NADH %#/E U %, NADH (¥ NADH ii/kEEE
# (NDH) ko> TEbSH, ZHUs kv AfES
PEILEND, — . PFLIZEICHASH CEE, ©



NAGIEEE |

NAG

I

NAG-6P

Glocose-6P <— Fructose-6P
NADP*
NADPH

GA-3P Gluconate-6P

NADH>1, NS
51

PEP

NAD*

GIcN-6P |
KDG-6P | ¢ }

\ ____________________

Pyruvate M Lactate

Formate

' : D
Acetyl-CoA

i Pi

i PTA

' i CoA

Acetyl-P

Q i | ADP
HAK
' ATP

QH
: ¥ Acetate
2CO, ||

T

_ NADH{&#F#

B3 MR-1ERIZIS T D 32 2R R AL AR
HMW&E/FT R Re 7&K NAG-6P: N-
TRFNT a3 -6-U U, GleN-6P: 7L
a4 32 2-6-U VR KDG-6P: 2-7 h-3-F 4 % 2-6-
RAKRT Va3 U, GA3P: 7 U EBAT LT E R
-3-U Vg, LDH: FLEEMLKSEEESR . PTA: R AR
N ATRFT—E, AK: BEEX T —E,

NEUEEE T 2T V-CoA & XBRIZ/HRT 5, FEEITNX
Feliik 3El%3% (formate dehydrogenase; FDH) (ZJ~C
PSS ) ARTFAIC CO, IR &% 19,

TEF L CoA ORFBIREE BEREESRMICL > TR
72 %, MR-1 BRIFAFREGRAETlX TCA YA 7 v 2 i
L L. 7 EF /N CoA % CO, £ THEITIALT S *,
Z O TR & B IEEIC NADH 24 LT
PRI L, BBFRETicfibhs, —FH, HX
ST TCA B A 7 LV OTEWER IR S >, 7+
F L CoA IZFITHEE A KIS ¥, Z DT
I EELLD Y Uil X o TATP &R S 1
Do BERGM (7= VEBFERSAE) TiL. MR-1 B
IXIFIEZ OFFBRARIC L > TEL D ATP ITIKFE L
THIFE L, FEIREE & A L7 BB L ) o BRI A
FEAEFEE LN ERRESA TS Y, LIk
DORFHEKZ E LD & MR-1 BRIZBREESRIEITIS L
THEEX ) o ~OE X U 72 EN T TEY &
KN AT S TlE NADH Z#% 9 57 (NADH

49

Journal of Japanese Society for Extremophiles (2020) Vol.18

IRIERRER) . RS Tl e 2R A (X
WERK) ZFH LTS L NED (”3),

3. S. oneidensis MR-1 #f O BB B L3R - i B HEAE
BES Tid, BMEN ZHE4 5 Z L1k > T EAB
LEMBICACAEROEE FMERHEGm L., Zhick

Y EAB OG22 b & &5 2 EMTE 5, —H,

EAB I3 EMA~DEFEE (EET) 2 &> TR AT

TWA T2, BRENMNDOZELIT EAB MNEFEICHIHT
XD RN —BIEBEYEZ 13T THDH, L,

EARENALIZIG U T EAB OBEIG F-IRELLH R D—EB
WNEALT D Z Sl s Tz oo PP
EAB DT F /X —{RIFREMMNENIZ L > TELT D
73>k“ IMIFAHTH T, £ TEELOWGE T V—
. BB MR-1 kD= R L X —RFHC 52 5
%@%ﬁﬂ_Mﬁbt“k%@ﬁ%\ﬁﬁiﬁ%m(o
V vs. HEHEKEEM) OBEMIFIE F ClE IR
IZX o TENE VAT 225, mEAL (+0.5 V)
DOFEMRAFIE F Tl NADH (KA 215 b L, —H o
v /L v g% PDH & NADH ik % (NDH) %
W2 K 51272 Z LRS- (X 4),
NADH {E{FRIEIZ L > TEA B VIR RE SN D &,
NDH (Nuo) ®7'm ko Ry FIEMERMBIX . SRELF
BEEo b o7a hUBEINEENRD (X 4),
L72235 T, MR-1 BRIZE AL SR CITRENAL S &
DH L DERNAF—%RF L, DRI TED
s tEILND,
FREORERIT MR-1 R 2SIRSMCAFAET 2 B0 E
MZEITIR U TN O REHRR 2 2 bS8 5 2 &
ZRLTEY, EOXI A=A NTL > TEME
PEDEIN S LD OB NNz, EFHLIX
MR-1 £k EET 2R » ORRLRTTEZ LD 2 &7
6 AERITF 7 v OBALETOIRIEDE L 2T 5 Z
TEMEMNIGE L TWDEDTIE RN E FHEL
toﬁ%ifi WIS/ o OB TTIRRE 2 9
HEEEL LT, Arc IR A O TWD Y,
MR-1 #RIZHZDARER Y (ArcS, HptA, ArcA 7>
RSB = HIER) BEET 572020, 2hbo
B R B INBALGEITE S LTV D ATREE D E 2
bz, FZI TRV —FF—ETHD ArcS DK
R (AareS #F) ZERIL, BMEMIZIS L T
VA7) T bbb E AR R L, 20
FER . nuo MBI FEELBHAMCEMIGEE TR LT
LT D% < BAarcS TIEBNMIGEM 2R S o
-0 ¥/, VARV AL F 2L —F—ThHdD ArcA
L nuo ﬁfi%@i?ﬁﬁﬁﬂ?k DOFE B AR % fFNT U 7255
F ArcA 2 nuo BIGF D EIRICHEST 5 Z E RS



Formate CO,

PFL
Pyruvate T Formate

Acetyl-CoA \ EE
Acetate m—‘i"
B4 MR-1BRIZH T D= R LF — (77

(A) KBNFFICFH S P}’L % X FRARAT AR
AF% 7 MQHy: &

Nz, TNHOFRERNS, MR-1 FRIZEBWT Arc
RN TR BRI S AT 5 & LT E | nuo

P EDELBFORBAE BTG CTHIBI LTS Z
EMBHOENZ o7 (K 4), ML EORERIZ, MR-1

RSSO BN 2 BT DN AR D, i &
0 iR LB B O E I FRICEIS L TWDH Z & &
RLTWD, EBALREHRIE EET 1 & BRI DM
ST Arc I RIC L > TIThb b Z &b,

Shewanella D EET #&#EITHIZEFHEHRREK & LT
FThL, ABBRE R T oo 0t s —L L
TOREER-L WD EB N5,

4. BREBEBZORELIGH

3R> MR-1 #k O FEARFENLZE R 22 )0 3
ARz T EAB OB s 1781 & AREHNEME 4 i 18
THIENARICRD LEAOND, £o. Z Ol
> AT 2F Arc IR & EET 2 HEAL S 2T
X, EAB U\ﬁ’*@i% WhEHATE S bbb,
FEH DI Z OEMIC X B FIBL - RETHIEE %

“HERELT (electrogenetlcs) Lzl P 2o
%ﬁ’ﬂiﬁi T 778 247> T 5, EXERFT

. BMOBMEALPERTFORBELFHHT 27
ﬂ‘ll/k 05, WX, t#EEF (optogenetics) 1235
FA T Aronbyic, BRY 7T vERNT
Bl FREAZHHELELS ET26D0THL, ZOF
15Tl EMmEN G A (EET #81% & Arc il f#5R)
RO, HDOWITENE NABRITEA LI Mifd % &

Nl EE (KT a2y b)) IR L 7B
L EBITEET D, Z O, il ROEIL T % Arc

EAFE 7 0 — 4 — O FRICEE L TRITIE, B

50

Journal of Japanese Society for Extremophiles (2020) Vol.18

B = B
: O
w970
m'”@yfﬁ
UQH, J Y
NAD ! S
4H* 2H ®

Pyruvate NADH : )
PDH b\",r """
Acetyl-CoA —~<--»| | 3 P
b \ovcle i BEEL

4
co, Co, m_‘:'

Acetate

R D EBAAKTEM: (Hirose et al., 2018 X 0 k%)
(B) & EENLIRF I IE Wt@“é NADH IRAFRE S, MQ: FR{p7Y
T AT F 7  UQ: bl v /> UQH,: i

R o,

BN K> TEDOBBFORBAZGIHETHZ L8 T
ERAR SR AN
ZOFEEZELSHERBCEA T ZEICE0, B
BAENRERELSEODHIENTED EEZOND,
TERIEI 7R (electro-fermentation) & [ ZFEMEACETICE
DB TN T A BRI X > TR L RE L o
EANT AR B DIRWREEN O AT &
WO HOTH Y ZIUT X 0 EF OREEE T LG
EICMEDOEEL N TH LN TE D RS
w5 Y, Zop H E’J%EODEF“KE@@TZﬁ%Eﬁ

TERER DBART-FEEL & B RRIESAT & - THAE AU,
BAEIENC L > Tl 7RE & %E BEHASE e AR

WZHES D Z e 72D (X 5), FEEBIZZDX
IRV AT AOFEBITAT, MR-1 KkE R A hEfRE L
7 ESEIMESREE T 0 A DR A DTN D,

«— BFOHN
=== VU FUREMBETFHER

ArcS",,‘ (.; \
A £ =l
e e
—
-
EETHEE
2HE
£

5 BEXRELEFEFAL-ZEXSEREE o'
2 OWE&X (Hirose et al., 2019 X 0 k%),



5. BV

BES |35 Al e 72 B ) AL BEC R AEPE I IG T &
HEREMEN DY BT A AT 7 /Y=L LT
HEHZED TV D, BESITEIT 2= 3 /LX—Z T
EAB OfRHHZE S b DO TH B0, ZORRIIC
I% EAB ORFBHEMEZEENCHIE L, TZ 5720 /@m0y
RETHRSOZENEFE LD, BES L EXELBFE
MABOEDZ LT EMEZ EAB IZXHT D E 2R
K« BAEGALE LTRET TR, BT BEoH
EEE L CHLRATLIZENTE D, TDORD,
BRELT T EAB OREHEM:Z HIE L e 5 2h=g
MBS L T B A R HEIT S H7-D0H
Mgy — e ni25 5, BXRERFICET 258
IRIRAEZ DWW IEN D 723 AR TFIEIZIE EAB OF A
ERELSMET DAMMEMENH 0 | 5% O ESHIFE
b,

Bt EE
AR S (18K05399) DB & 521 T{Th
niz,

51 A STER

1) Bekker, M., Alexeeva, S., Laan, W., Sawers, G.,
Teixeira de Mattos, J., and Hellingwerf, K. 2010.
The ArcBA two-component system  of

Escherichia coli is regulated by the redox state of
both the ubiquinone and the menaquinone pool. J.
Bacteriol. 192:746-754.
2) Beliaev, A. S. and Saffarini, D. A. 1998.
Shewanella putrefaciens mtrB encodes an outer
membrane protein required for Fe(Ill) and
Mn(IV) reduction. J. Bacteriol. 180:6292—-6297.
Botsford, J. L. and Harman, J. G. 1992. Cyclic
AMP in prokaryotes. Microbiol. Rev. 56:100-
122.
Charania, M. A., Brockman, K. L., Zhang, Y.,
Banerjee, A., Pinchuk, G. E., and Fredrickson J.
K., 2009.

membrane-bound class III adenylate cyclase in

3)

4)

et al Involvement of a
regulation of anaerobic respiration in Shewanella
oneidensis MR-1. J. Bacteriol. 191:4298-4306.

Fonseca, B., Paquete, C., Neto, S., Pacheco, 1.,

Soares, C., and Louro, R. 2012. Mind the gap:

)

cytochrome interactions reveal electron pathways

51

Journal of Japanese Society for Extremophiles (2020) Vol.18

across the periplasm of Shewanella oneidensis
MR-1. Biochem. J. 108:101-108.

Fredrickson, J. K., Romine, M. F., Beliaev, A. S.,
Auchtung, J. M., Driscoll, M. E., Gardner, T. S.,

6)

et al. 2008. Towards environmental systems
biology of Shewanella. Nat. Rev. Microbiol.
6:592-603.

Green, J. and Paget, M. S. 2004. Bacterial redox
sensors. Nat. Rev. Microbiol. 2:954-966.
Hartshorne, R. S., Reardon, C. L., Ross, D.,
Nuester, J., Clarke, T. A., and Gates, A. J., et al.

7)

8)

2009. Characterization of an electron conduit

extracellular

USA.

the
Acad. Sci.

and

Natl.

between  bacteria

environment. Proc.
106:22169-22174.

9) Hau, H. H., Gralnick, J. A. 2007. Ecology and

biotechnology of the genus Shewanella. Annu.

Rev. Microbiol. 61:237-258.

