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ƇǏ  

α: Ê��°²jIS]} 

α-CA: alpha-class carbonic anhydrase 

β-CA: beta-class carbonic anhydrase 

ε: Ê��°²ñĳ 

CA: carbonic anhydrase 

CODH: carbon monoxide dehydrogenase 

COSase: COS hydrolase (~ǭ1ǀǊ2 COSG°ǆ CǯƣªƸ-�+ǊǞ) 

DsrAB: dissimilatory sulfite reductase 

FPD: ¬¨¨Ĉŏ¯Õ 

GC: QYSzpcTvj 

GC-IRMS: QYSzpcTvj-Ê��Śǘǲ°Ňǉ 

IRMS: Ê��Śǘǲ°Ňǉ 

JCM: ØƝƓƜǵƊš�ſ¼ïƓƜĠ Japan Collection of Microorganisms 

MDF: mass-dependent fractionation 

MIF: mass-independent fractionationÂ2 non-mass-dependent fractionation 

NBRC: ŹƝƽıš�ǂÒǋ�ĢƾÞƌŕŒ Biological Resource Center 

NCBI: National Center for Biotechnology Information, USA 

PDB: Protein Data Bank Japan 

ppbv: parts per billion by volume 

ppmv: parts per million by volume 

pptv: parts per trillion by volume 

PYG: polypeptone-yeast extract-glucose 

R: R-factor (%&��4ƞ,2 R2lzTvq{TǈǏ1 R-�+ǊǞ) 

RMSD: ŋĄÝ��°Ĳ 

RuBisCO: ribulose 1,5-bisphosphate carboxylase/oxygenase 

SCNase: thiocyanate hydrolase 

SDS: sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

TOC: ªŀŕŲƣ 

TrzN: s-triazine hydrolase  
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Ɵ 1ƞ  

 

1-1 ÜžǅŔ1ƕ¼Pxoex1ēƀ  

ƕ¼Pxoex (COS) 2�øŦÙ,Ŀ=æ�îÛ Cś�Ÿ1ƕȇ¼ÉŶ,�#1ŰĈ2��@#

500 pptv (parts per trillion by volume) ,�C (Chin and Davis, 1995; Montzka et al., 2007)
øŦÙ0îÛ 

C COS2�¼ïƋ0ðñ,�C%<�#1~ǭ2ğýÙ5ƙƽ��̈ °ǆ>vXPx [|OHÃ4 O(3P)] 

-1Äė0@B°ǆ�DC
�A0�ƕȇƅ°2��ǰ¼ƕȇ (SO2) GƧ+�ĿƦƋ0ƕǰ0ǰ¼�D

C (Crutzen, 1976; Chin and Davis, 1993)
ƕǰ2�ś¡1­¿¼>�O\{ý1Ɣä0ĎȁGÃ8 ğý

ÙNJz\x1 70�75%G¾<CŒğğ°,�B (Solomon, 1999; Steele et al., 2003)�ƕǰ1îÛǲ��

ğýÙNJz\xǲGŠñ*�C-��C
tbxƓƜ,2�ç�/Öű�/�ŁǶ1ğýÙNJz\

x0Ë9DCƕǰ2�43% (Pitari et al., 2002) �C�2 56% (Sheng et al., 2015) ��COS0Ǚ× C-Ǆ

ƛ=ADC-��ßÍ��B��ǃ/ǙůŶǘ-�+ COS2ţƍ�D+�C (Crutzen, 1976)
ŝćUJ

>��ąǾ0cv`l�D+�CǪÁ1 COSŰĈ1Ůñ¢2�ƂŐȀÐ�µ-Ś6+ 1980ą��Ȃ9

,�Ĺ��#1Đ�Ŭû�))�C�-GƗ���Ƕť»0@CĎȁGƗÓ C (Aydin et al., 2002, 2007, 

2008; Montzka et al., 2004)
~Ķ�ğýÙ0��Cƕǰ1=�ȋ)1�ǃ/ǙůŶǘ2 SO2,�C
ŷ0�

Öű0@(+Ö¯ C SO20@CğýÙNJz\xǲ1ã¹�Üž1­¿¼0��CĎȁ2ç��
�

�3�1999 ą�A 2010 ą9,1ğýÙNJz\xǲ1ã¹2��-�+Öű0@C=1-Ʊ�AD+

�B�0.07 °C1Üž1­¿¼G=%A�%- CtbxƓƜ��C (Solomon et al., 2011)
Ǥ0�Öű

0@CĎȁGĩǻ�%tbxƓƜ2�1960 ą�A 2000 ą9,1ğýÙNJz\xǲ1ã¹���@#

0.05 °C1Üž1­¿¼G=%A�%-Ĭō�+�C (Solomon et al., 2011)
~Ķ�COSƷǜ2��ǰ¼

Ųƣ (CO2) 1 724 1İùČ´¸G=)ŭóºňQY-�+=ƑAD��1 COS0@Cŭľ¼-ğý

ÙNJz\xG��%­¿¼1Ďȁ2���0Əř�D�COS2�7-H.ś¡0ĎȁGÃ8�/�È

ƵĘ�ħĮ�D+�C (Brühl et al., 2012)
�1@�0�COS2�ś¡1­¿¼-ŭľ¼1�Ʋ0ǷF

C%<�#1Üž¼ïƋ/»ĝGģĭ C�-1Ĝư2��F<+ç��-��C
 

COS 1ÜžǅŔ1ēƀGģĭ C%<0��D9,0��9�9/ƓƜ�ƽ/FD+�B�COS 1

ƊƁů-Ũéů�#�+�#1Åį1hv{Y0Ƿ�+ĺA�0/B))�C (Turco et al., 1980; Khalil 

and Rasmussen, 1984; Chin and Davis, 1993; Andreae and Crutzen, 1997; Watts, 2000; Kettle et al., 2002; 

Montzka et al., 2007; Berry et al., 2013; Launois et al., 2015; Whelan et al., 2017)
�/ƊƁů-�+2�ŧŤ�

�Ƕť»�hLOpY1ŵŴ��/Ũéů-�+2ŎŶ�Úå�vXPx (|OH) 0@Cǰ¼�Ĩ�A

DC
���/�A�Ǆƛ=ADCǲ0Ƿ�+2ă�ç���ƊƁǲ-Ũéǲ1Ƕ0hv{Y�-D+

�C1�=�ǥĺ,�C
#1%<�COS1ƊƁů�Ũéů«0��A/CƓƜ�Ş<AD+�C
 

� Ǣą�COS2�ŎŶ1¨Éğ0@C CO2ÌÅǲ,�C�ƪ~ŖƁƂ (gross primary production) GǄƛ

=C%<1cy}V}-�+1³ƃ=Łď�D+�C (Campbell et al., 2008; Seibt et al., 2010; Stimler et 
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al., 2010)
ŎŶ2�CO2G¨Éğ0@BÌÅ C-«0�ÏÌ0@Bĩ¯�+�C%<��D9,2�

ŗÎ1 CO2ÌÅǲ,�CƢ~ŖƁƂ (net primary production) GŮñ C�-2,�%��ƪ~ŖƁƂ2

ĺA�,2/�(%
~Ķ�ŎŶ0@(+�CO2 - COS 2~ñ1·É,ÌÅ�D�CO2 -2ƈ/B�

COS 2ĩ¯�D/��-�A�COS 1ÌÅǲ�A CO21ƪ~ŖƁƂǲGīñ C1���1Ķš,�

C
�1@�0�COS2�Üž1ś¡0ĎȁGÃ8 &�,2/��CO21ÜžǅŔ1ēƀ0Ƿ CƓ

Ɯ0��+=�Ǳǃ/Ŷǘ-Ʊ�ADC
 

 

1-2 COS1°ǆ0ǷFCƁŶ-ǯƣ  

�D9,0�COS G°ǆ CƁŶ-�+�	ŎŶ  (Taylor et al., 1983)��ƫƼ  Chlamydomonas 

reinhardtii�Mantoniella squamata�Prymnesium parvum�Amphidinium klebsii (Protoschill-Krebs et al., 1995; 

Blezinger et al., 2000)��Ɛƹ (Li et al., 2010; Masaki et al., 2016)��Üƿȃ (Gries et al., 1994)� �WJ

ghSawJ (Miller et al., 1989)��Ô~1NfxR}ů-�+ COSGƃ�+ƁƳ C Thiobacillusü1

ƥƹ (Smith and Kelly, 1988; Kim and Katayama, 2000) > Paracoccus denitrificans (Jordan et al., 1997)�	

COǗ¼Ęƥƹ,�C Peptostreptococcus productus�Eubacterium limosum�Rhodospirillum rubrum (Smith et 

al., 1991)�
Úå�A°ǽ�D% Mycobacterium�Williamsia�Cupriavidusü1ƥƹ�Ã4ƒÿ�A°ǽ

�D% Mycobacteriumü1ƥƹ (Kato et al., 2008; Kusumi et al., 2011)��Ô~1NfxR}ů-�+ CS2

Gƃ�+ƁƳ C Thiobacillusü1ƥƹ (Smith and Kelly, 1988; Hartikainen et al., 2000) >��ƕ¼Ųƣ 

(CS2) ¹Ŝ°ǆǯƣ (hydrolase) GĦ)�-�ƗÓ�D+�C Methylomicrobium alcaliphilum (Smeulders 

et al., 2013) �ƑAD+�C
9%�COSGÞǘ- Cǯƣ-�+2�alpha-class carbonic anhydrase (α-CA) 

(Chengelis and Neal, 1979; Haritos and Dojchinov, 2005) � beta-class carbonic anhydrase (β-CA) 

(Protoschill-Krebs et al., 1996; Ogée et al., 2016)�nitrogenase (Seefeldt et al., 1995)�carbon monoxide 

dehydrogenase (CODH) (Ensign, 1995)�ribulose 1,5-bisphosphate carboxylase/oxygenase (RuBisCO) (Lorimer 

and Pierce, 1989)�CS2 hydrolase (Smeulders et al., 2011) �ƑAD+�C (Table 1-1)
����β-CA- CS2 

hydrolaseGǻ���DA1ǯƣ2�COS�¦�1Þǘ1¼ïŒǧ0ȃ��+�C�->�ǯƣ1Þǘŷ

ƈĘ����-0Ǚ×��COS =ÄėÞǘ- C�-�ÈƵ/=1,�C���!D1ǯƣ1àÉ=�

łŅ1Þǘ-Ś6+ COS0ø CÄėĘ2���-��C (Table 1-2)
CS2GË;űþQY�Ö¯ C

ƕśí�Ǣ>�CS2ǻÁ1%<1hLOjKx]}�A°ǽ�D% Acidianus sp. A1-3Ŋ�Acidithiobacillus 

thiooxidans S1pŊ�Acidithiobacillus thiooxidans G8Ŋ�Aơǂ�D% CS2 hydrolase2�Ȇ� COS°ǆť

Ę��C
�����DA1êǰĘ1Çƥƹ>ƥƹ2�ƕśí/.1�F?Cőǹƀâ�01:ƁƳ 

C�-�ÈƵ/�-�A�çś1 COS 1Ũéů0)�+Ǆ+:%àÉ�#D0Ƿ� Cǯƣ-�+1

CS2 hydrolase1õ�2�ú��1,2/��-Ʊ�ADC
�D9,0�Fusariumü1Ɛƹ�Úå�A

°ǽ�D% Mycobacterium ü1ƥƹ2�çśymx1ŰĈ1 COS G°ǆ C�-�ßÍ�D+�C 

(Kato et al., 2008; Li et al., 2010)
�����DA1ĔƁŶ1 COS°ǆ0ǷFCǯƣ0Ƿ CƓƜ2�ƽ



 10 

/FD+�/�
#1%<�~ƸƋ/ÚåĔƁŶ�A�COSGŷƈƋ0°ǆ CǯƣGĺA�0��ç

śŰĈ1 COSG°ǆ C�ǐ6C�-2�ÚåĔƁŶ0@CçśŰĈ1 COS°ǆ51õ�GƑC�,�

ő<+Ǳǃ,�C-Ʊ�ADC
 

� COS1�ǃ/Ũéů,�CŎŶ2�COS=Þǘ- C�-�ÈƵ/ǯƣ-�+�β-CA- RuBisCO1

�ĶGË;
����COS °ǆ0��+�nMy{[M (Spinacia oleracea) 1 RuBisCO @B=�N{

dM (Pisum sativum) 1 β-CA1Ķ��kcat / Km, 2ŌȆ��-�A�β-CA�ŎŶ0@C COS°ǆ0õ

� C-Ʊ�ADC  (Table 1-1) (Lorimer and Pierce, 1989; Protoschill-Krebs and Kesselmeier, 1992; 

Protoschill-Krebs et al., 1996; Ogée et al., 2016)
~Ķ�Úå2�carbonic anhydrase (CA) 0ø CŷƈƋǸ

ô¶1ū¹>�O}cSy}k®ſ0@B COS 1ÌÅ�Ĥ´�DC�-�A�Úå�1ĔƁŶ0��

+=�CA� COS1Ũǖ0õ��+�C-Ʊ�ADC (Kesselmeier et al., 1999; Saito et al., 2002)
����

ÚåĔƁŶ�Aơǂ�D% CAGƃ�% COS°ǆòȅ2��D9,ª�ƽ/FD+�/�
 

 

1-3 Thiobacillus thioparus strain THI115Ŋ- COSase 

� Thiobacillus thioparus2�Úå>Ŝƀâ0~ƸƋ0Ɓę C¼ïÉğŹƝŉȄƥƹ,�C (Kelly et al., 

2005)
T. thioparus THI115Ŋ2�U}SYĉũ0Ë9DC_OWJf}c (SCN–) G®ſ CťĘşŢ

�A°ǽ�D�SCN–GÔ~1NfxR}ů-�+ƁƳ C (Katayama et al., 1992)
�D9,0�SCN–

G COS -J{teJ0¹Ŝ°ǆ C_OWJf}c¹Ŝ°ǆǯƣ (thiocyanate hydrolase, SCNase, EC 

3.5.5.8) �ơǂ�D�#1 Km Ã4 Vmax 2�#D$D~11 mM�Ã4~0.056 µmol mg−1 min−1 ,�(% 

(Katayama et al., 1992)
�1ǯƣ0@CÄėƂŶ,�C COS2��A0ƕ¼Ŝƣ- CO20¹Ŝ°ǆ�D�

ƕȇƅ°2��A0ƕǰ9,ǰ¼�DCǪƚ,�T. thioparus THI115 Ŋ2�NfxR}GżĒ C 

(Katayama et al., 1992; Kim and Katayama, 2000)
�1 COS1°ǆGǇë Cǯƣ-�+�COS°ǆǯƣ 

(COSase) �ơǂ�D% (Ȉƻ, 2003; ǴƆ, 2003)
����#1 kinetics/.1ǯƣïƋĘǘ2�9&Š

ñ�D+�A!�SCNase0@(+Ɓ�% COSG�½°0¹Ŝ°ǆ CťĘ��C�.��=°�(+

�/�
~Ƹ0�ǯƣÄė2Þǘ�½°0îÛ Cń�,ǐ6ADC��COS1ŨéůGƱĞ CàÉ

2çś1Ĕǲğ°-�+Ë9DC�ő<+�ŰĈ0��C COS °ǆ1ǇëťĘ0)�+=ƱĞ CĖ

ǃ��C
���/�A�T. thioparus THI115Ŋ1ƹ�> COSase0��+2�çś�1ŰĈ,�C 500 

pptv1 COSG°ǆ,�C�.��=ĺA�0/(+2�/�
 

 

1-4 łƓƜ1ƴļ-ƍƋ  

łƓƜ,2��1 3)1ƓƜGƽ/(%
 

1-4-1 COSase1ǯƣïƋ/ĘǘÃ4ƨĽŒǧǆŇ  

� �D9,0�łƓƜó,2�Ȉƻ (2003)�ǴƆ (2003)�úĀ (2005) 0@B�COSase 1ơǂ�Sz

}e{T�çƶƹGƃ�% COSase1çǲƊŽ�ƽ/FD+�C
#�+�COSase1 open reading frame 
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660 bpGË;�COSaseǬ�ì1 1864 bp1áÞǮ±�ĺA�0�D% (Fig. 1-1)
#1ƨň�COSase1

Ǭ�ì�Aīñ�DCJqgǰǮ±2�CA 1 5 )�CVkSvY1�1 β-CA 0ƏÊĘ1�C�-�

Ɨ�D% (Fig. 1-2)
9%�ǘǲ°Ň>°ìǲ1Ůñ�A�COSase2�Vkue`cč%B 1)1�ǳ

�îÛ��ª�-�+2acvp}Œǧ,�C�-=Ɨ�D%
 

� CA2�CO2GÈǤƋ0ŲǰŜƣLO{0ŜÑ Cǯƣ (CO2 + H2O ⇄ HCO3
– + H+) ,�JqgǰǮ±

1Śǝ0Þ*���0ƏÊĘGƗ�/� α�β�γ�δ�Ã4 ζ 1 5 )1SvY0°ȃ�DC�-�ƑA

D+�C (Hewett-Emmett and Tashian, 1996; Tripp et al., 2001; Lane et al., 2005)
�1�'�MW (Bos 

taurus) 1α-CA-N{dM (Pisum sativum) 1 β-CA1:�COS°ǆťĘ�ǐ6AD�α-CA- β-CA,

2 COS°ǆťĘ�ƈ/C (Table 1-1)
 

� ŎŶ1 CA2�β-CA0°ȃ�DC
9%�COS0ø�+Ȇ�°ǆťĘGŀ C CS2 hydrolase=�Ê

œ0 β-CA 0ƏÊĘGƗ 
#D$D1łŅ1Þǘ,�C CO2> CS2�Ã4 COSase 1Þǘ,�C COS

2�őĘ2ƈ/C=11�ŲƣÀìG�è0Ǯ���£0ǰƣÂ2ƕȇ�ǮƮ CƎƬŸ1¼ÉŶ,�

Œǧ��+�C
�DA1ǯƣ- COSase G�ǯƣťĘ&�,2/��ǯƣ]{iSǘ1Œǧ1ǿ�A

=Śǝ C�-2�COSase1ŷĘGſǆ C�,=Ǳǃ,�C
 

� ���A�Ɵ 2 ƞ,2�COS 1Ũéů1 1 ),�CĔƁŶ0��+�COS °ǆGǇë CǯƣÄė

Gǆĺ C�-GƍƋ0�COSase0)�+�	kinetics1Šñ��çśymx1 COS0ø C°ǆťĘ�

�ƨĽŒǧGĺA�0 C�-0�%
 

 

1-4-2 İƬƹ1 COS°ǆ- COSaseGË; β-CA1 clade DǬ�ì1ŏ¯  

� łƓƜó,2�œ�/ COS °ǆĔƁŶGÚå�A°ǽ�+�% (Kato et al., 2008; Li et al., 2010; 

Kusumi et al., 2011)
Kato et al. (2008) 2�Úå�AđüŉȄĘ1 COS°ǆƥƹG°ǽ��ðñ�% COS

°ǆťĘ-ğǴGƗ 7ƹŊGǫ4�İƬƹ2�β-lzaOhSawJ1ƥƹ@B=Ȇ� COS°ǆťĘ

Gŀ C�-�#�+çśŰĈ1 COS 0ø�+=�°ǆťĘ��C�-GĺA�0�%
����Ů

ñ�D%ƥƹ1°ǽŊĳ2�Ė!�=æ�2/�(%%<�ªƸƋ0İƬƹ�Ȇ� COS °ǆťĘGŀ

 C1��9%��DA1ƹŊ2�.1@�/sPeZr0@(+ COS G°ǆ C1�2�ĺA�0

/(+�/�
 

� #�,�Ɵ 3ƞ,2�İƬƹ�ªƸƋ0 COS°ǆťĘ��C�.��GƩƯƋ0ģĭ C%<�œ�

/İƬƹ1 COS°ǆťĘGŮñ��ťĘGƹŊǶ,Śǝ�%
9%�Úå0��C COS°ǆ1ǱǃĘ

�A�Kato et al. (2008) 0@(+Úå�A°ǽ�D% COS°ǆƥƹ�Ã4 T. thioparus THI115Ŋ=Êœ

0�+Śǝ�%
�A0�Ɵ 2 ƞ0ǊǞ�%ƓƜ,ĺA�0�%@�0�ƥƹ1 COS °ǆǯƣ-�+

COSase 1 COS °ǆťĘ2Ȇ��-�A�COSase GË; β-CA Ǭ�ì1îÛG PCR šGƃ�+ĺA�

0 C�-Gǌ:%
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1-4-3 COSaseÃ4 T. thioparus THI115Ŋ1 COS°ǆ0��ƕȇ1Ê��°²  

� COS 1Ê��Ś>�COS 1Ɓğ>°ǆ0Ƿ CÊ��°²1ſǆ2�COS 1ŶǘēƀGīñ CĶ

š1 1)0/BĒC
Kamezaki et al. (2016) 2�ĢƾƋ/ǿ�AçśŰĈ,2/��ȆŰĈ1 COSGƃ

�+�đüŉȄĘ1 COS °ǆƥƹ0@C�COS °ǆ0��Cƕȇ1Ê��°²GĺA�0�%
Ê�

�°²GǙ� Ǎƥ/sPeZrGǆĺ C�-2�òǼ0ǩƽ�+�Cçś�1 COS 1°ǆ0��

C�ĔƁŶ0@CÊ��°²1ģĭ0ƭ�C
 

� #�,�Ɵ 4ƞ,2�COSaseÃ4 T. thioparus THI115Ŋ1 COS°ǆ0��C�ƕȇ1Ê��°²Ã

4sPeZr1ǆĺGƍƋ-�%
 

 

��1ƨňGÞ0�Ɵ 5ƞ,2ƪÉƱ÷Gƽ/(%
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Table 1-1. Comparison of enzyme kinetics of COS degradation between COSase and enzymes harboring 

COS degrading activity. 
 

Enzyme Organism kcat (s–1)a Km (µM) kcat / Km 
(s–1 M–1)a Reference  

COSase Thiobacillus thioparus 
THI115 29 60 4.8 × 105 This study  

CS2 
hydrolase Acidianus sp. A1-3 113 22 5.1 × 106b Smeulders et al., 2011  

CS2 
hydrolase 

Acidithiobacillus 
thiooxidans S1p 51b 74 6.9 × 105 Smeulders et al., 2013  

CS2 
hydrolase 

Acidithiobacillus 
thiooxidans G8 140b 14 1.0 × 107 Smeulders et al., 2013  

β-CA Pisum sativum 23 39 6.0 × 105b Protoschill-Krebs et al., 
1996; Ogée et al., 2016  

α-CA Bos taurus 41 1.9 × 103 2.2 × 104 Haritos and Dojchinov, 2005  
 

Nitrogenase Azotobacter vinelandii 2.0 × 10–2c 3.1 × 103 52b Seefeldt et al., 1995  
 

CODH Rhodospirillum 
rubrum ATCC11170T 0.52 2.2 2.4 × 105b Ensign, 1995  

RuBisCO Rhodospirillum 
rubrum 6.3 5.6 × 103 1.1 × 103 Lorimer and Pierce, 1989  

RuBisCO Spinacia oleracea 3.8 1.8 × 103 2.2 × 103 Lorimer and Pierce, 1989  
 

aCalculated per active center. 
bCalculated based on reference. 
cRecalculated kcat value based on Km and Vmax. Molecular weight is 32,000 of iron protein component of 

nitrogenase (Seefeldt et al., 1992). 
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Table 1-2. Comparison of COS degrading enzyme kinetics between COS degradation and the natural substrate degradation.a 

  COS  Natural substrateb 

Enzyme Organism kcat (s–1) Km (µM) kcat / Km (s–1 M–1) Vmax (µmol mg–1 min–1)  kcat (s–1) Km (µM) kcat / Km (s–1 M–1) Vmax (µmol mg–1 min–1) 

α-CAc Bos taurus 41 1.9 × 103 2.2 × 104   
 1.0 × 106 1.2 × 104 8.3 × 107  

Nitrogenased Azotobacter vinelandii 2.0 × 10–2 3.1 × 103 52 3.7 × 10–2  4.2 80 1.0 × 105 7.9 
RuBisCOe Rhodospirillum rubrum 6.3 5.6 × 103 1.1 × 103   5.9 84 7.0 × 105  

RuBisCOe Spinacia oleracea 3.8 1.8 × 103 2.2 × 103   2.9 10 2.9 × 105  

CODHf Rhodospirillum rubrum 
ATCC11170T 0.52 2.2 2.4 × 105 0.51  8 × 103 3.1 × 103 2.5 × 106 7.7 × 103 

aCalculated per active center. 
bCO2, N2, CO2 and CO for α-CA, nitrogenase, RuBisCO and CODH, respectively. 
cHaritos and Dojchinov (2005). 
dSeefeldt et al. (1995). Recalculated kcat value based on Vmax value for COS, and calculated kcat / Km value based on kcat value and Km value. Calculated Vmax value based 

on kcat value for N2. Molecular weight is 32,000 of iron protein component of nitrogenase (Seefeldt et al., 1992). 
eLorimer and Pierce (1989) and Badger and Andrews (1987). 
fData from Ensign (1995) and Ensign and Ludden (1991). Calculated kcat / Km value based on kcat value and Km value. 
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Fig. 1-1. Nucleotide sequence of the COSase gene of T. thioparus THI115. The deduced amino acid sequence is 

shown. The putative Shine-Dalgarno sequence is underlined. 
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Fig. 1-2. Alignment of amino acid sequences of COSase of T. thioparus THI115 and β-CA of some bacteria. 

COSase and each β-CA are aligned using TopMatch (Sippl and Wiederstein, 2008), and the alignments are shown 

using GENETYX-MAC ver. 14 (GENETYX). The residues that are identical in all sequences and identical in 

more than 50% of six sequences are boxed in black and gray backgrounds, respectively. The secondary structure 

and characteristic regions of COSase are shown by arrows and bars above the sequence, respectively. The zinc 

binding residues (Cys44, His97 and Cys100) and the residues (Asp46 and Gly101) that stabilize the water 

molecule in the fourth coordination site of COSase are marked by asterisks. The species, clade and PDB accession 

number of each sequence are as follows: Mycobacterium tuberculosis, clade D, 1YLK; Methanobacterium 

thermoautotrophicum, clade D, 1G5C; Mycobacterium tuberculosis, clade C, 1YM3; Pisum sativum, clade B, 

1EKJ; and Escherichia coli, clade A, 1I6O. 

 

 

 

 

 

  



 17 

ɛ 2ə  COSase0˦ɫļȶ-Žˁø4ɱƹǛ˘ʱǋ  

 

2-1 COSase0ɦʨ  

2-1-1 1�=.  

� [�WaŤǿ�.1	yOr��̔	K��pK	_K�íț�̜ȏŢ.ą:ED
�0Õ	ƿǪ-

_K�íț1	[�WaTa0ʊɊ0̂.ųBEDɊ̞H	̜ȅ̢K�S�ŽǇ²�*ùŻ� D�+

*	ACǪŽ0·� SCN–.īƟ�ED
!0ű	SCN–1�B.	ǺŽǰǵǳ.ADÚȤ*Üʱ�ED


ũɆɕŁ*1	�0ǺŽǰǵ�B SCN–Hč�0Pq�V�ȉ+�)ȧʆ�D	íļāƈȕǢȞɘǐ̗

ɭʔ T. thioparus THI115ǒ (NBRC 105750) HÜ̆�# (Katayama et al., 1992)
SCN–0ȧț.ADÜʱ

1	COS +K��pK.Üʱ�EDɰˈ+	_K�˧MR� (CNO–) + H2S .Üʱ�EDɰˈ0 2 '

�ɂBE)�D (Katayama et al., 1992; Sorokin et al., 2001)
T. thioparus THI115ǒ1	æʄ0ɰˈ.AC

SCN–0ÜʱHʡ-�	�0ßȳùŻHʲķ�D˦ɫ+�)	Ʈʭ˦ɫ*
D SCNase �ɦʨ�E# 

(Katayama et al., 1992)
SCNase1	K�r˧ˤÞ0ǫˋ.AC	nitrile hydratase.ȽĂŽHɌ�#�	

nitrile hydrataseǺŽ1ǘÛ�E�	SCN–0ÜʱHȜȰȶ.ʡ-�˦ɫ*
D�+�ƵB�+-&)�C 

(Katayama et al., 1998) 	 Ʈ ʭ ˦ ɫ ȯ ÿ  EC 3.5.5.8 > ® � � E ) � D 

(http://www.sbcs.qmul.ac.uk/iubmb/enzyme/EC3/5/5/8.html)
 

� T. thioparus THI115ǒ1	SCNase.A&)ȧ�# COSH	�B. H2S+ CO2.Üʱ�	Ɋ̞ȬÜ1	

ƾɮȶ.Ɋ˧.:*˧í�E	!0˛ɑ*Pq�V�HȠų�D  (Katayama et al., 1993; Kim and 

Katayama, 2000)
�0�+�B	SCN–Hßȳțˁ+�D¯ʽɰˈ0 2ȯȻ0aki{*
D	COS0Ü

ʱ.˷GD˦ɫ0ɦʨ�ǣ.ʸ;BE	COSÜʱ˦ɫ (COSase) �ɦʨ�E# (̟ʜ, 2003; ˳Ȯ, 2003)


!0̂	75 g0~�im�B 750 µg0 COSase�ɦʨ�E#
ũß	 ̟ʜ (2003)	˳Ȯ (2003) 1	

Lowryǳ.ADf�uWˁĿ˫.Ġ(�	ɦʨ�# COSase˫H 3.1 mg+�)�#
���	!0 COSase

0˦ɫǞċ.ą:ED Tris�	Lowryǳ.ADǫʒĿ˫0ĵłțˁ*
D�+�ʃƆ�E)�-�&#

#=	Ǆǈ0ÅAC>̜�ʬɓ>&)�#�+�¤Ƃ�E#
!�*	COSase 0˦ɫȋǿ+Ă�ȏŢ

ø4 pH0 TrisȋǿHȩ�)	ǘ˫ɺHºƈ�	ʧǤ�#+�F	˦ɫ˫1 750 µg+-&#�+Hʴ�

)��
COSase 0˦ɫļȶ-ŽˁHƵB�.�D.1	�B.ĭ�0˦ɫHźʫ+�D#=	ÖŢ T. 

thioparus THI115 ǒ0ʔ¸�Bɦʨ�D�++�#
�E:*0ɦʨ1	R�{�S��Hȩ�)ʡ-

&)�#�	«đ1ëȡȶ.ɦʨ�D�+HȻƕ�	̜˗ǿ¸W��mX�yL� (HPLC) Hȩ�)	

ɦʨHʸ;#̠2-1-2-3�2-1-2-4 
̡:#	̟ʜ (2003)	˳Ȯ (2003) .ADɦʨ COSaseǞċHȩ�# N

ǃɚK�r˧ˤÞ0ʱǋ	!0ˤÞ.Ġ(�) COSase 0W��p�X (˳Ȯ, 2003)	�B.	Įʋʔ

Hȩ�# COSase (ɯƟ�ĝ COSase) 0Į˫ȳȢø4ɦʨ�ʡ-GE)�D̠ ōŔ, 2005 
̡!�*«đ0

ɦʨ*1	COSÜʱǺŽ*1-�	sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

Hȩ�#ɯƟ�ĝ COSase+0Z��0f�uWˁ0t�n0ǫˋ.AC	T. thioparus THI115ǒ�B
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COSase (˪ȧĝ COSase) Hɦʨ�D�+.�#
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2-1-2 ǅƬ+Ưǳ  