Heidelberg, J. F., Paulsen, 1. T., Nelson, K. E.,

Gaidos, E. J, Nelson, W. C., and Read, T. D., et

10)

al. 2002. Genome sequence of the dissimilatory
metal
oneidensis. Nat. Biotechnol. 20:1118-1123.

Hirose, A., Kasai, T., Aoki, M., Umemura, T.,
K., A. 2018.

ion-reducing  bacterium  Shewanella

11)
Watanabe, and Kouzuma,
Electrochemically active bacteria sense electrode
potentials for regulating catabolic pathways. Nat.
Commun. 9:1083.

12) Hirose, A., Kouzuma, A., and Watanabe, K.

2019. Towards development of electrogenetics

using active  bacteria.

Biotechnol. Adv. 37:107351.

Hongo, M. and Iwahara, M. 1979. Application of

electrochemically

13)
electro-energizing method to L-glutamic acid
fermentation. Agric. Biol. Chem. 43:2075-2081.

Hunt,. K. A., Flynn, J. M., Naranjo, B., Shikhare,
I. D., and Gralnick, J. A. 2010. Substrate-level

14)

phosphorylation is the primary source of energy
conservation during anaerobic respiration of
Shewanella oneidensis strain MR-1. J. Bacteriol.
192:3345-3351.

Ishii, S., Suzuki, S., Norden-Krichmar, T. M.,
Tenney, A., Chain, P. S. G., and Scholz, M. B.,

15)



16)

17)

18)

19)

20)

21)

22)

23)

et al. 2013. A novel metatranscriptomic approach
to identify gene expression dynamics during
extracellular electron transfer. Nat. Commun.
4:1601.

Kane, A. L., Brutinel, E. D., Joo, H., Maysonet,
R., VanDrisse, C. M., and Kotloski, N. J, et al.
2016. Formate metabolism in Shewanella
oneidensis generates proton motive force and
prevents growth without an electron acceptor. J
Bacteriol. 198:1337-1346.

Kasai, T., Kouzuma, A., Nojiri, H., and
Watanabe K. 2015. Transcriptional mechanisms
for differential expression of outer membrane
cytochrome genes omcA and mtrC in Shewanella
oneidensis MR-1. BMC Microbiol. 15:68.

Kasai, T., Tomioka, Y., Kouzuma, A., and
Watanabe, K.. 2019. Overexpression of the
adenylate cyclase gene cyaC facilitates current
oneidensis  in

generation by  Shewanella

bioelectrochemical systems. Bioelectrochemistry.

129:100-105.

A., Kasai, A.,
Watanabe K. 2015. Catabolic and regulatory
MR-1

Kouzuma, T., Hirose, and

systems in Shewanella oneidensis
involved in electricity generation in microbial
fuel cells. Front. Microbiol. 6:609.

Lassak, J., Henche, A. L. , Binnenkade, L., and
Thormann, K. M. 2010. ArcS, the cognate sensor
kinase in an atypical Arc system of Shewanella
oneidensis MR-1. Appl. Environ. Microbiol.
76:3263-3274.

Levar, C. E., Chan, C. H., Mehta-Kolte, M. G,
and Bond, D. R. 2014. An inner membrane
cytochrome required only for reduction of high
redox potential extracellular electron acceptors.
MBio. 5:¢02034.

Logan, B. E., Rossi, R., Ragab, A., and Saikaly,
P. E. 2019. Electroactive microorganisms in
bioelectrochemical systems. Nat. Rev. Microbiol.
17:307-319.

Marsili, E., Baron, D. B., Shikhare, 1. D.,
Coursolle, D., Gralnick, J. A., and Bond, D. R.

2008. Shewanella secretes flavins that mediate

52

Journal of Japanese Society for Extremophiles (2020) Vol.18

24)

25)

26)

27)

28)

29)

30)

31)

extracellular electron transfer. Proc. Natl. Acad.
Sci. USA. 105:3968-3973.

Matsuda, S., Liu, H., Kouzuma, A., Watanabe,
K., Hashimoto, K., and Nakanishi, S. 2013.
Electrochemical gating of tricarboxylic acid
cycle in electricity-producing bacterial cells of
Shewanella. PLoS One. 8:¢72901.

McMillan, D. G. G., Marritt, S. J., Butt, J. N,
Jeuken, L. J. C. 2012. Menaquinone-7 is specific
cofactor in tetraheme quinol dehydrogenase
CymA. J. Biol. Chem. 287:14215-14225.

Myers, C. R. and Myers, J. M. 1997. Cloning and
sequence of cymA, a gene encoding a tetraheme
cytochrome ¢ required for reduction of iron(IIl),
fumarate, and nitrate by Shewanella putrefaciens
MR-1. J. Bacteriol. 179:1143—-1152.

Myers, C. R. and Myers, J. M. 2002. MtrB is
required for proper incorporation of the
cytochromes OmcA and OmcB into the outer
membrane of Shewanella putrefaciens MR-1.
Appl. Environ. Microbiol. 68:5585-5594.

Myers, C. R. and Nealson, K. H. 1988. Bacterial
manganese  reduction and growth  with
manganese oxide as the sole electron acceptor.
Science. 240:1319-1321.

Nakagawa, G., Kouzuma, A., Hirose, A., Kasai,
T., Yoshida, G., K. 2015.

Metabolic characteristics of a glucose-utilizing

and Watanabe,
Shewanella oneidensis

strain grown under

electrode-respiring  conditions. PLoS One.
10:e0138813.

Okamoto, A., Hashimoto, K., Nealson, K., and
Nakamura, R. 2013. Rate enhancement of
bacterial extracellular electron transport involves
bound flavin semiquinones. Proc. Natl. Acad. Sci.
USA. 110:7856-7861.

Pinchuk, G. E., Geydebrekht, O. V., Hill, E. A.,
Reed, J. L., Konopka, A. E., and Beliaev, A. S.,
et al. 2011. Pyruvate and lactate metabolism by
Shewanella oneidensis MR-1 under fermentation,
oxygen limitation, and fumarate respiration
conditions. Appl. Environ. Microbiol. 77:8234—

8240.



32)

33)

34)

35)

36)

37)

38)

39)

40)

Pinchuk, G. E., Rodionov, D. A., Yang, C., Li,
X., Osterman, A. L, and Dervyn, E., et al. 2009.
reconstruction of  Shewanella

MR-1

Genomic

oneidensis metabolism reveals a
previously uncharacterized machinery for lactate
utilization. Proc. Natl. Acad. Sci. USA.
106:2874-2879.

Rabaey, K. and Rozendal, R. A. 2010. Microbial
electrosynthesis - revisiting the electrical route
for microbial production. Nat Rev Microbiol.
8:706-716.

Rabaey, K., Angenent, L., Schroder, U., and
Keller, J., editors. 2009. Bioelectrochemical
systems. IWA publishing.

Rodionov, D. A., Yang, C., Li, X., Rodionova, I.
A., Wang, Y., and Obraztsova, A. Y., et al. 2010.
Genomic encyclopedia of sugar utilization
pathways in BMC
Genomics. 11:494.

Ross, D. E., Flynn, J. M., Baron, D. B., Gralnick,

the Shewanella genus.

J. A, and Bond, D. R. 2011. Towards
electrosynthesis in Shewanella: energetics of
reversing the mitr pathway for reductive

metabolism. PLoS One. 6:¢16649.

Rowe, A. R., Rajeev, P., Jain, A., Pirbadian, S.,
Okamoto, A., and Gralnick, J. A., et al. 2018.
Tracking electron uptake from a cathode into
shewanella cells: Implications for energy
acquisition from solid-substrate electron donors.
MBio. 9:1-19.

Schwalb, C., Chapman, S. K, and Reid, G. A.
2002. The membrane-bound tetrahaem c-type
cytochrome CymA interacts directly with the
soluble fumarate reductase in Shewanella.
Biochem. Soc. Trans. 30:658—662.
Scott, J. H. and Nealson, K. H. 1994. A
biochemical study of the intermediary carbon
metabolism of Shewanella putrefaciens. J.
Bacteriol. 176:3408-3411.

Shi, L., Chen, B., Wang, Z., Elias, D. A., Mayer,
M. U., and Gorby, Y. A., et al. 2006. Isolation of
a high-affinity functional

protein complex

between OmcA and MtrC: Two outer membrane

53

Journal of Japanese Society for Extremophiles (2020) Vol.18

41)

42)

43)

44)

45)

46)

47)

48)

49)

decaheme c-type cytochromes of Shewanella
oneidensis MR-1. J. Bacteriol. 188:4705-4714.

Shi, L., Dong, H., Reguera, G., Beyenal, H., Lu,
A., and Liu, J., et al. 2016. Extracellular electron
transfer mechanisms between microorganisms
and minerals. Nat. Rev. Microbiol. 14:651-662.

Simon, J., R. J. M,
Richardson, D. J. 2008. The organisation of

van Spanning, and
proton motive and non-proton motive redox
loops
Biochim. Biophys. Acta. - Bioenerg. 1777:1480—
1490.

Sturm, G., Richter,. K, Doetsch, A., Heide, H.,
Louro, R. O., and Gescher, J. 2015. A dynamic

in prokaryotic respiratory systems.

periplasmic electron transfer network enables
respiratory flexibility beyond a thermodynamic
regulatory regime. ISME J. 9:1802-1811.

Tang, Y. J., Hwang, J. S., Wemmer, D. E., and
Keasling, J. D. 2007. Shewanella oneidensis
MR-1 fluxome under various oxygen conditions.
Appl. Environ. Microbiol. 73:718-729.
Tschirhart, T., Kim, E., Mckay, R., Ueda, H., Wu,
H. C., and Pottash, A.E., et al. 2017. Electronic
control of gene expression and cell behaviour in
Escherichia coli through redox signalling. Nat.
Commun. 8:1-11.

Von Canstein, H, Ogawa, J., Shimizu, S., and
Lloyd, J. R. 2008. Secretion of flavins by
Shewanella species and their role in extracellular
electron transfer. Appl. Environ. Microbiol.
74:615-623.

Watanabe, K. 2008. Recent developments in
microbial fuel cell technologies for sustainable
bioenergy. J. Biosci. Bioeng. 106:528-536.
Watanabe, K., Manefield, M., Lee, M., and
A. 2009. Electron
biotechnology. Curr. Opin. Biotechnol. 20:633—
641.

Xiong, Y., Shi, L., Chen, B., Mayer, M. U,
Lower, B. H., and Londer, Y., et al. 2006.

Kouzuma, shuttles in

High-affinity binding and direct electron transfer

to solid metals by the Shewanella oneidensis



50)

51)

MR-1 outer membrane c-type cytochrome OmcA.
J. Am. Chem. Soc. 128:13978-13979.

Yang, C., Rodionov, D. A., Li, X., Laikova, O.
N., Gelfand, M. S., and Zagnitko, O. P, et al.
2006. Comparative genomics and experimental
characterization of N-acetylglucosamine
utilization pathway of Shewanella oneidensis. J..
Biol Chem. 281:29872-29885.

Zacharoff, L., Chan, C. H., Bond, D. R. 2015.
Reduction of low potential electron acceptors
requires the CbcL inner membrane cytochrome of
Geobacter sulfurreducens. Bioelectrochemistry.
107:7-13.

54

Journal of Japanese Society for Extremophiles (2020) Vol.18



Journal of Japanese Society for Extremophiles (2020) Vol.18

Hidese R.

Ancestral sulfur transfer pathway: an implication for the early evolution of life.

PR R 0> O AR < I3 4£ a D EAL
W RFREGE BEEMTA 7 =2 2 VRFER

FHHR K

Graduate School of Science, Innovation and Technology, Kobe University, Rokkodai 1-1, Nada, Kobe 657-8501, Japan.