2-1-2-1 T. thioparus THI115ǒ0ğ̗+̄ʔ  

� ȕǢĥğĚ*
D mTC ğĚ.	ȧʆĠˁ+�) 10 mM hR_K�˧S�N� (KSCN) Hé�#

mTC10ğĚ (Table 2-1) Hȩ�)	T. thioparus THI115ǒHğ̗�#
ğ̗1ƺƋ	120 rpm	30 °C*đ

ˉƗȺ�#
ȁé�#hR_Kq�m�	�7)Üʱ�E#�+Hɋʺ�#ű	8,000 × g	4 °C* 30

Ü˞Ź�D�+*̄ʔ�#
50 mM Tris-HCl (pH 8.5) Hȩ�) 1đǸǼű	~�imH–80 °C*ÂĻ�

#
 

 

2-1-2-2 SCN–0Ŀ˫  

� Kim and Katayama (2000) 0ƯǳHöʃ.�)ʡ-&#
ğ̗ǿH 21,500 × g	4 °C* 3Ü˶˞Ź�	

�ȂHđú�#
!0�Ȃ 50 µLH	ɩǭ 3.95 mL	10% (w / v) Fe(NO3)3 0.2 mL	5 M HNO3 0.2 mLHÒ

E#ʸ̚ɟ.é�	A�Ȁā�	Abs. 420 nmHȆĿ�#
SCN–˫1	KSCNHȩ�)ºƈ�#ǘ˫ɺ

�Bǯ=#
 

 

2-1-2-3 ɥƐÛǿ0ʼʨ  

� ÙɱÂĻ�)��#ɭʈ0~�im̠ɨ 6 g̡.ŉ�	ɨ 100 mL0 50 mM Tris-HCl (pH 8.5) Hȩ�)

ɭʈHƇȎű	50 mLŃ��{�x��h��z 3Ǆ.Ü�	ǮØ�-�B˄̍ǴɈɇ (TOMY UD-201	

OUTPUT6	DUTY50) H 1Ü�'	1Ü˶0˶Hɿ�-�B	ɨ 10đʡ-�	ʔ¸HɈɇ�#
!0ű	

25,000 × g	4 °C* 30Ü˶˞Ź�	˞Ź�ȂHɥƐÛǿ+�#
 

 

2-1-2-4 S��W��mX�yL�.AD COSase0ɦʨ  

� 5 ɒ̔0S��Hȩ�)	COSase 0ɦʨHʡ-&#
ȩ�#Ƒ¸1	Ũ˾MR�©Ɵ¸*
D

TOYOPEARL SuperQ-650 (ǉd�)	yOp�ĠH�T�n.>' RESOURCE PHE (GE|�aYK)	y

Op�ĠACȱǭŽ�̜�zh�ĠH�T�n.Ɣ' TOYOPEARL Butyl-650 (ǉd�)	Z�F˛ȩƑ

¸*
D TSKgel G3000SWXL (ǉd�)	Ũ˾MR�©Ɵ¸*
D Mono Q 5/50 GL (GE|�aYK) *


C	�0̏.S��ƣºHʡ-&#
 

 

2-1-2-4-1 TOYOPEARL SuperQ-650S��W��mX�yL�  

� 50 mM Tris-HCl (pH 8.5) *Şʣí�# TOYOPEARL SuperQ 15 mL (S��ÕŮ 1.5 cm	Z�0̜� 8.5 

cm) .	ɥƐÛǿ 108 mLHǻ˗ 3 mL min–1*��n�#
280 nm0ĆÑŢ���D:*	50 mM Tris-HCl 

(pH 8.5) *ǸǼű	50 mM	100 mM	ø4 150 mM NaCl0 3ǧ̀0ĥȏŢ0 50 mM Tris-HCl (pH 8.5) *

f�uWˁHȋÛ� #
ĀĥȏŢ.ADȋÛ1	280 nm0ĆÑŢ���D:*ʡ-&#
ǻ˗1 2 mL 

min–1*ʡ-&#
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2-1-2-4-2 RESOURCE PHES��W��mX�yL�  

� SDS-PAGE* COSase0Ļę�ɋʺ�E#ȬÜ (50 mM NaCl*ȋÛ�#æð 40 mLø4 100 mM NaCl

*ȋÛ�# 43 mL) .	ƾɮȏŢ� 20%.-DA�.Ɋ˧K��pN�Hé�#
13.5%Ɋ˧K��p

N�Hą< 50 mM Tris-HCl (pH 8.5) *Şʣí�# RESOURCE PHE 1 mL.	ʸƬHǻ˗ 3 mL min–1*

��n�#
13.5%�B 0%Ɋ˧K��pN�Hą< 50 mM Tris-HCl (pH 8.5) 0X�`P�m (30 mL) 

.AC	f�uWˁHȋÛ�#
ǻ˗1 1.5 mL min–1*ʡ-�	y�W_��[�Wf� (3 mL  

fraction–1) Hȩ�)đú�#
 

 

2-1-2-4-3 TOYOPEARL Butyl-650S��W��mX�yL�  

� COSase ȬÜ.ƾɮȏŢ� 30%.-DA�.Ɋ˧K��pN�Hé�	30%Ɋ˧K��pN�Hą<

50 mM Tris-HCl (pH 8.5) *Şʣí�# TOYOPEARL Butyl-650 50 mL (S��ÕŮ 2.0 cm	Z�0̜� 16 

cm) .	ǻ˗ 3 mL min–1*��n�#
30%�B 0%Ɋ˧K��pN�Hą< 50 mM Tris-HCl (pH 8.5) 0

X�`P�m (200 mL) .AC	f�uWˁHȋÛ�#
ǻ˗1 3.0 mL min–1*ʡ-�	y�W_��

[�Wf� (5 mL fraction–1) Hȩ�)đú�#
 

 

2-1-2-4-4 Z�F˛S��W��mX�yL�  

� COSaseȬÜ (25 mL) 1	Centriprep Ultracel YM-30 (Millipore) Hȩ�) 15,000 × g	4 °C*˞Ź�	

1.27 mL :*ȏɼ�#
150 mM NaCl Hą< 50 mM Tris-HCl (pH 6.8) *Şʣí�#Z�F˛S��

TSKgel G3000SWXL (ÕŮ 7.8 mm	Z�0̜� 30 cm) .	100 µL0ȏɼ�#ʸƬH��n�	ȋÛ�#


ǻ˗1 0.5 mL min–1*ʡ-&#
ȋÛǿ0đú1	280 nm0ĆÑŢHöʃ.�)ʡ-&#
 

 

2-1-2-4-5 Mono Q 5/50 GLS��W��mX�yL�  

� COSaseȬÜ (8.5 mL) H 50 mM Tris-HCl (pH8.5) * 10ÄŚ˨�	ĥȏŢH 15 mM.��#
50 mM 

Tris-HCl (pH 8.5) *Şʣí�# Mono Q 5/50 GL 1 mL.��n�#
0 mM�B 350 mM NaClHą< 50 

mM Tris-HCl (pH 8.5) 0X�`P�m (40 mL) .AC	f�uWˁHȋÛ�#
ǻ˗1 1 mL min–1*ʡ

-�	y�W_��[�Wf� (2 mL fraction–1) Hȩ�)đú�#
 

 

2-1-2-5 SDS-PAGE.AD COSase0ɋʺ  

� Ü̆Z� (12.5%��KW��K�n	373 mM Tris-HCl (pH 8.8)	0.1% SDS�B-Dȋǿ 17.1 mL.

˛Ɋ˧K��pN� 10 mg	N,N,N′,N′-tetramethylethylenediamine 10 µLHé�#) ø4ȏɼZ� (3%��

KW��K�n	125 mM Tris-HCl (pH 6.8)	0.1% SDS�B-Dȋǿ 10 mL.˛Ɋ˧K��pN� 15 mg	

N,N,N′,N′-tetramethylethylenediamine 20 µLHé�#) Hȩ�)	��KW��K�nZ�Hºƈ�#
Ƿ
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ìǝ (AE-6220ĝ	ATTO) .cim�	ǷìtiyJ� (25 mM Tris-HCl	0.192 mMX�_�	0.1% SDS) 

Hé�#
��S�.1	Bio-Rad0 SDS-PAGE Standards	Broad RangeH»ȩ�#
]�{�. 1 / 4

Ä˫0 5 × ]�{�tiyJ� (50%X�c��	25% 2-��S{mPfr��	5% SDS	0.05% BPB) 

Hé�	100 °C	5ÜéȘīŽű	NO�.K{�M�#
ȏɼZ��1 15 mA	Ü̆Z��1 30 mA

*Ƿì�#
ǎʒǿ (28.6%�fr��	14.3%˥˧	W��_�z��K�mz�� R-250 (35.7 mg  

L–1)) .ǽ�	@D?�.ƗȺ� )ǎʒű	ʊʒǿ (38.5%�fr��	15.4%˥˧) .ǽ�	�B.Ɨ

Ⱥ� ʊʒ�#
 

 

2-1-2-6 f�uWĿ˫  

� f�uWĿ˫1	Lowryǳ (Lowry et al., 1951) .ACʡ-&#
ǘ˫ɺ1	N_ʠȂK�z�� (heat 

shock fraction	Sigma-Aldrich) Hȩ�)ºƈ�#
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2-1-3 ɱǍ  

� ğĚ.ȁé�# 10 mMhR_Kq�mHľÓ.Üʱ�#ğ̗ǿ 10 mLH	90 mL0 mTC10ğĚHÒ

E# 500 mLŃěüy�a[ 8Ǆ.Ɯɒ�	æğ̗+�#
hR_Kq�mHľÓ.Üʱ�#�+Hɋ

ʺű	ȼ%.	!0ğ̗ǿ 90 mLH 800 mL0 mTC10ğĚHÒE# 3 LŃěüy�a[ 8Ǆ.	!E"

EƜɒ�	Ǆğ̗Hʡ-&#
ɨ 5Ʋ˶0ĳǬȶğ̗ű	̄ʔ�) 5.88 gȇ˩0ʔ¸Hų#
˄̍ǴɈ

ɇ�	˞Źű0�Ȃ 108 mLHɥƐÛǿ+�#
 

� TOYOPEARL SuperQ-650S��W��mX�yL�.AC	50 mM	100 mM	ø4 150 mM NaCl.

ADȋÛȬÜ+�)	!E"E 70 mL (æð0ȋÛȬÜ 40 mL+űð0ȋÛȬÜ 30 mL)	43 mL	ø4

45 mLHų#
ĀȬÜ0 SDS-PAGE0ɱǍ (Fig. 2-1) �B	50 mM NaCl.ADȋÛȬÜ0æð 40 mL

+	100 mM NaCl.ADȋÛȬÜ*	COSase0t�n�ƵB�.ɋʺ�E#
!�*	�EB0ȬÜ

H	á�. RESOURCE PHE S��W��mX�yL�*ÜȬ�#
¤Éŀ̚*1	13.5%Ɋ˧K��

pN�Ļę�* COSase 1	�0S��6Ćɀ�ED�+�¤Ƃ�E#�	æʄ0]�{�Hȩ�)

SDS-PAGEHʡ-&#+�F	COSase0t�n1	Ó)0ȬÜ*ɋʺ*�-�&# (Fig. 2-2)
!0#

=	űʄ0]�{�>Ăǜ.ɫ˖C�#ȬÜ. COSase �Ļę�D+ʃ�	�Ư0ɫ˖C�#ȬÜH 1

'.:+=	�B. TOYOPEARL Butyl-650S��W��mX�yL�*ÜȬ�#
Āy�W_��0

SDS-PAGE0ɱǍ (Fig. 2-3) �B	y�W_�� No. 34̥No. 38*ȏ� COSaset�n�ɋʺ�E	!

EB0y�W_��Hđú�	°˻0ʸƬ+�#
 

� Z�F˛S��W��mX�yL�.ADɦʨ*1	1 đũ#C.��n�Dȋǿ˫HÛǈD$�Ŏ

˫.�D�+�ACʑ�Ü̆.ɾ�D
!�*	«đ1��n�D˫H 100 µL +�#
25 mL 0

TOYOPEARL Butyl-650 S��W��mX�yL.ACđú�#˦ɫȋǿH˼ĬȐ˛Hʡ-��+*

1.27 mL.ȏɼű	100 µL�'Z�F˛S��*Ü̆�#
280 nm0ĆÑŢ�ƾ>̜�	Z�F˛S�

��B 21Ü®ˏ.ȋÛ�Df�uWˁ� COSase*
D+¤Ƃ�E	SDS-PAGE�B> COSase0t�

n+�)ǘÛ�E# (Fig. 2-4)
���	�0­.>ʚ�t�n�Ʃĭ�ǘÛ�E#0*	�B. Mono 

QS��W��mX�yL�Hʡ-&#
 

� MonoQ S��W��mX�yL�0y�W_��0 SDS-PAGE 0ɱǍ (Fig. 2-5) �B	y�W_�

� No. 9	10	11*1	COSase0t�n��M�t�n+�)ǘÛ�E#
Fig. 2-1�Fig. 2-3*1	ɯ

Ɵ�ĝ COSase1 1Ǆ0t�n+�)ǘÛ�E#0.ŉ�	Fig. 2-5*1	97 k®ˏ.t�n�ǘÛ�E

#
!0­0���*>Ăǜ0t�n�Ļę�D�+�B	5 × ]�{�tiyJ�.Ĳ̅f�uWˁ

�ȀÒ�)�DþʉŽ�
&#
!0#=	Ǆŀ̚*1	�0A�-t�n1ű�BȀÒ�#Ĳ̅f�

uWˁ.AD>0+ʃ�D�+.�#
���)	t�n�89 1Ǆ*
&#y�W_�� No. 100Ȭ

Ü* COSase �ɦʨ�E#+ʬ-�	°˻0ŀ̚.1	�0y�W_��$�H»ȩ�#
y�W_�

� No. 100f�uWˁ˫1	67 µg in 2 mL*
&#
:#	Fig. 2-50 COSase0t�nŨŢHȻʮ*ǫ

7D+	No. 9+ No. 101Ăɜ	No. 111 No. 100 1 / 3ɑŢ*
&#
!0#=	�EB0y�W_�
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�HāG # COSase˫1	�A! 160 µg+-D
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2-1-4 ʃň  

� �E:*0 COSase0ɦʨ*1	R�{�S�� (DEAE Sephacel, DEAE Sephadex A-50, Hydroxyapatite 

Bio-Gel HTP Gel, Q Sepharose high performance, Phenyl Sepharose CL-4B0ʳ 5ɒ̔) Hȩ�)ʡ-&)�

##=	ɦʨ�ľ£�D:*	˳ǁ˶źʫ*
&# (̟ʜ, 2003; ˳Ȯ, 2003)
!0̂1	75̤0~�i

m�B 750 µg0COSase�ųBE#
«đ1	6 g0~�im�B 67 µg0COSase�ųBE##=	COSase

ɦʨ0ú˫189īGB-�&#>00	HPLCHȩ�#�+*ɦʨ.ʫ�DƸ˶� 3Ʋ.Ƀɼ�E#
 

� ȱǭŽȽ§ºȩW��mX�yL�+�)ȩ�# RESOURCE PHE*1	Ćɀ�E-�&##=	«

đ1	�B.ȱǭŽ0Ũ� TOYOPEARL Butyl-650Hȩ�#
!0#=	«űɦʨ�D̂1	RESOURCE 

PHEHȾ�)ʡ-��+�þʉ+ʃ�BED
:#	«đ1	MonoQ0y�W_�� No. 100;Hƾ

ɮɦʨċ+�#�	y�W_�� No. 9+ 11.> COSase��-CĻę�)�#
�EB1	Z�F˛

S��? MonoQ S��.ÖŢ��D�+*ɦʨ*�	ú˫HĨ?��+>þʉ+ʃ�BED
:#	

MonoQS��+Z�Ȑ˛S��.��D̏ȯH˔.�D�+>	COSase0ɦʨ.ƿë*
D�>�E

-� 

� ɦʨ˛ɑ0 COSase 0�a�	,0ɑŢ�1�Ƶ*
D�	�a�-�>0+±Ŀ�D+	~�im

�. COSase 1 0.0027%Ļę�D�+.-D
̟ʜ (2003)	˳Ȯ (2003) 1	75 g 0~�imHy��

h{�a*ʔ¸Ɉɇ�	!0˞Ź�Ȃ*
DɥƐÛǿ�0f�uWˁ�	2740 mg*
D�+HƵB�

.�#
�0f�uWˁ1	þȋŽf�uWˁ+ʃ�BED�+�B	~�im0 3.7%�þȋŽf�u

Wˁ*
D+�D+	þȋŽf�uWˁ0 0.07%� COSase *
D+ʬɓ>BED
K�r˧ˤÞ.�

�)	COSase+ȽĂŽ0̜� β-CA.˷�)1	uc�+�N��dN0ʖ.ą:EDþȋŽf�uW

ˁ0 1�2%�	β-CA*
D�+�ɂBE)�D (Tobin, 1970; Okabe et al., 1984)
COSase1	T. thioparus 

THI115 ǒ0Pq�V�HȠų�DùŻɰˈ.˷GD˦ɫ	�Ư	uc�+�N��dN0 β-CA 1	

RuBisCO 6 CO2H½ɲ�D˦ɫ*
D
!0#=	�˦ɫ+>˩ʫ*1
D�	ȧȤȶƃʂ1Ȱ-C	

ñɩ.ǫˋ1*�-�>00	COSase1	β-CAAC�-C·�ąƿȡ*
D+��D
#$�	0.07%

+��Å�	T. thioparus THI115ǒ0ȧʆ.ū̎Hø9��,��1	COSase0 COSÜʱǺŽ.A&

)Ǳ:D#=	°˻.ʡ-&#˦ɫļȶ-ŽˁHƵB�.�D�+1˩ʫ*
D
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Table 2-1. Composition of mTC10 medium. 

K2HPO4 0.5 g L–1 

(NH4)2SO4 0.2 g L–1 

MgSO4·7H2O 0.05 g L–1 

FeCl3·6H2O 0.01 g L–1 

CaCl2·2H2O 0.01 g L–1 

Trace metal solution 10 mL 

KSCN 10 mM 

  

pH 7.0 

Composition of trace metal solution (mg L–1) 

ZnSO4·7H2O, 8; CuSO4·5H2O, 4; 

MnCl2·4H2O, 4; H3BO4, 4; Na2MoO4·2H2O, 4; 

CoCl2·6H2O, 4 
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Fig. 2-1. SDS-PAGE (12.5%) of TOYOPEARL SuperQ-650 column chromatography of COSase. Crude extract 

was loaded and eluted with 50, 100, 150 mM NaCl. Elution volume was 40 mL of the first half of elution and 30 

mL of the second half with 50 mM NaCl, 43 mL with 100 mM NaCl, 45 mL with 150 mM NaCl. Fifteen 

microliter from the sample was loaded on SDS-PAGE.  
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Fig. 2-2. SDS-PAGE (12.5%) of RESOURCE PHE column chromatography of COSase. The former elute by 50 

mM NaCl from TOYOPEARL SuperQ-650 column chromatography was loaded and eluted with (NH4)2SO4 from 

30% to 0% (total volume 30 mL). Fifteen microliter from each fraction was loaded on SDS-PAGE.  
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Fig. 2-3. SDS-PAGE (12.5%) of TOYOPEARL Butyl-650 column chromatography of COSase. Flow through 

from RESOURCE PHE column chromatography was loaded and eluted with (NH4)2SO4 from 30% to 0% (total 

volume 200 mL). Fifteen microliter from each fraction was loaded on SDS-PAGE. 
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Fig. 2-4. TSK-GEL G3000 column chromatography of COSase. (A) A plot of the arbitorary unit at 280 nm versus 

the elution time. (B) SDS-PAGE (12.5%). The elute from TOYOPEARL Butyl-650 column chromatography was 

loaded and eluted. Fifteen microliter from each fraction was loaded on SDS-PAGE. 
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Fig. 2-5. SDS-PAGE (12.5%) of MonoQ 5/50 GL column chromatography of COSase. The elute from TSK-GEL 

G3000 column chromatography was loaded and eluted with NaCl from 0 to 350 mM. Fifteen microliter from each 

fraction was loaded on SDS-PAGE. 
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2-2 COSase0 COS	CO2	CS2ÜʱǺŽ	ø4 T. thioparus THI115ǒ+ COSase.ADĮǬȏŢ COS

.ŉ�DÜʱǺŽ  

2-2-1 1�=.  

� ɛ̣ə*ː7#A�.	COSase 0K�r˧ˤÞ1	β-CA .̜�ȽĂŽ�
D
CA 1	�ʴ.Ɍ�

A�.	þ˔ȶ. CO2HǭĊ�)ȓ˧ǭɫMR� (HCO3
–) Hȧƈ�DùŻHʲķ�D
 

CO2 + H2O ⇆ HCO3
– + H+ 

CA 1	1933 ş.ìț (N_) 0˂ʠȣ�Bß=)ɦʨ�E	ìț.��D CA 0�ʫ-Ŭè1	ʠǿ

�.Ļę�D HCO3
–H CO2 .īƟ�	!EHʇ�BƚÛ�D�+*
D+Ɍ�E# (Meldrum and 

Roughton, 1933)
�B.	1939 ş.1	Ǘț (��]Uj�W]	[N���w	v�\�N) . CA

ǺŽ�ɋʺ�E (Neish, 1939)	ĮǬ�B0 CO20ûCˎ;?	RuBisCO 60 CO20½ɲHÁ˚�D�

+�ƵB�.-&# (Shiraiwa and Miyachi, 1979; Hatch and Burnell, 1990)
�Ư	ôǓȧț.��)1	

ɭʔ (Neisseria sicca) 0 CA1	1972ş	ýɭʔ (Methanosarcina thermophila) 0 CA1	1994ş.ß

=)ģć�E)�D (Adler et al., 1972	Brundell et al., 1972	Alber and Ferry, 1994)
ìț?Ǘț*1	�

ʴ0A�.	CA �ĉĆ?Ñāƈ-,0˩ʫ-ùŻHʲķ�D�+�B	ź̐0˦ɫ*
D�+�ɂB

E)�D
̜ ȏŢ0 CO2Ǉ²�*ȧʆ�D�ˣ0ɭʔ-,*	CAHƔ#-�ȧț��D>00 (Nishida 

et al., 2009; Ueda et al., 2012)	8+I,0ȿǓȧț?ôǓȧț.��)	Zr�ʱǋ?NPaf�z�i

m.ADƏôƏ¸ùŻ.AC	CA0Ļę�ƵB�.-&)�D (Hewett-Emmett and Tashian, 1996; Smith 

et al., 1999; Smith and Ferry, 2000)
���	Ñāƈɭʔ*1	ÑāƈùŻ˗Ţ0Á˚. CA�ń��)�

D+ʃ�BE)�D�	!0­0ŷȧț.��)	CA �ȧ¸Õ*,0A�-ºȩHø9�)�D0�

1Ƶɋ.�E)�-� (Badger and Price, 1989; Smith and Ferry, 2000 )
 

ìț0 CA.'�)1	Ȝ.Ƴ�Ƹǁ�BɆɕ�ʡ-GE)�)�D�	ʼ7BE)�D˼C	Ó)

0ìț0 CA1α-CA.Ü̔�E	COSase? β-CA+1K�r˧ˤÞ?Ó¸ȶ-ɱƹǛ˘�Ȱ-D
!

0Ë�.˷�)1	ĉĆ60˷�$�*1-�	pH 0žŜŽ-,	ǜ�-˩ʫ-ȧȤǢʉ.˷��D

�+�ɂBE	­0W�a0 CA +ǫ7)>Ǖǧ.Ɇɕ�˚I*�D+��D
!0˛ɑ*α-CA 1	

acetaldehyde0ǭĊ	p-nitrophenyl acetate	1-fluoro-2,4-dinitrobenzene	2-hydroxy-5-nitro-α-toluenesulfonic 

acid sultone	p-nitrophenyl phosphate0éǭÜʱùŻ>ʲķ�D�+�ƵB�+-&# (Pocker and Meany, 

1965; Pocker and Stone, 1965; Henkart et al., 1968; Kaiser and Lo, 1969; Pullan and Noltmann, 1985)
 

COS .ŉ�DùŻŽ.'�)1	α-CA (N_0 CA) + β-CA (P�nN��0 CA) 0�ʄ*	COS

>éǭÜʱ�D�+�ģć�E)�D (Haritos and Dojchinov, 2005; Protoschill-Krebs et al., 1996)
N_0

CA1	COSase+1K�r˧ˤÞ0ȽĂŽ�-�	COSÜʱǺŽ�·�0.ŉ�)	COSase+ȽĂŽ

0
DP�nN��0 CA1	̜ � COSÜʱǺŽHƔ' (Table 1-1) (Protoschill-Krebs et al., 1996; Haritos 

and Dojchinov, 2005; Ogée et al., 2016)
�B.	β-CA+ȽĂŽ�
D.>��GB�	CAǺŽHɌ�-

� CS2 hydrolase> COSHÜʱ�D (Smeulders et al., 2011, 2013)
ĭ�0ɭʔ0 CA1	β-CA.Ü̔�
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ED�+�B	ėĩ.ȧſ�Dɭʔ.>	Ăǜ0˦ɫHą<>0�ĭ�Ļę�D�+�¤Ƃ�E	!0

ƃĈ*1	ĮǬ.ŷ˫.Ļę�D COS 0Ǿı˛ɑ.��)	�EB0˦ɫ�˷��)�DþʉŽ�ʃ

�BED
�0#=	β-CA .ȽĂŽ0̜� COSase 0SMqkLWaHƵB�.�	Ʊɂ0 COS Üʱ

˦ɫ+ǫˋ�D�+.�#
 

ĮǬŷ˫ƈÜ0A�-	ǚ=)·�ȏŢ0țˁ.˷�Dŷȧț.ADÜʱ?˦ɫùŻ1	ǘʶ�̇�

�	Ɇɕ¼>��� (Conrad, 1996)
COS 0Ĥā	1-2 .ʴ�#A�.	ĭǜ-Ü̔ʁ.Ő�Dȧț*

COSÜʱʉ�ƵB�.-&)�D�	ŉǻĖ0 COSȏŢ (�A! 500 pptv) 0ÜʱʉHʼ7#Ɇɕ1	

˼BE)�D (Kato et al., 2008; Li et al., 2010; Kusumi et al., 2011; Masaki et al., 2016)
�E:*.	ėĩ

�BÜ̆�E#ɭʔ.˷�)1	Williamsia Ő	Cupriavidus Ő	Mycobacterium Ő0ɭʔ*	̜ȏŢ0

COS0Üʱ�ģć�E)�D�	�0�*	500 pptvæű0COS0Üʱ�ɋʺ�E#01	Mycobacterium

Ő0ɭʔ$�*
&# (Kato et al., 2008)
�Ư	ėĩ�BÜ̆�E#ȿʔ.˷�)1	ScytalidiumŐ	

TrichodermaŐ	BeauveriaŐ0ĸĐʔ0ʳ 7ʔǒ� 500 pptvæű0 COS0ÜʱʉHɌ�# (Masaki et al., 

2016)
:#	K�[��ˠˇ0êí�#ɅŒʤ̌�BÜ̆�E#ȿʔ	Fusarium solani THIF01ǒ*>	

500 pptvæű0 COS0Üʱ�ɋʺ�E)�D (Li et al., 2010)
�EB0ɱǍ1	ėĩȥħ.��D COS

0ûCˎ;.��)	ɭʔ?ȿʔ0�ˣ�ń��)�D�+HɌ�
�Ư	Mycobacterium Ő.Ő�D

Mycobacterium tuberculosis H37Rvǒ1	Zr�ˤÞ�ǱĿ�E)�C	β-CA.Krk�_���EDˤ

Þ�	3' (Rv1284, Rv3273, Rv3588c) Ļę�D�+�ɋʺ�E)�D (Cole et al., 1998)
�0�*	

Rv3273H˽� Rv1284+ Rv3588c1	ȧ˳.ź̐*
C	̕ ̘Ǉ²�*1	Ȝ. Rv12840ˉ×ǺŽ�	

14Ä̜�-D�+�ɂBE)�D (Sassetti and Rubin, 2003; Sassetti and Rubin, 2003; Betts et al., 2002)
:

#	�EB 3 '0 CA 1	W��p�X�ʡ-GE	˦ɫ0ɦʨ>-�E)�C	CA ǺŽ�
D�+

>ƵB�+-&)�D (Covarrubias et al., 2005; Minakuchi et al., 2009; Nishimori et al., 2009)
�0A�-

�+�B	MycobacteriumŐɭʔ0 β-CA+ COSase0˷˙	-B4. β-CA.��)>	ĮǬȏŢ0 COS

ÜʱǺŽ0
D�+�¤Ƃ�ED�	ɦʨ�E# β-CA. COSÜʱǺŽ�
D�	:#	CA�	ĮǬ

ȏŢ0 COSHÜʱ*�D�,��1ʼ7BE)�-�
ǄɆɕ*1	�ʴ.Ɍ�+�C	COSase0 COS

.ŉ�D Km Å�	60 µM*
D�+HƵB�.�#�	�E1	ǬȽ0ȏŢ� 3,300 ppmv*
D+�

0ǭȽ0ȏŢ.Ƚũ�D
�0ȏŢ1	ĮǬ�0 COSȏŢ0 6.6 × 106Ä.Ƚũ�D
�0#=	ĮǬ

�}�0 COS0ûCˎ;ùŻHĎ̒+�DĤā	ŀ̂0ȥħ+1��̆E# COSȏŢǇ²�*	SM

qkLWaHǯ=)�D�+.-D
COSase ?	�E.ȽĂŽ0̜�˦ɫf�uWˁ�	ėĩȥħ.

ȧſ�Dŷȧț.AD COS0Ǿıȉ+�)ń��D-B2	ĮǬ�0 COSȏŢ*>	ǺŽ�ǘÛ�E

D1�*
D
!�*	ĮǬȏŢ0 COS.ŉ�DÜʱǺŽ.'�)>	T. thioparus THI115ǒ0ʔ¸�

4. COSase.ŉ�)ȆĿ�D�+.�#
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2-2-2 ǅƬ+Ưǳ  

2-2-2-1 COS0Ŀ˫  

� COS1	ȒÑÑŢǘÛď (FPD) HʦÉ�#TaW��mX�y (GC-FPD) (GC-14B	œǹʨºƋ) .	

ùŻŃď0ǬȽHǶÒ�)ȆĿ�#
TaW��mX�y0Ǉ²1	Table 2-2.Ɍ�#
ǘ˫ɺºƈ0

#=	10.5%0 COSǞȊǬ¸ (Balance gas: N2	Ʋ˧ TANAKA) HTafMm�MW�_��`*ƛû

�	N2 (99.999%	Řǆ˧ɫ) ɿƟ�# 102 mLŃƙ̄Ȧ.é�)Ś˨ű	GC-FPD.ǶÒ�#
2080 ppmv

0 COSǞȊǬ¸ (Balance gas: N2	Ʋ˧ TANAKA) Hȩ�DĤā1	Ś˨ �.ǶÒ�#
ųBE#x

�W̜0ŞƯǔ+	ǶÒ�# COS˫�Bǘ˫ɺHºƈ�#
 

 

2-2-2-2 TaW��mX�y.AD H2S0Ŀ˫  

� H2S 1	2-2-2-1 .ʴˌ�#Ưǳ* COS +ĂƸ.Ŀ˫*�D#=	GC-FPD .ǬȽHǶÒ�)Ŀ˫�

#
ǘ˫ɺºƈ0#=	H2SǞȊǬ¸ (2000 ppmv	Balance gas: N2	œǹ]MP�aǉƲǄ) HTaf

Mm�MW�_��`* 1 mLƛû�	N2 (99.999%	Řǆ˧ɫ) ɿƟ�# 102 mLŃƙ̄Ȧ.ÒE	19.6 

ppmv.Ś˨�#
20	50	100	300	ø4 500 µLHĀ 3˙* GC-FPD.ŌÒ�	ųBE#x�W̜0

ŞƯǔ+	ǶÒ�# H2S˫�Bǘ˫ɺHºƈ�#
 

 

2-2-2-3 COSase0ǺŽȆĿ  (amMUR�m��0ȆĿ ) 

� COSase.AD˦ɫùŻ.��)	Ɋ̞ȬÜ0amMUR�m��Hǯ=#
COS+ H2S0Ŀ˫1	

GC-FPDHȩ�)ʡ-&#
 

� ùŻ.1	4.9 mLŃʪʒtMK�Ȧ (SVG-3	Ʋ̉Ȥíɉĸ) Hȩ�#
:�	�0tMK�Ȧ.z

h�\�Ǒ*ǑH�	!�.Ƕŋ˭ (˭Ů 0.5 mm	˳� 23 mm	ȷ�˭ 1/3	ƷȸĢïȲďŕǙ) H 2

Ǆä�#
ȚƯ0Ƕŋ˭H¬�) 2080 ppmv0 COSǞȊǬ¸H 3Ü˶	0.4 kg cm–20ǻ˗*˖Ǭ�	Ń

ďÕH COS *Ȉ#�#
˦ɫùŻ.A&)ȧƈ�E# H2S H	ȳȧ˫0Ŏ-�ùŻßǁ�BĿ˫�D

�+Hþʉ.�D#=	æ>&) 2000 ppmv H2S 380 µLH	�0tMK�Ȧ.ȁé�#
COSase 0.066 µg

Hą< 50 mM Tris-HCl (pH 8.5) 200 µLH��6ȁé�	30 °C*̊ɿ�	25Ü˶ùŻ� #
˦ɫȋǿ

0ȁéȼű1	ǬȽ0ȏŢ�ĽĿ�-�#=	ȁé 5 Üű�BȆĿH˵Ķ�	!0ű	5 Üǩ.ǬȽH

ƛû�	TaW��mX�y6ǶÒ�	COS+ H2SHĿ˫�#
 

 

2-2-2-4 tMK�ȦÓ¸0 COSø4 H2S˫0Ɵɞ  

� GC-FPDHȩ�# COS+ H2S0Ŀ˫.A&)	ǬȽ�.Ļę�D	�EB0Ǭ¸0Ŀ˫1*�D�	

ǭȽ�0Ŀ˫1*�-�
:#	2-2-2-6.ʴˌ�D Km+ Vmax.'�)1	�h��z��ǳ.ACǭ

Ƚ�0 H2S 0Ŀ˫Hŀư�##=	ǬȽ�0 H2S˫Hǯ=D�+1*�-�
���	COSase0ǺŽ

HɂD#=.1	ǬȽ+ǭȽ0�ƯHāG #˫+�)ǯ=Dźʫ�
D
!�*	|���0ĿƩH
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Ġ.�)ƟɞHʡ-&#
Wilhelm et al. (1977) .AD+	30 °C�*0|���0ĿƩ1	COS� 0.018 

M atm–1	H2S� 0.092 M atm–1*
D
COS1	Ȱ-D pH˶*|���0ĿƩ0īí1-� (Elliott and 

Rowland, 1989)
�Ư	H2S1	pH�̜�-D.'E)|���0ĿƩ0Å�Į��-C	!0Å1ǣ

0A�-ʳɞ*ǯ=D�+�*�D (De Bruyn et al., 1995; Dean, 1999)
 

H (1 + Ka [H+]–1) 

��*	H1|���0ĿƩ 0.092 M atm–1	Ka1ŞʣĿƩ 1.26 × 10–7	[H+]1ǭɫMR�ȏŢ 3.16 ×  

10–9*
D#=	30 °C	pH 8.5�0 H2S0|���0ĿƩ1	3.76 M atm–1.-D
 

� ¼�2	ǬȽ� 2000 ppmv0 COS0Ĥā	ǭȽ.ȋʱ�)�D COS1	0.018 × (2000 / 106) = 3.6 ×  

10–5 M+-D
2-2-2-30ŀ̚*	ǬȽ0 COS� 2000 ppmv*
D+�0tMK�ȦÓ¸0 COS˫1	

ǣ0A�.-D
tMK�Ȧ0ǬȽ0¸ɓ1	4.7 mL	30 °C.��DǬ¸0¸ɓ1	1 mol� 24.9 L*


D0*	2000 ppmv0ǬȽ0 COS1	(2000 / 106) × (0.0047 / 24.9) = 3.8 × 10–7 mol	':C 380 nmol

+-D
�Ư	ǭȽ (˦ɫȋǿ) 1 200 µL-0*	3.6 × 10–5 × (200 / 106) = 7.2 × 109 mol	':C 7.2 nmol

+-D
�#�&)	tMK�ȦÓ¸0 COS1	380 + 7.2 =387.2 nmol+-D
 

� �ʴ0¼0A�.	|���0ĿƩHĠ.�)Ɵɞ�	tMK�ȦÓ¸0 COS + H2S 0˫�B	˦

ɫǺŽHǯ=#
 

 

2-2-2-5 �h��z��ǳ.AD H2S0Ŀ˫  

� COSase 0 Km? VmaxHǯ=D.1	ǚ=)̜ȏŢ (Ʃ%) 0 COS Hȩ�Dźʫ�
D
!0#=	

2-2-2-2 .ʴˌ�# GC-FPD .AD H2S 0Ŀ˫ǳHȩ�)	H2S 0Ŀ˫Hʡ-��+�D+	COS 0x

�W+ȧƈ�#	H2S 0x�W�˩-&)�:�	H2S HǤ��Ŀ˫*�-�
:#	˩-CH˹�#

=.	Ś˨Hʡ-&)�BTaW��mX�y.ǶÒ�D+	H2S˫�ǘÛ˼ȭÅ°�.-C	Ŀ˫*

�-�
�0#=	H2S0Ŀ˫1	GC-FPDHȩ�)ʡ-�0*1-�	Chae and Tabatabai (1983) 0Ư

ǳHöʃ.	�h��z��.ADǫʒǳ*ʡ-��+.�#
 

H2S0ǘ˫ɺ1	2-2-2-6.ʴˌ�# COSaseǺŽȆĿ0Ưǳ+Ă�A�.ʡ-&#
#$�	10.5% COS

0¯GC.	�H2SǞȊǬ¸ (2,000 ppmv) 0��}�BȼƜtMK�Ȧ.ɿƟ	:#1�102 mLŃƙ

̄Ȧ.ɐ�# 2,000 ppmv H2SH	TafMm�MW�_��`Hȩ�) 2.4	12	25	÷1 60 µLƛû

�)tMK�Ȧ.ȁé�	!0ű	50 mM Tris-HCl (pH 8.5) 200 µLHé�#
10Üű.	H2S�ǭȽ+

ǬȽ*Şʣí�)�D>0+ʬ-�	�ʴ.ʴˌ�#ƛû˫0ǭȽH	TafMm�MW�_��`*

ƛû�#
ȼ%.	H2SǫʒĿ˫ȩ.ʼʨ�#ȋǿ (�ʴ�0Ĥā	50 mM Tris-HCl (pH 8.5) 2000̥1975 

µL (2000 µL�B�ʴ.Ɍ�_��`ƛû˫HŖ�Ŧ�#˫)	 6 mM N,N-Dimethyl-p-phenylenediamine 

sulfate in 7.2 M HCl 1 mL	60 mM FeCl3 in 1.2 M HCl 1 mL Hą<ʸ̚ɟ	�ʴ�0Ĥā	6 mM 

N,N-Dimethyl-p-phenylenediamine sulfate in 7.2 M HCl 75 µL	60 mM FeCl3 in 1.2 M HCl 75 µLHą< 1.5 mL

Ń�MW�h��z) .é�	10ɏ˶��kiWa�	30 °C	30Ü˶M�U�}�mű.	Abs. 665 nm
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HȆĿ�#
�ʴ�0Ĥā1	TafMm�MW�_��`0ƛû˫H 0	1	5	10	25 µL (H2S˫.

Ɵɞ�D+ 0̥37.72 nmol.Ƚũ) .ī�D�+*	�ʴ�0Ĥā1	250 µLŃTafMm�MW�_

��`Hȩ�)ƛû˫H 150 µL+�	tMK�Ȧ.ǶÒ�D H2S˫H	0	2.4	12	25	60 µL (H2S˫

.Ɵɞ�D+ 0̥2.771 nmol.Ƚũ) .ī�D�+*ǘ˫ɺHºƈ�#
 

 

2-2-2-6 COSase0ǺŽȆĿ  (Kmø4 Vmax0ǱĿ ) 

� 4.9 mLŃʪʒtMK�Ȧ (SVG-3	Ʋ̉Ȥíɉĸ) .zh�\�Ǒ*ǑH�	COSHé�#
COSȏ

ŢH 10.5%.ʼƪ�D̂1	Ƕŋ˭ (˭Ů 0.5 mm	˳� 23 mm	ȷ�˭ 1/3	ƷȸĢïȲďŕǙ) H 2

Ǆä�	ȚƯ0Ƕŋ˭H¬�) 10.5%0 COSǞȊǬ¸ (Balance gas: N2	Ʋ˧ TANAKA) H 3Ü˶	0.4 

kg cm–20ǻ˗*˖Ǭ�#
!E°Ĭ0ȏŢ0 COS .ʼƪ�D̂1	tMK�ȦH COS *1-�	N2

Ta (99.999%	Řǆ˧ɫ) *˖Ǭ�	10.5% COSHÒE# 102 mLŃƙ̄Ȧ (`�P�]MP�a) �

BTafMm�MW�_��`*ƛû�	tMK�Ȧ.é�#
˦ɫǿHé�Dæ.	COS0ßǁȏŢ

HTaW��mX�y*ȆĿ�#
ɯƟ�ĝ COSase 0.066 µgHą<	50 mM Tris-HCl (pH 8.5) 200 µL

Hé�	30 °C*̊ɿ�	20Ü˶ùŻű	ȋʱ�)�D H2S˫HȆĿ�D#=	ǭȽ0�ˣHTafM

m�MW�_��`*ƛû�	2-2-2-5.ʴˌ�#�h��z��ǳ.ADĿ˫Hʡ-&#
 

 

2-2-2-7 COSase0 CAǺŽ0ȆĿ  

� CAǺŽȆĿǳ.1	�ùŻȋǿ0 pH0īí.Ġ(�ǺŽHǯ=DƯǳ (Wilbur and Anderson, 1948) 	

�stopped-flow spectrophotometryHȩ�)	ùŻǿ0 pHīí.A&)ȧ�D indicator0ʒ0īí�BǺ

ŽHǯ=DƯǳ (Khalifah, 1971)	�ĽĿĂ¶¸ 18O*�}��# C18O2Hȩ�)	ùŻ.A&)ȧ�D

H2
18OHǘÛ�DƯǳ (Silverman, 1982) -,�
D
ß=.	ǫˋȶɣñ.ȆĿ*�D�0Ưǳ.AC	

ǺŽȆĿHʡ-&#
!0ɱǍ	ǺŽ�ʬBE-�&##=	ǘÛƄŢ�̜�	CA ǺŽ0ß˗ŢHȆ

Ŀ*�D�0ƯǳHʡ-&#
 

 

�ùŻȋǿ0 pH0īí.Ġ(�ǺŽHǯ=DƯǳ 

� ß=.	ǫˋȶɣñ.ȆĿ*�D�ʴ�0Ưǳ.AC	ǺŽHǯ=D�+.�#
ǺŽ1	Sigma quality 

control test procedure (_X� K�n�ih) .ʴˌ0Ưǳ.A&)ȆĿ�#
ß=.	20 mM Tris sulfate, 

pH 8.3 (25 °C) �B-D 3 mL+	50 mM Tris-HCl, pH 8.5 (30 °C) �B-D˦ɫȋǿ 50 µLH	Ǯǭ�.

ɿ�#tMK�Ȧ (̜� 4.5 cm	ÕŮ 1.5 cm) .é�	Ƣƒĸ (˳� 1 cm) *Ƣƒ�-�B	pH̉ǚ (pH

��f� F-52	pH̉ǚ 9618S-10D	ġĤʨºƋ) H*�D˼Cš0Ư.ˤɿ�) pHHȆĿ�ɵ�#


CO2̖Ċǭ1	zh�\�ǑH�# 13 mLŃtMK�Ȧ (SVG-12	Ʋ̉Ȥíɉĸ) .ɩǭHȈ#�	Ǯ

ǭ�.ɿ�	CO2TaH 0.5 L min–10ǻ˗*Sk��˭ (Z�` 20G (0.90 mm)	˳ � 70 mm	k��) H

˖�)	15Ü°�˖Ǭ�)ʼʨ�#
ųBE# CO2̖Ċǭ 2 mLH	tMK�Ȧ.é�)ùŻH˵Ķ�
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 #
pH8.3�B pH6.360īí.ʫ�#Ƹ˶HȆĿ�	ǺŽ1	unit+�)ʤʴ�#
unit1	(TBlank, 

avg – TEnzyme, avg) (TEnzyme, avg)–1*ʳɞ�E	TBlank, avg+ TEnzyme, avg1	!E"E˦ɫȕ�0ɧø4˦ɫƿC

0ɧ*ȆĿ�#Ƹ0	pH8.3�B pH6.360īí.ʫ�#Ƹ˶ (ɏ) *
D
 

 

�stopped-flow spectrophotometryHȩ�)	ùŻǿ0 pHīí.A&)ȧ�D indicator0ʒ0īí�BǺ

ŽHǯ=DƯǳ 

� ˦ɫȋǿ1	50 mM HEPES-NaOH	200 mM Na2SO4	pH 7.5 (25 °C) *˕ǋ�#
ȩ�D˦ɫȋǿ+	

!0 1 / 10Ä˫0 2 mM phenol redHą< 50 mM HEPES-NaOH	200 mM Na2SO4	pH 7.5 (25 °C) HȀā

�#
�Ư	CO2̖Ċǭ1	�ʴ0�+Ăǜ0Ưǳ.ACʼʨ�#
Stopped-flow spectrophotometry (SX-20	

Applied Photophysics) .AC	f�uWˁ˫* 4 µg0 COSaseHą<˦ɫǿ 10 µL+	CO2̖Ċǭ 10 µL

HȀā�)	25 °C�*ùŻ� 	Abs. 578 nmHȆĿ�#
Abs. 578 nm0īí+ǭɫMR�˫+0˷À

1	˦ɫǿ+ CO2̖Ċǭ0¯GC.	HClHɮȏŢ* 0	1	2	5	ø4 10 mM.-DA�.ʼʨ�#

ùŻǿ0 Abs. 578 nm�B	ǘ˫ɺHºƈ�	ǯ=#
 

 

2-2-2-8 COSase0 CS2 hydrolaseǺŽ0ȆĿ  

� zh�\�ǑH�# 4.9 mLŃʪʒtMK�Ȧ.	CS2Hé�#
CS2ȏŢH 1.02%.ʼƪ�D̂1	

Ƕŋ˭ (˭Ů 0.5 mm	˳� 23 mm	ȷ�˭ 1/3	ƷȸĢïȲďŕǙ) Hzh�\�Ǒ. 2Ǆä�	ȚƯ

0Ƕŋ˭H¬�) CS2ǞȊǬ¸ (1.02%	Balance gas: N2	Ʋ˧ TANAKA) H 3Ü˶	�V���f�H

0.05 MPa.�)˖Ǭ�#
ɯƟ�ĝ COSase 0.066 µgHą<	50 mM Tris-HCl (pH 8.5) 200 µLHé�	

30 °C	20ÜùŻ� #ű	GC-FPD6ǬȽHǶÒ�	ȳȧ�D COS+ H2SHĿ˫�#
Staudinger and 

Roberts (2001) .ADʳɞ*1	30 °C�0 CS20|���0ĿƩ1	0.0470 M atm–1*
C	���B

ʳɞ�D+	ßǁ CS2ȏŢ1 460 µM.Ƚũ�D
 

 

2-2-2-9 SCN–ȁéƸ0 COSase0ǺŽȆĿ  

� SCN–�	COSase0˺łç*
D�HƵB�.�D#=	NaSCNHȁé�#˦ɫȋǿ (COSase 0.066 µg

Hą< 50 mM Tris-HCl (pH 8.5) 200 µL) Hʼʨ�#
4.9 mLŃʪʒtMK�Ȧ (SVG-3	Ʋ̉Ȥíɉĸ) 

.zh�\�Ǒ*ǑH�	Ƕŋ˭ (˭Ů 0.5 mm	˳� 23 mm	ȷ�˭ 1/3	ƷȸĢïȲďŕǙ) H 2Ǆ

ä�#
ȚƯ0Ƕŋ˭H¬�) N2Ta (99.999%	Řǆ˧ɫ) H˖Ǭ�)ǬȽHɿƟű	102 mLŃƙ̄

Ȧ (`�P�]MP�a) .ÏĦ�#	10.5%0 COSǞȊǬ¸ (Balance gas: N2	Ʋ˧ TANAKA) HTa

fMm�MW�_��`*ƛû�	tMK�Ȧ.é�#
�E.AC	tMK�ȦÕ0ǬȽ0 COS ȏ

ŢH 1050 ppmv.�#
2-2-2-3.ʴˌ0Ưǳ+Ă�A�.	H2Sø4�ʴ0˦ɫȋǿHȁé�)ǺŽȆ

ĿHʡ-&#
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2-2-2-10 ĮǬȏŢ0 COS0Ŀ˫  

� 1,2,3-Tris (2-cyanoethoxy) propaneH	5%0ȏŢ*[�kL�X�# Uniport B 60/80 (`�P�]MP�

a) HÏĦ�#ȏɼɟ (Uĺɟ S	œǹʨºƋ) Hǿ¸˧ɫ�* 5ÜØò�	!�.Ǭ¸HǶÒ�D�+

*	!0�.ą:ED COS-,0Ǭ¸Hȏɼɟ.m�i{�#
éȘŌÒʦɿ (FLS-1	œǹʨºƋ) H

ȩ�)	ȏɼɟH 100 °C:*éȘ�	m�i{�E# COSH GC-FPD.ŌÒ�#
TaW��mX�

y0Ǉ²1	Table 2-3 .Ɍ�#
ǘ˫ɺºƈ0#=	1,960 ppmv :#1 2,080 ppmv 0 COS ǞȊǬ¸ 

(Balance gas: N2	Ʋ˧ TANAKA) H	TafMm�MW�_��`*ƛû�	N2ɿƟ�# 102 mLŃƙ

̄Ȧ.é�)Ś˨ű	ȏɼɟ.ǶÒ�#
ųBE#x�W̜0ŞƯǔ+	ǶÒ�# COS ˫�Bǘ˫ɺ

Hºƈ�#
 

 

2-2-2-11 T. thioparus THI115ǒ0ĮǬȏŢ COS0Üʱ  

� 2-1-2-1*ʴˌ�#Ưǳ+Ăǜ.	T. thioparus THI115ǒHğ̗�#
ğĚ.ȁé�#hR_Kq�m

�Üʱ�E#�+Hɋʺű	13,000 × g	4 °C * 20 Ü˶˞Ź�D�+*̄ʔ�#
mTC (T. thioparus 

THI115ǒ0ğ̗.ȩ�# mTC10ğĚ�B KSCNH˽�#ɯƈ) Hȩ�)	3đǸǼ�#
mTC.ÖƇ

Ȏű	Î0ğ̗ǿ.Ɵɞ�) 10 mL.Ƚũ�DʔǿH	T�aɽɶyL�f� (GF-75	ÂƔɤĸŮ 0.3 

µm	Knt�kiW) �.m�i{� #
ʔ¸0¢șH˹�#=.	Ȑɪ (GF / C	circle 90 mm ɸ Glass 

microfiber filter	�im��) H 3ǌ˩/#>0HmTC 4 mL*ȇB 	ÕŮ 9.3 cm0T�a_��� (ʙ

1˽�) .ɿ�#
!0�.	ʔ¸Hm�i{� #T�aɽɶyL�f�H˩/#
_���1ʙH

 �	̣ɚHʥƭ�# 5 L ŃK��pN�tiX (AAK-5	`�P�]MP�a) .ÒE	ʥƭ�#ˣ

ÜHW�i{ (A-75	280 mm	�ʕTaíļ) *ŅŊ�	tiXÕ.ɖǬHÏĦ�#
°�0ƣº1	

Ó)W���}�hÕ*ʡ-&#
zh� W Ǒ (W-12	İ˿ʏǙ) *Ǒ�#a��zH˖�)	ti

XÕ0ǬȽ 300 mLH 50 mLŃ_��` (k��) Hȩ�)	ɰƸȶ.ƛû�	2-2-2-100Ưǳ*ȏɼű

. COS0Ŀ˫Hʡ-&#
 

 

2-2-2-12 COSase0ĮǬȏŢ0 COSÜʱ  

� 2-2-2-110Ưǳ+Ă�A�.	5 LŃK��pN�tiX.	¹>é�)�-�ÕŮ 8.5 cm0T�a

_��� (ʙ1˽�) Hɿ�	Ņ˴W�i{*ŅŊ�#
50 mLŃ_��` (k��) Hȩ�)	tiX

Õ0ɖǬHÛǈD˼CĆŦű	N2Ta (99.999%	Řǆ˧ɫ) Hǻ˫ʳHöʃ.�-�B	�A! 3.7 L

ǶÒ�#
2,080 ppmv0 COSǞȊǬ¸ (Balance gas: N2	Ʋ˧ TANAKA) H	TafMm�MW�_�

�`*ƛû�	N2ɿƟ�# 102 mLŃƙ̄Ȧ.é�)Ś˨�#
!0ƙ̄Ȧ�BTafMm�MW�_

��`Hȩ�)	zh�WǑ (W-12	İ˿ʏǙ) *Ǒ�#a��zH˖�)	K��pN�tiXÕ

.ǶÒ�D�+*	�A! 500 pptv0 COSHą<ǬȽ+-DA�.ʼƪ�#
COSase 10 µgHą< 50 

mM Tris-HCl (pH 8.5) 10 mLH	10 mLŃ_��` (k��) Hȩ�)ʳC+C	a��zH˖�)_�
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��Õ.ǶÒ�#
˦ɫȋǿ0ȁéȼű1	ǬȽ0ȏŢ�ĽĿ�-�#=	ȁé 10Üű�BɰƸȶ.

tiXÕ0ǬȽ 300 mLHƛû�	2-2-2-100Ưǳ*ȏɼű. COS0Ŀ˫Hʡ-&#
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2-2-3 ɱǍ  

� Fig. 2-6.Ɍ�A�.	COSase1 COS 20 nmolH 20Ü˶*Üʱ�	!E.´�	89ɜ˫.Ƚũ�

D 23 nmol0 H2SHȧƈ�#
�0�+�B	COSase.AD˦ɫùŻ1	°�0ùŻť*ʤ�E#
 

COS + H2O → H2S + CO2 

�0ɱǍ	COSase1	éǭÜʱ˦ɫ*
D�+�ƵB�.-C	COSéǭÜʱ˦ɫ (COS hydrolase) +

ĉ5�++�#
:#	T. thioparus THI115ǒ�Bɦʨ�E# COSase (˪ȧĝ COSase) +	Įʋʔ*ȳ

Ȣ� # COSase (ɯƟ�ĝ COSase) 0ǺŽ1	!E"E 17 µmol mg–1 min–1	18 µmol mg–1 min–1*	8

9ɜ��ÅHɌ�#
!0#=	˪ȧĝ COSase +ɯƟ�ĝ COSase 1	Ă�>0+ʃ�	°˻1	ɯ

Ɵ�ĝ COSaseHȩ�)ŀ̚Hʡ-��+.�#
 

COSase0 kinetics1	Michaelis-Mentenĝ0ǺŽHɌ�	Km1 60 µM	Vmax1 74 µmol mg–1 min–1	Ǆ

˦ɫ0ǺŽȳȢ0ĠǄ+-DgM��ũ#C*ʳɞ�# kcat1 58 s–1	Ă�� kcat / Km1 9.6 × 105 s–1 M–1

*
&# (Fig. 2-7)
 

ùŻȋǿ0 pH0īí.Ġ(�Ưǳ* CAǺŽHǯ=#+�F	COSaseƿC0ùŻɧ1	˦ɫȕ�0

ɧ+Ă�W��mX��HɌ�	�0Ưǳ*1ǺŽ�ʺ=BE-�&# (Fig. 2-8)
!�*	stopped-flow 

spectrophotometry.AD CAǺŽ0ȆĿHʡ-&#
!0̂	CO2̖ĊǭHȀā�##=+żGED pH

0īí�	ùŻ˵Ķ 0ɏ�B	�A! 0.1ɏ0˶*ȧ�#�+�B	!0ū̎Hˡ�D#=.	ùŻ˵

Ķű	0.2ɏ�B 0.5ɏ0˶0 Abs. 578 nm0īí.Ġ(�	ǺŽHǯ=# (Fig. 2-9)
17 mM0 CO2ȏ

Ţ�*ȆĿ�E# COSase0 CO2ǭĊǺŽ̠CAǺŽ̡1	24 µmol mg–1 min–1	gM��ũ#C*ʳɞ

�# turnover number1	19 s–1*
&#
 

COSase0 CS2 hydrolaseǺŽHʼ7D#=.	460 µM CS2Ļę�*ʱǋHʡ-&#+�F	3.9 µmol  

mg–1 min–10ùŻ˗Ţ* CS21 H2S.Üʱ�E#
�Ư	CS2 hydrolase1	CS2 + H2O ⇄ COS + H2S+

COS + H2O ⇄ H2S + CO20ùŻHʲķ�D#=	COS1	CS2Üʱ0�˶¸*
D�	COSase.AD

CS2Üʱ�0 COS0ȧƈ˗Ţ1	0.1 µmol mg–1 min–1°�*
D�+�ɋʺ�E#
 

COSÜʱǺŽ1	1 mM0 NaSCN*1˺ł�ʬBE�	10 mM	100 mM0 NaSCN.AC	ǺŽ1

!E"E 70%	20%.ȃŎ�#
 

T. thioparus THI115ǒ.ADĮǬȏŢ0 COSÜʱŀ̚1	W���}�hÕ0ɖǬH	F˛-,0ƣ

ºHé��.	!0::ȩ�)ʡ-&#
ßǁ COSȏŢ1	600 pptv*
&#�	6Ƹ˶ű.1	!E

� 350 pptv.-C	�B. 25Ƹ˶ű.1	ǘÛ˼ȭÅ (280 pptv) °�.:*ȃŎ�# (Fig. 2-10)
ʔ

¸Hé��.	mTCğĚ0;*ŀ̚Hʡ-&#[�m���*1	COSȏŢ0�ƴ�ʬBE#�	�

B.�0 mTCğĚ>é�-�&#ɧ*1	COS0īí1Ó�ʬBE-�&#
�#�&)	mTCğĚ

�B	COS�G��.ȳȧ�)�D>0+àƭ�#
 

COSaseHȩ�)	Ăǜ.ĮǬȏŢ0 COS.ŉ�DǺŽHȆĿ�#
!0ɱǍ	̜ ȏŢ0 COSÜʱŀ

̚0̂.ȩ�D COSase˫+ǫ7)	Į˫0 COSaseHȩ�Dźʫ1
&#>00	COSase1 26 pmol  
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mg–1 min–10ùŻ˗Ţ* COSHÜʱ�# (Fig. 2-11)
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2-2-4 ʃň  

� COSase0Üʱ.˷GD˦ɫ1 Table 1-1.Ɍ�A�.	��'�ɂBE)�D�	COSase1	CA?

CS2 hydrolase+Ă�ùŻť*ʤ�ED COSÜʱHɌ�#
CS2 hydrolase1��|U]lS��	COSase

ø4 β-CA1��km���*
C	R�\��Ǜ˘1Ȱ-D�	ǺŽˣ¶ũ#C0 kcat / KmHǫˋ�D

+	COSase	CS2 hydrolase	β-CA1	!E"E 4.8 × 105 s–1 M–1	6.0 × 105 s–1 M–1	6.9 × 105 ~ 1.0 × 107  

s–1 M–1+-D
CS2 hydrolase0 kcat / Km1�EB0˦ɫ˶*ƾ>̜�
�E1	COSase0ǺŽȆĿ1	

ùŻŃďH̊ɿ�#ȝƅ*ʡ-&)�D0.ŉ�)	CS2 hydrolase0Ĥā1	af���*Ƣƒ�)�

C	˦ɫ60Ġˁ0½ɲ�Á˚�E)�DþʉŽ�ʃ�BED
�0A�-	ȆĿƯǳ0˝��	�E

B0˦ɫ0 kcat / Km0Å.ū̎Hø9�#>0+ʃ�BED
��E.�)>	Ʊɂ0 COSÜʱǺŽ0

ʺ=BE)�D˦ɫ (Table 1-1) +ǫ7)>	COSase0 COSÜʱǺŽ1	ƵB�.̜�ˣ̔.ÒD+

��D
 

� T. thioparus THI115ǒ.��)	SCN–Hč�0Pq�V�ȉ+�)ȧʆ� #+�0	¯ʽɰˈ0ƾ

ß0aki{1	SCNase.A&)ʲķ�ED
SCNase0 Kmø4 Vmax1	~11 mM	ø4~0.056 µmol  

mg–1 min–1*
C (Katayama et al., 1992)	COSase0 Km 60 µM	Vmax 74 µmol mg–1 min–1AC>�-C·

�ǺŽHɌ�
!0#=	2-1-4.ʴˌ�#A�.	COSase0ąƿ˫�	T. thioparus THI115ǒ0þȋ

Žf�uWˁ0 0.07%*
&#+�)>	SCNase.ADÜʱ.A&)ȧ�# COS0ĮˣÜ1	COSase

.A&)Üʱ�ED>0+¤Ƃ�ED
 

� �ʴ0 2-3*ƵB�.�#	SCN–ʩā¸0 COSase0ɱƹǛ˘.��)	SCN–1	Ǜ˘ȶ. COS0

Ko�Xíāț*
C	ǺŽˣ¶.Ļę�#
:#	CA1	SCN–Hą<˾MR�íāț.A&)˺ł

�ED�+�ɂBE (De Simone and Supuran, 2012)	¼�2	ɭʔ0 β-CA (Streptococcus pneumoniaeø

4 Salmonella typhimurium) 0CO2ǭĊǺŽ.��DSCN–0˺łĿƩ1	0.38�0.93 mM*
D (Burghout 

et al., 2011; Vullo et al., 2011)
!0#=	COSase0 COSÜʱǺŽ.��D SCN–0ū̎1ō��	SCN–

1	ŧ�˺łç*
D�+�ƵB�.-&#
 

� COSase1	K�r˧ˤÞ0ǫˋ0ɱǍ	CA+̜�ȽĂŽ�
D.>��GB�	CAǺŽH8+I

,Ɍ�-�&#
�E:*.ɂBE)�D CA0�*ƾ>̜�ȽĂŽHɌ�	Mycobacterium tuberculosis

0 β-CA Rv1284*ɋʺ�E)�D CO2ǭĊǺŽ1	kcat� 3.9 × 105 s–1*
D (Minakuchi et al., 2009)


COSase0 CAǺŽ1�G=)·�#=	ĠˁȏŢHī�D�+.ADǺŽȆĿ�*��	17 mM0 CO2

.��D turnover rate1 	19 s–1+ǯ=BE#>00	kcatHǱ=D�+1Ûǈ-�&#
Mycobacterium 

tuberculosis0 β-CA Rv12840 Km1	11 mM*
D0*	COSase>ĂɑŢ+±Ŀ�)>	kcat1 30 s–1

ɑŢ.��-B-�
COSase+Ă��	β-CA.ȽĂŽ�
D CS2 hydrolase1	CAǺŽ�-�+ģć

�E)�D (Smeulders et al., 2011)
COSÜʱǺŽ+ CO2ǭĊǺŽ.˷�)	COSase+ CS2 hydrolase1	

89Ă�ȜŸHƿ�)�D+��D
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� 460 µM0 CS2Ļę�*	COSase0 CS2éǭÜʱǺŽ1	3.9 µmol mg–1 min–10ùŻ˗Ţ*
&#
�

Ư	CS2 hydrolase*1	��A! 30 µmol mg–1 min–10ǺŽHɌ��+�B (Smeulders et al., 2011)	�

E.ǫ7) 7.7Ä·�ǺŽ+-&#
CS2 hydrolase.��DCS2éǭÜʱǺŽ+COSéǭÜʱǺŽ*1	

kcat / Km�	!E"E 7.3 × 106 s–1 M–1	8.2 × 107 s–1 M–1*
C	űʄ0ǺŽ0Ư�̜�
COSase0 CS2

éǭÜʱǺŽ.'�)1	ǄɆɕ*1ʹ��ʼ7)1�-��	COS0ȧƈ1	ȆĿ�.8+I,ʬB

E-�&#
�E1	CS2 hydrolase+Ă�A�.	COSéǭÜʱǺŽ0Ư�̜�	ùŻ�˶¸+�)ȧ

ƈ�E# COS1	ȼ%. H2S.Üʱ�E#�+.AD>0+żGED
 

� °�AC	COSase	β-CA	CS2 hydrolase1	§�.Ȱ-DĠˁȜȰŽHɌ��+�ƵB�.-&# 

(Table 2-4)
�EB0ĠˁȜȰŽ0�Spb�0ʱƵ.1	§�0ɱƹǛ˘Hǫˋ�D�+�˩ʫ*


D
!�*	COSase0ɱƹǛ˘HƵB�.�D�+.�# (2əɛ 3ɠ)
 

� T. thioparus	T. neapolitanus	T. denitrificans0A�-ĳ�Ž (neutrophilic) 0 ThiobacillusŐɭʔ1	

ėĩ.A&)1 1g0ȧėũ#C	�A! 1050R�g�*ȧſ�D#= (Chapman, 1990)	T. thioparus

1	ėĩ�.ʿņ.Ļę�D�+�ƝȆ�ED
T. thioparus THI115ǒ1	ĮǬȏŢ0 COSHÜʱ�D

�+�þʉ*
&#�+�B	T. thioparus1	ėĩ.��D COS0Ǿıȉ03+'+�)Ǣʉ�)�

D�+�ʃ�BED
:#	Ǆʔ�BųBE# COSase0 Km 60 µM1	ǬȽ� 3,300 ppmvƸ0ǭȽ0

ȏŢ.Ƚũ�	ĮǬȏŢ�0ǭȽ0 COSȏŢ+ǫ7)ǚ=)̜�
���-�B	COSase.��)>	

ĮǬȏŢ0 COSHÜʱ�#�+�B	COSase�	T. thioparus THI115ǒ0ĮǬȏŢ COS0ÜʱùŻH

ʲķ�)�D>0+żGED
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Table 2-2. Conditions of GC-FPD. 