Corresponding Author: Ryota Hidese, hidese@people.kobe-u.ac.jp

Phone: +81-78-803-6356

1. IL®HIT
MEIIMETLR TH D, L-VATA VR L-A T
= DOEWMT X . BB T AKX — ST T
)V NATFHA = RV T RTTY o, BEFTF
Az WA NATFT I U REER SR T
2-FATY VR AT FUY Ve 8 RNA OF
X7 LAY RiEd S D DEMOEMMBERHINETH
2 D BT RS F ORERL R Y & LTRSS S,
BRI [FRER A A (SOY) | HLREEE A A4 (SO™) |
F AR (S,057)] LB [TEME (S). it
kA A2 (Sy). ZhifkA1 4> (S,S) 72 E] %
T AN —FEAEDT-DICETZRERE LB S
KL LTHWS 9 2L oMAEwTIE., Rk
WilsA A 2RV 5, Bl ZITKEFEIT. BiEEA 4
ZRIRENIZE D AR, T ERFE A A T T
BHo WIZO-RAREY AT R F—EN, ki
A A & O-TEFALEY v AEHELE LT L-v
AT AV EART DG E M5 T, 2T A
YTFANT T —F (CD) 1E, L-V AT A Vb
D BLBEROG & il 4%, CD OIFEMHF LY AT A
I Bt L7z CD-S-SH (VX— 2L 7 ¢ R ©
KuisE N, €4 F . UAKRE, t(RNADOF A Y
v, FTIv, RIVTRTTY UORMEIRE e
% %2 fi )5, CD-S-SH XV KN
KEH LRI DCRMT ) R E(T V-7 v
VEF—T) OANERVRREB L, FA AL

55

R L— FAERT D (M 1), 2z LT RNA
FARXI VAT R (=B VT) FT7Iv (NI T
V) EVTRITV L A(2—H VT NI TVT
T—%7) WEAKShS Y,

CD IN7 7V T7Ra—H U 7 OEHMRFEE
FRDOBFHBBICMLHATH D, 7—F 7128 CD AL
yuZZRoNEMB, EONMITRENTHS I,
M T — %7 (Haloferax volcanii 72 L) <O& RN
AR ERRT —% T (Methanosarcina acetivorans 75
E) %L CD ANy ua b o —FT, HEME
T—XT7 TIXCD ANy uliblR NS 17
ET 5 (HFBMEXXY AR T —F7T
Methanocaldococcus jannashii, I EGFREMET —F% 7
Thermoplasma volcanium . I B\4GF W 7 — X 7
Sulfolobus acidocaldarius 72 &), WFEMET — % 713,
FAZBUKE H AL L e SRS B E R BREE N D
HEfsh T a7, ABBRBETOEICHK S CD
FvY a7 OopAn & OREMES B, HEarEdE
7 — 7 Thermococcus kodakarensis 137035 (S,,
b2 0 Sy) ZiZE L U Tk /KEZ A L 72 b I
g B3, SoWFEIE LR WEREE TIL, T 7o
MEVBERB L., e b 2B TEREE LTK
FRAERMER 2175 Y, AR, BPHEHE 2N < |
BT AN 7220, AT —%T7 0F
TV & U CRARRY 72 ARG R 0 36 s B 0
RABEHLTND P, 22Tl EEDICED T



L-Cysteine

S*O

)

Molybdopterin

L-Cysteine

.’*

Molybdopterln

X 1.

*&L
\S

=
oI

VATA VT ANT T —EEN LGRS MEARKIC

Journal of Japanese Society for Extremophiles (2020) Vol.18

Fe-S biogenesis —J» Fe-S proteins

apparatus
N\ /S\F / SieFe_{f_
Ne” N\ s 1
4 |81
Fe—s~
*0gP20 Fe-S clusters

\

Thiamine pyrophosphate

Fe-S biogenesis

apparatus ~—» Fe-S proteins

O

\

tRNA
2-Thiouridine

B EEGE R, (A) KIGE O RS

% KIGEHRKATA T ANVT T —F IseS N L-V AT A VOREEZBBEL, IEERL AT A 12

IscS-S-SH Z k7 5. IscS-S-SH O K

TRENEIREE 7 7 A X —A G DIV D, IscS-S-SH D K

i 3%

DENENZEXT Y /37 EH MoaD X° ThiS /N L CEY 7 K77 Y URF 7 I U~ T 5. (B)

b N OREEERE R, Nfs],

kodakarensis OWiIEIREBHEET O N D R 2T
X EBBRERO Sy OF IR U2 AR Ot s
BRDLEEMIZHOWTHERLT 5,

XF—U— R WHEEER, BT —%7 . Gl
N1, TTHEE

2. VATFAUTANT T —E (CD) DABENES
T. kodakarensis O AT A4 T AN T T —F
(TK1990, Tk-CD) % KFGE CHLAHE X K& L TR

Bl W8 LU7-, Tk-CD I%, f5EE B CD (SufS)

LHART - AT A st LT o filt i 5 =8
(Tk-CD: 8.1 X 10* s'™M™; k¥ SufS: 5.2 % 10*

56

t MRS AT A T A7 7 —E; MOCS2A & Urml, B X F k% R0 'F

s'MT) EaR LY, B THEEOMNT CIE, BisT
WENR O CEERTIEL D, T kodakarensis O
B B AR R IL, Sato BICX VBRI TV
W, ZniEAnTF U5 LU R K R 5

(pyrF) XKEMRZTE EIZ, porF & R~—H— L L
CHIFM A Z 25 LB riER ThH D, K
BIZL Y, Tk-CD MIERR 2R LT, AB REMAT
DR, Thk-CD BRERRIL, JUHRME S A (+S,
M) CITEPAERR ERISICAEF Lz, — 5. LHEM
FIRGA L E MRS AR (-Sot L B LR ES )
TIFEBRRETH o 7223, AREFHIA~D So iR E DB
IS U T Th-CD BYEERR I B AERR L RIZEDAEEFE T
R L7z,



WIZ, Tk-CD OgklisE 7 7 A X% —AEHR~DE S
IR, Syt E VB VBRI DB Sy 2N AT
Beh CAE U7 B AR & Th-CD AEERR D ERRREE 7 &
A —GHEHE (ELEVE 7L R Ul
BIUEESE, TATE R 72 b RED UGS TR
F.NADP" 7 = L R U B chsss) 1HM 21k
AT v =N (0,<1.0ppm) THIE L=, ZDkE
F. Thk-CD REIERR CHBERIGMEN B 12 LT
2o LLEDRERIL. T kodakarensis 1213, BREEHF O
So 77 M O CD RTFERRR G 7 T A X — B R DMT
T H5HEEZRL TS, CD KFESIRE Y 7 A% —
EEMEEEIES CE IR, S FIE LR WEREE T
RKEOAEBENAfEL oT-EE 2 T,

Journal of Japanese Society for Extremophiles (2020) Vol.18

3. MEXY U7 —LLTObEIFUHELVRIE
T. kodakarensis ™ CD 17 L O Sy IR TF8k i #E 7 7
AL —HEGRAEDIFEX, 2 X FUkF 0 H
DRI ~DE 5OV TR =NnT-, OF
0. TBREEHIC So B FTET 25 A TH, 28X F
KEZ VR IEEN L TEY 7 KT T U U (RNA F
FX T VAT Rl EOEHACEM R LGRS D D
NI ThHDH KBE T2 X F UEZ 37 HiT
FTIv, ®RYTRTT IV U~DidEx Y ) T — &
LToE#HEZ o, F£o, BEREFCE FTIX, =X
FUREH LRI EIZET Y T R T U O, (RNA
FHX I VAF RO b 5, 28X F
VEEE R T R T L EEIRESNRTE
D, ZOHFIZIZCD 2L T —FT7 %< &%

£ T—FTWBTFAVATA VTANLTS—FLaxF L AEX LT E DI

Organism CD ortholog ULP ortholog
Haloferax volcanii HVO_RS05220 SAMP1, SAMP2, SAMP3
Thermococcus kodakarensis TK1990 TK1065, TK1093, Tk2110
Pyrococcus horkoshii - PH_RS02725, PH_RS04800, PH_RS05175,
PH_RS07545
Thermoplasma volcanium - TVG_RS00615, TVG_RS02985,
TVG_RS04275
Archaeoglobus fulgidus AF_RS00930, AF_RS00100, AF_RS02805, AF_RS08170,
AF_RS02865 AF_RS10595

Methanocaldococcus jannaschii -

Methanococcus maripaludis -

MMP_RS03440, MMP_RS07000

Methanothermobacter marburgensis

MTBMA_RS08670

MTBMA_RS01575

Pyrobaculum arsenaticum - PARS_RS04175, PARS_RS05080,

PARS_RS10525, PARS_RS11990

Sulfolobus acidocaldarius - SACI_RS03190, SACI_RS04545,
SACI_RS07880

Hyperthermus butylicus - HBUT_RS00680, HBUT_RS03065,

HBUT_RS05700

Befiix, &AL o Va1 ny
75—, ULP, 2 EXF Uk H L0 H

FEWICRESA T RN

57

L EZRT. BBEECD, VAT A T AL



nod (F1), GHEMNT —%7 Haloferax volcanii |23
WT, A BFFUEZ 7 SAMPL IZEY 7 R
77 CEARRICED S Z &L SAMP2 13 tRNA F4
LIEMICE DD Z R TnE W, e xF
BRZ X7 BITNEEBEB OMIZ, X7 ORI
BiEE L CoOREEZHE S, T kodakarensis 12 % =
EXTF X N TEA LY a7 3 fE (TK1065.,
TK1093, TK2118) TF{ET 5, RMMITIZ L 5 &
TK2118 & TK1093 (L% E I H. volcanii H3E
SAMP1 & SAMP2 L AHH[EIMEDREWZ &b o T,
EY T RFT Y AL (RNA Ofit i {LERIZES
WT, Db EFTFURRH 37 B OMRE % MRGE
L7,

T T RFT VY EEFR~DBS T kodakarensis
OFERFIITE Y T R TV v ERBEETCHDH 7Y
o7 AT R3- UV 7oL RE YV UB(LIRTT
%52 (GAPOR) 3B 5.9 % , REFE B S TR,
TR ERRFBEIR E LI ERSM CITAET R
L7059 T kodakarensis \CIF{ET B 3O X
FURES R BB DTN TN R Lk
EH L7= (ATK1065, ATK1093, ATK2118 ¥k), S,
IHEaaT v T UEREBTOZNEN% 85°C (£
AHFIRFE) THAE L7 & 2 A ATK1065 FE°ATK 1093
KRIZAEBT L7z — T, ATK2118 BRITAT Lish o 7=,

WIZ, 2 EFF X X EOMERTY TR

TT ) U EREREMEICRITTREE TS0,

StV E UREECAEE LB AKS LUK ER
TREELRR X D MR AR L, TV T RS T
vEfEFE (GAPOR; 7LFE R: 7L R¥ o
FR{biB k%3, AOR; "L AT LT E R: 7L K%
T UREERTTEESR, FOR) TEMEZIE LTz, 2 DFER.
ATK1065 £k, ATK1093 #&, ATK2118 #k& ©1Z AOR
X° FOR {HMEDNBFAERR & BB X TIK T L72 (GAPOR [
R LI .

S HEMTET LEBAKB IO BT 4
2N EHE BT VWEE (ATK1065, ATK1093,
ATK2118: 3 Hil s k) O3 oE) 7 K77
U U EAEEHETENE (GAPOR, AOR, FOR) Z & L7-
LZA WTNOEBRIEMEL AR L 3 BEEE K
B CRSECTh o7z, ZAUE, SoBFETE LR W BREE
TlX, 2 F X VI ENRTE Y T R TFT U
AERICED DN, Sy FET HERETIX., 21D
DMETIH RN L2 R LTS (X2), ULk
BRIy, WwFhoabexF oy o 78 THLEY
T RTITYVCAEGHKICED D Z ER R I,
TK2118 134512 GAPOR DiEFMALICEH B & P&
i,

58

Journal of Japanese Society for Extremophiles (2020) Vol.18

tRNA D i 5L EAi~D B 5 (RNA DL FER

(A F b, 72 F b, Bk, 7 X 2 BRI,
FEMH N2 &) 13, 3ETRTOEH TR LN,
BT T NE I 7 s I YT 0 RNA
D 3ANNL 5-AFN2-F ATV THBH D, 2
Bl LV tRNADT »F a2 Ko mRNA D= K
YOXME RS, EfElea R OffRe Nl ig & e
Do FE T RO (B2 7 U T Thermus
thermophilus <° # 4f B\ 7 — % 7 Pyrococcus
furiosus 72 &) TIiX, tRNA @ T-/L—7 D 54 i §
5-AFN2-FF ) D UHEEIKICEMEND, 54
NOREEMIZL Y, T-V—7 & D-L—T b
i & D (RNA O JF 58 8K O # 1% 23 2 @Ak S 4,

t(RNA OB ZEEN M LT 25 7, EBE. T
thermophilus CZ OWiEEMiZ FREICIE D & &

BCEBREICR S ',

+S, FE HITCATK 1065 £k, ATK1093 #, ATK2118 #£
DENZEN%E 85°C, 93°C (L£FH LIREE) THAEL
72. 85°C TlE, ATKI1093 #RCHPARK & L _THO$ M
PRAEEEIEN B S0, 93°C TiX., ATKI1093 #RITAERE
DIEIE U, Fem IR Lo, & HIT-SetE L
v UEEES L TIE, 85°C TATKI1093 Kk & ATK2118 ¥k T
EBDBIE L, 93°C Tifitk L HAEBFTBIEIC R o7,
WU, BB FIEERRIZ B 1T 5 (RNA DR ELERSR
ERRBI20, +S, BB LS+ E L B U BRI C
KA TR (ATK1065 #k, ATK1093 £k, ATK2118
KR, 3 EEIGIEERR) O RNA X7 LAY REiRIA
yva~ K75 78T NRVEEGTR G LTz, 2
DFER, -So+ BV B IR CAE L7ZATK1093 i
X O3 EEGFAERRIZEB W T tRNA X7 LAY R

(tRNA D 54 (ICRBEND 5-AFN2-FH4 T Y Vv
Efii7e ) OF HUEMOBEE BN R 5N, L
MURN G, FAUEMITERITITHEL TE LT,
F 7248y BEHUCBWTIXZ O R R SN0 > 72,
PLEOFERA S, TK1093 78 tRNA F A bAE 8 &
VORI TH D Z L RNA DOF HUAERRIZIE TK1093
NG DREIEERK & 2N a2 B L LRV R
DFIET D 2 & DRI S 4L, 240D ORI IEE HisR o
So DIFAEIT It U TV 1T 28 22 ST 5 ATREME A
Zz bl (X2),

4. BbbhZ

BB 1T AL R CIR O HITALE T 5720,
JFARAEMEOREE R BRFELTND EEZ LD,
JFAREMIRIL, Sk T AX —, §-TF ) VLA
FA=V HWHBERE ATV T RTTY v EBER.
A UREBELVUVETEBEICLE, EILT VAN



Journal of Japanese Society for Extremophiles (2020) Vol.18

SO

S, 52

T. kodakarensis

bo$T O

5 TK1085N sH

SBHET

SEHFEHET

X 2. T. kodakarensis DG il &WAEGROWFHIEE R, STLEME (S) IEFETFTTIE, VAT A VT AN

7 Z—% (CD) 138k 7 A ¥

—AEERIZHATH D, 2 EFF X 37 E TK1093 1% tRNA O F

TER, 2T X FUEZ NI EIZEY 7 R T YV ASRKRORREBAZH S . Sy 15 F T
CORIE R T UERZ VR BICHERGFEORDTEE L B b.

I E D AEMmBEREAMERF L T2 b o B X BT
AV *}Jﬁ;ﬁjﬂﬁk@ﬁﬂf)ﬂiﬁf . A ERREE. BR
{fbkFE L4k nL%*ﬁT&)O 7= 19) ns
@ffmi kmwx¢@m$@ ThvikES
ND, AXUAERT —FT 1L, P%M$ 5 mM f&
DWW A A R EFICER L, ZNEHiE N
— & Lo SiEg R E b oEmE LTHLN
D, Flzxid, WIRMEAXY CAKT —F7T
Methanococcus marlpaludzs DOERFRE 7 7 A X — Dl
HRIT -2 AT A Tl kA 4> Th s Y,
F72 (RNA O 82D 4-F A4 7 Y DU ERMITIE, sk
SRS MMP1354 D3k A 4 2 RIA+ 5 7,

FEEE. M. maripaludis ORIREND L-> AT A D
— A X F 20y M BRETH Y . ZiuE—ic

FUTTHRLND L-VATA VOEELDE 5-10

59

BREKY, BORMEA Y ART —F7T
Methanocaldococcus jannaschii O F 7 I 2V HEE KD
WS CTlX. 77 Y — VA REERE b A 4
ZEBIZLTTF T I HIBME (=aF o7 2 F‘T?j
SV VX UAF RET ) U OKIETREE) |
E%ﬁﬂ?é”o%T/%Wéﬁﬁikﬁﬂﬁ&/
NI L OENET —F 7T IC A ST 5,
ZO X DR AEMR T, BIomME A LEICT S
IR D B LS OEGRIZHF S LT
T ENHERIND,

T. kodakarensis @ CD XL B X F k& LRI 'H
DFRNTN S SRR EE 7 T A ¥ — A O &8 O
HIbF BV T RTT U CAEGROMEEREBES
tRNA DR LB T, S 1K L% % b
DI LN TE, HrxDEFTF RS X

IIL



7 B OREBREESC G BLRIE ., T kodakarenisis
IX CD IKTFHIBRIR S 7 7 A X —AGROGE LR T
<, 2EBFFURRY 7 EOERS (b L <IEBEF
DH R EOREDZERL) L ENIfESED T
R77 U AR (RNA Ofit AL E AR D15
DFER. S DAFTE L 72 WBREE T O 2R ME % ffe
LizEPRRIND,

5. #HfEE

KNI ZITTHICHT- 0, KA THE, ZHitE
ZWh 0 F U= BEE A Je A4 (BIVE 2Be K EE T5240)
WCRLDEVEILZR L EFEd, e lBhs - 2
B 71 % TEN T2 B VE 2 B2 KB T35 PR Tt
FREOERRICH R L EFE3, (RNA X7 LA
¥ RORMBEEM O T, BSEMAEA (EERE
BEARFZERT) . SR A (R TAE) . KOF
2 e A (RORKR P L) O ZHREZ2 0 £ Lz,
A KA FE AT CORREHE Th 5 ILIRE 7k
A (NIRRT . IR EREA (R
ERFFRAT) . SIRABSEAE (SLavEE R M RNEER)
WAL L B E3, AP, JSPS FHf#

(JP17H05027) K OMEWEFF 7 H IR B [ Rk 30
EEBR O SR A= T CEMBESNE LT,

BE IR
1)  Atomi, H., Fukui, T., Kanai, K., Morikawa, M.,
and Imanaka, T. 2004.

Thermococcus kodakaraensis sp. nov., a well

Description  of

studied hyperthermophilic archaeon previously

reported as Pyrococcus sp. KODI. Archaea.

1:263-267.

2) Bjork, G.R. 1995. In tRNA: Structure,
Biosynthesis, and Function (So6ll, D. &
RajBhandary, U. eds.), pp. 165—205, ASM press,
Washington DC.

3) Eser, B.E., Zhang, X., Chanani, P.K., Begley,
T.P., and Ealick, S.E. 2016. From Suicide
Enzyme to Catalyst: The Iron-Dependent
Sulfide Transfer in Methanococcus jannaschii
Thiamin Thiazole Biosynthesis. J. Am. Chem.
Soc. 138:3639-3642.

4)  Hidese, R., Inoue, T., Imanaka, T., and Fujiwara,
S. 2014. Cysteine desulphurase plays an
important role in environmental adaptation of
the hyperthermophilic archacon Thermococcus
kodakarensis. Mol. Microbiol. 93:331-345.

5) Hidese, R., Mihara, H., and Esaki, N. 2011.

Journal of Japanese Society for Extremophiles (2020) Vol.18

Bacterial cysteine desulfurases: versatile key

players in  biosynthetic = pathways  of
sulfur-containing biofactors. Appl. Microbiol.
Biotechnol. 91:47-61.

6) Liu, Y., Beer, L.L., and Whitman, W.B. 2012.
Sulfur metabolism in archaea reveals novel
processes. Environ. Microbiol. 14:2632-2644.

7)  Liu, Y., Beer, L.L., and Whitman, W.B. 2012.
Methanogens: a window into ancient sulfur
metabolism. Trends Microbiol. 20:251-258.

8) Liu, Y., Sieprawska-Lupa, M., Whitman, W.B.,
and White, R.H. 2010. Cysteine is not the sulfur
source for iron-sulfur cluster and methionine
biosynthesis in the methanogenic archaeon
Methanococcus maripaludis. J. Biol. Chem.
285:31923-31929.

9) Liu, Y., Zhu, X., Nakamura, A., Orlando, R.,
Soll, D., Whitman, W.B. 2012. Biosynthesis of
4-Thiouridine in tRNA in the Methanogenic
Archaeon Methanococcus maripaludis. J. Biol.
Chem. 287:36683-36692.

10) Matsubara, K., Yokooji, Y., Atomi, H., and
Imanaka, T. 2011. Biochemical and genetic
characterization of the three metabolic routes in

kodakarensis

Thermococcus linking

glyceraldehyde 3-phosphate and

3-phosphoglycerate. = Mol. Microbiol.  81:
1300-1312.

11) Miranda, H.V., Nembhard, N., Su, D., Hepowit,
N., Krause, D.J., Pritz, J.R., Phillips, C., S6ll, D.,
and Maupin-Furlow, J.A. 2011. El- and
ubiquitin-like proteins provide a direct link
between protein conjugation and sulfur transfer
in archaea. Proc. Natl. Acad. Sci. U S A.
108:4417-22.

12) Mueller, E.G. 2006. Trafficking in persulfides:
delivering sulfur in biosynthetic pathways. Nat.
Chem. Biol. 2:185-94.

13) Rashid, N., and Aslam, M. 2019. An overview
of 25 years of research on Thermococcus
kodakarensis, a genetically versatile model
organism for archaeal research. Folia Microbiol.
(Praha). doi: 10.1007/s12223-019-00730-2.

14) Sato, T., Fukui, T., Atomi, H., and Imanaka, T.
2003. Targeted gene disruption by homologous
recombination in the  hyperthermophilic

archaeon Thermococcus kodakaraensis KODI. J.



15)

16)

17)

18)

19)

Bacteriol. 185:210-220.

Sekowska, A., Kung, H.F., and Danchin, A.
2000. Sulfur metabolism in Escherichia coli and
related bacteria: facts and fiction. J. Mol.
Microbiol. Biotechnol. 2:145-177.

Shigi, N., Sakaguchi, Y., Suzuki, T., and
Watanabe, K. 2006. Identification of two tRNA
thiolation genes required for cell growth at
extremely high temperatures. J. Biol. Chem.
281:14296-14306.

Watanabe, K., Oshima, T., Saneyoshi, S., and
Nishimura, S. 1974. Replacement of
ribothymidine by 5-methyl-2-thiouridine in
sequence GTyC in tRNA of an extreme
thermophile. FEBS Lett. 43:59-63.

Weiss, M.C., Sousa, F.L., Mrnjavac, N.,
Neukirchen, S., Roettger, M., Nelson-Sathi, S.,
and Martin, W.F. 2016. The physiology and
habitat of the last universal common ancestor.
Nat. Microbiol. 1:16116.

A 5. 1998, HARR O RILIRREIZ &
IREDDN? ALFLHEE. 46:218-2

61

Journal of Japanese Society for Extremophiles (2020) Vol.18



15 R 7%
ﬁﬁ":’%ﬁ

E’I’%

PN
F=
HEWi%

Journal of Japanese Society for Extremophiles (2020) Vol.18

Kawamoto J.

Elucidation of the cold-adaptation mechanism of an Antarctic bacterium

A AR FH R oD {5 T i MR D BR

553238 i B A D #g T
REBRE ALERTEIT 5 7 AR AR TR
JIIA ol

Institute for Chemical Research, Kyoto University, Gokasyo, Uji, Kyoto 611-0011, Japan

Corresponding Author: Jun Kawamoto
e-mail: jun_k@mbc.kuicr.kyoto-u.ac.jp
Phone: +81-774-38-4711, Fax: +81-774-38-3248

1. IZL®IZ

IR X, RSOV Y
DR REREE N H#HE DK 80%
WX 5, TOX)RIRIRREICIE, KIRZ T4
MFENFAE L, FRICIRIRE ., 47 nikﬂ?ihéﬂi&
T T8 S ME O M RESNMRIR R B IS B U D R ER I
FHELTWD, RIERE, GmENEET HBER I
RIR COMBYEM 2T 28N -EETH D | &
BIEMHEBEZE LRI TWADA, ZHLFE TIC, BAE

KRR E L & Vo 2 AKIE
%5%@@%%&

SEOREMERE SE . T ARSI T RE 70 bk < 7o ARG TS 1
BERPHBE S, ZRREESHTTHERSATY

Do ZHHOKIRTEMEREE IC OV T, (KIE TOWE
‘@%\éiﬁ WCET 20 THEBEOFEMAH LIS T

Pl zZE 2L ORIBRIEEREER ISV T, M
ﬁfﬁﬁkﬁ?ﬁf“@ﬁ‘@%%ﬂ? FL— A7 DH
BRIiCHDHZENbho T, DF 0., KIEEME
BRI X EOEE N ZET HZ & T,
ﬁ{f@%ﬁ EXBHRLTVD, Z0LIIT, &

W EICET RO D% X, KR
ﬁﬁ‘@ﬁ?%ﬁ:&ﬁfé%@’@%oko — T IRIRE -
BF U AN AT I LRI BR BE 12 @ S LTV % 2T
DOWTORMITPEMNE NZ D, ZOXD TR
DY & EHITARIR E O RIR B 5L SR A
VUL TCHEfET S5 2 &2 B Lo EL D A
T&E, AREIZBWTE, MBICAERT 2 EEA
Shewanella livingstonensis Acl0 ZXxt% & L, KHF
DRI TOEBEE X2 DX /N7 B X OAERE
JREIZOWTHRMNT 5,