Column  long, 2 m; inner diameter, 3.0 mm 

Packing material  Sunpak-S (Shimadzu) 

Carrier  N2 

Temperature of Injector 190 °C 

              Column 190 °C 

 Detector 190 °C 

Flow Rate of  N2 100 mL min–1 

 H2 28 mL min–1 

 Air 22 mL min–1 

 

 

Table 2-3. Conditions of GC-FPD for ambient COS degradation analysis. 

Column  long, 2 m; inner diameter, 3.0 mm 

Packing material  Porapak QS (50-80 mesh, Waters) 

Carrier  N2 

Temperature of Injector 150 °C 

              Column 110 °C 

 Detector 150 °C 

Flow Rate of  N2 43 mL min–1 

 H2 40 mL min–1 

 Air 31 mL min–1 
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Table 2-4. Comparison of substrate specificity among COSase, β-CA, and CS2 hydrolase.a  

Enzyme Organism 
COS 

hydrolysis 
kcat (s–1) 

CO2  
hydration 
kcat (s–1) 

CS2 
hydrolysis 

(mmol mg–1 

min–1)b 

Reference  

COSase Thiobacillus thioparus 
THI115 29 < 102 3.9 This study  

β-CA Pisum sativum 23 4 × 105 ND Protoschill-Krebs et al., 
1996; Ogée et al., 2016  

CS2 
hydrolase Acidianus sp. A1-3 113 0 ~30 Smeulders et al., 2011  

aCalculated per active center. 
bThe activity at a CS2 concentration of 460 µM. 

ND, not determined. 
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Fig. 2-6. Time course of COS (�) degradation and H2S (�) production by COSase. COSase (0.066 µg) was 

injected into a vial (4.9 mL) filled with 320 nmol COS and 20 nmol H2S. Because addition of the enzyme solution 

into the vial caused disturbance of COS and H2S concentrations, the sampling of the headspace gas was started 5 

min after the addition of the enzyme.   

0 

5 

10 

15 

20 

25 

250 

255 

260 

265 

270 

275 

280 

5 10 15 20 25 

H
2S

 (n
m

ol
)�

C
O

S 
(n

m
ol

)�

Time (min)�

Native COSase�

0 

5 

10 

15 

20 

25 

250 

255 

260 

265 

270 

275 

280 

5 10 15 20 25 

H
2S

 (n
m

ol
)�

C
O

S 
(n

m
ol

)�

Time (min)�

Recombinant COSase�



 46 

V
 (µ

m
ol

 m
g–1

 m
in

–1
) 

 

 

 

 

 

 

 

Fig. 2-7. Michaelis-Menten kinetics of COSase. Km and Vmax that were calculated based to nonlinear regression 

using GraphPad Prism 5 (GraphPad Software, California, U.S.A.) were 60 µM and 74 µmol mg–1 min–1, 

respectively.  
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Fig. 2-8. Chromatogram of the CA activity of COSase and bovine CA. The reaction was initiated by adding 

CO2-saturated water at 0 sec. The chromatogram of COSase (9.0 mg; red) was superimposed with a 

non-enzymatic reaction (black) and showed a slow decrease in pH. On the other hand, bovine CA (9.0 × 10-2 mg; 

blue) decreased the pH of the reaction mixture faster than COSase with an activity of 3.6 × 103 units mg-1. The 

experiment was performed in triplicate.  
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Fig. 2-9. Absorbance change at 578 nm after mixing CO2 saturated water. (B) shows the enlarged figure of (A) for 

clarity. COSase (3960 ng) solution contained 50 mM HEPES-NaOH, 0.2 mM phenol red and 200 mM Na2SO4, 

pH 7.5 at 25 °C. The COSase solution and CO2-saturated water were mixed 1:1 at 25 °C, and the absorbance at 

578 nm was measured (n = 6). A control without COSase was measured in order to monitor the non-enzymatic 

absorbance change (n = 3). To avoid the disturbance of the absorbance by the mixing itself, the activity was 

estimated based on the absorbance change from 0.2 s to 0.5 s. To check whether the measurement by 

stopped-flow spectrophotometry was correctly performed, the activity of carbonic anhydrase II (From human, 

C6165, Sigma-Aldrich) (10 ng) was determined (n = 3) and the kcat was 2.3 × 105 s–1 under the experimental 

conditions.  
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Fig. 2-10. Degradation of ambient level COS by whole cells. Symbols: �, with cells; �, without cell. Cells in a 

10 mL of culture containing fully grown T. thioparus THI115 were put in a Petri dish and then placed in a 

gas-sampling bag (approximately 3 L).   

<278
300

400

500

600

700

800

0 5 10 15 20 25 30

C
O

S 
[p

pt
v]

Time [hour]

0

5

10

15

20

25

255

260

265

270

275

280

0 5 10 15 20 25

H
2S

 [n
m

ol
]

C
O

S 
[n

m
ol

]

Time [min]

BA

55

60

65

70

75

20 40 60 80
C

O
S 

[p
m

ol
]

Time [min]

C

 

0

80



 50 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-11. Degradation of ambient level of COS by recombinant COSase. Symbols: �, with COSase; �, 

without COSase. The reaction was started by adding the reaction mixture containing 10 µg of COSase to a 

gas-sampling bag as described in the text. The volume of the introduced nitrogen gas that contained 510 pptv (20 

pmol L–1) of COS was 3.7 L. The amounts of COS hydrolyzed by COSase was calculated based on the difference 

between the concentration with and without COSase (indicated by the arrows).  
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2-3 COSase0ɱƹǛ˘  

2-3-1 1�=.  

� ǜ�-ȧț�BųBE# CA0K�r˧ˤÞ0ǫˋɆɕ.A&)	α-CA+ β-CA1	!E"EÓ�Ȱ

-DˤÞHƿ�	úƫ˚í.AC	§�.Ă�ùŻHʲķ�D˦ɫ.-&#+ʃ�BE)�D 

(Hewett-Emmett and Tashian, 1996; Smith et al., 1999)
β-CA.˷�)1	2000ş.P�nN��0 β-CA

0ɱƹǛ˘�ƵB�.�E)�D�	Ȝ.ǺŽ�Ź.'�)1	Ǜ˘.��)>α-CA +0̔µ�ʬB

ED�+�ƵB�+-&)�D (Kimber and Pai, 2000)
�B.	α-CA+Ăǜ.	]z�pimũ#C 1

ôĸ0¨ˮHˤ¶�DˬŐ˦ɫ*
D�+�Ɍ�E#
�E:*.ģć�E)�D β-CA1	gM��	

km���	ø4RWf�� (Strop et al., 2001; Covarrubias et al., 2006; Mitsuhashi et al., 2000; Cronk et al., 

2006; Kimber and Pai, 2000) 0>0�
D�	ĠǄȶ-Ǜ˘ñ¶1gM��:#1	gM��ǜ0Ǜ˘*


D
ǺŽ�Ź.
D¨ˮôĸ.1	2'0_akM�+ 1'0�hRp��ˤ¶�	ɛ 4ˤ¶ĸ0¶

ɿ.1ǭÜĸ�Ļę�D
 

� β-CA+ȽĂŽ�̜�.>��GB�	CAǺŽ�ǘÛ�E)�-� CS2 hydrolase.��)>	ɱƹǛ

˘�ƵB�.�E)�D (Smeulders et al., 2011)
!E.AD+	CAǺŽ�-�Ȥȫ+�)1	˦ɫʤ

̌�BǺŽ�Ź.ă��ɰˈ (m�q�) �ȟ�	:#ȱǭŽ�AC̜�-&)�D#=	ACʯǭŽ

*
D CO20ǭĊǺŽ�ʬBE-�+��þʉŽHƞǖ�)�D
COSase 1km���*	K�r˧

ˤÞ*1	β-CA.̜�ȽĂŽHɌ�#0*
D�	CAǺŽ18+I,ǘÛ�E�	��> CS2 hydrolase 

+Ă�A�- COSÜʱǺŽHƿ�D
!0#=	˦ɫǺŽ.��D β-CA+0ƵɁ-ŖȰH˦ɫf�u

Wˁ0̜ǣǛ˘0̌�B>ƵB�.�D#=	COSase0ɱƹǛ˘ʱǋHʡ-&#
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2-3-2 ǅƬ+Ưǳ  

2-3-2-1 COSase0ɱƹí  

� ɱƹí.1	ɯƟ�ĝ COSaseH»ȩ�#
6 mg mL–1.:*ȏɼ�# COSase 1.2 µLHȩ�	20 °C

*s�V�Xn�i{ʘǬƓƨǳ.ACɱƹíHʡ-&#
1.2 M (NH4)2SO4, 0.2 M NaCl, 30% glycerol, 

0.1 M Tris-HCl, pH 8.50ɯƈ0�^�t�ȋǿH 1.2 µLȩ�#
COSase+�^�t�ȋǿHSt�T�

a�*Ȁā�	_�[�X��a.ACŅŊ�#
COSase0Ġˁ.Ǜ˘�̔µ�#íāț+�)	SCN–

0ʩā¸0ɱƹ>ºʨ�	ǫˋHʡ-&#
SCN–0ʩā¸0ɱƹí1	ɱƹHą<n�i{.ɮȏŢ�

0.01 M NaSCN.-DA�.ȁé�)ʡ-&#
 

 

2-3-2-2 Xɺđǋ  

� Xɺʱǋ1	'�2Ř0̜Pq�V�é˗ďɆɕǢǛțˁǛ˘íļɆɕƋ0ƥŋÑɎļɆɕưʵ.


D	BL-5A ø4 BL-6A w���M�*ʡ-&#
95 K 0·ȅɗɫTaHȩ�)ɱƹHÙɱ�)	

ADSC/CCD detector system (ADSC Quantum 315r+ Quantum 4R) H»�	đǋl�fHú̄�#
đǋŨ

Ţ0ʳɞ?ʧǤø4đǋl�f0��`�X1	{�X�� HKL2000 Hȩ�)ʡ-&# (Otwinowski 

and Minor, 1997)
 

 

2-3-2-3 Ǜ˘ǱĿø4Ǜ˘ɦŅí  

� COSase 0ßǁ¶Ƚ0ǱĿ1	�*.ɱƹǛ˘�ƵB�.-&)�C	��>>&+>̜�ȽĂŽH

Ɍ� Mycobacterium tuberculosis0 β-CA Rv12840Ǜ˘0�ˣ [Protein Data Bank (PDB) code 1YLK, 23-99

ǦĠ] H»�	{�X�� Molrep (Vagin and Teplyakov, 1997) *ÜĸɿƟǳ.ACʡ-&#
SCN–ʩā

¸.˷�)1	��*ųBE# COSase0Ǜ˘HĠ.ʱǋHʡ-&#
�B.	REFMAC (Murshudov et 

al., 1997) Hȩ�)	Ó¸ȶ-Ǜ˘0ɦŅíHʡ-&#ű	COOT (Emsley and Cowtan, 2004) .ACǛ˘

�l�0Ǜɢ	SHELXL (Sheldrick, 2008) .ACɦŅíHʡ-&#
�0A�.�)Ǜɢ*�#Ǜ˘�

l�0ĴũŽHɌ�ƩÅ+�)	ŀ̚*ųBE#đǋ0ùŋŨŢ+Ǜ˘�l��Bʳɞ�EDùŋŨŢ

�B	Table 2-50Ƕ˨ c.ʴˌ�#ʳɞ.AC R-factor (R) Hǯ=#
!0ɱǍ	RÅ1 COSase* 0.135	

SCN–ʩā¸* 0.156+-C	˖Ŝ0f�uWˁɱƹǛ˘*ųBED 10�20%ɑŢ*
&#
�B.	�

ùŋŨŢ˶0 overfittingHˡ�D#=.	5%0đǋl�fH�ʴ0ɦŅí.ȩ��	ŀ̚*ųBE#đ

ǋ0ùŋŨŢ+	�0 5%0đǋl�f0ùŋŨŢ�B R-factor (Rfree) Hǯ=#+�F (Brünger, 1992)	

COSase* 0.170	SCN–ʩā¸* 0.204+-C	̟ Ŝʃ�BE)�D RfreeÅ (RÅ0+ 5%ɑŢ) +-&#


�#�&)	ųBE# COSase 0Ǜ˘�l�1	A�ɦŅí�E#Ĵũ-Ǜ˘+ʃ�BE#
ƲǄʝȵ

ˁǛ˘l�ft�W.	COSase1 3VQJ	SCN–ʩā¸1 3VRK+�)ȴ˱�#
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2-3-3 ɱǍ  

� Table 2-5. Xɺđǋl�f+Ǜ˘ɦŅí0ɱǍHɌ�
COSase1 1.20 Å	COSase0 SCN–ʩā¸1

1.33 Å 0Üʱʉ*	!EB0ɱƹǛ˘HǱĿ�#
Ġˁ�ɱā�#ȝƅ0ɱƹǛ˘Hʱǋ�D#=.	

COS +]Mb+Ǜ˘.��)̔µ�)�D SCN–H»ȩ�#
§�0Ǜ˘˶0ǔŞĜ¥ Üƨ (RMSD) 

1	213ǦĠ0α¶0 C.˷�) 0.16 Å	Ó)0ôĸ.˷�) 0.38 Å*
C	89Ă�ɱƹǛ˘HɌ�

#
!�*°�1	SCN–ʩā¸Hȩ�)ųBE#ɱƹǛ˘ʱǋ0ɱǍHː7D�++�D
 

� COSase0]z�pimǛ˘1	5Ǆ0 βam��n�B-D β_�m (β1-β5) +	6Ǆ0α|�iW

a.ACǛƈ�EDα / βǛ˘HŪƈ�# (Fig. 2-11	2-12)
ǺŽˣ¶1	­0 β-CA0Ĥā+Ăǜ.	

gM��Ǜ˘HŪƈ�D�+*ƈCɘ&)�C	α2	β2	β3 0ˣÜ*�.Ƚ§ºȩ�	Ƚ§ºȩ.˷

GDʤ̌ɓ1	]z�pimũ#C~3,420 Å2*
&# (Fig. 2-13)
�Ư	gM��Ǜ˘+ǫ7)	km

���Ǜ˘0Ūƈ0#=0gM��ĂĪ0Ƚ§ºȩ1ŧ�	]z�pimũ#C 960 Å2*
&# (Fig. 

2-14)
 

� ǺŽˣ¶1	gM��Ǜ˘HŪƈ�D�r��˶0ħȭ.¶ɿ�	ȋķ�B1́̆�E)�#
�Ź

ˬŐ*
D¨ˮ.1	_akM� 44+_akM� 1000Ɋ̞ôĸ+	vah`� 970ɗɫôĸ�ˤ¶

�	̈ ˮ0ɛ 4ˤţ.1ǭÜĸ�ˤ¶�)�# (Fig. 2-15)
!E"E0ˤ¶ˆ̆1	2.28 Å (Zn–Sγ (Cys44))	

2.04 Å (Zn–Nε (His97))	2.31 Å (Zn–Sγ (Cys100)) *	ǭÜĸ+1 2.08 Å*
&#
ǭÜĸ1	Kau�

V�˧ 460S��U_��mĠ+ 2.59 Å0ˆ̆*ǭɫɱā�	ĽĿí�)�#
SCN–Üĸ1	2'0

ǭÜĸ [¨ˮ.ˤ¶�DǭÜĸ+vah`� 63′ (gM��Ǜ˘.��D	>�ȚƯ0]zp�im0v

ah`� 63) +ǭɫɱā�#ǭÜĸ] +	!E"E 3.00 Å	3.01 Å0ˆ̆*ǭɫɱā�)�#
�B.	

SCN–Üĸ1	ˏÈ0 9'0K�r˧+>Ƚ§ºȩ�)�C	ō��	ȱǭŽ0̜�ʲķˣ¶�Yim0

Ūȝ.āʎ�# (Table 2-6)
 

� β-CA1	ǺŽˣ¶ˏÈ*ÂĻ�E)�DK�r˧0ɒ̔.A&)	plantfM{+ CabfM{.Ü�

BED (Kimber and Pai, 2000)
æʄ0fM{*1	X�f��	yOp�K�p�	h�_��ÂĻ�

E)�C	űʄ1­0K�r˧+-D
COSase0Ĥā	ǺŽˣ¶ˏÈ.Ļę�DK�r˧1	Md�

M_� 33	vah`� 63	M�dM_� 82*
D�+�B	CabfM{.Ü̔�ED
̔µ�#Ǜ˘

Hǘɬ�D{�X�� DALIHʡ-&#+�F	Mycobacterium tuberculosis β-CA Rv1284 (PDB code 

1YLK) + Methanobacterium thermoautotrophicum β-CA (PDB code 1G5C) �vim�#
�EB0 β-CA

+ COSase0 146ǦĠ0α¶0 CHǫˋ�#+�F	RMSD�	!E"E 1.2 Å	1.4 Å+-C	̔µ�

#ɱƹǛ˘*
D�+�Ü�&# (Holm et al., 2008; Covarrubias et al., 2005; Strop et al., 2001)
�EB0

β-CA> CabfM{.Ü̔�ED�+�B	COSase1	plantfM{AC> CabfM{+ˏ�˷À.


D+ʃ�BE#
���	COSase0α5+	!E.ɵ���{ (X�_� 129�BK�p� 135) 1	

COSase.ȜȰȶ.ʬBEDǛ˘*
C	CabfM{0 β-CA*1	�E:*.ʬ'�&)�-�
�B

.	α60 NǃɚÇ0��{ (X�_� 150�B{��� 158) >	COSase*0;ʬBE# (Fig. 1-2)
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� �E:*.	SCN–ʩā¸+�)	Mycobacterium tuberculosis β-CA Rv1284+ Rv3588c0Ǜ˘�ƵB�

.-&)�D (Covarrubias et al., 2005; Covarrubias et al., 2006)
�ʄ1	ǺŽ�Ź.��D SCN–0ˤă

�Ȱ-C	Rv3588c.��)1	¨ˮ. SCN–�ˤ¶�D
COSase1	CabfM{*
D Mycobacterium 

tuberculosis β-CA Rv1284+89Ă�¶ɿ. SCN–�Ļę�)�#
 

CS2 hydrolase>	COSase0Ǜ˘+̔µ�D
���	ǺŽ�Ź?Ġˁ0ɰˈ.˷À�DK�r˧.

'�)ʬ);D+	COSase*1K�p� 38	Md�M_� 33′	�M_� 87′*
D�	CS2 hydrolase

*1Ȱ-C	X�f��˧ 38	K�Vp� 20′	yOp�K�p� 78′*
&# (Fig. 2-16)
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2-3-4 ʃň  

� ĠˁȜȰŽ*ŖȰ�
D>00	COSase	β-CA	!�) CS2 hydrolase1	K�r˧ˤÞ.��)Ƚ

ĂŽ�ʬBED$�*1-�	ɱƹǛ˘0��B>̔µŽHɌ�	!E1Ȝ.	ǺŽ�ŹˏÈ.��)

̓ʗ*
&#
�0�+1	�EB0˦ɫ*1	µ#A�-ʲķǢǛ.A&)ùŻ�˚ʡ�)�Dþʉ

ŽHɌ�
�E:*.	β-CA0 CO2ǭĊ	CS2 hydrolase0 CS2éǭÜʱ.˷�)	ʲķǢǛ�ƞǖ�

E)�D (Rowlett, 2010; Smeulders et al., 2011)
:#	α-CA 0¨ˮ1	β-CA+1Ȱ-C	 3'0va

h`�0M�ge��Ġ+vn�U_MR��ˤ¶�D
�0 3'0M�ge��Ġ	vn�U_MR

�ø4¨ˮ.AD�l�íāț.��)1	COS.˷�DʲķǢǛ>ƞǖ�E)�D (Schenk et al., 

2004; Notni et al., 2007)
α-CA+ β-CA1	K�r˧ˤÞ0�*1ȽĂŽHƔ#-��	ǺŽ�ŹˏÈ0

Ǜ˘1̔µ�)�D�+�B	�EBHɹāȶ.àƭ�D+	COSase>	�E:*.ɂBE)�D˦

ɫ+Ă�A�-aki{H¬�)	COSHÜʱ�)�D+ʃ�BED
!�*	Schenk et al. (2004)	

Notni et al. (2007) .ACɌ�E#ʲķǢǛHĠ.	Fig. 2-17.Ɍ�A�- COSase0ʲķǢǛHƞǖ�

D
ƾß0aki{1	¨ˮ.ˤ¶�#vn�U_MR��	COS0ȓɫôĸ.ǯǓƤơ�D
�E.

AC	vn�U_Ġ0˧ɫ+ COS0Ɋ̞ôĸ�	Ô.¨ˮ+ɱā�#�˶¸Hɰ)	˧ ɫ�ƥÛ�E	

CO2�ȧƈ�ED
!0ű	¨ˮ.ˤ¶�#Ɋ̞1	ȋķ�0ǭÜĸ+ùŻ�	H2S�ȧƈ�E	ǺŽ

�Ź1Î0ȝƅ.ƊD
 

� COSase+ β-CA0ǺŽ�Ź0Ǜ˘1̔µ�)�# (Fig. 2-16)
�*>	CabfM{+0̔µŢ1̜�	

Mycobacterium tuberculosis β-CA Rv1284.ŉ�)189�ʎ�#
CabfM{0 β-CA (Mycobacterium 

tuberculosis β-CA Rv1284+ Methanobacterium thermoautotrophicum0 β-CA) 1	kcat / Km�	!E"E 3.7 

× 107 s–1 M–1	5.9 × 106 s–1 M–1*
C	̜� CO2ǭĊǺŽHɌ�
�#�&)	COSase� CO2ǭĊǺŽ

H8+I,Ɣ#-�ȤȫH	ǺŽ�Ź.ś��+1*�-� (Covarrubias et al., 2005; Strop et al., 2001; 

Minakuchi et al., 2009; Smith and Ferry, 1999)
!0#=	Ġˁ0˚Ò	ùŻȧƈț0˒Ûɰˈ.'�)	

CAVERHȩ�)ƝĿ�# (Petřek et al., 2006)
!0ɱǍ	β-CA1ɰˈ0ŝ�Š�0.ŉ�)	COSase

1ȟ�	�0˝��	ĠˁȜȰŽ0˝�0ʫĒ*
DþʉŽ�Ɍ�E# (Fig. 2-18)
:#	COSase*1	

α5|�iWa?α6|�iWa0 NǃɚÇ0��{ (X�_� 150�B{��� 158) .AC	Ġˁ?

ùŻȧƈț0ɰˈ�ȟ�-D$�*1-�	ȱǭŽ.��)>̜�-D�+�¤Ƃ�ED
!EƧ	�

0ɰˈ0]Mb1	COS?ùŻȧƈț*
D H2S+ CO2�˖˛�D�+1þʉ*
D�	CO2ǭĊ0ȧ

ƈț*
D HCO3
–.ŉ�)1ȟ��D
:#	COS? H2S+ǫ7)	ʯǭŽ*
D CO21	ȱǭŽ0

ɰˈH˖C.��+ʃ�BED
!0#=	CO20ǭĊǺŽH8+I,Ɍ�-&#þʉŽ�
D
�Ư	

CS2 hydrolase1	CO2ǭĊǺŽHƔ#-��	Fig. 2-18�BÜ�D˖C	Ġˁɰˈ�ȟ�
�E1 COSase

+1Ȱ-C	̃Ɯ�D]z�pim0Ǜ˘.A&)	�0ˣÜ�ȟ�-&)�C	!0ɱǍ	COSase

+Ăǜ.Ġˁɰˈ1ȟ�	ȱǭŽ.-&)�D (Smeulders et al., 2011)
�#�&)	COSase+ CS2 
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hydrolase1Ô.	Ġˁɰˈ0]Mb+ȱǭŽ.A&)	!E"E0ĠˁȜȰŽ�ǱĿ�E)�D+żG

ED
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Table 2-5. Data collection and refinement statistics. 

 COSase COSase / thiocyanate 

Temperature (K) 95 95 
Resolution (Å) 1.20 1.33 
No. of measured refs. 560,892 703,987 
No. of unique refs. 67,414 49,976 
Rmerge

a 0.063 (0.315)b 0.054 (0.334)b 

Io / σ(Io) 35.6 (7.6)b 60.6 (10.9)b 

Completeness (%) 99.8 (100)b 99.9 (100)b 
Space group I422 I422 
Cell dimensions   

a = b (Å) 90.239 90.307 

c (Å) 104.98 105.13 
Structure Refinement   
Resolution range (Å) 10.0 – 1.20 10.0 – 1.33 
No. of refs. 63,916 47,313 
Completeness (%) 94.8 95.0 
Rc 0.135 0.156 
Rfree

d 0.170 0.204 
r.m.s.d. bond lengths (Å) 0.013 0.012 

r.m.s.d. bond angles (°) 2.1 2.1 

No. of protein atoms 1634 1599 
No. of solvent atoms 256 155 
No. of ligand atoms 2 5 
aRmerge = ΣhklΣi | Ii(hkl) − < I(hkl) > | /ΣhklΣIi(hkl), where Ii(hkl) is the ith intensity measurement of 
reflection hkl, including symmetry related reflections, and < I(hkl) > is its average. 
bThe values for the highest resolution shell are given in parentheses, b(1.20-1.24 Å resolution for 
wild-type COSase, 1.33-1.38 Å resolution for COSase / thiocyanate). 
cR = Σhkl (|Fo| − |Fc|) /Σhkl |Fo|. 
dRfree was calculated on 5 % of the data omitted randomly. 
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Table 2-6. Intermolecular interaction between COSase and thiocyanate 
molecule in the catalytic site. 

COSase thiocyanate 
distance (Å) 

Residue Atom in the residue Atom 

Cys44 Sγ S 3.89 

Met45 Cε C 3.68 

Met45 Cγ C 3.90 

Asp46 Cα N 3.34 

Ala68 Cβ S 3.99 
Met102 Sδ S 3.81 

Ile33´ Cδ1 N 4.33 

His63´ Nε2 N 3.03 

Leu67´ Cδ1 N 3.44 

Ile82´ Cγ2 S 4.18 
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Fig. 2-11. The ribbon diagram of the subunit structure of COSase. Subunit is colored blue to red from the N to the 

C terminus. The zinc ion in the catalytic site is indicated as dark gray sphere.   
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Fig. 2-12. The topology diagram of the subunit structure of COSase. The core region is boxed in yellow 

background.  
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Fig. 2-13. The ribbon diagram of the dimer structure. One subunit is colored blue to red from the N to the C 

terminus, and the other one is shown in gray. The zinc ions in the catalytic site are indicated as dark gray spheres.   



 62 

 

 

 

 

 

 

 

 

 
Fig. 2-14. The ribbon diagram of native COSase. Each subunit is represented by different colors. The zinc ions in 

the catalytic site are indicated as dark gray spheres.    



 63 

 

 

 

 

 

  

Fig. 2-15. The catalytic site of COSase complex with SCN–. The residues originating from one subunit are shown 

in cyan and those from the other in pink. The OMIT electron density map (5σ) for the SCN– and surrounding 

water molecules are colored orange. The zinc ion (dark gray sphere) is coordinated by two cysteine, one histidine 

residues and a water molecule (red sphere). Interactions between the zinc ion and its ligands are shown as red 

broken lines. Blue broken lines indicate the hydrogen bonds. Nitrogen, oxygen and sulfur atoms are shown in blue, 

red and yellow, respectively.  
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Fig. 2-16. Overlay of the catalytic sites of COSase (pink), the Mycobacterium tuberculosis β-CA 

Rv1284 (blue), the Mycobacterium tuberculosis β-CA Rv3588c (purple), the Methanobacterium 

thermoautotrophicum β-CA (orange) and the Acidianus sp. A1-3 CS2 hydrolase (green). The zinc ion 

and water molecules in COSase are represented as gray and red spheres, respectively. Interactions 

between the zinc ion and its ligands are shown as red broken lines. Blue broken lines indicate the 

hydrogen bonds. Nitrogen, oxygen and sulfur atoms are shown in blue, red and yellow, respectively.
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Fig. 2-17. Proposed reaction mechanism of COSase.  
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Fig. 2-18. The possible substrate tunnels (yellow) from the active site to the surrounding solvent calculated using 

CAVER: (A) COSase, (B) the Mycobacterium tuberculosis β-CA Rv1284, (C) the Mycobacterium tuberculosis 

β-CA Rv3588c (tetrameric form), (D) the Methanobacterium thermoautotrophicum β-CA, and (E) the CS2 

hydrolase from the Acidianus sp. A1-3. One subunit is shown in cyan and the other in pink. Dark orange and 

green parts in (E) correspond to the N- and C-terminals of the adjacent subunit and light orange and green ones 

represent those of the opposite subunit. Dark gray spheres represent the zinc ions in the active sites.  
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ɛ 3ə  ƥɺʔ0 COSÜʱ+ COSaseHą< β-CA0 clade Dˠ³ĸ0ǘÛ  

 

3-1 1�=.  