62

2. Shewanella livingstonensis Ac10 DEIRFHEME X >
IR DR

Shewanella livingstonensis Acl0 [XEFMEHEK LV £
WEner7 7 ratfiE CTH Y . 4°C b 25°C T
BAFICAFT L I8C RBEAFIRE L 3 2&EE T
HBH, REIZE LTI 2002 F£L 0257 AMEEN
FIHAMEETH 722 b, 7 AFRICEDS X,
AR ORIR BRI 2 32 D ARGy F DR - [FE
MARETH ~ Tz, T TV EHIL 4°C LT 18°C
TEEE LT S livingstonensis Acl0 7> HIKIR CAER
DIEINS DARIRFE ST O ATtk & N7 B LU
KPES 2 B ORFRR L OFEEICRY AR 9, &

HIZ, MRy 7T VRE, =RV —EREL V-
To BB A PSR A 1 O MR NI RTErED & 3 s
BRICAEH L, BEARLE OB I D S LA R
DRFANIZ DN T T 1T A — DMRHT 24T 5 2 & T,
KIRFEM DN Y 7 B2 RE LT,

INOIEREFEY oAV ER L VHES D AR
OARIRE IS O E A Fig. 1 1T, [RIREREIC
BT, S livingstonensis Acl0 X5 DHLE, Fl
FURHD L 7 RV BEHERFE SNz, 2 b
RIRIZ K> TA LD mRNA R°F X7 H DAL
At 2 X 25 RNA ¥ v 2 (CspA) =
peptidyl-proryl cis-trans isomerase (PPlase) {itE%H
THZENTHEEIND X )7 ERE (Tig, SurA) 73
BENTWZ, R, RIEEIZH) T PPlase TG
EHTDHH //\7’,%30)%?%95?:: T, REE IS E D 7
— %7 Methanococcoides burtoniil®, 3~V 7 K ABK
THRD Psychrobacter cryohalolentis" (233> T & #



—
Membrane transport

Journal of Japanese Society for Extremophiles (2020) Vol.18

Omp74, Omp176

R . v
Z Folding
Tig, DegP, SurA
%)
Protein\' Translocation 2
FtsY, Dpp4 S _ o2
ﬂ w L Metabolism £
I : = Z T
Translation TN S
mRNA TufB, Efp, LysU 3 2 5
| © 5
= Transcription Unknown
RpoA, CspA, GreA response
Genome
KK 7 N Respiration
FixB, NemA

Figure 1

EINTWDB, REFIL, ¥ 27 G OSMIREER
%D HEHR B A 0 ) M EEEE TH Y L KIRIZE W
T PPlase #iAEAETHZ & T, RKIETHZ X

7 EDORETE Z I L TWD Z &R ST,

F iz, ARBIZEB W TIIAKOREMERE M L, "IEMS
FOPHEHEENMET T 52 LR TEBY, M
(2 & D AIEMEDRFEFR DR IALLEFEY OHEHRE
PIRTTDHZENTHEINDN, S livingstonensis
Acl0 [T ED R — U % X7 (Omp74,
Omp176) . IRIIZ IS\ T & FEMRAY 72 ) B Mk % P HE
(2L TV D ATREMEDN R S 3T,

3. 5l B OO AR BR B I B (S 1T D AEIRIRIEE o
A BREKHE

ARSI & RN 2 X L, RN & R
T 58U TREREIZIN &, AR O 2 52
MDA H—7x—AHERE, WEHIESLT R/ ¥ —
ERE L W o T A MIREhZ 32 D S ARk BERE 240 5
kT Do MR 0D BR B A O FEMRC ., (RIRE %
AL REEORIEIZB N TS, RO
RGPS 5 2 LN EHETHDL 2 L
5 O RHUTZR VY, FEH DX, AR ORIRER B E G
FEAE T 3 W CTAE RIS 5 AR B BB 2 i~ 5 7
DIZ AKEOENRE LT 5 U VIREICER L,

S. livingstonensis Ac10 [JMEEFHEEMIZ A 2P~
v H T oW (EPA) ZHAENIEED 5-10% F THE
T %, EPA 13 20 OFE L 5 SO T EES
THER S 2 B MAFAENE CTH Y | ME )

63

Shewanella livingstonensis Ac10 DOEIRFEENE X X7 HREOHERE

bt MM lLOREEYOERKEHER TS Y VIRE
DT NV E LTEET D (Fig. 2), B MIBWNT
X, BIRAEAL-CAMTR I & Vo T2 I SR IR B DS IE Y
AT BT DR, MIRIEIREA T 4 =— &
—OFIBATHD Z 0D, b O ICEE
RIENEE LT, IO 2 FREFERMLCY 7Y 2
YEBRER SR TS, MIEIZBW T, IR
HIDWEIK &\ o T ARIR OYWFFEBREE ) S BRI S U7X
RE D% B, EPA RZ OMERIKTHH Ka~F
S e (DHA) #4EL. 2D DR OES
RBIE T2 T AX—2FLTND I EnG, MEO
IR C R KIE~DWSIZ, EPA X° DHA #51Y
VIEE OGN RS ENTWS, 2T, FHIT S
livingstonensis Acl0 @ EPA A& KEBELT & ikES
5Z LT, AEICBITS EPA OAEFLERE D fFIIC
oA,

B IZB W CLEPA X8 Y 7 T N A RkiiESR OFikx
2RI L o TABRR I IL, ftofEGEE & 1%
MNL U722 CAPES NS, BPA A£G RIS T & KiE

\/\/\/W/\)C)l\
NS
— — o]
IAOYRVAT/ALE

R: “ SNHyt  hzrorFoiza/—L7sn)
OH

Ao

Figure 2 EPA %A U U IRE O

RRTZ7F2LT)EA—)L)



L7- EPA FEAFERE (AEPA) 13, KEOEHAFIR
ETHs 18°C IZBWTITBHAK L FEICAETTS
DIZH LT, 4°C ITB W CHEFICAEFTRENME T
L2 ENbhots, WO EPA b L ITHHE K
L7- EPA RV VIFEZ G E L H\WH 2 &
T, ABPA OA&FMHE QK TITIH S v, BAEK L
FERICAEBLIZZE06, RIETOAFIZEBWT
EPA PWEELMELZH S Z LR an, —R&IZ,
RIRERBEICH VT EPA X° DHA A {RIR D i B
MEmbsgbEEZE2NTE, EPA OREBICE
% AR ORREIE~ DL TN 5 72012, Bk
P57 Pyrene ORI ILEZFEM L7, £ DR
R, KM & bl U CRBEIXBEE IS RBEME O @R
KIEZA LD H 00, EPA O KBIIARE O 8
PEIZITE LN LIRS, ZOMEIX, K
W OEREEY VIRE AT DIENIEE DK 45% %
5 5 R EAFINEIARE 7L 2 b LA VEEDN, EPA OF
VRO O TIRIE COBREIMEZHERF L T\Wb &5
Z b, —J T, KEIZBWT EPA XD Eh
PEAERF LIS OB EI 2 D Z L AVRIR S iz, KRS
BT D AEPA ZFEABICARMT L 7oA . AEPA |84
FRICH AR CTHEEFICHE L2 OMEE2 KT 5 2
EMBLETRY | EPA BNAREOHIK SR, HFiC
DNA SEHEDOAT v FIZHETH Z EnmE Tz,
EPA K48 23 BT 36 his A 1 0 il el 53 24 ]\ E 375

(A) \':lxﬁ
NO; 0
\>/§]
NN = =
HN  HO (@)
Lo}.0

(B)

Nucleoide (Hoechst)

4

Journal of Japanese Society for Extremophiles (2020) Vol.18

B IR D Shewanella violacea DSS12 1280
THMER STz 8), 72, AEPA IZBWTIIFFED
B2 L RN LTV D T NI R A
PEREIE N FIEL CND 2 &, IR NEE A LT
FEE DIMEE S o X7 B O BRI E D MEHE S 4T
722206 14), EPA [IFFEDIR Y /37 B O
RLEMEICEAE L TWAD Z LRIz,

X 51T, AEPA IZBWTIIAER—Y v & Xy
BHThd Omp74 OMEEZERMESTHEL TV D Z L
MR ENT, Omp74 OREEEHKIZIIT D EPA &F
U UREE O AR E & AT D 7o DIT, RE N
JEDOKERZ XTI L AR ONREALRL & AR L
ARV VIEEELBLWEUR Y —AICLD in
vitro FFRERE R ZMESE L72RE . EPA &4 Y VIEHE
ZEie )R Y —HMZBWT. 0mp74 O 4 —)VT 4
VIMMEEES NS Z RN b o7z 3), KRZ, EPA &
HY UNEEIE. Omp74 OV R Y —AFKEH~DWAE .
BKHIERBE~DFIA L B-3— MER Z e Lz 2
EMMBUEPA GA Y VIBEIXRIRICEHIT AR o]
B OBIERR A RET DI vy a VRO
BREZ AT D Z LAVURE N, Zhuk, BHSMA
FAFIENEER 2 M D R REER IZ Lo R CTHEE SRR IC B T
Z & T, A T OBUKRIBREE A~ DR A h) | X
52 LIRS EEZ NS Y, KBTIV TLUEPA
V353 T OZEBHINE S HKIR - mIERRE T2k Wn

Figure 3 NBD fZi#M EPA &/ U VIEET 7 v 7 OiiE (A) & S. livingstonensis Acl0 (23115 EPA

G/ KAAL 2 (B)

64



THIINyy_ar b LT, MusZis 08
DOIENTORRERBLAZHIFE L T EB 2 b5,
4. (LZHT Fu—FI2LD EPA 5F Y VIEE
D F AL

EPA XA TEAE L, o fRIAER & 13572 B 4%
WIZL Y, BEESEEME, kL Vo oW E bR
R A2 b &5 2 L THEAOBY v X7 BEORE
BT D EEZLNTWS, S livingstonensis
Acl0 [ZBWTIX, EPA A Y VIR X, MifuyH
EDOBEENRBREINDHEEDORY LRy EF & DA
TERD RSN TSN, ZHE CICAREICB T
% EPA Za[#b L7=fliZ72\\, & Z CT%#F 1T, EPA
TV ET DY VIRE ORI E HID, w0k
Mz RA 77 FoNT R ) —)LT I (PE) O
TR MM VIRET e 7 OERIZEY
WA, VUEEO T AT AT AMESEZN L
TV —VBHEOsn-2 fLEEELTHDEN AR
ERTII=—TAEEZM LT EPA &6 T 52
ETCHIABETORAFR U N—E A2 IFHEIC LA
A PRy ) A VEORBEEZIE L7 AT =
— 7 %A L7- (AcyAlkyl-EPA, Fig. 3A), NBD #&
ik AcyAlkyl-EPA Z AE I L 7-#E R, Ml
SAERAL ISR A HE S 7TV N BT D 2 & VL
g3 (Fig. 3B), — 5T, Z Uk —VEKO
sn-2 NLICA LA VA BN L7 it IREERR T, Mifn

BARIN DB =T a ey TP AR E NI Z &b,

EPA &4 U R I3HE e 43 240 2 R 22 0 L SR A
L7 R A A &R T 5 2 L araniz 'Y,
E 5T, EHITHT-7 EPA AL e —T7 0
BRI ICH Y M A 72, Yok o NBD AR §k A
AcylAlkyl-EPA [IARMEFEE I i i WO s e 2
LM IEFE L v —F LViEA 2 LT EPA
EEANTDHIET, MIENORRARY —F A2 |
L7 UNVHABOG RIS A AT Y VIRE T =
—7ThY, R URE O & 13K E M
NHEIR D, H3H 1L, EPA OWEE % i/ NRICSZET 5
ZETHBICE AR R Y e —T L TA AT
F =% EPA (eEPA, Fig. 4) %% L7, eEPA |
KK EPA DA A HRIBICIRF-IRFE B %
BALTWDLZ EnD, L=V —F < ML
BN IEIREE « YDA A=V IRT YV A
BT 5 SRR MBI & ORI 22 AL AN S
(7 Vw27 I AN —)IZLD insitu {LFAHERD
ARE L 72D, AL, eEPA DORhRA B RRIEE T
N BH & & BT, S livingstonensis Ac10 D AEPA %
HHUVT eEPA DAFLEERE
AEPA [XEFARRIC LR TIRIR COAF HEE NI I

Al L7z, Sk ooi@ v |

65

Journal of Japanese Society for Extremophiles (2020) Vol.18

Figure 4 4 A = F =L EPA OHE

KFL, iR LMz T 553, eEPA Z U/
L7725z & HUW T AEPA Z5:# L7- L& %, EPA
DRPBPIZ L DA BREEFITIH S 4172, eEPA f71E T
TE:# L7 S livingstonensis Acl0 (23 T eEPA
WA Y HEE O T VB E L CIEELIZZ &
5. eEPA X KA EPA O/EPRMEREZ T 5 =
EWHRETH D Z Epraniz P, A7 r—73,
KEITIR ST LR AEWIZBIT 5 EPA DAL=,
REtfitr, MEAERT 22 R EOBEE V-
RIS SN OBV T r—T &
W2 5D,