� ŉǻĖ0COS0�ʫ-Ǿıȉ+�)	ėĩ1	Ǘț.ǣ�*˩ʫ+ʬ-�E)�D (Launois et al., 

2015)
�B.	R�mW��zÚȤH�#ėĩ?	CA.ŉ�DȜȰȶ˺łçHȁé�#ėĩ*1	COS

Üʱ�˺ł�ED#=	COS0Üʱ1ėĩŷȧț.AD>0*
C	�B.	�E1COSÜʱŷȧț�

ÂƔ�)�DCA.˃Ē�D+ʃ�BE)�D (Kesselmeier et al., 1999; Saito et al., 2002)
�E:*ƵB

�.�E#COSÜʱŷȧț1	1-2.ʴˌ�#A�.	ĭǜ-Ü̔ʁ.:#�&)Ļę�)�D>00	

!0Ʃ1Ŏ-�	ŷȧțÓʐ.COSÜʱǺŽ�
D�,��1ƵB�*1-�
�B.	�EB0Ɇɕ

08+I,1	ĮǬȏŢ+ǫ7)̋Ŝ.̜�	ppmvR�g�0COSHȩ�)�C	ĮǬȏŢ0COSHȩ

�#Ɇɕ1ǚ=)Ŏ-� (Kato et al., 2008; Li et al., 2010; Kusumi et al., 2011)
Kato et al. (2008) 0Ɇɕ.

AD+	ėĩ�BÜ̆�E#ŲŐǐ̗Ž07ǒ0COSÜʱɭʔ0Õ	Mycobacterium spp. 4ʔǒ1	ĮǬȏ

Ţ0COSHÜʱ�D�	Williamsia sp. 1ʔǒø4Cupriavidus spp. 2ʔǒ1	Üʱ�-�&#
�0ɱǍ1	

ȩ�#ɭʔƩ1˼BED>00	ėĩ�.Ļę�DMycobacteriumŐHą<ƥɺʔ1	ĮǬȏŢCOS0Ü

ʱʉHÂƔ�)�DþʉŽHɌ�
ƥɺʔ1	ėĩ�0ŷȧț0�*	ȿʔ.ǣ�tMR�a+�)Ļ

ę�D#= (Islam and Wright, 2005)	!0COSÜʱʉHʼ7D�+1	COS0Ǿıȉ+�)0ėĩ0COS

Üʱ0ʹɭHƎƠ�D#=.˩ʫ*
D
 

� �Ư	ŷȧț0COSÜʱ˦ɫ0�%	̜ �ÜʱǺŽHƔ'˦ɫ+�)T. thioparus THI115ǒ0COSase	

Acidianus sp. A1-3ǒ?Acidithiobacillus thiooxidans S1pǒø4G8ǒ0CS2 hydrolase�Ɩ�BED (Table 

1-1)
�EB0˦ɫ1	K�r˧ˤÞ?XɺɱƹǛ˘ʱǋ�B	β-CA0clade D.Ü̔�EDβ-CA0˦ɫ

yJ���+�)ʃ�BED (2ə; Smeulders et al., 2011, 2013)
�B.	Ǘț0β-CA1	clade B.Ü̔

�E	̜ �ÜʱǺŽ0
D�+�ɂBE)�D (Protoschill-Krebs et al., 1996; Ogée et al., 2016)
�EB0

ɂʬ1	ŷȧț0β-CA0COSÜʱǺŽ�ʼ7BE)�-�>00	COSÜʱǺŽ�
D�+HɌČ�D


!0#=	̜�COSÜʱǺŽHƔ'ŷȧț1	β-CA0˦ɫyJ���.Ü̔�ED˦ɫHÂƔ�)�D

þʉŽ�̜�
 

� ǄɆɕ*1	ƥɺʔ (Actinobacteriaɷ) 089Ó)0¨Ȼ (suborder) Hɸʀ�Dǜ�-ɭʔ	ø4ė

ĩ�BKato et al. (2008) �Ü̆�#COSÜʱɭʔ	ø4Katayama et al., (1993) �Ü̆�#T. thioparus 

THI115ǒ0COSÜʱǺŽHɭʔ˶*ǫˋ�#
�B.	ėĩ�BÜ̆�#COSÜʱɭʔ.˷�)	COSase

H[�n�Dˠ³ĸ�Ļę�D�Hʼ7#
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3-2 ǅƬ+Ưǳ  

3-2-1 ɭʔø4ğ̗Ǉ²  

� Table 3-1 .ʴ�#ɭʔHŀ̚.½�#
�0�% Actinobacteria ɷ.1	10 0¨Ȼ�Ļę�D� 

(Stackebrandt et al., 1997)	ğ̗0Ńƶ��B	Actinomycineae+ Glycomycineae¨ȻH˽� 8¨Ȼ.Ő�

Dɭʔ 20 ʔǒH˟4	ʔǒÂĻǢ˷ [ȞɘʡƦǳªʨċʷ¿ƍʢĠȹǢǛ Biological Resource Center 

(NBRC)	ĕɘɆɕ˵ȳǳªȤíļɆɕƋ Japan Collection of Microorganisms (JCM)] �BÜʾ�E#ʔǒ

H»ȩ�#
!0­1	Ɖ�0ɆɕŁ*	Katayama et al. (1993) �Ü̆�# T. thioparus THI115ǒ	ø

4 Kato et al. (2008) �Ü̆�#ŲŐǐ̗Ž0 COSÜʱɭʔ 8ʔǒ*
D
 

� ğ̗Ǉ²1	ʔɒ.A&)Ȱ-D�	Ȝ.ʴˌ�-�˼C	T. thioparus THI115 ǒH˽�)	PYG 

(polypeptone-yeast extract-glucose) ǿ¸ğĚHȩ�#
PYGǿ¸ğĚ0ɯƈ (g / L) 1	��~{m� (Ʋ

Ǆʨʛ) 2.0	Bacto yeast extract (Difco) 1.0	X�[�a 0.5	pH 7.2+�#
ɴŉȞɘǐ̗Žɭʔ0 T. 

thioparus THI115ǒ0ğ̗1	2-1-2-1.ʴ�# mTC10ğĚ (#$�	pH 7.2.īƼ�#) Hȩ�#
120 

rpm	30 °C*ŭŵƗȺ�D�+*	ĳǬȶ.ğ̗Hʡ-&#
 

 

3-2-2 30 ppmv COS0Üʱŀ̚  

� ŲŐǐ̗Ž0ɭʔ1	PYGŞǊğĚ�B_�X�[�p�H 1ȵˬʅƛû�	ʸ̚ɟ (˳� 20 cm	

ÕŮ 2 cm) .ÒE# 10 mL0 PYGǿ¸ğĚ.Ɯɒ�#
ĿŜǁ.-D:*ğ̗ (3�17Ʋ˶) ű	5,000 

× g	20 °C* 15Ü˶˞Ź�	̄ʔ�#
25 mM��˧S�N�tiyJ� (pH 7.2) *ʔ¸H 2đǸǼ

ű	ĂtiyJ�10 mL*ƇȎ�#
ʸ̚ɟ (˳� 20 cm	ÕŮ 2 cm) .ɐ�	zh�WǑ (W-21	İ

˿ʏǙ) *ʙH�#
10.3%0 COSǞȊǬ¸ (Balance gas: N2	Ʋ˧ TANAKA) H	TafMm�MW

�_��`*ʸ̚ɟ0ǬȽ 40 mL.ȁé�	ǬȽ0 COSȏŢH 30 ppmv.�#
ȁéȼű1	COSȏ

Ţ�ĽĿ�-�#=	ȁé 10Üű�B 120 rpm	30 °C*ŭŵƗȺ�''	ɰƸȶ.ǬȽHƛû�	2-2-2-1

.ʴˌ0Ưǳ*	GC-FPD.A&) COSȏŢHȆĿ�#
#$�	Kato et al. (2008) �Ü̆�#ŲŐǐ

̗Ž0 COSÜʱɭʔ0�*	Williamsia sp. THI410ǒ.'�)1	COSÜʱ�.ȧ�D H2S.AC	W

��mX���0 COS 0x�W+ H2S 0x�W�˩-C	COS ȏŢHȆĿÛǈ-�&#
!0#=	

Kato et al. (2008) �Ü̆�# 8ʔǒ+ T. thioparus THI115ǒ0ŀ̚*1	COS0x�WƸ. H2S0x�

W�˩-B-� β,βʹ-oxydipropionitrile (Chromosorb W AW-DMCS, `�P�]MP�a) .S��HīƼ

�	GCǇ²>S��ȅŢH 40 °C	U��K�Ta0ǻ˗H 17 mL min–1.īƼ�)	COS0ȏŢȆĿ

Hʡ-&#
 

� Üʱŀ̚0ɮ£ű	ʔ¸0ÓƿǢȓɫ (TOC) H	3-2-4.ʴˌ�#Ưǳ.ACȆĿ�#
COSÜʱù

Ż1	ƕƩˏµƻɺ C(t) = C0 e–kt+�)ˏµ�E	˗ŢĿƩ k (h–1) Hǯ=#
��*	C(t)1	t (h) .�

�D COS0ȏŢHɌ�	C01 COS0ßǁȏŢHɌ�
ʔǒ˶0 COSÜʱǺŽ0ǫˋ1	TOCũ#C

0 kHɞÛ�)ʡ-&#
T. thioparus THI115ǒ1	9.9 mL0 mTC10ğĚ.	ĿŜǁ0ʔǿ 0.1 mLH
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Ɯɒ�)	ĿŜǁ.-D:* 7Ʋ˶ğ̗�#
Ǆʔ0ĿŜǁ0ʔŅŢ1·�#=	ʸ̚ɟ 5Ǆ*ğ̗H

ʡ-�	ʔǿH 1'.:+=)	�ʴ+Ă�A�.̄ʔ°˻0ƣºHʡ-&#
 

 

3-2-3 ĮǬȏŢ0 COSÜʱŀ̚  

� ŀ̚1	PYGǿ¸ğĚ	÷1 PYGŇįğĚHȩ�)ğ̗�#ʔ¸Hȩ�#
PYGǿ¸ğĚH»&#

ŀ̚*1	_�X�[�p�1ȵˬʅHʸ̚ɟ (˳� 16 cm	ÕŮ 1.5 cm) .ÒE#	10 mL PYGǿ¸ğ

Ě.Ɯɒ�#
3�7 Ʋ˶ƗȺğ̗�	Ȼʮ*ĿŜǁ.ƈ˳�#�+Hɋʺű	3-2-2 .ʴˌ0Ưǳ+Ă

�A�.�)̄ʔ	ʔ¸ǸǼ	ÖƇȎHʡ-&#
ʔǿ1	T�aɽɶȐɪ (GF-75	ÂƔɤĸŮ 0.3 µm	

Knt�kiW) *Ȑ˛�#
¢șH˹�#=	R�mW��zȌʔ�#ȋǿ [1Lũ#C 5% (w / v) Y

M˧om�N� 5.5 mL	1 M��˧¥ǭɫS�N� 6.0 mLHą<ȋǿ] 5.5 mLHÒE#_���.	

ʔ¸HȐ˛�#ȐɪHɿ�#
_���1ʙH �	̣ ɚHʥƭ�# 5 LŃK��pN�tiX (AAK-5	

`�P�]MP�a) .ÒE	ʥƭ�#ˣÜHW�i{ (A-75	280 mm	�ʕTaíļ) *ŅŊ�	t

iXÕ.ɖǬHÏĦ�#
zh� W Ǒ (W-12	İ˿ʏǙ) *Ǒ�#a��zH˖�)	tiXÕ0Ǭ

Ƚ 300 mLH 50 mLŃ_��` (k��) Hȩ�)	ɰƸȶ.ƛû�	2-2-2-100Ưǳ*ȏɼű. COS

0Ŀ˫Hʡ-&#
 

� PYG ŇįğĚH»&#ŀ̚*1	PYG ŇįğĚ÷1 10 ÄŚ˨�# PYG ŇįğĚ�B-DŞǊğĚ

.	_�X�[�p�H 1 ȵˬʅƜɒ�#
3�7 Ʋ˶ğ̗�	Ȼʮ*ĿŜǁ.ƈ˳�#�+Hɋʺű	

_���0ʙHĬ�)	5LŃK��pN�tiX.ÒE	�ʴ+Ă�A�.ĮǬȏŢ0 COS0Üʱŀ

̚Hʡ-&#
 

 

3-2-4 TOC0Ŀ˫  

� TOC1	ȇť˧í-˂ĬɺTaÜǋʳ.A&)ȆĿ�# (Seto and Tange, 1980)
COSÜʱŀ̚ɮ£ű	

ʔǿHÇŁ®y�a[0˧íǝ6ɐ�#
10 mL0milli-Qǭ*COSÜʱŀ̚.ȩ�#ʸ̚ɟHǸǼ�	

ˑé�# (�0ƣºH 2đʡ-&#)
˧íǝ.��˧ 1 mLHȁé�	t�o�*�A! 2Ü˶éȘ�

D�+*ȕǢȓ˧H˽õ�#
ǻǭ.y�a[Hǽ�)	¸ȅɑŢ:*ʸƬȅŢH��#ű	˛Ɋ˧S

�N� 5 gH˧íǝ.	100 g L–1ɉ˧˯ȋǿ 1 mLHy�a[0ÇŁ.é�	ʙH�#
d�gɄȑ.˖

Ǭ� )	CO2H˽õ�#ɖǬH	1 mL min–1*y�a[.˖Ǭ�''	ƚǬ�EDɖǬ1	CaCl2HÏ

Ħ�#¢șɟ.ADǭʘǬ0˽õHɰ)	̋ÜƨŪ˂ĬɺTaÜǋʳ (ZRH	ņĪ̉Ǣ) .ŌÒ�#


}�a�M��ĽĿ�#ű	y�a[HÊ�)ÇŁÕ0ɉ˧˯ȋǿH˧íǝ6ɐ�	ȼ%.t�o�*

éȘ�ǲ̛� #
ɉ˧˯.A&)˛Ɋ˧S�N�.AD˧í�Á˚�E	ʔ¸0 TOC ȫǈ0¥˧í

ȓɫ�ȳȧ�D
�0¥˧íȓɫH	̋ÜƨŪ˂ĬɺTaÜǋʳ*ȆĿ�#
X�[�aȋǿ (ȓɫ˫

+�) 0�3 mg-C) Hȩ�)Ăǜ0ƣºHʡ-�	!0x�W0̌ɓ�Bǘ˫ɺHºƈ�) TOCHǯ=

#
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3-2-5 COSase+ β-CA0K�r˧ˤÞ0ÂĻ̑ĞH[�n�DĥĠˤÞ0ǘÛ  

� Kato et al. (2008) �ėĩ�BÜ̆�#	COS Üʱɭʔ (Mycobacterium spp. THI401�THI405 ǒ	

Streptomyces sp. THI408ǒ	Williamsia sp. THI410ǒ	Cupriavidus spp. THI414ǒ	THI415ǒ0 9ʔǒ) 0

mTCa��mğĚ�.ȧ�#ʔ¸0 1ȵˬʅH	500 mLŃěüy�a[.ÒE#	100 mL0 PYGǿ

¸ğĚ.Ɯɒ�	ğ̗�#
Ȼʮ*ĿŜǁ.˜�#�+Hɋʺű	Zr� DNA HKMd{��m (p

i��`��) Hȩ�)ɦʨ�#
 

� PCR.AD COSaseˠ³ĸ0ǘÛ.ȩ�Dɼ˩{�M��1	COSase.ȜȰȶ-{�M���ȤƂ$

�	COSase1	T. thioparus THI115ǒ°Ĭ0ȧț*	!0Ļę�ƵB�.-&)�-�#=	,0̑Ğ

�ȜȰȶ-0�àƭ*�-�
!0#=	Ǆŀ̚*1	COSase+ β-CA˶*A�ÂĻ�E#K�r˧̑

Ğ [Fig. 1-2	Fig. 3-2.Ɍ�ED	COSase0ɱƹǛ˘0 β1̑Ğ0�ˣHą<K�r˧ˤÞ (VACMDAR)	

ø4 β3 ̑Ğ0�ˣHą<K�r˧ˤÞ  (HTRCGML)] .Ġ(�)ɼ˩{�M��Hʵʳ�	

5ʹ-GTNGCNTGYATGGAYGCNMG-3ʹø4 5ʹ-ARCATNCCRCANCKNGTRTG-3ʹ+�#
!0#=	COSase

+ β-CA0,%B>ǘÛ�EDþʉŽ�
D
PCR1	Phusion High-Fidelity DNA Polymerase (]��y

Li_��]MP�kLyLiW) 0ʻƵƽHöʃ.�	ùŻȋǿ1 1 × HF buffer	200 µM dNTPs	y

Q��n{�M��	�t�a{�M��Ā 2 µM	˰ĝ DNA 10 ng	Phusion DNA Polymerase 0.004 U

*	Milli-Qǭ*ʳ 20 µL+�#
PCRùŻǇ²1	98 °C	30ɏ�98 °C	10ɏ	60 °C 	30ɏ	72 °C	

30ɏH 25]MW��72 °C	10Ü+�#
PCRȨț1	2%KT��aZ�̉ǬǷì*Ü̆�	COSase

.Ġ(�) 185 bp®ˏ0ƭȚHÝCÛ�	illustra GFX PCR DNA and Gel Band Purification Kit (GE|�a

YK) Hȩ�)ƐÛ�#
ÝCÛ�# DNAƭȚ1	pGEM-T Easy Vector System I ({��T) Hȩ�)

}Wf�6ƘÒ�	[�xk�mc� XL10-Gold (K`��m�kWr�`�) .ŪˁˉƟ�)ŌÒ�#


z����Mmc�W_��.AC	M�]�m0ĻęHɋʺ�#[�p�H LBğĚ*ğ̗ű	DNA

ʍìÜ̆ʦɿ (PI-50α	W��N) .AC	{�a�nHƐÛ�#
ã˼˦ɫ EcoRI .ADM�]�m

0ɋʺ	ø4 PCR .ADĨŝHɋʺ*�#{�a�nHȩ�)	U�x���_�WP�]� (3500 

Genetic Analyzer	]��yLi_��]MP�kLyLiW) .AC	ĥĠˤÞHǱĿ�# (ŗǃ ʧ˅

Ɓģ Table S1)
COSase+ β-CAˠ³ĸ0ÂĻ̑ĞHą<ĥĠˤÞ1	ƲǄ DNAl�ft�W.ȴ˱�

# (KWci_��ȯÿ1Mycobacterium spp. THI401�THI405ǒ� LC127314�LC127318	Williamsia sp. 

THI410ǒ� LC127319*
D)
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3-3 ɱǍ  

30 ppmv0 COSÜʱ  

� Table 3-1.Ɍ�+�C	Spirillospora albida NBRC 12248Tǒ	Skermania piniformis NBRC 15059Tǒ	

Micromonospora chalcea NBRC 13503TǒH˽�	17ʔǒ0ƥɺʔ*	COSÜʱǺŽ0
D�+�ƵB�

+-&#
[�m���+�)ʡ-&#ȕʔî0ŀ̚*1	COS0íļȶ-éǭÜʱ0#= (Ferm, 1957; 

Elliott et al., 1989)	˗ŢĿƩ 0.027 ± 0.003 h–1 (n = 6) * COS�ȃŎ�#
!0#=	ǄɆɕ*1	0.04  

h–1°�0˗ŢĿƩ* COS HÜʱ�DɭʔH	COS Üʱɭʔ+Ŀ=#
Corynebacterium ammoniagenes 

JCM 1305Tǒ0 COSÜʱ1	ùŻ˵Ķű 9Ƹ˶Ȼ°˻1	ƕƩˏµƻɺ.yLim�-�&##=	5

Ƹ˶Ȼ:*0 COSÜʱ�B˗ŢĿƩHǯ=#
TOCũ#C0˗ŢĿƩ*	ʔ¸˶0 COSÜʱǺŽHǫ

ˋ�D+	ʔǒÂĻǢ˷�BÜʾ�E#ʔǒ0�*1	Dietzia maris NBRC 15801Tǒ (6.19 ± 5.68 h–1) �	

ƾ>̜�ǺŽHɌ�# (Table 3-1)
ėĩ�BÜ̆�# COS Üʱɭʔ 8ʔǒ0�*ǫˋ�D+	ƥɺʔ

1	β-{�kRtWk�K.Ő�DCupriavidus sp. THI415ǒAC>̜�ǺŽHɌ�#
ƥɺʔ0�*1	

Streptomyces sp. THI408ǒ1·�ǺŽ*
&#�	�E1ğ̗�.y�iWHŪƈ�##=	̜�Üʱ

ǺŽHɌ�ʔ¸0èā�Ŏ-�-&#þʉŽ�ʃ�BE#
COSÜʱ�Pq�V�HųD#=.ź̐*


D	T. thioparus THI115ǒ0ǺŽ1̜�ÅHɌ�#
 

 

ĮǬȏŢ0 COSÜʱ  

� PYGǿ¸ğĚHȩ�# Streptomyces ambofaciens NBRC 12836Tǒ0ŀ̚*1	2Ʋ˶* COS�	�A

! 500 pptv�B 1300 pptv6�ƴ�#
ȕʔî.��)>	�A! 1400 pptv6�ƴ�	ĮǬȏŢ0 COS

ÜʱHʷ¿�D�*1	PYGğĚHŀ̚.ȩ�D�+1*�-�+ʃ�BE#
�0�ƴ1	˦ǨPU

a.ą:ED+ʃ�BED	X�fhR�?_akM�-,0A�-	ƿǢɊ̞íāț.ȫǈ�Dþʉ

Ž�
D (Flöck et al., 1997)
!0#=	ǿ¸ğĚHȩ�#ğ̗ű.	!0ʔǿHȐ˛�	ğĚƈÜHû

C˽�#ű.	ĮǬȏŢ COS0Üʱŀ̚Hʡ-&#
!0ɱǍ	ʔǒÂĻǢ˷�BÜʾ�E# 20ʔǒ

�	Dietzia maris NBRC 15801Tǒ0;.ĮǬȏŢ COS0ÜʱǺŽ�ɋʺ�E#
 

� COS Üʱ.1	ǐ̗ğĚ0A�-ƿǢț0Ļę�źʫ*
DþʉŽ>ʃ�	TOC ũ#C0 30 ppmv 

COS0̜�ÜʱǺŽHɌ�# 12ʔǒH˟4	10ÄŚ˨�# PYGǿ¸ğĚHȩ�)	ĮǬȏŢ COS0

Üʱŀ̚Hʡ-&#
!0ɱǍ	Fig. 3-1 .Ɍ�A�.	Dietzia maris NBRC 15801Tǒ+ Streptomyces 

ambofaciens NBRC 12836Tǒ1ƵB�. COSHÜʱ�#
Rhodococcus rhodochrous JCM 2158ǒ	Gordonia 

bronchialis NBRC 16047Tǒø4 Nocardioides albus NBRC 13917Tǒ1	ȕʔî+ǫ7) COSȏŢ1·�

>00	ßǁ COSȏŢAC1̜�-C	tǘĿ.ACƿƃ-Ŗ1	[�m���+0˶*ųBE-�&

# (P > 0.05)
ŉȗȶ.	Geodermatophilus obscurus NBRC 13315Tǒ+ Amycolatopsis orientalis NBRC 

12806Tǒ*1	COS0ɭʈĬ60ȳȧ�ʬBE#
 

 



 72 

COSase+ β-CA0K�r˧ˤÞ0ÂĻ̑ĞH[�n�DĥĠˤÞ0ǘÛ  

� Mycobacterium spp. THI401	THI402	THI403	THI404	ø4 THI405	Williamsia sp. THI4100ʔǒ.

��)	ǁů�ED 185 bp0 PCRȨț�ųBE	!0 DNA0ĥĠˤÞ ({�M��̑ĞH˽�# 145 

bp) HǱĿ�	ȽĂŽǘɬHʡ-&#+�F	β-CA.ƾ>̜�ȽĂŽ�
D�+�àƵ�# (Fig. 3-2)


!0�Ư*	��'�0�`kLzW���*1	COSase? β-CA+1ƵB�.Ȱ-DˤÞ>ǘÛ�E

#�+�B	Ǆŀ̚.ȩ�#{�M��0ȜȰŽ1·�+ʃ�BE#
Streptomyces sp. THI408ǒ*1	

KT��aZ�̉ǬǷì*ǁů�ED 185 bp0t�n�ųBE-�&#
Cupriavidus spp. THI414ǒ	

THI415ǒ*1	185 bp®ˏ0t�n�ųBE#�	ĥĠˤÞHƵB�.�#Ā 12Ã0�`kLzW�

���. COSase? β-CA0ˤÞ1-�	ȽĂŽǘɬ�#+�F	Ó�Ȱ-Df�uWˁ (lipase	cellulose 

synthase	lauroyl acyltransferase	DNA gyrase	Tursiops truncatus0 ankyrin repeat and SOCS box protein 16

+¤Ȇ�EDf�uWˁ	Klebsiella Őɭʔ0 hypothetical protein) H[�n�DĥĠˤÞ.̜�ȽĂŽ

HɌ�#
Ǆŀ̚*1	Streptomyces sp. THI408ǒ+ Cupriavidus spp. THI414ǒ	THI415ǒ*1	COSase

+ β-CA 0ˤÞ1ųBE-�&#�	{�M��0ȜȰŽ0·�? PCR Ǉ²0ū̎>ʃ�BED#=	

�EB0˦ɫ�Ļę�DþʉŽ1:$ĄĿ*�-�+ʃ�BED
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3-4 ʃň  

� ʔǒÂĻǢ˷�BÜʾ�E#ƥɺʔ0 20ʔǒ� 17ʔǒ1	30 ppmv COS0ÜʱǺŽ�
D>00	

30 ppmv COS0̜�ÜʱǺŽHɌ�# 12ʔǒ0�%	ĮǬȏŢ0 COS.ŉ�)ƵB�-ÜʱǺŽHɌ

�#01	2ʔǒ0;*
&#
Streptomyces ambofaciens NBRC 12836Tǒ0ĮǬȏŢ COS0Üʱŀ̚*

1	ğ̗Ǉ²-, (PYGğĚ0ɯƈ?Ȑ˛) .A&)ÜʱǺŽ�Ȱ-&#�+�B	ɭʔ0ȧȤǇ².

ū̎Hø9�ǜ�-Ēĸ�	COS ÜʱǺŽ.ū̎�D>0+ʃ�BE#
Ǘț (Kesselmeier and Merk, 

1993) ?ėĩ (Lehmann and Conrad, 1996; Kesselmeier et al., 1999; Conrad and Meuser, 2000) *1	COS0

Ćú+ȳȧ�ʬ���˃�B-� COS ȏŢ	':CʧÌȔ�
D�+�ɂBE)�D
!0#=	Ǆ

ŀ̚0ɱǍ�B	ɭʔ.��)>	Ă�A�-ʧÌȔ? COSÜʱ0˸Å�	ĮǬȏŢ0 COS+ 30 ppmv 

COS0˶.Ļę�DþʉŽ�
D
 

� ��'�0ėĩ?ǔĖ*1	COS0ȳȧ�ɂBE)�C (Melillo and Steudler, 1989; Kanda, Tsuruta and 

Minami, 1992, 1995; Liu et al., 2010; Whelan et al., 2013; Maseyk et al., 2014; Whelan and Rhew, 2015; Whelan 

et al., 2016)	ėĩ*1ŏƋȶ. COS�	ĮǬȏŢAC̜�ɝƋ�
D+ʃ�BED�+�B	ĮǬȏŢ

0 COSÜʱǺŽ�-�ɭʔ>	COS0�ʫ-Ǿıȉ*
Dėĩ*	COSÜʱ.ń��DþʉŽ�
D
 

� Geodermatophilus obscurus NBRC 13315Tǒø4 Amycolatopsis orientalis NBRC 12806Tǒ1	ĮǬȏŢ0

COSÜʱŀ̚Ƹ. COS0ȳȧ�ʬBE#
ŷȧț.AD COS0ȳȧ1	SCN–? CS20Üʱ*ģć�E

)�D� (Smith and Kelly, 1988; Katayama et al., 1992; Sorokin et al., 2007; Smeulders et al., 2011, 2013; 

Hussain et al., 2013)	�EB0íāț1	Ǆŀ̚*1Ó�»ȩ�E)�-�
�Ư	X�fhR�?_a

kM�-,0ƿǢɊ̞íāț1	COS0æ̙¸+-CųD�+�ɂBE)�C (Flöck et al., 1997)	ʔ

¸Õ.Ļę�D�EB0íāț�	COSȳȧ.ń��#þʉŽ>ʃ�BED
 

� Pq�V�HųD#=. COS0Üʱ�ź̐-	T. thioparus THI115ǒ0 COSÜʱǺŽ�̜�01ũ

Ȗ+¦�D
�Ư	̜ � COSÜʱǺŽHɌ� Dietzia maris NBRC 15801Tǒ?	Mycobacterium sp. THI405

ǒ1	ŲŐǐ̗ɭʔ*
C	COSÜʱ�Pq�V�ȧȨ+˷À�)�D+1ʃ�.��	!0ȧȤȶƃ

ʂ1	ǂ$ƵB�*1-�+¦�D
ǄɆɕ*ƵB�.-&#	PCRȨț0ĥĠˤÞH National Center for 

Biotechnology Information (NCBI) 0f�uWˁÂĻn�M�ǘɬj��*
D	CD-Search.ACǘɬ

�#ɱǍ	β-CA0 clade D.Ü̔�ED�+�Ɍ�E#
β-CA1	K�r˧ˤÞ.Ġ(�ɧɳǡ�B	

4 '0 clade (A�D) .Ü�BE	Table 1-1 .Ɍ�A�-	̜� COS ÜʱǺŽHƔ' COSase ? CS2 

hydrolase1	β-CA0 clade D.Ü̔�ED β-CA0˦ɫyJ���*
D
β-CA0 clade DH[�n�

Dˠ³ĸ1	ǄɆɕ*»ȩ�#ƥɺʔ0��'�0Zr�.>Ļę�# (Fig. 3-2)
�EB0ˤÞ.1	

COSase.ȜŸȶ- α5|�iWa?	!0Ð0��{ (Gly150−Pro158)	CS2 hydrolase.ȜŸȶ- FF�

h�y (Smeulders et al., 2011, 2013) 1Ļę�-� (Fig. 3-2)
!0#=	COSase? CS2 hydrolase+1Ȱ

-C	β-CA*
DþʉŽ�̜�	Ǘț+Ă�A�. (Protoschill-Krebs et al., 1996)	β-CA0Ǆǈ0ǺŽ

*
D CO20þ˔ȶ-ǭĊùŻ+1á.	CO2+ COS 1Ko�Xíāț*
D#=	COS >éǭÜʱ
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�D>0+ʃ�BED
!0�Ư*	ŲŐǐ̗ɭʔ*
D Mycobacterium sp. THI503ǒ1	Ȟɘǐ̗ȶ

-Ɋ̞˧íʉHƔ%	�B. COSÜʱǺŽ>
D�+�ƵB�.�E)�D (Kusumi et al., 2011)
�

0�+1	Mycobacterium Ő0ɭʔ*1	COS ÜʱǺŽ�	Pq�V�ȧȨ+˷À�)�DþʉŽ�


D�+HɌČ�D
Ǆŀ̚*ȩ�#ɭʔ0 16S rRNA? β-CA+ COSÜʱǺŽ+0˷ÀH	ɧɳǡ+0

Ƚ˷*Ɍ�#�	Ƶɋ-˷À1ƵB�.-B-�&# (Fig. 3-3	Fig. 3-4)
 

� ǄɆɕ.A&)	ĭ�0ƥɺʔ* COSÜʱǺŽ�
D�+	β-CA�	!0ǺŽ.˷À�)�Dþʉ

ŽHƵB�.�#
ˏş	ȿʔ.ŉ�DƏȧțˁ nystatin0ȁé*	ėĩ.AD COSĆú�˺ł�ED

�+ (Bunk et al., 2017)	FusariumŐ ? TrichodermaŐ-,0ȿʔ.>	COSÜʱǺŽ0
D�+�Ƶ

B�.�E# (Li et al., 2010	Masaki et al., 2016)
!0#=	ĮǬ COS0˩ʫ-Ǿıȉ+�)0ėĩH

ʹɭ.ʷ¿�D#=.1	ƥɺʔ0A�-ɭʔ$�*1-�	ėĩ�0tMR�a+�)ʿņ-ȿʔ0

ū̎>ʼ7D�+�˩ʫ*
D+¦�D
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Table 3-1. Comparison of COS degradation activity at 30 ppmv and ambient COS. 

Phylum Order Speciesa) 

30 ppmv COS 
 Ambient 

COS 
Rate 

constant 
(h-1) 

TOC 
(mg C) 

Rate constant / 
TOC 

(h-1 mg C-1) 

 Rate 
constant 

(h-1)b) 
        

Actinobacteria Actinomycetales 

Named bacteria in 
Actinomycetales      

Dietzia maris NBRC 15801T 2.34 ± 0.49 0.90 ± 0.77 6.19 ± 5.68  > 0.41 
Streptomyces ambofaciens 
NBRC 12836T 1.57 ± 0.07 1.26 ± 0.06 1.25 ± 0.01  > 0.33 

Geodermatophilus obscurus 
NBRC 13315T 0.69 ± 0.20 1.24 ± 0.14 0.55 ± 0.10  < -0.05 

Streptosporangium roseum 
NBRC 3776T 0.55 ± 0.10 1.46 ± 0.16 0.37 ± 0.03  -0.04 ± 0.04 

Gordonia bronchialis NBRC 
16047T 0.11 ± 0.01 0.31 ± 0.03 0.35 ± 0.05  0.08 ± 0.18 

Streptomyces albidoflavus 
NBRC 12854T 0.47 ± 0.04 1.51 ± 0.01 0.31 ± 0.03  0.01 ± 0.02 

Kitasatospora setae NBRC 
14216T 0.29 ± 0.01 1.11 ± 0.05 0.26 ± 0.00  -0.09 ± 0.03 

Rhodococcus rhodochrous JCM 
2158 0.31 ± 0.00 1.30 ± 0.08 0.24 ± 0.02  0.06 ± 0.07 

Corynebacterium ammoniagenes 
JCM 1305T 0.23 ± 0.00 1.14 ± 0.22 0.20 ± 0.04  -0.10 ± 0.05 

Nocardioides albus NBRC 
13917T 0.31 ± 0.04 1.71 ± 0.02 0.18 ± 0.03  0.09 ± 0.04 

Actinosynnema mirum NBRC 
14064T 0.30 ± 0.03 1.99 ± 0.04 0.15 ± 0.01  -0.01 ± 0.01 

Amycolatopsis orientalis NBRC 
12806T 0.23 ± 0.04 2.10 ± 0.06 0.11 ± 0.02  < -0.14 

Streptomyces albus NBRC 
13014T 0.05 ± 0.01 1.15 ± 0.19 0.05 ± 0.00  n.d. 

Luteococcus japonicus NBRC 
12422T 0.06 ± 0.02 1.76 ± 0.00 0.04 ± 0.01  n.d. 

Brevibacterium linens NBRC 
12142T 0.07 ± 0.02 2.86 ± 0.01 0.02 ± 0.01  n.d. 

Micrococcus luteus JCM 1464T 0.04 ± 0.02c) 2.76 ± 0.07 0.01 ± 0.01  n.d. 
Sporichthya polymorpha 
NBRC12702T 0.02 ± 0.00c) 1.61 ± 0.05 0.01 ± 0.00  n.d. 

Spirillospora albida NBRC 
12248T 0.00 ± 0.00 0.38 ± 0.13 0.01 ± 0.00  n.d. 

Skermania piniformis 
NBRC15059T 0.00 ± 0.00 0.29 ± 0.05 0.01 ± 0.00  n.d. 

Micromonospora chalcea NBRC 
13503T 0.00 ± 0.00 1.79 ± 0.04 0.00 ± 0.00  n.d. 

COS-degrading bacteria 
isolated from soild)      

Mycobacterium sp. THI401 1.27 ± 0.48 0.84 ± 0.32 1.83 ± 1.09  n.d. 

Mycobacterium sp. THI402 0.93 ± 0.09 1.64 ± 0.04 0.57 ± 0.07  n.d. 

Mycobacterium sp. THI403 1.07 ± 0.04 1.98 ± 0.02 0.54 ± 0.01  n.d. 

Mycobacterium sp. THI404 1.70 ± 0.14 1.84 ± 0.10 0.92 ± 0.03  n.d. 

Mycobacterium sp. THI405 3.34 ± 0.14 0.75 ± 0.22 4.62 ± 1.19  n.d. 

Streptomyces sp. THI408 0.20 ± 0.04 1.51 ± 0.09 0.14 ± 0.03  n.d. 

Williamsia sp. THI410 1.00 ± 0.03 1.81 ± 0.04 0.55 ± 0.01  n.d. 
        

Proteobacteria 

Burkholderiales Cupriavidus sp. THI415 0.04 ± 0.01 0.95 ± 0.15 0.04 ± 0.00  n.d. 
       
 COS-degrading bacteria 

(Chemolithoautotroph)      

Hydrogenophilales Thiobacillus thioparus THI115e) 7.33 ± 2.10 0.88 ± 0.06 8.26 ± 1.84  n.d. 
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All experiments at 30 ppmv COS were done in duplicate except that Dietzia maris NBRC 15801T and 

Mycobacterium sp. THI401 were done in quadruplicate and quintuplicate, respectively. The experiments at 

ambient COS were done in tripricate. Values of rate constants and TOC of each organism are shown after 

subtracted the values of uninoculated control, respcetively. Each value shows mean ± standard deviation. The rate 

constant of Corynebacterium ammoniagenes JCM 1305T at 30 ppmv COS was obtained from the degradation 

curve up to 5 h as described in Results in detail. 
a) The superscript “T” indicates a type strain. 
b) Dietzia maris NBRC 15801T, Streptomyces ambofaciens NBRC 12836T, Geodermatophilus obscurus NBRC 

13315T and Amycolatopsis orientalis NBRC 12806T show mean values because some data obtained by GC 

analyses were beyond linear range of calibration curve. n.d. = not determined. 
c) Although the rate constants that were subtracted from the values of uninoculated control were low, it was 

considered as COS degrader because there was clear difference in the degradation curves between 

bacteria-inoculated and un-inoculated control. 
d) Isolated by Kato et al. (2008). 
e) Isolated by Katayama et al. (1992).  
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Fig. 3-1. Time courses of ambient COS degradation by actinomycetes. (a) ●, Streptosporangium roseum NBRC 

3776T; ■, Actinosynnema mirum NBRC 14064T; ▲, Streptomyces albidoflavus NBRC 12854T; □, Rhodococcus 

rhodochrous JCM 2158; +, Geodermatophilus obscurus NBRC 13315T; ○, uninoculated control. (b) ○, 

Corynebacterium ammoniagenes JCM 1305T; ■, Kitasatospora setae NBRC 14216T; ▲, Gordonia bronchialis 

NBRC 16047T; □, Nocardioides albus NBRC 13917T; ×, Amycolatopsis orientalis NBRC 12806T; ●, 

uninoculated control. (c) ○, Dietzia maris NBRC 15801T; ×, + and □, Streptomyces ambofaciens NBRC 12836T; ● 

and ▲, uninoculated control for Dietzia maris NBRC 15801T and Streptomyces ambofaciens NBRC 12836T, 

respectively. The experiments of figures (a) and (b) were separately performed because of the limitation of the 

manipulation. Figure (c) is shown to emphasize bacteria degrading ambient COS rapidly. Asterisks indicate the 

bacteria significantly emitting or degrading COS. All experiments were done in triplicate. The symbol and error 

bar show mean and standard deviation, respectively, and are offset for clarity. Because results among triplicate 

time courses of Streptomyces ambofaciens NBRC 12836T differed, each assay is separately presented. 

Amycolatopsis orientalis NBRC 12806T increased COS to 2861 ± 954 pptv in 3 days.  
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[GENETYX-MAC: Multiple-Alignment]
Date        : 2016.05.27

COSase                                                                        1 -----------------------MEKSNTDALLENNRLYAGGQATHRPG--HPGMQPIQ-PSRRVAVVACMDARLD--VEDLLGLQTGE------AHIIR      66
THI401                                                                        1 --------------------------------------------------------------------------LD--VYRILGLADGE------AHVIR      18
THI401|WP_046361353.1Mycobacterium_obuense                                    1 -------------------------MSVTDEYLVNNEEYAKTFS---------GPLPLP-PSKHVAVVACMDARLD--VYRILGLADGE------AHVIR      57
THI402                                                                        1 --------------------------------------------------------------------------LD--VYRVLGLKDGE------AHVIR      18
THI402|WP_005146653.1Mycobacterium_rhodesiae                                  1 -------------------------MSVTDEYLANNVEYAKNFT---------GPLPLP-PSKHVAVVACMDARLD--VYRILGLKDGE------AHVIR      57
THI403                                                                        1 --------------------------------------------------------------------------LD--VYRILGLKDGE------AHVIR      18
THI404                                                                        1 --------------------------------------------------------------------------LD--VYRILGLKDGE------AHVIR      18
THI403_404|WP_003887124.1Mycobacterium_phlei                                  1 -------------------------MSVTDEYLANNAEYAKTFK---------GPLPLP-PSKHVAVVACMDARLD--VYRILGLKDGE------AHVIR      57
THI405                                                                        1 --------------------------------------------------------------------------LD--VYRILGLGDGE------AHVIR      18
THI405|WP_014212046.1Mycobacterium_rhodesiae                                  1 -------------------------MSVTDEYLKNNEAYASSFS---------GPLPLP-PSKHVAVVACMDARLD--VYRILGLGDGE------AHVIR      57
THI410                                                                        1 --------------------------------------------------------------------------LD--VYRILGLGAGE------AHVIR      18
THI410|WP_040830785.1Nocardia_jiangxiensis                                    1 -------------------------MTVTDELLDNNTRYAAQFS---------GPLPLP-PSKHVAVVACMDARLD--VYRILGLGEGE------AHVIR      57
1YLK                                                                          1 -------------------------MTVTDDYLANNVDYASGFK---------GPLPMP-PSKHIAIVACMDARLD--VYRMLGIKEGE------AHVIR      57
1G5C                                                                          1 -------------------------MRFVSMIIKDILRENQDFR--------FRDLSDLKHSPKLCIITCMDSRLIDLLERALGIGRGD------AKVIK      61
Dietzia_maris_KZO58441.1_D_1                                                  1 -------------------------MTVTDELLEAAKAYQSDFDK--------GDLPMP-PGRKVAVVACMDARLN--PYGLLGLTEGD------AHVIR      58
Streptomyces_ambofaciens_WP_053129402.1_D_2                                   1 -------MTTSASIPAGSASAATGDGSVTDRLVEANARYATEFAD--------AELAGR-PALQAAVVACMDARLD--VTAALGLRNGD------CHVIR      76
Streptomyces_ambofaciens_AKZ55233.1_D_2                                       1 MTSNVMVMTTSASIPAGSASAATGDGSVTDRLVEANARYATEFAD--------AELAGR-PALQAAVVACMDARLD--VTAALGLRNGD------CHVIR      83
Geodermatophilus_obscurus_ADB77019.1_D_3                                      1 -------------------------MSEIDRMLAANAEWAERFP---------GSRDVR-PARRVAVVACMDSRMP--LFPMLGLEVGD------AHVIR      57
Streptosporangium_roseum_WP_012893510.1_D_4                                   1 -------------------------MSAFDDLLAANKEFSAAFT---------HSALTGKAARGLAVVTCMDSRID--PLGVFGLKPGD------AKILR      58
Gordonia_bronchialis_ACY22488.1_D_5                                           1 -------------------------MSVTDEYLANNAEFAKTFS---------GPLPLP-PSRHVAVVACMDARLD--VYRILGLDDGE------AHVIR      57
Kitasatospora_setae_WP_014135273.1_D_7                                        1 ----------MAPAPG------PERPSETDRFVLSNRSYAETFRD--------GGMDAR-PVRRVAVVACMDARLD--LFAALGLELGD------AHIIR      67
Actinosynnema_mirum__ACU34313.1_D_11                                          1 -------------------------MTAIDELLRRNEELGNIVP---------GDRSSPMPSMQVTILTCMDSRIR--VFEIFGLKQGE------AHVLR      58
Amycolatopsis_orientalis_WP_016333233.1_D_12                                  1 -------------------------MSVTDELLANNAGYAARFS---------GPLPLP-PAKHVAVLACMDARLN--VYGALGLQEGE------AHVIR      57
Amycolatopsis_orientalis_WP_016337733.1_D_12                                  1 -------------------------MTSIDVLLKRNQELGDVTP---------GDRSSPRPSLHVTILTCMDARIR--VFEIFGLIQGE------AHILR      58
Amycolatopsis_orientalis_WP_037318925.1_D_12                                  1 -------------------------MTSIDVLLKRNQELGDVTP---------GDRSSPRPSLHVTILTCMDARIR--VFEIFGLIQGE------SHILR      58
AEL19654.1_carbon_disulfide_hydrolase_Acidianus_sp._A1-3                      1 ---------------------------MVSEYIDSELKRLEDYALRR------VKGIP--NNRRLWVLTCMDERVH--IEQSLGIQPDD------AHIYR      57
AGQ48122.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_G8        1 -------------------------MS-LKQQLESDFEGHKRWALRR------QMGIP--NNRRLWVCACMDERLP--VDDALGIRGDR----GDAHVFR      60
AGQ48123.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_S1P       1 -------------------------MSTLKEQLTAHVASYDHWAQRR------RYGPDGHNNRSLWVLACMDERLP--VDEALGIHVDTPAGGGDAHCFR      67
1I60                                                                          1 -------------------------MKDIDTLISNNALWSKMLVEEDPG---FFEKLAQAQKPRFLWIGCSDSRVP--AERLTGLEPGE------LFVHR      64
1EKJ                                                                          1 ----------------TTSSSDGIPKSEASERIKTGFLHFKKEKYDKNP--ALYGELAKGQSPPFMVFACSDSRVC--PSHVLDFQPGE------AFVVR      74
1YM3                                                                          1 -------------------MPNTNPVAAWKALKEGNERFVAGRPQHPSQSVDHRAGLAAGQKPTAVIFGCADSRVA--AEIIFDQGLGD------MFVVR      73

COSase                                                                       67 NAGGVIN----EDAIRCLIISH---HLLNTHEIILVHHTRCG-MLAFTDDLLRAGLEGDAAAEKLIGQATGRAFVSAGKASASPAAFQAFRGPPEPLDAP     158
THI401                                                                       19 NAGGVVT----DDEIRSLAISQ---RLLGTREIILIH---------------------------------------------------------------      48
THI401|WP_046361353.1Mycobacterium_obuense                                   58 NAGGVVT----DDEIRSLAISQ---RLLGTREIILIHHTDCG-MLTFTDDEFKRAIQ----------EETG-------------------------IKPE     114
THI402                                                                       19 NAGGVIT----DDEIRSLAISQ---RLLGTKEIILIH---------------------------------------------------------------      48
THI402|WP_005146653.1Mycobacterium_rhodesiae                                 58 NAGGVIT----DDEIRSLAISQ---RLLGTKEIILIHHTDCG-MLTFTDDGFKRDIQ----------AETG-------------------------IKPQ     114
THI403                                                                       19 NAGGVVT----DDEIRSLAISQ---RLLGTREIILIH---------------------------------------------------------------      48
THI404                                                                       19 NAGGVIT----DDEIRSLAISQ---RLLGTREIILIH---------------------------------------------------------------      48
THI403_404|WP_003887124.1Mycobacterium_phlei                                 58 NAGGVVT----DDEIRSLAISQ---RLLGTREIILIHHTDCG-MLTFTDDEFKRQIQ----------EETG-------------------------IKPE     114
THI405                                                                       19 NAGGVIT----DDEIRSLAISQ---RLLGTKEIILIH---------------------------------------------------------------      48
THI405|WP_014212046.1Mycobacterium_rhodesiae                                 58 NAGGVVT----DDEIRSLAISQ---RLLGTKEIILIHHTDCG-MLTFTDDDFKKAIQ----------DETG-------------------------LKPE     114
THI410                                                                       19 NAGGVVT----DDEIRSLAISQ---RLLGTTEIILIH---------------------------------------------------------------      48
THI410|WP_040830785.1Nocardia_jiangxiensis                                   58 NAGGVVT----DDEIRSLAISQ---RLLGTTEIILIHHTDCG-MLTFTDDDFKRGIQ----------EETG-------------------------IKPG     114
1YLK                                                                         58 NAGCVVT----DDVIRSLAISQ---RLLGTREIILLHHTDCG-MLTFTDDDFKRAIQ----------DETG-------------------------IRPT     114
1G5C                                                                         62 NAGNIVD----DGVIRSAAVAI---YALGVNEIIIVGHTDCG-MARLDEDLIVSRMR-----------ELG---------------------VEEEVIEN     121
Dietzia_maris_KZO58441.1_D_1                                                 59 NAGGVVT----DDVLRSLTISQ---RLLGTEEIVLIHHTDCG-MLTFRDDDFKDQIQ----------SDTG-------------------------LRPR     115
Streptomyces_ambofaciens_WP_053129402.1_D_2                                  77 NAGGAVT----DDVIRSLTISQ---RALGTRSVILVHHTACG-METLT-EEFRHELE----------LEVG-------------------------QRPG     132
Streptomyces_ambofaciens_AKZ55233.1_D_2                                      84 NAGGAVT----DDVIRSLTISQ---RALGTRSVILVHHTACG-METLT-EEFRHELE----------LEVG-------------------------QRPG     139
Geodermatophilus_obscurus_ADB77019.1_D_3                                     58 NAGGVIT----EDVIRSLTVSQ---HVLGTREILLVHHTQCG-LQATDDNSFADLVE----------QATG-------------------------RRPP     114
Streptosporangium_roseum_WP_012893510.1_D_4                                  59 NAGARVT----DDVLRTLVLAV---YLLGVNRVLVMPHTDCG-MAKSTDDDVHALAA-----------QHG------------------------VDTRS     115
Gordonia_bronchialis_ACY22488.1_D_5                                          58 NAGGVIT----DDEIRSLAISQ---RLLGTTEIILIHHTDCG-MLTFTDDEFKREIQ----------NEIG-------------------------QKPN     114
Kitasatospora_setae_WP_014135273.1_D_7                                       68 NAGGVVT----DDAIRSLTISQ---RALGTRTVVLIHHTGCG-LLGLT-EEFRHELE----------REVG-------------------------QRPQ     123
Actinosynnema_mirum__ACU34313.1_D_11                                         59 NAGGVVT----DDMIRSLALSQ---RKLGTREVLLVHHTNCG-LELVTEDAFKDELE----------TDSG-------------------------MRPP     115
Amycolatopsis_orientalis_WP_016333233.1_D_12                                 58 NAGGVVT----EDEIRSLAISQ---RLLGTREIILIHHTDCG-MLTFTDDDFKKSIQ----------EEVG-------------------------VKPA     114
Amycolatopsis_orientalis_WP_016337733.1_D_12                                 59 NAGGVVT----DDMIRSLALSQ---RKLGTREVLIVQHTDCG-LSMVTEDDFKDELE----------AASG-------------------------LRPT     115
Amycolatopsis_orientalis_WP_037318925.1_D_12                                 59 NAGGVVT----DDTIRSLALSQ---RKLGTREVLIVQHTDCG-LSMVTEDDFKDELE----------AASG-------------------------LRPT     115
AEL19654.1_carbon_disulfide_hydrolase_Acidianus_sp._A1-3                     58 NAGGIVT----DDAIRSASLTT---NFFGTKEIIVVTHTDCG-MLRFTGEEVAKYFI-----------SKG------------------IKPTEVQLDPL     120
AGQ48122.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_G8       61 NAGGLIT----DDAIRSAMLTC---NFFGTEEIVIINHTECG-MMSAQTDTIVKALK-----------DKG------------------IDLDNLQLDPD     123
AGQ48123.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_S1P      68 NAGGIVT----DDAIRSAMLTC---NFFGTKEIVIVQHTQCG-MLSGNANEMEKVLR-----------EKG------------------MDTDNITLDPT     130
1I60                                                                         65 NVANLVI----HTDLNCLSVVQYAVDVLEVEHIIICGHYGCGGVQAAVENPELGLINNWLLHIRDIWFKHS------------------------SLLGE     136
1EKJ                                                                         75 NVANLVPPYDQAKYAGTGAAIEYAVLHLKVSNIVVIGHSACGGIKGLLSFPFDGTYS---TDFIEEWVKIG-------------------LPAKAKVKAQ     152
1YM3                                                                         74 TAGHVID----SAVLGSIEYAV---TVLNVPLIVVLGHDSCGAVNAALAAINDGTLPGGYVRDVVERVAPS-----------------------VLLGRR     143

COSase                                                                      159 RSDASTERI------------------AADVRRGLSIILNHPWLPTAGPDA--ITVRGFIYDVDTGRLEEVSYPGPMGGFG-------------------     219
THI401                                                                       48 ----------------------------------------------------------------------------------------------------      48
THI401|WP_046361353.1Mycobacterium_obuense                                  115 WAAESFGDL------------------DEDVRQSLRRIDASPFVTKH------ESLRGFVFDVATGRLSEITL---------------------------     163
THI402                                                                       48 ----------------------------------------------------------------------------------------------------      48
THI402|WP_005146653.1Mycobacterium_rhodesiae                                115 WAAEAFGDL------------------DEDVRQSLRRIEKSPFVTKH------ESLRGFVFDVATGKLAEVLL---------------------------     163
THI403                                                                       48 ----------------------------------------------------------------------------------------------------      48
THI404                                                                       48 ----------------------------------------------------------------------------------------------------      48
THI403_404|WP_003887124.1Mycobacterium_phlei                                115 WAAEAFPDV------------------EEDVRQSLRRIENSPFVTLH------TSLRGFVFDVATGKLNEVTL---------------------------     163
THI405                                                                       48 ----------------------------------------------------------------------------------------------------      48
THI405|WP_014212046.1Mycobacterium_rhodesiae                                115 WAAESFPDV------------------EEDVRQSLRRIEASPFVTKH------ESLRGFVFDVATGKLNEVTL---------------------------     163
THI410                                                                       48 ----------------------------------------------------------------------------------------------------      48
THI410|WP_040830785.1Nocardia_jiangxiensis                                  115 WAAEAFGDL------------------NEDVRQSLRRIQTSPFITKT------SSLRGFVFDVGTGKLEEVTD---------------------------     163
1YLK                                                                        115 WSPESYPDA------------------VEDVRQSLRRIEVNPFVTKH------TSLRGFVFDVATGKLNEVTP---------------------------     163
1G5C                                                                        122 FSIDVLNPVGD---------------EEENVIEGVKRLKSSPLIPES------IGVHGLIIDINTGRLKPLYLDED------------------------     176
Dietzia_maris_KZO58441.1_D_1                                                116 WAPESFPEP------------------EADVRQSIARVESDPFLLHS------TAVRGFVYDVSTGELREVQREE-------------------------     166
Streptomyces_ambofaciens_WP_053129402.1_D_2                                 133 WAVESFRDV------------------DQDVRQSIQRVRTSPFLPHT------DDVRGFVYDVKTGLLREVDPA--------------------------     182
Streptomyces_ambofaciens_AKZ55233.1_D_2                                     140 WAVESFRDV------------------DQDVRQSIQRVRTSPFLPHT------DDVRGFVYDVKTGLLREVDPA--------------------------     189
Geodermatophilus_obscurus_ADB77019.1_D_3                                    115 WAVRAFRDA------------------DEDVRESMRLIHESPYLLSH-------EVRGSVYDVATGLLSEVVVEG-------------------------     164
Streptosporangium_roseum_WP_012893510.1_D_4                                 116 LDFHTVPDQ------------------DAALRHDLTRIRTSPFLPPD------LAIGGAIYDVHTGKLMPVEL---------------------------     164
Gordonia_bronchialis_ACY22488.1_D_5                                         115 WAAESFTDL------------------DEDVRQSLNRIRNSPFITKT------SSLRGFVFDVATGKLNEVAA---------------------------     163
Kitasatospora_setae_WP_014135273.1_D_7                                      124 WAVESFTDL------------------DADVRQSVQRVRTSPFLPHT------DDVRGFVFDVHTGLLREVH----------------------------     171
Actinosynnema_mirum__ACU34313.1_D_11                                        116 WSVEAFREV------------------KDSVRGSVNRVRNSPYLIHR------DTVRGFVYDVRTGVLTEVV----------------------------     163
Amycolatopsis_orientalis_WP_016333233.1_D_12                                115 WAAEAFGDV------------------DEDVRQSISRIRNSPFIPEK------DSVRGFVFDVATGKLNEVIPR--------------------------     164
Amycolatopsis_orientalis_WP_016337733.1_D_12                                116 WSVEAFRVV------------------EDSVRRSVQRVRRSDFLAHT------DNVRGFVYDVKTGRLSEVE----------------------------     163
Amycolatopsis_orientalis_WP_037318925.1_D_12                                116 WSVEAFREV------------------EDSVRRSVQRVRRSDFLPHR------DNVRGFVYDVKTGRLSEVA----------------------------     163
AEL19654.1_carbon_disulfide_hydrolase_Acidianus_sp._A1-3                    121 LPAFRISSEEDFIKWFKFYEDLGVKSPDEMALKGVEILRNHPLIPKD------VRITGYVYEVETHRLRKPNQIIYN--ETSKFEHGTIVKE--------     204
AGQ48122.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_G8      124 LPELTLKAG-MFGKWVKMYQDV-----DETCARQVEYMRNHPLIPKH------VTISGWIWEVETGHLRPPHFRIGEKVNTN---KAMGAK---------     199
AGQ48123.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_S1P     131 LPELQLAKG-AFAKWIGMMDDV-----DETCMKTINAFKNHPLIPKD------IVVSGWVWEVENRRLRAPTLDKEKRARTDCTPTPYGVKGNQPPRWK-     217
1I60                                                                        137 MPQERRLDT----------------LCELNVMEQVYNLGHSTIMQSAWKRGQKVTIHGWAYGIHDGLLRDLDVTATNRETLEQRYRHGISNLKLKHANHK     220
1EKJ                                                                        153 HGDAPFAELCT-------------HCEKEAVNASLGNLLTYPFVREG-LVNKTLALKGGYYDFVKGSFELWGLEFGLSSTFSV-----------------     221
1YM3                                                                        144 DGLSRVDEF-----------------EQRHVHETVAILMARSSAISERIAGGSLAIVGVTYQLDDGRAVLRDHIGNIGEEV-------------------     207

COSase                                                                        1                                                                                                           18
THI401                                                                        1                                                                                                           57
THI401|WP_046361353.1Mycobacterium_obuense                                    1                                                                                                           18
THI402                                                                        1                                                                                                           57
THI402|WP_005146653.1Mycobacterium_rhodesiae                                  1                                                                                                           18
THI403                                                                        1                                                                                                           18
THI404                                                                        1                                                                                                           57
THI403_404|WP_003887124.1Mycobacterium_phlei                                  1                                                                                                           18
THI405                                                                        1                                                                                                           57
THI405|WP_014212046.1Mycobacterium_rhodesiae                                  1                                                                                                           18
THI410                                                                        1                                                                                                           57
THI410|WP_040830785.1Nocardia_jiangxiensis                                    1                                                                                                           57
1YLK                                                                          1                                                                                                           61
1G5C                                                                          1                                                                                                           58
Dietzia_maris_KZO58441.1_D_1                                                  1                                                                                                           76
Streptomyces_ambofaciens_WP_053129402.1_D_2                                   1                                                                                                           83
Streptomyces_ambofaciens_AKZ55233.1_D_2                                       1                                                                                                           57
Geodermatophilus_obscurus_ADB77019.1_D_3                                      1                                                                                                           58
Streptosporangium_roseum_WP_012893510.1_D_4                                   1                                                                                                           57
Gordonia_bronchialis_ACY22488.1_D_5                                           1                                                                                                           67
Kitasatospora_setae_WP_014135273.1_D_7                                        1                                                                                                           58
Actinosynnema_mirum__ACU34313.1_D_11                                          1                                                                                                           57
Amycolatopsis_orientalis_WP_016333233.1_D_12                                  1                                                                                                           58
Amycolatopsis_orientalis_WP_016337733.1_D_12                                  1                                                                                                           58
Amycolatopsis_orientalis_WP_037318925.1_D_12                                  1                                                                                                           57
AEL19654.1_carbon_disulfide_hydrolase_Acidianus_sp._A1-3                      1                                                                                                           60
AGQ48122.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_G8        1                                                                                                           67
AGQ48123.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_S1P       1                                                                                                           64
1I60                                                                          1                                                                                                           74
1EKJ                                                                          1                                                                                                           73
1YM3                                                                          0                                                                                                      -997572608
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[GENETYX-MAC: Multiple-Alignment]
Date        : 2016.05.27