5. 5% DREE

TRIR R 1T HER | CReR D77 ATRE 2 815 L 7= /&
MRETHY ., 2o X5 e U CRIRERS
(ZHE IS LT D AW PRI BRI TZ 1T T <
KR TOEIEVDT Ty b7+ —2E L THIGH
ARETH D, FEHILZINE TIT S livingstonensis
Acl0 ZfEE & UIARIR BFE & o 87 A PE R % 1
ELTWD ), KIREEEEL$5 2 LT, BLE
PEDOAR N & 2R 7 R fE EMaIC ) L ClEtE 2 A9
HHEURTE BARERR LT WS R ED
IR CORM I EENFRRIZ /D E IR SN D,
FERRZ, REAEELE T2 2 LT, BVREEDERN
ARG PERESE DAPEICREI L TV D, T DX D IZHE
i ~OJS AR S D IKIRYE LR OB,
AR QL L2 Z o R BIEFEY AT L DBR
T 72 fE EARIRE ORE A D TV E 720y,

S B2, S livingstonensis Ac10 DERBRFFL G |
KE DR EF D2 EPA &4 U U IEE THERR
SNBERAL VOFERHALNE 72572, RWT,
fih> EPA EPERS° EPA 7N B/ /EFHEREZ4H 5
BEMIICI T 5 EPA OREREMATICH Y e,
eEPA % b HLUNEA A — D0 TIRIT & Sk 7 AR TR
EXRBRICATH 2 & T, RIREICHEE LEFHOMB R
A A DERIEIZOWTH BT LTEVY,

6. HEF

AWFGE 2 T DI -0 SR THEE - e
G0 F LT ILIRHE 580 . BERGEREER . S
Bz, SR EERIR LR L B ET, £,



ERERE e N L7 0 — 7 RIS S B 72 72 7= 4k
[EIBFIEE O FHE K7 VeRREne sz el Eee., &
W SCRBhE, MR ZE B R IR Tt &1l
SRR BT SO G L B T eI,
NI N - gl E= VAV b el A AN 5 A O
JRBFFE 2R D 25 368 d5 K OV AL O B AR I iR L 1
FHEEBIT FERDT ¥ L Is &kt & kg,
A0 T Lo BEVHEL EFET,

7. ZE IR
1)  Bakermans C, Tollaksen SL, Giometti CS, et al

2007. Proteomic analysis of Psychrobacter
cryohalolentis K5 during growth at subzero
temperatures. Extremophiles 11:343-354. doi:
10.1007/s00792-006-0042-1

2)  D'Amico S, Collins T, Marx J-C, et al 2006.
Psychrophilic microorganisms: challenges for
life. EMBO Rep 7:385-389. doi:
10.1038/sj.embor.7400662

3) Dai X-Z, Kawamoto J, Sato SB, et al 2012.
Eicosapentaenoic acid facilitates the folding of an
outer membrane protein of the psychrotrophic
bacterium, Shewanella livingstonensis AclO.
Biochem. Biophys. Res. Commun. 425:363-367.
doi: 10.1016/j.bbrc.2012.07.097

4)  Feller SE, Gawrisch K, MacKerell AD 2002.
Polyunsaturated fatty acids in lipid bilayers:
intrinsic and environmental contributions to
their unique physical properties. J Am Chem
Soc 124:318-326. doi: 10.1021/ja0118340

5) Kawai S, Kawamoto J, Ogawa T, Kurihara T
2019.  Development of a  regulatable
low-temperature protein expression system
using the psychrotrophic bacterium,
Shewanella livingstonensis Acl0, as the host.
Biosci Biotechnol Biochem 37:1-10. doi:
10.1080/09168451.2019.1638754

6) Kawamoto J, Kurihara T, Kitagawa M, et al
2007. Proteomic studies of an Antarctic
cold-adapted bacterium, Shewanella
livingstonensis Acl0, for global identification of
cold-inducible proteins. Extremophiles 11:819—
826. doi: 10.1007/s00792-007-0098-6

66

Journal of Japanese Society for Extremophiles (2020) Vol.18

7)

8)

9)

10)

11)

12)

13)

Kawamoto J, Kurihara T, Yamamoto K, et al
(2009) Eicosapentaenoic acid plays a beneficial
role in membrane organization and cell division
of a cold-adapted bacterium, Shewanella
livingstonensis Acl10. J. Bacteriol. 191:632-640.
doi: 10.1128/JB.00881-08

Kawamoto J, Sato T, Nakasone K, et al 2011.
Favourable effects of eicosapentaenoic acid on
the late step of the cell division in a piezophilic
bacterium, Shewanella violacea DSS12, at
high-hydrostatic pressures. Environ. Microbiol.
doi: 10.1111/j.1462-2920.2011.02487.x

Miyake R, Kawamoto J, Wei YL, et al 2007.
Construction of a low-temperature protein
expression system using a cold-adapted
bacterium, Shewanella sp. strain Acl0, as the
Host. Appl. Environ. Microbiol. 73:4849—4856.
doi: 10.1128/AEM.00824-07

Park J, Kawamoto J, Esaki N, Kurihara T 2012.
Identification of  cold-inducible inner
membrane proteins of the psychrotrophic
bacterium, Shewanella livingstonensis Acl0,
by proteomic analysis. Extremophiles. doi:
10.1007/s00792-011-0422-z

Sato S, Kawamoto J, Sato SB, et al 2012.
Occurrence of a bacterial membrane microdomain
at the cell division site enriched in phospholipids
with polyunsaturated hydrocarbon chains. J.
Biol. Chem. 287:24113-24121. doi:
10.1074/jbc.M111.318311

Tokunaga T, Watanabe B, Sato S, et al 2017.
Synthesis and functional assessment of a novel
fatty acid probe, o-ethynyl eicosapentaenoic
acid analog, to analyze the in vivo behavior of
eicosapentaenoic acid. Bioconjugate Chem.
acs.bioconjchem.7b00235—41. doi: 10.1021/
acs.bioconjchem.7b00235

Williams TJ, Burg DW, Raftery MJ, et al 2010.
Global proteomic analysis of the insoluble,
soluble, and supernatant fractions of the
psychrophilic archaeon Methanococcoides
burtonii. Part I: the effect of growth temperature. J.
Proteome Res. 9:640-652. doi: 10.1021/pr900509n



Journal of Japanese Society for Extremophiles (2020) Vol.18

14) Yokoyama F, Kawamoto J, Imai T, Kurihara T
2017.  Characterization  of  extracellular
membrane vesicles of an Antarctic bacterium,
Shewanella livingstonensis Acl0, and their
enhanced production by  alteration of
phospholipid ~ composition. Extremophiles
21:723-731. doi: 10.1007/s00792-017-0937-z

67



2 o0 B e 4 4

Journal of Japanese Society for Extremophiles (2020) Vol.18

Thermophiles 2019 (55 15 [B] ERGFEE =)

AHEM (LN RFRER

Ukuoka JAPAN A

WEWEAR 7 7 U7 7 —F%7 OWF3EIL, MBERBE
THEETHIEMERRLE T HRFZOHFTEH, FRIZ
ZOZEPBMVMEN TV HLMAEFIKTH S,
Thermophlles (BB EVE ) 13, ZNET2EE

ICHERAE TSN TE T, 515 ROSEN,
HEE 9 H 2-6 AICEMTTOIMNKES v o A%
Bl LTSNz, EHIIRESEL LT, LKE
PR D EWUL A EE DA K v 7 FEL LY
ICRBEOWETEHDT-, Thermophiles 2019 BAEIZ &
oo Tk, MRREAMTFRITHE WX, Bk
EERIEHSE W EREWE, FPAREEZBMEY LT
Rpagd JFEE, SEOERRICEHOBREZEREL
720,

AREFHT, F15ENCLTHIO BARBECTH 72,
LY 3 — T KFB(USA) TR S W25 4 [BIK
KNTHIO THFE L TLLR, 4 B £ TITAFBEBTZED
I CHARAKEICZ S OFERB DL LOWKANRTE T,
EFIRE ORI, BMFEICR o722 D FH A ITBIK
LATEELET S LTI &R, A0S
HafEM TR L, EEICK T T L TEHT
X, BAEIELIEoTn3,

JNTFBAERF e I AR OGFT CH 5, R
BRI R DL < DN 2 N Bk A 2 2 B, %%‘
HE b ZIE TS S AME D & OMFE 238
ﬁot%%ﬁﬁéoit\m_%ﬁ%&mﬁ\km
NI S D, BEIEFINLTITWAREZHE L

68

W& LI B, FER. R E~BIRITRITL
7=, ARl k@%thﬂﬂié%%%@L\wo
2 DOHNEN % G e 230 4 DBINFE & 572 2 & 1224
DEITH-T- (BEE1),

BIMEYEGIZ 7= v . WAk 38 4 L [EIN 17 4 DS/
FNZT RS PF—Z BV LSRRI 5 LI 52 (Kyoto
Univ) . Al # B (JAMSTEC), Isaac Cann (Univ
Illinois), Zvi Kelman (Univ Malyland) , Li Huang
(Chinese Academy) D& AT T I1% 072720
TT R T ARmREIT T, TE LIRSSy
B2 03— L AP DHAF LT20 & B2 TV,
ETENPEAECRES T, 07T LORENE
NWEeT T, BEFITIZTmWASATE T 2T L,
Flo, AMEANORFIZOETE LT, SBE—1EL

(AIST)., 22 A %&5L# 1 (ELSI, Tokyo Inst Tech) |
LB AW\, a ST MRS ZCH AL
ST EFICRESEILA L EFs & & bic, EHN
MHEBML IE S S BEFITITNANA L D ﬁfﬁ%é"
L EFEZEZ2, 2ozl LTEEDLE
VW, IREIICIRE LT 7' 0 7 F AT, 4R IR
THAMT AR, AT, MRAEYT, ’\?E
M. DFIEMENEVIAENT, TO~NARR
725 A ThH -7,

AREHIE. 20 () oFAn6hEY, A—7
=T ELVE=—L LT, INETASHELES L
CT& 7Y — & —@ Jennfer Littlechild Z#% (Univ



i Lk

Exter, UK) 23, AEFHEOBELIZHOWTHEN Lz, &
D% DA —7 =7 L 7 F ¥ —"TIL, Littlechild £t
IR T, AEiEa£5] ST E 72 Mike Adams
$2 (Univ Geogia, USA) & Patrick Forterre % (Inst
Pasteur, France) DI THBEAIT & 72o72, KFIZ.
Forterre %1% 8 A 125 70 ik (Z7e HAL, /32 Y — )b
WTEAT ZEE (N RFZEDIF D 1T 65 1 T ZHEFR)
DFLEHH E L TBMELOHRE SN, T—F7T
EEREAEMOEABEFRE, ENENITEET DT A
JV A % B U728 & OFa BRI 7258 T o 7o,

3 b OMfFHH, —MGERT, TEET%
SDOFRIHEELTCWEELZDIZ, HLL TR
7T KEAERK LTz, 30 EOx— 7 — R GHEA
25 ) L REAREE 36 8 UMEA 21 ) 12z T,
WAL —3FKEH3H, 5HD2ENISHITT 95 EHD
HREPEL Z LN TET, &bz, 50 (K) 0B
O ZFIA LT, @MENR T T4 T, KE
FRERIEHE D Thermus thermophilus 5§ R 50 J& 4% Fo /&
L7 Rehllai & U C, aFENE MR D FE L 2 FEIE 3 5
TENTERLZ &I, BARBEDIFAESFHE LT
DFEY Tholz (FH2), AROEE T—MKFHEHH T
1% 2 DOEY CRIREIT 2 & X5 232 WiEa 0 &
D, TRCOFEEEIELS Z BN TERND ST
WAATRRTh o), [zl LT, JAWaEFo
MIEREENH Y HFAEICERT 2 HRTOREKE
FH LTS ZENTE, TVANARELLEDEIC
eolz b o, BEINLEHENFIIONT, T
THEMBITTERNOT, FAOHAFEEIT TV FFER
RKE2D LI LTI,

Steve Bell Z#% (Indiana Univ) (X, 7 —F7 T¥]
D CYAB RIS OSB3 5 BRI e R T — ¥
oaRLlc, 7—F7 Tld, BEENRED LS 3K