COSase                                                                        1 -----------------------MEKSNTDALLENNRLYAGGQATHRPG--HPGMQPIQ-PSRRVAVVACMDARLD--VEDLLGLQTGE------AHIIR      66
THI401                                                                        1 --------------------------------------------------------------------------LD--VYRILGLADGE------AHVIR      18
THI401|WP_046361353.1Mycobacterium_obuense                                    1 -------------------------MSVTDEYLVNNEEYAKTFS---------GPLPLP-PSKHVAVVACMDARLD--VYRILGLADGE------AHVIR      57
THI402                                                                        1 --------------------------------------------------------------------------LD--VYRVLGLKDGE------AHVIR      18
THI402|WP_005146653.1Mycobacterium_rhodesiae                                  1 -------------------------MSVTDEYLANNVEYAKNFT---------GPLPLP-PSKHVAVVACMDARLD--VYRILGLKDGE------AHVIR      57
THI403                                                                        1 --------------------------------------------------------------------------LD--VYRILGLKDGE------AHVIR      18
THI404                                                                        1 --------------------------------------------------------------------------LD--VYRILGLKDGE------AHVIR      18
THI403_404|WP_003887124.1Mycobacterium_phlei                                  1 -------------------------MSVTDEYLANNAEYAKTFK---------GPLPLP-PSKHVAVVACMDARLD--VYRILGLKDGE------AHVIR      57
THI405                                                                        1 --------------------------------------------------------------------------LD--VYRILGLGDGE------AHVIR      18
THI405|WP_014212046.1Mycobacterium_rhodesiae                                  1 -------------------------MSVTDEYLKNNEAYASSFS---------GPLPLP-PSKHVAVVACMDARLD--VYRILGLGDGE------AHVIR      57
THI410                                                                        1 --------------------------------------------------------------------------LD--VYRILGLGAGE------AHVIR      18
THI410|WP_040830785.1Nocardia_jiangxiensis                                    1 -------------------------MTVTDELLDNNTRYAAQFS---------GPLPLP-PSKHVAVVACMDARLD--VYRILGLGEGE------AHVIR      57
1YLK                                                                          1 -------------------------MTVTDDYLANNVDYASGFK---------GPLPMP-PSKHIAIVACMDARLD--VYRMLGIKEGE------AHVIR      57
1G5C                                                                          1 -------------------------MRFVSMIIKDILRENQDFR--------FRDLSDLKHSPKLCIITCMDSRLIDLLERALGIGRGD------AKVIK      61
Dietzia_maris_KZO58441.1_D_1                                                  1 -------------------------MTVTDELLEAAKAYQSDFDK--------GDLPMP-PGRKVAVVACMDARLN--PYGLLGLTEGD------AHVIR      58
Streptomyces_ambofaciens_WP_053129402.1_D_2                                   1 -------MTTSASIPAGSASAATGDGSVTDRLVEANARYATEFAD--------AELAGR-PALQAAVVACMDARLD--VTAALGLRNGD------CHVIR      76
Streptomyces_ambofaciens_AKZ55233.1_D_2                                       1 MTSNVMVMTTSASIPAGSASAATGDGSVTDRLVEANARYATEFAD--------AELAGR-PALQAAVVACMDARLD--VTAALGLRNGD------CHVIR      83
Geodermatophilus_obscurus_ADB77019.1_D_3                                      1 -------------------------MSEIDRMLAANAEWAERFP---------GSRDVR-PARRVAVVACMDSRMP--LFPMLGLEVGD------AHVIR      57
Streptosporangium_roseum_WP_012893510.1_D_4                                   1 -------------------------MSAFDDLLAANKEFSAAFT---------HSALTGKAARGLAVVTCMDSRID--PLGVFGLKPGD------AKILR      58
Gordonia_bronchialis_ACY22488.1_D_5                                           1 -------------------------MSVTDEYLANNAEFAKTFS---------GPLPLP-PSRHVAVVACMDARLD--VYRILGLDDGE------AHVIR      57
Kitasatospora_setae_WP_014135273.1_D_7                                        1 ----------MAPAPG------PERPSETDRFVLSNRSYAETFRD--------GGMDAR-PVRRVAVVACMDARLD--LFAALGLELGD------AHIIR      67
Actinosynnema_mirum__ACU34313.1_D_11                                          1 -------------------------MTAIDELLRRNEELGNIVP---------GDRSSPMPSMQVTILTCMDSRIR--VFEIFGLKQGE------AHVLR      58
Amycolatopsis_orientalis_WP_016333233.1_D_12                                  1 -------------------------MSVTDELLANNAGYAARFS---------GPLPLP-PAKHVAVLACMDARLN--VYGALGLQEGE------AHVIR      57
Amycolatopsis_orientalis_WP_016337733.1_D_12                                  1 -------------------------MTSIDVLLKRNQELGDVTP---------GDRSSPRPSLHVTILTCMDARIR--VFEIFGLIQGE------AHILR      58
Amycolatopsis_orientalis_WP_037318925.1_D_12                                  1 -------------------------MTSIDVLLKRNQELGDVTP---------GDRSSPRPSLHVTILTCMDARIR--VFEIFGLIQGE------SHILR      58
AEL19654.1_carbon_disulfide_hydrolase_Acidianus_sp._A1-3                      1 ---------------------------MVSEYIDSELKRLEDYALRR------VKGIP--NNRRLWVLTCMDERVH--IEQSLGIQPDD------AHIYR      57
AGQ48122.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_G8        1 -------------------------MS-LKQQLESDFEGHKRWALRR------QMGIP--NNRRLWVCACMDERLP--VDDALGIRGDR----GDAHVFR      60
AGQ48123.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_S1P       1 -------------------------MSTLKEQLTAHVASYDHWAQRR------RYGPDGHNNRSLWVLACMDERLP--VDEALGIHVDTPAGGGDAHCFR      67
1I60                                                                          1 -------------------------MKDIDTLISNNALWSKMLVEEDPG---FFEKLAQAQKPRFLWIGCSDSRVP--AERLTGLEPGE------LFVHR      64
1EKJ                                                                          1 ----------------TTSSSDGIPKSEASERIKTGFLHFKKEKYDKNP--ALYGELAKGQSPPFMVFACSDSRVC--PSHVLDFQPGE------AFVVR      74
1YM3                                                                          1 -------------------MPNTNPVAAWKALKEGNERFVAGRPQHPSQSVDHRAGLAAGQKPTAVIFGCADSRVA--AEIIFDQGLGD------MFVVR      73

COSase                                                                       67 NAGGVIN----EDAIRCLIISH---HLLNTHEIILVHHTRCG-MLAFTDDLLRAGLEGDAAAEKLIGQATGRAFVSAGKASASPAAFQAFRGPPEPLDAP     158
THI401                                                                       19 NAGGVVT----DDEIRSLAISQ---RLLGTREIILIH---------------------------------------------------------------      48
THI401|WP_046361353.1Mycobacterium_obuense                                   58 NAGGVVT----DDEIRSLAISQ---RLLGTREIILIHHTDCG-MLTFTDDEFKRAIQ----------EETG-------------------------IKPE     114
THI402                                                                       19 NAGGVIT----DDEIRSLAISQ---RLLGTKEIILIH---------------------------------------------------------------      48
THI402|WP_005146653.1Mycobacterium_rhodesiae                                 58 NAGGVIT----DDEIRSLAISQ---RLLGTKEIILIHHTDCG-MLTFTDDGFKRDIQ----------AETG-------------------------IKPQ     114
THI403                                                                       19 NAGGVVT----DDEIRSLAISQ---RLLGTREIILIH---------------------------------------------------------------      48
THI404                                                                       19 NAGGVIT----DDEIRSLAISQ---RLLGTREIILIH---------------------------------------------------------------      48
THI403_404|WP_003887124.1Mycobacterium_phlei                                 58 NAGGVVT----DDEIRSLAISQ---RLLGTREIILIHHTDCG-MLTFTDDEFKRQIQ----------EETG-------------------------IKPE     114
THI405                                                                       19 NAGGVIT----DDEIRSLAISQ---RLLGTKEIILIH---------------------------------------------------------------      48
THI405|WP_014212046.1Mycobacterium_rhodesiae                                 58 NAGGVVT----DDEIRSLAISQ---RLLGTKEIILIHHTDCG-MLTFTDDDFKKAIQ----------DETG-------------------------LKPE     114
THI410                                                                       19 NAGGVVT----DDEIRSLAISQ---RLLGTTEIILIH---------------------------------------------------------------      48
THI410|WP_040830785.1Nocardia_jiangxiensis                                   58 NAGGVVT----DDEIRSLAISQ---RLLGTTEIILIHHTDCG-MLTFTDDDFKRGIQ----------EETG-------------------------IKPG     114
1YLK                                                                         58 NAGCVVT----DDVIRSLAISQ---RLLGTREIILLHHTDCG-MLTFTDDDFKRAIQ----------DETG-------------------------IRPT     114
1G5C                                                                         62 NAGNIVD----DGVIRSAAVAI---YALGVNEIIIVGHTDCG-MARLDEDLIVSRMR-----------ELG---------------------VEEEVIEN     121
Dietzia_maris_KZO58441.1_D_1                                                 59 NAGGVVT----DDVLRSLTISQ---RLLGTEEIVLIHHTDCG-MLTFRDDDFKDQIQ----------SDTG-------------------------LRPR     115
Streptomyces_ambofaciens_WP_053129402.1_D_2                                  77 NAGGAVT----DDVIRSLTISQ---RALGTRSVILVHHTACG-METLT-EEFRHELE----------LEVG-------------------------QRPG     132
Streptomyces_ambofaciens_AKZ55233.1_D_2                                      84 NAGGAVT----DDVIRSLTISQ---RALGTRSVILVHHTACG-METLT-EEFRHELE----------LEVG-------------------------QRPG     139
Geodermatophilus_obscurus_ADB77019.1_D_3                                     58 NAGGVIT----EDVIRSLTVSQ---HVLGTREILLVHHTQCG-LQATDDNSFADLVE----------QATG-------------------------RRPP     114
Streptosporangium_roseum_WP_012893510.1_D_4                                  59 NAGARVT----DDVLRTLVLAV---YLLGVNRVLVMPHTDCG-MAKSTDDDVHALAA-----------QHG------------------------VDTRS     115
Gordonia_bronchialis_ACY22488.1_D_5                                          58 NAGGVIT----DDEIRSLAISQ---RLLGTTEIILIHHTDCG-MLTFTDDEFKREIQ----------NEIG-------------------------QKPN     114
Kitasatospora_setae_WP_014135273.1_D_7                                       68 NAGGVVT----DDAIRSLTISQ---RALGTRTVVLIHHTGCG-LLGLT-EEFRHELE----------REVG-------------------------QRPQ     123
Actinosynnema_mirum__ACU34313.1_D_11                                         59 NAGGVVT----DDMIRSLALSQ---RKLGTREVLLVHHTNCG-LELVTEDAFKDELE----------TDSG-------------------------MRPP     115
Amycolatopsis_orientalis_WP_016333233.1_D_12                                 58 NAGGVVT----EDEIRSLAISQ---RLLGTREIILIHHTDCG-MLTFTDDDFKKSIQ----------EEVG-------------------------VKPA     114
Amycolatopsis_orientalis_WP_016337733.1_D_12                                 59 NAGGVVT----DDMIRSLALSQ---RKLGTREVLIVQHTDCG-LSMVTEDDFKDELE----------AASG-------------------------LRPT     115
Amycolatopsis_orientalis_WP_037318925.1_D_12                                 59 NAGGVVT----DDTIRSLALSQ---RKLGTREVLIVQHTDCG-LSMVTEDDFKDELE----------AASG-------------------------LRPT     115
AEL19654.1_carbon_disulfide_hydrolase_Acidianus_sp._A1-3                     58 NAGGIVT----DDAIRSASLTT---NFFGTKEIIVVTHTDCG-MLRFTGEEVAKYFI-----------SKG------------------IKPTEVQLDPL     120
AGQ48122.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_G8       61 NAGGLIT----DDAIRSAMLTC---NFFGTEEIVIINHTECG-MMSAQTDTIVKALK-----------DKG------------------IDLDNLQLDPD     123
AGQ48123.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_S1P      68 NAGGIVT----DDAIRSAMLTC---NFFGTKEIVIVQHTQCG-MLSGNANEMEKVLR-----------EKG------------------MDTDNITLDPT     130
1I60                                                                         65 NVANLVI----HTDLNCLSVVQYAVDVLEVEHIIICGHYGCGGVQAAVENPELGLINNWLLHIRDIWFKHS------------------------SLLGE     136
1EKJ                                                                         75 NVANLVPPYDQAKYAGTGAAIEYAVLHLKVSNIVVIGHSACGGIKGLLSFPFDGTYS---TDFIEEWVKIG-------------------LPAKAKVKAQ     152
1YM3                                                                         74 TAGHVID----SAVLGSIEYAV---TVLNVPLIVVLGHDSCGAVNAALAAINDGTLPGGYVRDVVERVAPS-----------------------VLLGRR     143

COSase                                                                      159 RSDASTERI------------------AADVRRGLSIILNHPWLPTAGPDA--ITVRGFIYDVDTGRLEEVSYPGPMGGFG-------------------     219
THI401                                                                       48 ----------------------------------------------------------------------------------------------------      48
THI401|WP_046361353.1Mycobacterium_obuense                                  115 WAAESFGDL------------------DEDVRQSLRRIDASPFVTKH------ESLRGFVFDVATGRLSEITL---------------------------     163
THI402                                                                       48 ----------------------------------------------------------------------------------------------------      48
THI402|WP_005146653.1Mycobacterium_rhodesiae                                115 WAAEAFGDL------------------DEDVRQSLRRIEKSPFVTKH------ESLRGFVFDVATGKLAEVLL---------------------------     163
THI403                                                                       48 ----------------------------------------------------------------------------------------------------      48
THI404                                                                       48 ----------------------------------------------------------------------------------------------------      48
THI403_404|WP_003887124.1Mycobacterium_phlei                                115 WAAEAFPDV------------------EEDVRQSLRRIENSPFVTLH------TSLRGFVFDVATGKLNEVTL---------------------------     163
THI405                                                                       48 ----------------------------------------------------------------------------------------------------      48
THI405|WP_014212046.1Mycobacterium_rhodesiae                                115 WAAESFPDV------------------EEDVRQSLRRIEASPFVTKH------ESLRGFVFDVATGKLNEVTL---------------------------     163
THI410                                                                       48 ----------------------------------------------------------------------------------------------------      48
THI410|WP_040830785.1Nocardia_jiangxiensis                                  115 WAAEAFGDL------------------NEDVRQSLRRIQTSPFITKT------SSLRGFVFDVGTGKLEEVTD---------------------------     163
1YLK                                                                        115 WSPESYPDA------------------VEDVRQSLRRIEVNPFVTKH------TSLRGFVFDVATGKLNEVTP---------------------------     163
1G5C                                                                        122 FSIDVLNPVGD---------------EEENVIEGVKRLKSSPLIPES------IGVHGLIIDINTGRLKPLYLDED------------------------     176
Dietzia_maris_KZO58441.1_D_1                                                116 WAPESFPEP------------------EADVRQSIARVESDPFLLHS------TAVRGFVYDVSTGELREVQREE-------------------------     166
Streptomyces_ambofaciens_WP_053129402.1_D_2                                 133 WAVESFRDV------------------DQDVRQSIQRVRTSPFLPHT------DDVRGFVYDVKTGLLREVDPA--------------------------     182
Streptomyces_ambofaciens_AKZ55233.1_D_2                                     140 WAVESFRDV------------------DQDVRQSIQRVRTSPFLPHT------DDVRGFVYDVKTGLLREVDPA--------------------------     189
Geodermatophilus_obscurus_ADB77019.1_D_3                                    115 WAVRAFRDA------------------DEDVRESMRLIHESPYLLSH-------EVRGSVYDVATGLLSEVVVEG-------------------------     164
Streptosporangium_roseum_WP_012893510.1_D_4                                 116 LDFHTVPDQ------------------DAALRHDLTRIRTSPFLPPD------LAIGGAIYDVHTGKLMPVEL---------------------------     164
Gordonia_bronchialis_ACY22488.1_D_5                                         115 WAAESFTDL------------------DEDVRQSLNRIRNSPFITKT------SSLRGFVFDVATGKLNEVAA---------------------------     163
Kitasatospora_setae_WP_014135273.1_D_7                                      124 WAVESFTDL------------------DADVRQSVQRVRTSPFLPHT------DDVRGFVFDVHTGLLREVH----------------------------     171
Actinosynnema_mirum__ACU34313.1_D_11                                        116 WSVEAFREV------------------KDSVRGSVNRVRNSPYLIHR------DTVRGFVYDVRTGVLTEVV----------------------------     163
Amycolatopsis_orientalis_WP_016333233.1_D_12                                115 WAAEAFGDV------------------DEDVRQSISRIRNSPFIPEK------DSVRGFVFDVATGKLNEVIPR--------------------------     164
Amycolatopsis_orientalis_WP_016337733.1_D_12                                116 WSVEAFRVV------------------EDSVRRSVQRVRRSDFLAHT------DNVRGFVYDVKTGRLSEVE----------------------------     163
Amycolatopsis_orientalis_WP_037318925.1_D_12                                116 WSVEAFREV------------------EDSVRRSVQRVRRSDFLPHR------DNVRGFVYDVKTGRLSEVA----------------------------     163
AEL19654.1_carbon_disulfide_hydrolase_Acidianus_sp._A1-3                    121 LPAFRISSEEDFIKWFKFYEDLGVKSPDEMALKGVEILRNHPLIPKD------VRITGYVYEVETHRLRKPNQIIYN--ETSKFEHGTIVKE--------     204
AGQ48122.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_G8      124 LPELTLKAG-MFGKWVKMYQDV-----DETCARQVEYMRNHPLIPKH------VTISGWIWEVETGHLRPPHFRIGEKVNTN---KAMGAK---------     199
AGQ48123.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_S1P     131 LPELQLAKG-AFAKWIGMMDDV-----DETCMKTINAFKNHPLIPKD------IVVSGWVWEVENRRLRAPTLDKEKRARTDCTPTPYGVKGNQPPRWK-     217
1I60                                                                        137 MPQERRLDT----------------LCELNVMEQVYNLGHSTIMQSAWKRGQKVTIHGWAYGIHDGLLRDLDVTATNRETLEQRYRHGISNLKLKHANHK     220
1EKJ                                                                        153 HGDAPFAELCT-------------HCEKEAVNASLGNLLTYPFVREG-LVNKTLALKGGYYDFVKGSFELWGLEFGLSSTFSV-----------------     221
1YM3                                                                        144 DGLSRVDEF-----------------EQRHVHETVAILMARSSAISERIAGGSLAIVGVTYQLDDGRAVLRDHIGNIGEEV-------------------     207

COSase                                                                        1                                                                                                           18
THI401                                                                        1                                                                                                           57
THI401|WP_046361353.1Mycobacterium_obuense                                    1                                                                                                           18
THI402                                                                        1                                                                                                           57
THI402|WP_005146653.1Mycobacterium_rhodesiae                                  1                                                                                                           18
THI403                                                                        1                                                                                                           18
THI404                                                                        1                                                                                                           57
THI403_404|WP_003887124.1Mycobacterium_phlei                                  1                                                                                                           18
THI405                                                                        1                                                                                                           57
THI405|WP_014212046.1Mycobacterium_rhodesiae                                  1                                                                                                           18
THI410                                                                        1                                                                                                           57
THI410|WP_040830785.1Nocardia_jiangxiensis                                    1                                                                                                           57
1YLK                                                                          1                                                                                                           61
1G5C                                                                          1                                                                                                           58
Dietzia_maris_KZO58441.1_D_1                                                  1                                                                                                           76
Streptomyces_ambofaciens_WP_053129402.1_D_2                                   1                                                                                                           83
Streptomyces_ambofaciens_AKZ55233.1_D_2                                       1                                                                                                           57
Geodermatophilus_obscurus_ADB77019.1_D_3                                      1                                                                                                           58
Streptosporangium_roseum_WP_012893510.1_D_4                                   1                                                                                                           57
Gordonia_bronchialis_ACY22488.1_D_5                                           1                                                                                                           67
Kitasatospora_setae_WP_014135273.1_D_7                                        1                                                                                                           58
Actinosynnema_mirum__ACU34313.1_D_11                                          1                                                                                                           57
Amycolatopsis_orientalis_WP_016333233.1_D_12                                  1                                                                                                           58
Amycolatopsis_orientalis_WP_016337733.1_D_12                                  1                                                                                                           58
Amycolatopsis_orientalis_WP_037318925.1_D_12                                  1                                                                                                           57
AEL19654.1_carbon_disulfide_hydrolase_Acidianus_sp._A1-3                      1                                                                                                           60
AGQ48122.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_G8        1                                                                                                           67
AGQ48123.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_S1P       1                                                                                                           64
1I60                                                                          1                                                                                                           74
1EKJ                                                                          1                                                                                                           73
1YM3                                                                          0                                                                                                      -997572608

[GENETYX-MAC: Multiple-Alignment]
Date        : 2016.05.27

COSase                                                                        1 -----------------------MEKSNTDALLENNRLYAGGQATHRPG--HPGMQPIQ-PSRRVAVVACMDARLD--VEDLLGLQTGE------AHIIR      66
THI401                                                                        1 --------------------------------------------------------------------------LD--VYRILGLADGE------AHVIR      18
THI401|WP_046361353.1Mycobacterium_obuense                                    1 -------------------------MSVTDEYLVNNEEYAKTFS---------GPLPLP-PSKHVAVVACMDARLD--VYRILGLADGE------AHVIR      57
THI402                                                                        1 --------------------------------------------------------------------------LD--VYRVLGLKDGE------AHVIR      18
THI402|WP_005146653.1Mycobacterium_rhodesiae                                  1 -------------------------MSVTDEYLANNVEYAKNFT---------GPLPLP-PSKHVAVVACMDARLD--VYRILGLKDGE------AHVIR      57
THI403                                                                        1 --------------------------------------------------------------------------LD--VYRILGLKDGE------AHVIR      18
THI404                                                                        1 --------------------------------------------------------------------------LD--VYRILGLKDGE------AHVIR      18
THI403_404|WP_003887124.1Mycobacterium_phlei                                  1 -------------------------MSVTDEYLANNAEYAKTFK---------GPLPLP-PSKHVAVVACMDARLD--VYRILGLKDGE------AHVIR      57
THI405                                                                        1 --------------------------------------------------------------------------LD--VYRILGLGDGE------AHVIR      18
THI405|WP_014212046.1Mycobacterium_rhodesiae                                  1 -------------------------MSVTDEYLKNNEAYASSFS---------GPLPLP-PSKHVAVVACMDARLD--VYRILGLGDGE------AHVIR      57
THI410                                                                        1 --------------------------------------------------------------------------LD--VYRILGLGAGE------AHVIR      18
THI410|WP_040830785.1Nocardia_jiangxiensis                                    1 -------------------------MTVTDELLDNNTRYAAQFS---------GPLPLP-PSKHVAVVACMDARLD--VYRILGLGEGE------AHVIR      57
1YLK                                                                          1 -------------------------MTVTDDYLANNVDYASGFK---------GPLPMP-PSKHIAIVACMDARLD--VYRMLGIKEGE------AHVIR      57
1G5C                                                                          1 -------------------------MRFVSMIIKDILRENQDFR--------FRDLSDLKHSPKLCIITCMDSRLIDLLERALGIGRGD------AKVIK      61
Dietzia_maris_KZO58441.1_D_1                                                  1 -------------------------MTVTDELLEAAKAYQSDFDK--------GDLPMP-PGRKVAVVACMDARLN--PYGLLGLTEGD------AHVIR      58
Streptomyces_ambofaciens_WP_053129402.1_D_2                                   1 -------MTTSASIPAGSASAATGDGSVTDRLVEANARYATEFAD--------AELAGR-PALQAAVVACMDARLD--VTAALGLRNGD------CHVIR      76
Streptomyces_ambofaciens_AKZ55233.1_D_2                                       1 MTSNVMVMTTSASIPAGSASAATGDGSVTDRLVEANARYATEFAD--------AELAGR-PALQAAVVACMDARLD--VTAALGLRNGD------CHVIR      83
Geodermatophilus_obscurus_ADB77019.1_D_3                                      1 -------------------------MSEIDRMLAANAEWAERFP---------GSRDVR-PARRVAVVACMDSRMP--LFPMLGLEVGD------AHVIR      57
Streptosporangium_roseum_WP_012893510.1_D_4                                   1 -------------------------MSAFDDLLAANKEFSAAFT---------HSALTGKAARGLAVVTCMDSRID--PLGVFGLKPGD------AKILR      58
Gordonia_bronchialis_ACY22488.1_D_5                                           1 -------------------------MSVTDEYLANNAEFAKTFS---------GPLPLP-PSRHVAVVACMDARLD--VYRILGLDDGE------AHVIR      57
Kitasatospora_setae_WP_014135273.1_D_7                                        1 ----------MAPAPG------PERPSETDRFVLSNRSYAETFRD--------GGMDAR-PVRRVAVVACMDARLD--LFAALGLELGD------AHIIR      67
Actinosynnema_mirum__ACU34313.1_D_11                                          1 -------------------------MTAIDELLRRNEELGNIVP---------GDRSSPMPSMQVTILTCMDSRIR--VFEIFGLKQGE------AHVLR      58
Amycolatopsis_orientalis_WP_016333233.1_D_12                                  1 -------------------------MSVTDELLANNAGYAARFS---------GPLPLP-PAKHVAVLACMDARLN--VYGALGLQEGE------AHVIR      57
Amycolatopsis_orientalis_WP_016337733.1_D_12                                  1 -------------------------MTSIDVLLKRNQELGDVTP---------GDRSSPRPSLHVTILTCMDARIR--VFEIFGLIQGE------AHILR      58
Amycolatopsis_orientalis_WP_037318925.1_D_12                                  1 -------------------------MTSIDVLLKRNQELGDVTP---------GDRSSPRPSLHVTILTCMDARIR--VFEIFGLIQGE------SHILR      58
AEL19654.1_carbon_disulfide_hydrolase_Acidianus_sp._A1-3                      1 ---------------------------MVSEYIDSELKRLEDYALRR------VKGIP--NNRRLWVLTCMDERVH--IEQSLGIQPDD------AHIYR      57
AGQ48122.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_G8        1 -------------------------MS-LKQQLESDFEGHKRWALRR------QMGIP--NNRRLWVCACMDERLP--VDDALGIRGDR----GDAHVFR      60
AGQ48123.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_S1P       1 -------------------------MSTLKEQLTAHVASYDHWAQRR------RYGPDGHNNRSLWVLACMDERLP--VDEALGIHVDTPAGGGDAHCFR      67
1I60                                                                          1 -------------------------MKDIDTLISNNALWSKMLVEEDPG---FFEKLAQAQKPRFLWIGCSDSRVP--AERLTGLEPGE------LFVHR      64
1EKJ                                                                          1 ----------------TTSSSDGIPKSEASERIKTGFLHFKKEKYDKNP--ALYGELAKGQSPPFMVFACSDSRVC--PSHVLDFQPGE------AFVVR      74
1YM3                                                                          1 -------------------MPNTNPVAAWKALKEGNERFVAGRPQHPSQSVDHRAGLAAGQKPTAVIFGCADSRVA--AEIIFDQGLGD------MFVVR      73

COSase                                                                       67 NAGGVIN----EDAIRCLIISH---HLLNTHEIILVHHTRCG-MLAFTDDLLRAGLEGDAAAEKLIGQATGRAFVSAGKASASPAAFQAFRGPPEPLDAP     158
THI401                                                                       19 NAGGVVT----DDEIRSLAISQ---RLLGTREIILIH---------------------------------------------------------------      48
THI401|WP_046361353.1Mycobacterium_obuense                                   58 NAGGVVT----DDEIRSLAISQ---RLLGTREIILIHHTDCG-MLTFTDDEFKRAIQ----------EETG-------------------------IKPE     114
THI402                                                                       19 NAGGVIT----DDEIRSLAISQ---RLLGTKEIILIH---------------------------------------------------------------      48
THI402|WP_005146653.1Mycobacterium_rhodesiae                                 58 NAGGVIT----DDEIRSLAISQ---RLLGTKEIILIHHTDCG-MLTFTDDGFKRDIQ----------AETG-------------------------IKPQ     114
THI403                                                                       19 NAGGVVT----DDEIRSLAISQ---RLLGTREIILIH---------------------------------------------------------------      48
THI404                                                                       19 NAGGVIT----DDEIRSLAISQ---RLLGTREIILIH---------------------------------------------------------------      48
THI403_404|WP_003887124.1Mycobacterium_phlei                                 58 NAGGVVT----DDEIRSLAISQ---RLLGTREIILIHHTDCG-MLTFTDDEFKRQIQ----------EETG-------------------------IKPE     114
THI405                                                                       19 NAGGVIT----DDEIRSLAISQ---RLLGTKEIILIH---------------------------------------------------------------      48
THI405|WP_014212046.1Mycobacterium_rhodesiae                                 58 NAGGVVT----DDEIRSLAISQ---RLLGTKEIILIHHTDCG-MLTFTDDDFKKAIQ----------DETG-------------------------LKPE     114
THI410                                                                       19 NAGGVVT----DDEIRSLAISQ---RLLGTTEIILIH---------------------------------------------------------------      48
THI410|WP_040830785.1Nocardia_jiangxiensis                                   58 NAGGVVT----DDEIRSLAISQ---RLLGTTEIILIHHTDCG-MLTFTDDDFKRGIQ----------EETG-------------------------IKPG     114
1YLK                                                                         58 NAGCVVT----DDVIRSLAISQ---RLLGTREIILLHHTDCG-MLTFTDDDFKRAIQ----------DETG-------------------------IRPT     114
1G5C                                                                         62 NAGNIVD----DGVIRSAAVAI---YALGVNEIIIVGHTDCG-MARLDEDLIVSRMR-----------ELG---------------------VEEEVIEN     121
Dietzia_maris_KZO58441.1_D_1                                                 59 NAGGVVT----DDVLRSLTISQ---RLLGTEEIVLIHHTDCG-MLTFRDDDFKDQIQ----------SDTG-------------------------LRPR     115
Streptomyces_ambofaciens_WP_053129402.1_D_2                                  77 NAGGAVT----DDVIRSLTISQ---RALGTRSVILVHHTACG-METLT-EEFRHELE----------LEVG-------------------------QRPG     132
Streptomyces_ambofaciens_AKZ55233.1_D_2                                      84 NAGGAVT----DDVIRSLTISQ---RALGTRSVILVHHTACG-METLT-EEFRHELE----------LEVG-------------------------QRPG     139
Geodermatophilus_obscurus_ADB77019.1_D_3                                     58 NAGGVIT----EDVIRSLTVSQ---HVLGTREILLVHHTQCG-LQATDDNSFADLVE----------QATG-------------------------RRPP     114
Streptosporangium_roseum_WP_012893510.1_D_4                                  59 NAGARVT----DDVLRTLVLAV---YLLGVNRVLVMPHTDCG-MAKSTDDDVHALAA-----------QHG------------------------VDTRS     115
Gordonia_bronchialis_ACY22488.1_D_5                                          58 NAGGVIT----DDEIRSLAISQ---RLLGTTEIILIHHTDCG-MLTFTDDEFKREIQ----------NEIG-------------------------QKPN     114
Kitasatospora_setae_WP_014135273.1_D_7                                       68 NAGGVVT----DDAIRSLTISQ---RALGTRTVVLIHHTGCG-LLGLT-EEFRHELE----------REVG-------------------------QRPQ     123
Actinosynnema_mirum__ACU34313.1_D_11                                         59 NAGGVVT----DDMIRSLALSQ---RKLGTREVLLVHHTNCG-LELVTEDAFKDELE----------TDSG-------------------------MRPP     115
Amycolatopsis_orientalis_WP_016333233.1_D_12                                 58 NAGGVVT----EDEIRSLAISQ---RLLGTREIILIHHTDCG-MLTFTDDDFKKSIQ----------EEVG-------------------------VKPA     114
Amycolatopsis_orientalis_WP_016337733.1_D_12                                 59 NAGGVVT----DDMIRSLALSQ---RKLGTREVLIVQHTDCG-LSMVTEDDFKDELE----------AASG-------------------------LRPT     115
Amycolatopsis_orientalis_WP_037318925.1_D_12                                 59 NAGGVVT----DDTIRSLALSQ---RKLGTREVLIVQHTDCG-LSMVTEDDFKDELE----------AASG-------------------------LRPT     115
AEL19654.1_carbon_disulfide_hydrolase_Acidianus_sp._A1-3                     58 NAGGIVT----DDAIRSASLTT---NFFGTKEIIVVTHTDCG-MLRFTGEEVAKYFI-----------SKG------------------IKPTEVQLDPL     120
AGQ48122.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_G8       61 NAGGLIT----DDAIRSAMLTC---NFFGTEEIVIINHTECG-MMSAQTDTIVKALK-----------DKG------------------IDLDNLQLDPD     123
AGQ48123.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_S1P      68 NAGGIVT----DDAIRSAMLTC---NFFGTKEIVIVQHTQCG-MLSGNANEMEKVLR-----------EKG------------------MDTDNITLDPT     130
1I60                                                                         65 NVANLVI----HTDLNCLSVVQYAVDVLEVEHIIICGHYGCGGVQAAVENPELGLINNWLLHIRDIWFKHS------------------------SLLGE     136
1EKJ                                                                         75 NVANLVPPYDQAKYAGTGAAIEYAVLHLKVSNIVVIGHSACGGIKGLLSFPFDGTYS---TDFIEEWVKIG-------------------LPAKAKVKAQ     152
1YM3                                                                         74 TAGHVID----SAVLGSIEYAV---TVLNVPLIVVLGHDSCGAVNAALAAINDGTLPGGYVRDVVERVAPS-----------------------VLLGRR     143