TG L D ONEE A ERH STV RN o T2y,

KR — o o — 2RI U 7z Qe o RS AR AT 5
% Sulfolobus \ZHW5H Z LT, 7 —F 7T YEIRDFE

Journal of Japanese Society for Extremophiles (2020) Vol.18

69

7R 3 RoCHEIE & TR TIRIE LTz, £ Dt R,
Sulfolobus DYRIZ N7 7V 7 X0 e L AHEEE
AoV EmkEE 52 L, £FLTE
DETEERIH D SMC 7 7 2 U —4 o3y
Bla—v vy nBbbZ a8 LT, £72. Andy
Gardner 1# 1= (NEB, USA) IZ. & 2B¥ L 7=
RADAR-seq {EIZ DWW THIIT L7z, ZiLid RAre
DAmage and Repair sequencing {£D Z & T, 7/ AU
A Rz, = FDOL~LT DNA OBREEBRET S
HiETHD, ZOHEZBIFENET —F 71265
L. BPARRITIN 2 CTETE BE AR IR THuf L
7oF — 272 ¥ &R LT-, DNA BEMEEIC L - T
TS ABRIED > T, EFOLFEZEE TH D
¥ #%  (CNRS-INSERM-Ecole
Polytechnique, France)id, 7 —F 7 DFEHE/R I A~ v
FHEMIZ R4 % Endonuclease MS (EndoMS)IZ-2V T
AL, 7—%7 &L biZ, EndoMS ZFifd %A
Wiy T VT O —-2> T % Corynebacterium
glutamicum Z T, MRINTO T ) D2 EMEMER?
(Z EndoMS 2 EFRITHREL T\ D Z L &Rz, %
7. B UL HFENZEE ThH % Didier Flament {# 1t
(Ifremer, France)lL7 —F 723 1T HHHFFLEL 2 D45
TREREIC DWW T, FRIC RS UM O 1% i F2 Tl <
Mrel1-Rad50 DHEREMHTIC SV THRIT LT, & 512,
FAHE Z A LRI D R O m R &8I L
7

T — %7 OMFFEREE T H CRISPR OWFZEH 134 %
TV 2, FTH RO CRISPR 784 R L T
%5—NTo®% Mike Terns ##2 (Univ Geogia, USA)
X\ P. furiosus 737 9% CRISPR-Cas D500 A%
D1 BPETH D, CRISPR D A~—H —HEikIZ 44
K DNA B A 235HHIA F i 2 AR A B 5 i e 72 A=
fEFEBRFEREZH I Uiz, £72. Qunxin She #i%

(Univ Copenhargen, Denmark & Shandong Univ,
China) % Sulfolobus islandicus Z{£ > 7T, #A 7 1
CRISPR-Cas DRSO S BETH L =7
= 7 2 —IZ X HHEHY RNA KU DNA Gl A 77 = X L
% FEACAIFZE L2 RO W TCEE L2, #FIT cyclic
oligoadenylates (cOA)Z &% Csx1 RNase OGP
DWW T ] S VT SRR E ) Dagim 2 AT o 72,
Kira Makarova f#+: (NIH, USA) (X. Eugene Koonin
[t & & HIZ CRISPR/Cas SR D RAAMNT A U — F L
TWBHN, SRIOHEE TIET —F 7 OIS ) MR
Br 36 2 7eu, TR BLM A oD 22 i Ra Ak 2 B 4o 5
Ja oM AEASEA (Biological conflicts) (2RI 2 #T L
WU AT ADIREEIT T2, TOVAT LD S
Bl FEHET D & AMOAEBTFR), ERETH,

Hannu Myllykallio



ITENROE S CBEE BB 7 ) b BICFR D | K4
D7) MR EHE L THRTL 5 Z L&
Wiz, ZL T, TOREEMNTTH2ZENEETH
HERB LI, TI0b, HIREEE, SR,
CRISPR/Cas 72 E DD X 512 BI5 T THEDO DD
BN EENDAREELH D,

FELL-Z®EIT, AAREZREL T, &I Et
(JAMSTEC) &, 2B ORMR#EE THT 52 &
R E o 72 Issac Cann % (Univ Illinois) @ —-> "
ru—Vr Vv Fy—aktkl LT, 6 AYLIC
BT T LERT LI,
ST ORAZ—t v v a VTERT, RAZ—0
AT TIEW S BIHRICHEm T DI RMA A b, RA
B EISEEORNLERE Lz, &HRIELE
(Kyoto Univ) IZBFEAEZBRZHD TWIEE, ¥
¥ VIR S3$E L, Ecology & Virus, Metabolism &
Applied Microbiology. Biotechnology & RNA, DNA
Repl. & Repair ® 4 738 T, 2N ZNHM L5 AAK
N2 AN SMEAN 2 NDOFRAEFITEEBZ L T,
BRIEIZERE L CW el nWie, ZREho vy L X
" Hiroyuki Sakai (RIKEN BioResource Research
Center), Hae-Chang Jung (Korea Institute of Ocean
Science and Technology). Simone Antonio De Rose
(Univ Exeter, UK), Keisuke Oki (Kyushu Univ)72352 &
L7z (BE3), £z, REHEITHE W2V T AR
REAEMFRTIE, MRREAVWFERBEOHNLR
22 —EDOREZITV, RKERBEENOIFEHHEZ
K (B0 [CARERE O,

CLWHREZSDERY LT, =7 A h—vark
Ny MbiTole, =7 AH—a Tk, FH
Rr LB BRTENOT b B — L T T &
TH e U= VEEREORZO%, VXA h L
E— L TRE, TORKENKME~MTo72, Eo
PDLSIUNABFF LD T, RTnWkelZEsione 2 s
ol Xnd o722, FATEGHBARLATLE
ST bDD, FNFELL OBMEPIRRCNICT Z
L7c, N7y I, VKRB OEZETHEY |
RAL —BOREXZITV., BINEOBIELRED 5
b R Aoy

QEERBIZA N JAMT NANR—F « Ly =T
H0E LX) (EBICITan OB Tl &0,
2022 FRRED TE) . WD T LT, KFITMB L
Role, WHNLOBNMEIZENZNITNANS L&
THRAH Y, S TRICEHZT b X D
Thbd, < DFXIELATWEREE ool
ER =2 L7 +oICBMEMTEES R -

Journal of Japanese Society for Extremophiles (2020) Vol.18

70

= = =4 ) 4

TDFH LRV, FFERORE Z R 72 2 &3
LWV 3=y b OBINE ZEN N — AITEN
TWo T, R—=7 ZADFA F—R & & Rz, Hork
— 7 AZEFE o7 VN E Z AW ERORE T,
THG T DRI DR SR<EEY ERVITRITTIZH,
MOTRL T HEREELATH D X7,

9 HIFBIEERA L b LaEgE s AR ER -7
5EWVIDENAE E LM, T EEHFIER
N, BTHEHRZBIZELLTWEZEET, TELAEOS
MEFEDLEB NN, MTENEI AR O X
9T, BRAMEE T TETHOMA T 72,

EH INEHINZ Thermophiles (2SN LTz 38 ik DA,
P BRI ZE % 00 3D THUFE#% T £ OREIJIZER Y £
NTWe, ZNN6 245, TORKITED SR,
WIRAEY LR U DNA IZEREHAE#H I T, &
DEIICEDEMBRITHERI SN TND DN, ED
LT ) NEEWITHEFEI N T DO, &
SNTZHRERENT S 9 B <IT W, RENTFITRY .
HEE O A eI Ton E o T D, FEEZRDY
LRI L < | AFENE O ZERERFIE A 5T D
Z L NEH ENTZT ATRER D NEEBIN 2 b O TiE e
WS, A [EID Thermophiles 1Z1%, KEMNH %L OFF
VWIFZEE . AL Tz, Bons#% bl
M2 i o TAFEVEMTZE 2 e 1T . RO & - TL
NHZEEHFFLIWL, FETEOWIEREDN 5
ZbNDZ EEYINCREDY,




aif O A2 18

Journal of Japanese Society for Extremophiles (2020) Vol.18

MBREAYFEIERCHAEEH
1. —fRMFIE FOTFE, R, B (3661/\ THER LB BEE
(1) %A b7 7 AN F 7213 Microsoft Word THERKT D, FEimSCTIXHEA ST 2 LAV,
WA TREFETELZYV— oy %2 AV 5 (5) JRERX O TR I, £EIZH T TH

ERT D 2 L,
(2) XA A=V, Dim UL ) EE 4
D%%ﬁ@%%%\ﬁﬁy:yﬁ&4Fﬂx$@%ﬁ
ISEF L B L OV OB LT - HEREE S - FAX &
e e-mail 7 KL A, 6)F—U— K (5FEUAN) %
@%TT% L, BARFETIER LZ@wmXICE, Zhb
nun)i'é"ﬁ?uﬂﬁ“é &
w) i SCEVRNC T A4 SRR O Frm 2 L, 1
ﬁ40%w%%@%u&ﬁ1ﬁ60%)1525ﬁ
THIRT 52, A2V v 7 A=K, HDHNZE
AE—)V XX BT HBANHDGEIE. i
ZIRFTTRR, BT, QETﬁéﬁf ko
(4) BEFEY X F3HLHHEEITIT, AE (A
EE L TEEDHZRITRILT D Z &, %ﬁ% LH
WEEC 513 SLENL A AR & T2,
(5) AEWofms &k OFHIL International Code of
Nomenclature of Prokaryotes, International Code of
Botanical Nomenclature, International Code of
Zoological Nomenclature (Z5¢ 9 . B4 BAIHOHE X
EEEZET S L, FAIE LT, 2EAUREITE
A DAL TFHM T LT D0, bbb LWEAIIEE
[ NI A B TN
(6) YEAORLIILLTOHEINS Z &
1) ALY ORTLE OSSR ERN ERIZ X D
AL G W) D FFEIX ITUPAC BUEICHED Z &
2)  AAbFBE SO M4 13 TUPAB il iE Ofn 4 4
WD Z &,
3) ALFRITHW BN DS B 72 £1F Chemical
Abstracts D FHBNZHED Z &
(7) A SR B SERK L 7o ARSI K OMRIFRE D)
MBI TD T 7 A )V E W T2 51 AR % e
%E%m LEET DN, EEFENLOT A NE
e-mail INMFTEFE U TREZBEREIZEMNT D2 &,

2. BRI OBERK

(1) JFEHRXE DIEE, 2) 7 7 A 77 b, 3)
AR, 4B AR, 5)F 2 5 ONCK, KO,
DIRIZE L DD &,

(2) BEEILGGm IR % BRICR TR bo L
T5HZ k PO TICEE4, PregiEs ., et
wEL, FEEDEHEC, FTEKEN RS 5E
FEFHRBIZ AT 2T TRBT D E & i
AR EF L ERET D Z L,

(3) FE#m e b WIT ﬂﬁ@77x%77%i%
FECTHRTALOLE L, BERI - R TIX
200words LLIN, w3 TlE 100words LAN TIERK T
HT L,

(4) WHFmRXOAZFEAE LT, #5. MEkE

71

FrEHWD, TNETNOXEEZFHEA LIZVNLE %,
FERARMORAHPIHERTHZ &,

(6) XXHTOXEDOSIHIX, SIHCEOIEH T
LB EZHANDZ &, MEOSIHIZZEDE
Blcksz e,

(7) MIESKHEZRGEIT, Y FHEOA RIS
LEFZMT YZED FHICHAX RS T 52 &,

3. BIAXE

(1) SIHSCHEIZ TRROFNCE L AT ORZHE A
%55 WVITEFHEHOLFIZ 1), 1-3)D X HICFE S &
L. £, RICREOSIHAEOBIZE —FEH D7
7 IV —RX—ADT N7 7y MEIZ L, 2, 3., -
Fezft Ly 5, Ibid, idem (ZHV72R20Z
Lo FME. REROHTER R, FiHEEEICZE S
DHTDOF L e HIR SV TWRWABERR R E
IEIASCHRICE O 72 & MERE DMK 513, Chemical
Abstracts Service Source Index (CASSI) 1907-1984
(Cumulative)3s K OV ORI & 0 | HEGES . FA
B, BBIVCEHORLAFETRICEDZ &,

(2) HMRESIMD L=

Chuakrut, S., Arai, H., Ishii, M., and Igarashi, Y. 2000.
Characterization of a bifunctional archaeral acyl
coenzyme A carboxylase. J. Bacteriol. 185: 938~947.
(w HESDI MO L=

VAERAML 1997, VIERB 2 BMAEMFIA TR 1. Tv=
*ﬂbww1w7%£@ RER IR, BAMAEY T,
SCK R

4. REFBI®ZDHHA

(1) %kliﬂﬁ%?%%ﬁfé L,

(2) AL ZHFEFETEWESITIINF L ELTE
DA B

(3) FEXF DKL TIHEAMEY, FHDOA L
WCEBELRLNIHMDOEFESEAND Z L,

(4) FEHIIFED LEHHSIZEL DL, i%@ﬂﬂ?e?%‘#ﬁ
LN, RO TFICRABT 5, EORRIZ
a),b),c)% LA CTHHRE L. FEaliTi a),b),c) & LTI
TR\,

(5) XM & N FBI ST BRI & & 8 CTH!
3252 &, MOBEEORBIZITIE ) A RE2AL,
WA HNIIEEOZ BT L CRid T % 2 &,

(6) BEIIHIMRAm %2 LEEBIRMAT 5 2 &,



FERH
R B} 52
()

H1Ek AT, BRREAYYS (XA
Japanese Society for Extremophiles ) &9,

: The

LUTFARESE VWD)
(HHY)

H25k ART, MREREEAMIIFEOFERICHES L,
MIRERETEM O TE, BE. M OHEEICFET 5
ZLEAMET D,

(F3)

%H 3K AT, MIERRS K OFERSEOBRME, i
[REREEA 7235 (9844 : Journal of Japanese Society
for Extremophiles) D317, [EEMBIRBREAMFLE
L ORI, MR E - KA X —HORE, ©
DOIFTSGO B A2 ERT D7D R FELIT I,

(& B OFHIE)

Ha4Rk AZOZBFERA,
BLOBIZAE LT,

HE=A

[

A8

m
w

xﬁiﬁ@kﬁiw BT W7 WEF T 5,
it WZBELEFRFOEATH ST, REDH
HILZ %Iﬂb E@%ﬂf_A%%fW@f_%%b\ﬁ g
A#%ET%%%%&U65%ULE&01EKE

%i% @5 @HL h%@%%%ﬂ%h

3AERBIE, BEROBREIZUTTOH S T2H T,
MR L DM - BBk, FRERERICLD
KBzt T, aRICEVEA S D,

4. MRS B3 RER BEAE W B0 & RO IR (BB A
&) THhHoT, TOHENOARSO BMIZERT S
REFLZEDTILUNDOFTBEEZIREAL L TEER
FREATO, EODONTERBEEMOTZHIEZ NS,

5. BBESBIIALSOHICER L, O LN
D1 O EMD AN E IR EZ VD,
FBE5& SEIIARSHIRET IHEFEICSIML A=
DOFATT HERY), PDF HEORAR =T 5 I EMNT
x5,

Journal of Japanese Society for Extremophiles (2020) Vol.18

EMER

72

=Rl

F6sk EBLLTAELLLEY LT B AEITH
Wi, REFERNTD D FFEIHES TH LIAA
EITWASESRICE2EAREZERTIE R 5720,

(&%)
FBT% SBETROSEEZMODILOLET D,
E£B 4 5,000 M

(mbﬁ\w%éfkéﬁkioﬁsﬁuﬁk&o
7ZIESBITHMEEICK VAR 2,000 HET5H5ZENT
X5, MEOLEIIFEHEDEL, BFHEOLE
BRI DIERARELELTD,)

[

F5E O 0M
46 20,000 [

B g o—nollk (—[ 30,000 M)

SERICETLZLICE-TEETD

CBlRR 24, FREET
+WE2%@&E% 5<,

2. EREIAREREL, 2FEHIET 2.
3. BRIk L. RRICFERH HHEI
SROMBEZMRITT 5,

4. L, BER, E, FRNEE, 25 2oM
L. FEREONE, FEOEM, WHERF v
RY T LORBNIGE, FRIEFHET. EERHIREREE
W% & O EORZOEEEIT I,

5. [EHERITAZORFZEAT D,

(B OEE &)

F105& =2k, Ak, FERIIAZORAIZE
WGBS D,

2. BH SHERX, ISR, FFEELAOIESR
D HIH> 6/\§75>Tfa% L. MEDEBREZIT D,



3. 2R, EISEOEHEIL2HE L LEMLEZYIT 220,

4. FHBEOEIHIX 24 L LEMAZDT 20, JFH]
LLTCHGE2HAEBRELT S, (AL, SENELT
HEIXZORY T,

5. BEEOMEMNZ2HF L LEEZTIT 7220,

6. BHHEOMEHII 2FEL LEEZ T o0,

G2 WARE L35,
7. EEBREOEINI2EL L IHEY 245,

8. MEmE, FanFLANOBREOMLIIL 2 FL
LEEZT T 720,

HERER)

—

F115F AIIWKILABESREEZBLIENTED,

N

=
il
bl

EaRITAS
BTEEGZD,

(2R LR R 72 I X %)

3. AERRIF.ERELTE @@é&@%@ ZhE
%®ﬁ%>%otﬁf HERRIT LD HEE,
RERET, DAEGBEZT %,

H&E\

(ZE2OBE L ZEOTH)

ZIK{E\L: %Kuu%ﬁ%éﬁx bﬂ:
VEFVURTY T LARESREL,

R

L FRWwEZAR (2%%%@E¥%T%&L
i £ i U A DT

3. MR R ERA S (RERNEAEREZHED,
TSR & R RIEA OZA G 10 AR TH
T %) BIARZONTEERMEZEE 2 ®ET D,

4. HF RV LAEBE (SREAOR T4 T
KT %) IXFEMHYSE LR TR Y AR
MZEL, BEEVR— 75, ZEOEMIT 2 F
EL2HIRY L9525, ZERITI2HBOZEOH )
HHI®RT D,

Journal of Japanese Society for Extremophiles (2020) Vol.18

73

GHEA=)

¥135% FFEESEISE. RS

% R R
THEIT %5, SRIFIF 1L EFEEES 2 O%E L,

BREERV SOEEFHEFRE LRSICRET S,
(R £)

145 ASFFEAELTEINRESAZHE, &
Ba ik L4 %,

METSENBET D,

F155% MEOEMIMESBEOBEBYEEDOEREY
HoTIT I,

(SFHEEE)

FT165% AEOFEFEEII4H 1 HICHEY, B

HF3 H 31 BiIZ#K D,
(f<FHI))

ARER O TE X OAKREDEEIC
TOMANTREZDOFERZRTHIZED D

DU

H18% ARAOETITMEDEIRZRETIT I,

I

F1 9% ALHNL. 1999 410 H 19 A X v ffT4

50

2001 4 11 A 29 AekE
2002 4F 12 A 1 BE
2003 4F 12 A 1 BE
2005 4 11 A 7 Bk
2007 4 12 A 1 BE
201041 A 1 HE
20124F 12 A 1 BE
2013 4 10 A 26 A&
2017 4 10 A 16 k&
2018 /£ 12 A 8 HekxE
2020 4F 4 A 1 HE



F =il A8l
MRFRERBE AW FE KA
(£E8) (ZE)
F1Hk AREARBINZERE, %éééi Bz W1 45 FRREE - R R 2 —E ORE RS
B, BPEERIZ, TEORE 2 HCNITH EDEEBICEAAT D,
AT %,
GRIR D25 5)
(¥a£) F1 5% AMAIOEFITREORBRICL D,

F25k REDHBITRISERE . BFE LIISENE
ﬁJz FERSOBAERI-RIEHT 5, & (fHAI)

CIXATFEE O FENE KL OWCRE, B F165% SHMORSESERIL, WEKRE HLEE
EEOFEEHE, KORXTHEZELHO ISFAEEERL By TRt E S e IFgE
L5, = (W ER) ek ) NET D,

H 3% MEITSEBED 1,1 0L Lo g (B LET BT ARMANL, 1999410 A 19 HE Y 2k
REEL) ZH-> TR 5D, FEhtid 5,

(B DOZRH)

FAEk ok FAaSR, FEEISBO®EE LT 20024 12 A 1 BekiE
rHOOLND, BRITERICLOTHHEAES 2003 4 12 A 1 BckE
4T ENRHEKDLN, MR TORRE 2006 4F 6 A 30 HWE
LT D, 2007 4E 12 A 1 BckE

Fo55% 2REFIEEOFNLLR L 34 ERA 201041 A 1 HE
TEREERLZELZRET 5, BEFHALE 2012412 4 1 BWE
IFBREFEHEEIT I, 2017 4E 7 A 21 HWE

F6k aRII.FTBRESORBLZEGETLEREES 2017 4510 A 16 B E
BED Z ERHES, 2019 45 11 A 17 B E

2020 4F 4 A 1 HE
HE=H)

B T5 ABERBICHBINAE X RS NAED
PEEEIEEVICEBWT, W70 mICEL T
WHEEET D

8K AELSEOKRET. KA L TEERED
5%%HB&EET 5,

FIFK AESBICHRIN-F T DJFET, HE
WOJE LR é\uu%ﬁﬂézém&

F10%k AERRITUFESORT VAT T LR
SEIHffFEND,

GFEES)

115 FRASIGEER O EUL Lo s (T
REETe) b o T T 5,

B 125 FRASOWREITHEE DR OB
WZ XV NLT 5,

(&%)
F13% 2RI SHE3FULEMHL-ZSELIR

2D ENHKD,

Journal of Japanese Society for Extremophiles (2020) Vol.18

74



Journal of Japanese Society for Extremophiles (2020) Vol.18

B E A
PR 58 4 2 2 PR (2020-2021 45 )

LEEE | W dmi Bl |
=F KE ZREB IR TRESAE BRI ST e
e Bk fere — AR U AL BB e o 5 —
H - B HWEKRS A AT )V b= ARt ¥ —
SR (5 0 %A, HURRI) HHER
A8 B | JUNREFERTRE B SERE HHE PR B P KRB EmBRER AR
WA SR | BHUSFEAKY: REH WM R EM FHEE B | RPEERSY B
FAH BEE | EHEERY: RS R TRk B LR KT EmE
Gk thT AR T SRR Y JEA B2 HPERY: EmBEES
K BUN | RBRTEKRY: T HE B0 | HEKY EMARE TR X —
S HE— | ENTOFSEB B AN EE TR AT mMEZEE A EHER HRRERYBE B AR A TR
JII E i | B&I YA — b WMERIZERE | A% Bl JUNKREERZBE P gEbe
FEAR | RS A A 38 B I AT ZE 4R FEE Y W B0 | HEKY EMARE TR X —
A Akl | KBRS R BLERF 7R IS M | TEERPERTRE RSP ee
R R | AEHBRERER AR ER I\ FIFE W LERY: ALY
2 BLE H> h J—MONOZUKURI =302 $— Ml M&E 5EHH Y Al FERB [ NEAF ST BR 6 VA AT JE B A
I [E] ST FE B S 15 AN VIEEEIIT 70 B T8 A SEHEY i HPERY: MBS
I Fof | EBERIESIAIRTE m R %= 79 HEERS: BT
TR R | HIRKRY B A=Y | Sl it ] ST AR BR S 1 AN VIECEIIT 70 B T8 A
T HWE | HEKY: EMAERE TP ¥ — I M | ENCAFZERA R IR AR - RS E R S I ek
ERI B | BARKY EWEREES ] WS Efs ENLAFIEBR TR N PE RS ST AT
Bl % BROFMASE A A7 7 A LT FRET R KB SERSERFRE LEEARgeRE
1 WY — RS SEANTER Y AL e TR REERSBE L2 se et
PRIR 2 7 A Y = 7Rt g [E] ST AIF 72 BR 58 1 N ERA L2 AF JE
BRI e | BAPEERERS: BT g Bl HPERY: EmBEES
BRI R | BRI i FsR W LERY: AqmBE LY
‘EREARS | ENERFIERR R IE N PEE EAN R A g THA ] ST AR BR S 1 AN VIECEIIT 70 B T8 A
mE Al | Rk TSt B 5Fn PPN TN A
i HE HRERY B B R SR REE AREFSEET
GA B [ ST AF 5T B 36 i\ PE E BT S 0P 5E M FH—EE | RIGERY: T4
R @ | HARP R B EaRH AR /NP TER) LR TERY T
i HE HRERY B AR 78 TR T
A El [ ST AF 5 B 36 N PE E BT S 05T Ol S HPERY: EmBEES
AR @ | AR B EaR AR fEE A W LERY: AqmB LY
O ME MEKRY BRI R A AT IEER
DEHEA PR R HR TR
N — Rk HPERY: EMmBEES
EFVURV U LAERS
ZEE MWH F— |AMERY: BT
ZEB ek B | UBRERERE LA se et
JIAR #li SR REE AREFSEET
Oleg Gusev | [ESZAJFZERA F& 15 A B F-0F S0 AT
o NI DR NSNS
g EE | ENCAFZE B FE A N B LA SE P
B R | RRORERERE B A GRS R
K @z | B KRR LR eE

75



Journal of Japanese Society for Extremophiles (2020) Vol.18

WWmIRIRAE D F S

A, Etrenaphe

%E%E A HRIETR . (ROR)
EE AEF R (LK)
ZastAy AR SRY GRR) ME AT (TEER., A\ FE GRTR)

FREBR

T350-0815 s R IJIBHTRTHIF2 100

FPERY L JAEFR A TP si=s L EZPIFEEN
MRERE A F2FER TR B (BFEIBRER)

E-mail: kyokugenjm10@extremophiles.jp

URL: http://www.extremophiles.jp/

E ~Hl
rn%

SR TE S
AL
FEFIE 2020453 H 31 H