COSase                                                                      159 RSDASTERI------------------AADVRRGLSIILNHPWLPTAGPDA--ITVRGFIYDVDTGRLEEVSYPGPMGGFG-------------------     219
THI401                                                                       48 ----------------------------------------------------------------------------------------------------      48
THI401|WP_046361353.1Mycobacterium_obuense                                  115 WAAESFGDL------------------DEDVRQSLRRIDASPFVTKH------ESLRGFVFDVATGRLSEITL---------------------------     163
THI402                                                                       48 ----------------------------------------------------------------------------------------------------      48
THI402|WP_005146653.1Mycobacterium_rhodesiae                                115 WAAEAFGDL------------------DEDVRQSLRRIEKSPFVTKH------ESLRGFVFDVATGKLAEVLL---------------------------     163
THI403                                                                       48 ----------------------------------------------------------------------------------------------------      48
THI404                                                                       48 ----------------------------------------------------------------------------------------------------      48
THI403_404|WP_003887124.1Mycobacterium_phlei                                115 WAAEAFPDV------------------EEDVRQSLRRIENSPFVTLH------TSLRGFVFDVATGKLNEVTL---------------------------     163
THI405                                                                       48 ----------------------------------------------------------------------------------------------------      48
THI405|WP_014212046.1Mycobacterium_rhodesiae                                115 WAAESFPDV------------------EEDVRQSLRRIEASPFVTKH------ESLRGFVFDVATGKLNEVTL---------------------------     163
THI410                                                                       48 ----------------------------------------------------------------------------------------------------      48
THI410|WP_040830785.1Nocardia_jiangxiensis                                  115 WAAEAFGDL------------------NEDVRQSLRRIQTSPFITKT------SSLRGFVFDVGTGKLEEVTD---------------------------     163
1YLK                                                                        115 WSPESYPDA------------------VEDVRQSLRRIEVNPFVTKH------TSLRGFVFDVATGKLNEVTP---------------------------     163
1G5C                                                                        122 FSIDVLNPVGD---------------EEENVIEGVKRLKSSPLIPES------IGVHGLIIDINTGRLKPLYLDED------------------------     176
Dietzia_maris_KZO58441.1_D_1                                                116 WAPESFPEP------------------EADVRQSIARVESDPFLLHS------TAVRGFVYDVSTGELREVQREE-------------------------     166
Streptomyces_ambofaciens_WP_053129402.1_D_2                                 133 WAVESFRDV------------------DQDVRQSIQRVRTSPFLPHT------DDVRGFVYDVKTGLLREVDPA--------------------------     182
Streptomyces_ambofaciens_AKZ55233.1_D_2                                     140 WAVESFRDV------------------DQDVRQSIQRVRTSPFLPHT------DDVRGFVYDVKTGLLREVDPA--------------------------     189
Geodermatophilus_obscurus_ADB77019.1_D_3                                    115 WAVRAFRDA------------------DEDVRESMRLIHESPYLLSH-------EVRGSVYDVATGLLSEVVVEG-------------------------     164
Streptosporangium_roseum_WP_012893510.1_D_4                                 116 LDFHTVPDQ------------------DAALRHDLTRIRTSPFLPPD------LAIGGAIYDVHTGKLMPVEL---------------------------     164
Gordonia_bronchialis_ACY22488.1_D_5                                         115 WAAESFTDL------------------DEDVRQSLNRIRNSPFITKT------SSLRGFVFDVATGKLNEVAA---------------------------     163
Kitasatospora_setae_WP_014135273.1_D_7                                      124 WAVESFTDL------------------DADVRQSVQRVRTSPFLPHT------DDVRGFVFDVHTGLLREVH----------------------------     171
Actinosynnema_mirum__ACU34313.1_D_11                                        116 WSVEAFREV------------------KDSVRGSVNRVRNSPYLIHR------DTVRGFVYDVRTGVLTEVV----------------------------     163
Amycolatopsis_orientalis_WP_016333233.1_D_12                                115 WAAEAFGDV------------------DEDVRQSISRIRNSPFIPEK------DSVRGFVFDVATGKLNEVIPR--------------------------     164
Amycolatopsis_orientalis_WP_016337733.1_D_12                                116 WSVEAFRVV------------------EDSVRRSVQRVRRSDFLAHT------DNVRGFVYDVKTGRLSEVE----------------------------     163
Amycolatopsis_orientalis_WP_037318925.1_D_12                                116 WSVEAFREV------------------EDSVRRSVQRVRRSDFLPHR------DNVRGFVYDVKTGRLSEVA----------------------------     163
AEL19654.1_carbon_disulfide_hydrolase_Acidianus_sp._A1-3                    121 LPAFRISSEEDFIKWFKFYEDLGVKSPDEMALKGVEILRNHPLIPKD------VRITGYVYEVETHRLRKPNQIIYN--ETSKFEHGTIVKE--------     204
AGQ48122.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_G8      124 LPELTLKAG-MFGKWVKMYQDV-----DETCARQVEYMRNHPLIPKH------VTISGWIWEVETGHLRPPHFRIGEKVNTN---KAMGAK---------     199
AGQ48123.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_S1P     131 LPELQLAKG-AFAKWIGMMDDV-----DETCMKTINAFKNHPLIPKD------IVVSGWVWEVENRRLRAPTLDKEKRARTDCTPTPYGVKGNQPPRWK-     217
1I60                                                                        137 MPQERRLDT----------------LCELNVMEQVYNLGHSTIMQSAWKRGQKVTIHGWAYGIHDGLLRDLDVTATNRETLEQRYRHGISNLKLKHANHK     220
1EKJ                                                                        153 HGDAPFAELCT-------------HCEKEAVNASLGNLLTYPFVREG-LVNKTLALKGGYYDFVKGSFELWGLEFGLSSTFSV-----------------     221
1YM3                                                                        144 DGLSRVDEF-----------------EQRHVHETVAILMARSSAISERIAGGSLAIVGVTYQLDDGRAVLRDHIGNIGEEV-------------------     207

COSase                                                                        1                                                                                                           18
THI401                                                                        1                                                                                                           57
THI401|WP_046361353.1Mycobacterium_obuense                                    1                                                                                                           18
THI402                                                                        1                                                                                                           57
THI402|WP_005146653.1Mycobacterium_rhodesiae                                  1                                                                                                           18
THI403                                                                        1                                                                                                           18
THI404                                                                        1                                                                                                           57
THI403_404|WP_003887124.1Mycobacterium_phlei                                  1                                                                                                           18
THI405                                                                        1                                                                                                           57
THI405|WP_014212046.1Mycobacterium_rhodesiae                                  1                                                                                                           18
THI410                                                                        1                                                                                                           57
THI410|WP_040830785.1Nocardia_jiangxiensis                                    1                                                                                                           57
1YLK                                                                          1                                                                                                           61
1G5C                                                                          1                                                                                                           58
Dietzia_maris_KZO58441.1_D_1                                                  1                                                                                                           76
Streptomyces_ambofaciens_WP_053129402.1_D_2                                   1                                                                                                           83
Streptomyces_ambofaciens_AKZ55233.1_D_2                                       1                                                                                                           57
Geodermatophilus_obscurus_ADB77019.1_D_3                                      1                                                                                                           58
Streptosporangium_roseum_WP_012893510.1_D_4                                   1                                                                                                           57
Gordonia_bronchialis_ACY22488.1_D_5                                           1                                                                                                           67
Kitasatospora_setae_WP_014135273.1_D_7                                        1                                                                                                           58
Actinosynnema_mirum__ACU34313.1_D_11                                          1                                                                                                           57
Amycolatopsis_orientalis_WP_016333233.1_D_12                                  1                                                                                                           58
Amycolatopsis_orientalis_WP_016337733.1_D_12                                  1                                                                                                           58
Amycolatopsis_orientalis_WP_037318925.1_D_12                                  1                                                                                                           57
AEL19654.1_carbon_disulfide_hydrolase_Acidianus_sp._A1-3                      1                                                                                                           60
AGQ48122.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_G8        1                                                                                                           67
AGQ48123.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_S1P       1                                                                                                           64
1I60                                                                          1                                                                                                           74
1EKJ                                                                          1                                                                                                           73
1YM3                                                                          0                                                                                                      -997572608

[GENETYX-MAC: Multiple-Alignment]
Date        : 2016.05.27

COSase                                                                        1 -----------------------MEKSNTDALLENNRLYAGGQATHRPG--HPGMQPIQ-PSRRVAVVACMDARLD--VEDLLGLQTGE------AHIIR      66
THI401                                                                        1 --------------------------------------------------------------------------LD--VYRILGLADGE------AHVIR      18
THI401|WP_046361353.1Mycobacterium_obuense                                    1 -------------------------MSVTDEYLVNNEEYAKTFS---------GPLPLP-PSKHVAVVACMDARLD--VYRILGLADGE------AHVIR      57
THI402                                                                        1 --------------------------------------------------------------------------LD--VYRVLGLKDGE------AHVIR      18
THI402|WP_005146653.1Mycobacterium_rhodesiae                                  1 -------------------------MSVTDEYLANNVEYAKNFT---------GPLPLP-PSKHVAVVACMDARLD--VYRILGLKDGE------AHVIR      57
THI403                                                                        1 --------------------------------------------------------------------------LD--VYRILGLKDGE------AHVIR      18
THI404                                                                        1 --------------------------------------------------------------------------LD--VYRILGLKDGE------AHVIR      18
THI403_404|WP_003887124.1Mycobacterium_phlei                                  1 -------------------------MSVTDEYLANNAEYAKTFK---------GPLPLP-PSKHVAVVACMDARLD--VYRILGLKDGE------AHVIR      57
THI405                                                                        1 --------------------------------------------------------------------------LD--VYRILGLGDGE------AHVIR      18
THI405|WP_014212046.1Mycobacterium_rhodesiae                                  1 -------------------------MSVTDEYLKNNEAYASSFS---------GPLPLP-PSKHVAVVACMDARLD--VYRILGLGDGE------AHVIR      57
THI410                                                                        1 --------------------------------------------------------------------------LD--VYRILGLGAGE------AHVIR      18
THI410|WP_040830785.1Nocardia_jiangxiensis                                    1 -------------------------MTVTDELLDNNTRYAAQFS---------GPLPLP-PSKHVAVVACMDARLD--VYRILGLGEGE------AHVIR      57
1YLK                                                                          1 -------------------------MTVTDDYLANNVDYASGFK---------GPLPMP-PSKHIAIVACMDARLD--VYRMLGIKEGE------AHVIR      57
1G5C                                                                          1 -------------------------MRFVSMIIKDILRENQDFR--------FRDLSDLKHSPKLCIITCMDSRLIDLLERALGIGRGD------AKVIK      61
Dietzia_maris_KZO58441.1_D_1                                                  1 -------------------------MTVTDELLEAAKAYQSDFDK--------GDLPMP-PGRKVAVVACMDARLN--PYGLLGLTEGD------AHVIR      58
Streptomyces_ambofaciens_WP_053129402.1_D_2                                   1 -------MTTSASIPAGSASAATGDGSVTDRLVEANARYATEFAD--------AELAGR-PALQAAVVACMDARLD--VTAALGLRNGD------CHVIR      76
Streptomyces_ambofaciens_AKZ55233.1_D_2                                       1 MTSNVMVMTTSASIPAGSASAATGDGSVTDRLVEANARYATEFAD--------AELAGR-PALQAAVVACMDARLD--VTAALGLRNGD------CHVIR      83
Geodermatophilus_obscurus_ADB77019.1_D_3                                      1 -------------------------MSEIDRMLAANAEWAERFP---------GSRDVR-PARRVAVVACMDSRMP--LFPMLGLEVGD------AHVIR      57
Streptosporangium_roseum_WP_012893510.1_D_4                                   1 -------------------------MSAFDDLLAANKEFSAAFT---------HSALTGKAARGLAVVTCMDSRID--PLGVFGLKPGD------AKILR      58
Gordonia_bronchialis_ACY22488.1_D_5                                           1 -------------------------MSVTDEYLANNAEFAKTFS---------GPLPLP-PSRHVAVVACMDARLD--VYRILGLDDGE------AHVIR      57
Kitasatospora_setae_WP_014135273.1_D_7                                        1 ----------MAPAPG------PERPSETDRFVLSNRSYAETFRD--------GGMDAR-PVRRVAVVACMDARLD--LFAALGLELGD------AHIIR      67
Actinosynnema_mirum__ACU34313.1_D_11                                          1 -------------------------MTAIDELLRRNEELGNIVP---------GDRSSPMPSMQVTILTCMDSRIR--VFEIFGLKQGE------AHVLR      58
Amycolatopsis_orientalis_WP_016333233.1_D_12                                  1 -------------------------MSVTDELLANNAGYAARFS---------GPLPLP-PAKHVAVLACMDARLN--VYGALGLQEGE------AHVIR      57
Amycolatopsis_orientalis_WP_016337733.1_D_12                                  1 -------------------------MTSIDVLLKRNQELGDVTP---------GDRSSPRPSLHVTILTCMDARIR--VFEIFGLIQGE------AHILR      58
Amycolatopsis_orientalis_WP_037318925.1_D_12                                  1 -------------------------MTSIDVLLKRNQELGDVTP---------GDRSSPRPSLHVTILTCMDARIR--VFEIFGLIQGE------SHILR      58
AEL19654.1_carbon_disulfide_hydrolase_Acidianus_sp._A1-3                      1 ---------------------------MVSEYIDSELKRLEDYALRR------VKGIP--NNRRLWVLTCMDERVH--IEQSLGIQPDD------AHIYR      57
AGQ48122.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_G8        1 -------------------------MS-LKQQLESDFEGHKRWALRR------QMGIP--NNRRLWVCACMDERLP--VDDALGIRGDR----GDAHVFR      60
AGQ48123.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_S1P       1 -------------------------MSTLKEQLTAHVASYDHWAQRR------RYGPDGHNNRSLWVLACMDERLP--VDEALGIHVDTPAGGGDAHCFR      67
1I60                                                                          1 -------------------------MKDIDTLISNNALWSKMLVEEDPG---FFEKLAQAQKPRFLWIGCSDSRVP--AERLTGLEPGE------LFVHR      64
1EKJ                                                                          1 ----------------TTSSSDGIPKSEASERIKTGFLHFKKEKYDKNP--ALYGELAKGQSPPFMVFACSDSRVC--PSHVLDFQPGE------AFVVR      74
1YM3                                                                          1 -------------------MPNTNPVAAWKALKEGNERFVAGRPQHPSQSVDHRAGLAAGQKPTAVIFGCADSRVA--AEIIFDQGLGD------MFVVR      73

COSase                                                                       67 NAGGVIN----EDAIRCLIISH---HLLNTHEIILVHHTRCG-MLAFTDDLLRAGLEGDAAAEKLIGQATGRAFVSAGKASASPAAFQAFRGPPEPLDAP     158
THI401                                                                       19 NAGGVVT----DDEIRSLAISQ---RLLGTREIILIH---------------------------------------------------------------      48
THI401|WP_046361353.1Mycobacterium_obuense                                   58 NAGGVVT----DDEIRSLAISQ---RLLGTREIILIHHTDCG-MLTFTDDEFKRAIQ----------EETG-------------------------IKPE     114
THI402                                                                       19 NAGGVIT----DDEIRSLAISQ---RLLGTKEIILIH---------------------------------------------------------------      48
THI402|WP_005146653.1Mycobacterium_rhodesiae                                 58 NAGGVIT----DDEIRSLAISQ---RLLGTKEIILIHHTDCG-MLTFTDDGFKRDIQ----------AETG-------------------------IKPQ     114
THI403                                                                       19 NAGGVVT----DDEIRSLAISQ---RLLGTREIILIH---------------------------------------------------------------      48
THI404                                                                       19 NAGGVIT----DDEIRSLAISQ---RLLGTREIILIH---------------------------------------------------------------      48
THI403_404|WP_003887124.1Mycobacterium_phlei                                 58 NAGGVVT----DDEIRSLAISQ---RLLGTREIILIHHTDCG-MLTFTDDEFKRQIQ----------EETG-------------------------IKPE     114
THI405                                                                       19 NAGGVIT----DDEIRSLAISQ---RLLGTKEIILIH---------------------------------------------------------------      48
THI405|WP_014212046.1Mycobacterium_rhodesiae                                 58 NAGGVVT----DDEIRSLAISQ---RLLGTKEIILIHHTDCG-MLTFTDDDFKKAIQ----------DETG-------------------------LKPE     114
THI410                                                                       19 NAGGVVT----DDEIRSLAISQ---RLLGTTEIILIH---------------------------------------------------------------      48
THI410|WP_040830785.1Nocardia_jiangxiensis                                   58 NAGGVVT----DDEIRSLAISQ---RLLGTTEIILIHHTDCG-MLTFTDDDFKRGIQ----------EETG-------------------------IKPG     114
1YLK                                                                         58 NAGCVVT----DDVIRSLAISQ---RLLGTREIILLHHTDCG-MLTFTDDDFKRAIQ----------DETG-------------------------IRPT     114
1G5C                                                                         62 NAGNIVD----DGVIRSAAVAI---YALGVNEIIIVGHTDCG-MARLDEDLIVSRMR-----------ELG---------------------VEEEVIEN     121
Dietzia_maris_KZO58441.1_D_1                                                 59 NAGGVVT----DDVLRSLTISQ---RLLGTEEIVLIHHTDCG-MLTFRDDDFKDQIQ----------SDTG-------------------------LRPR     115
Streptomyces_ambofaciens_WP_053129402.1_D_2                                  77 NAGGAVT----DDVIRSLTISQ---RALGTRSVILVHHTACG-METLT-EEFRHELE----------LEVG-------------------------QRPG     132
Streptomyces_ambofaciens_AKZ55233.1_D_2                                      84 NAGGAVT----DDVIRSLTISQ---RALGTRSVILVHHTACG-METLT-EEFRHELE----------LEVG-------------------------QRPG     139
Geodermatophilus_obscurus_ADB77019.1_D_3                                     58 NAGGVIT----EDVIRSLTVSQ---HVLGTREILLVHHTQCG-LQATDDNSFADLVE----------QATG-------------------------RRPP     114
Streptosporangium_roseum_WP_012893510.1_D_4                                  59 NAGARVT----DDVLRTLVLAV---YLLGVNRVLVMPHTDCG-MAKSTDDDVHALAA-----------QHG------------------------VDTRS     115
Gordonia_bronchialis_ACY22488.1_D_5                                          58 NAGGVIT----DDEIRSLAISQ---RLLGTTEIILIHHTDCG-MLTFTDDEFKREIQ----------NEIG-------------------------QKPN     114
Kitasatospora_setae_WP_014135273.1_D_7                                       68 NAGGVVT----DDAIRSLTISQ---RALGTRTVVLIHHTGCG-LLGLT-EEFRHELE----------REVG-------------------------QRPQ     123
Actinosynnema_mirum__ACU34313.1_D_11                                         59 NAGGVVT----DDMIRSLALSQ---RKLGTREVLLVHHTNCG-LELVTEDAFKDELE----------TDSG-------------------------MRPP     115
Amycolatopsis_orientalis_WP_016333233.1_D_12                                 58 NAGGVVT----EDEIRSLAISQ---RLLGTREIILIHHTDCG-MLTFTDDDFKKSIQ----------EEVG-------------------------VKPA     114
Amycolatopsis_orientalis_WP_016337733.1_D_12                                 59 NAGGVVT----DDMIRSLALSQ---RKLGTREVLIVQHTDCG-LSMVTEDDFKDELE----------AASG-------------------------LRPT     115
Amycolatopsis_orientalis_WP_037318925.1_D_12                                 59 NAGGVVT----DDTIRSLALSQ---RKLGTREVLIVQHTDCG-LSMVTEDDFKDELE----------AASG-------------------------LRPT     115
AEL19654.1_carbon_disulfide_hydrolase_Acidianus_sp._A1-3                     58 NAGGIVT----DDAIRSASLTT---NFFGTKEIIVVTHTDCG-MLRFTGEEVAKYFI-----------SKG------------------IKPTEVQLDPL     120
AGQ48122.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_G8       61 NAGGLIT----DDAIRSAMLTC---NFFGTEEIVIINHTECG-MMSAQTDTIVKALK-----------DKG------------------IDLDNLQLDPD     123
AGQ48123.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_S1P      68 NAGGIVT----DDAIRSAMLTC---NFFGTKEIVIVQHTQCG-MLSGNANEMEKVLR-----------EKG------------------MDTDNITLDPT     130
1I60                                                                         65 NVANLVI----HTDLNCLSVVQYAVDVLEVEHIIICGHYGCGGVQAAVENPELGLINNWLLHIRDIWFKHS------------------------SLLGE     136
1EKJ                                                                         75 NVANLVPPYDQAKYAGTGAAIEYAVLHLKVSNIVVIGHSACGGIKGLLSFPFDGTYS---TDFIEEWVKIG-------------------LPAKAKVKAQ     152
1YM3                                                                         74 TAGHVID----SAVLGSIEYAV---TVLNVPLIVVLGHDSCGAVNAALAAINDGTLPGGYVRDVVERVAPS-----------------------VLLGRR     143

COSase                                                                      159 RSDASTERI------------------AADVRRGLSIILNHPWLPTAGPDA--ITVRGFIYDVDTGRLEEVSYPGPMGGFG-------------------     219
THI401                                                                       48 ----------------------------------------------------------------------------------------------------      48
THI401|WP_046361353.1Mycobacterium_obuense                                  115 WAAESFGDL------------------DEDVRQSLRRIDASPFVTKH------ESLRGFVFDVATGRLSEITL---------------------------     163
THI402                                                                       48 ----------------------------------------------------------------------------------------------------      48
THI402|WP_005146653.1Mycobacterium_rhodesiae                                115 WAAEAFGDL------------------DEDVRQSLRRIEKSPFVTKH------ESLRGFVFDVATGKLAEVLL---------------------------     163
THI403                                                                       48 ----------------------------------------------------------------------------------------------------      48
THI404                                                                       48 ----------------------------------------------------------------------------------------------------      48
THI403_404|WP_003887124.1Mycobacterium_phlei                                115 WAAEAFPDV------------------EEDVRQSLRRIENSPFVTLH------TSLRGFVFDVATGKLNEVTL---------------------------     163
THI405                                                                       48 ----------------------------------------------------------------------------------------------------      48
THI405|WP_014212046.1Mycobacterium_rhodesiae                                115 WAAESFPDV------------------EEDVRQSLRRIEASPFVTKH------ESLRGFVFDVATGKLNEVTL---------------------------     163
THI410                                                                       48 ----------------------------------------------------------------------------------------------------      48
THI410|WP_040830785.1Nocardia_jiangxiensis                                  115 WAAEAFGDL------------------NEDVRQSLRRIQTSPFITKT------SSLRGFVFDVGTGKLEEVTD---------------------------     163
1YLK                                                                        115 WSPESYPDA------------------VEDVRQSLRRIEVNPFVTKH------TSLRGFVFDVATGKLNEVTP---------------------------     163
1G5C                                                                        122 FSIDVLNPVGD---------------EEENVIEGVKRLKSSPLIPES------IGVHGLIIDINTGRLKPLYLDED------------------------     176
Dietzia_maris_KZO58441.1_D_1                                                116 WAPESFPEP------------------EADVRQSIARVESDPFLLHS------TAVRGFVYDVSTGELREVQREE-------------------------     166
Streptomyces_ambofaciens_WP_053129402.1_D_2                                 133 WAVESFRDV------------------DQDVRQSIQRVRTSPFLPHT------DDVRGFVYDVKTGLLREVDPA--------------------------     182
Streptomyces_ambofaciens_AKZ55233.1_D_2                                     140 WAVESFRDV------------------DQDVRQSIQRVRTSPFLPHT------DDVRGFVYDVKTGLLREVDPA--------------------------     189
Geodermatophilus_obscurus_ADB77019.1_D_3                                    115 WAVRAFRDA------------------DEDVRESMRLIHESPYLLSH-------EVRGSVYDVATGLLSEVVVEG-------------------------     164
Streptosporangium_roseum_WP_012893510.1_D_4                                 116 LDFHTVPDQ------------------DAALRHDLTRIRTSPFLPPD------LAIGGAIYDVHTGKLMPVEL---------------------------     164
Gordonia_bronchialis_ACY22488.1_D_5                                         115 WAAESFTDL------------------DEDVRQSLNRIRNSPFITKT------SSLRGFVFDVATGKLNEVAA---------------------------     163
Kitasatospora_setae_WP_014135273.1_D_7                                      124 WAVESFTDL------------------DADVRQSVQRVRTSPFLPHT------DDVRGFVFDVHTGLLREVH----------------------------     171
Actinosynnema_mirum__ACU34313.1_D_11                                        116 WSVEAFREV------------------KDSVRGSVNRVRNSPYLIHR------DTVRGFVYDVRTGVLTEVV----------------------------     163
Amycolatopsis_orientalis_WP_016333233.1_D_12                                115 WAAEAFGDV------------------DEDVRQSISRIRNSPFIPEK------DSVRGFVFDVATGKLNEVIPR--------------------------     164
Amycolatopsis_orientalis_WP_016337733.1_D_12                                116 WSVEAFRVV------------------EDSVRRSVQRVRRSDFLAHT------DNVRGFVYDVKTGRLSEVE----------------------------     163
Amycolatopsis_orientalis_WP_037318925.1_D_12                                116 WSVEAFREV------------------EDSVRRSVQRVRRSDFLPHR------DNVRGFVYDVKTGRLSEVA----------------------------     163
AEL19654.1_carbon_disulfide_hydrolase_Acidianus_sp._A1-3                    121 LPAFRISSEEDFIKWFKFYEDLGVKSPDEMALKGVEILRNHPLIPKD------VRITGYVYEVETHRLRKPNQIIYN--ETSKFEHGTIVKE--------     204
AGQ48122.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_G8      124 LPELTLKAG-MFGKWVKMYQDV-----DETCARQVEYMRNHPLIPKH------VTISGWIWEVETGHLRPPHFRIGEKVNTN---KAMGAK---------     199
AGQ48123.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_S1P     131 LPELQLAKG-AFAKWIGMMDDV-----DETCMKTINAFKNHPLIPKD------IVVSGWVWEVENRRLRAPTLDKEKRARTDCTPTPYGVKGNQPPRWK-     217
1I60                                                                        137 MPQERRLDT----------------LCELNVMEQVYNLGHSTIMQSAWKRGQKVTIHGWAYGIHDGLLRDLDVTATNRETLEQRYRHGISNLKLKHANHK     220
1EKJ                                                                        153 HGDAPFAELCT-------------HCEKEAVNASLGNLLTYPFVREG-LVNKTLALKGGYYDFVKGSFELWGLEFGLSSTFSV-----------------     221
1YM3                                                                        144 DGLSRVDEF-----------------EQRHVHETVAILMARSSAISERIAGGSLAIVGVTYQLDDGRAVLRDHIGNIGEEV-------------------     207

COSase                                                                        1                                                                                                           18
THI401                                                                        1                                                                                                           57
THI401|WP_046361353.1Mycobacterium_obuense                                    1                                                                                                           18
THI402                                                                        1                                                                                                           57
THI402|WP_005146653.1Mycobacterium_rhodesiae                                  1                                                                                                           18
THI403                                                                        1                                                                                                           18
THI404                                                                        1                                                                                                           57
THI403_404|WP_003887124.1Mycobacterium_phlei                                  1                                                                                                           18
THI405                                                                        1                                                                                                           57
THI405|WP_014212046.1Mycobacterium_rhodesiae                                  1                                                                                                           18
THI410                                                                        1                                                                                                           57
THI410|WP_040830785.1Nocardia_jiangxiensis                                    1                                                                                                           57
1YLK                                                                          1                                                                                                           61
1G5C                                                                          1                                                                                                           58
Dietzia_maris_KZO58441.1_D_1                                                  1                                                                                                           76
Streptomyces_ambofaciens_WP_053129402.1_D_2                                   1                                                                                                           83
Streptomyces_ambofaciens_AKZ55233.1_D_2                                       1                                                                                                           57
Geodermatophilus_obscurus_ADB77019.1_D_3                                      1                                                                                                           58
Streptosporangium_roseum_WP_012893510.1_D_4                                   1                                                                                                           57
Gordonia_bronchialis_ACY22488.1_D_5                                           1                                                                                                           67
Kitasatospora_setae_WP_014135273.1_D_7                                        1                                                                                                           58
Actinosynnema_mirum__ACU34313.1_D_11                                          1                                                                                                           57
Amycolatopsis_orientalis_WP_016333233.1_D_12                                  1                                                                                                           58
Amycolatopsis_orientalis_WP_016337733.1_D_12                                  1                                                                                                           58
Amycolatopsis_orientalis_WP_037318925.1_D_12                                  1                                                                                                           57
AEL19654.1_carbon_disulfide_hydrolase_Acidianus_sp._A1-3                      1                                                                                                           60
AGQ48122.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_G8        1                                                                                                           67
AGQ48123.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_S1P       1                                                                                                           64
1I60                                                                          1                                                                                                           74
1EKJ                                                                          1                                                                                                           73
1YM3                                                                          0                                                                                                      -997572608
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[GENETYX-MAC: Multiple-Alignment]
Date        : 2016.05.27

COSase                                                                        1 -----------------------MEKSNTDALLENNRLYAGGQATHRPG--HPGMQPIQ-PSRRVAVVACMDARLD--VEDLLGLQTGE------AHIIR      66
THI401                                                                        1 --------------------------------------------------------------------------LD--VYRILGLADGE------AHVIR      18
THI401|WP_046361353.1Mycobacterium_obuense                                    1 -------------------------MSVTDEYLVNNEEYAKTFS---------GPLPLP-PSKHVAVVACMDARLD--VYRILGLADGE------AHVIR      57
THI402                                                                        1 --------------------------------------------------------------------------LD--VYRVLGLKDGE------AHVIR      18
THI402|WP_005146653.1Mycobacterium_rhodesiae                                  1 -------------------------MSVTDEYLANNVEYAKNFT---------GPLPLP-PSKHVAVVACMDARLD--VYRILGLKDGE------AHVIR      57
THI403                                                                        1 --------------------------------------------------------------------------LD--VYRILGLKDGE------AHVIR      18
THI404                                                                        1 --------------------------------------------------------------------------LD--VYRILGLKDGE------AHVIR      18
THI403_404|WP_003887124.1Mycobacterium_phlei                                  1 -------------------------MSVTDEYLANNAEYAKTFK---------GPLPLP-PSKHVAVVACMDARLD--VYRILGLKDGE------AHVIR      57
THI405                                                                        1 --------------------------------------------------------------------------LD--VYRILGLGDGE------AHVIR      18
THI405|WP_014212046.1Mycobacterium_rhodesiae                                  1 -------------------------MSVTDEYLKNNEAYASSFS---------GPLPLP-PSKHVAVVACMDARLD--VYRILGLGDGE------AHVIR      57
THI410                                                                        1 --------------------------------------------------------------------------LD--VYRILGLGAGE------AHVIR      18
THI410|WP_040830785.1Nocardia_jiangxiensis                                    1 -------------------------MTVTDELLDNNTRYAAQFS---------GPLPLP-PSKHVAVVACMDARLD--VYRILGLGEGE------AHVIR      57
1YLK                                                                          1 -------------------------MTVTDDYLANNVDYASGFK---------GPLPMP-PSKHIAIVACMDARLD--VYRMLGIKEGE------AHVIR      57
1G5C                                                                          1 -------------------------MRFVSMIIKDILRENQDFR--------FRDLSDLKHSPKLCIITCMDSRLIDLLERALGIGRGD------AKVIK      61
Dietzia_maris_KZO58441.1_D_1                                                  1 -------------------------MTVTDELLEAAKAYQSDFDK--------GDLPMP-PGRKVAVVACMDARLN--PYGLLGLTEGD------AHVIR      58
Streptomyces_ambofaciens_WP_053129402.1_D_2                                   1 -------MTTSASIPAGSASAATGDGSVTDRLVEANARYATEFAD--------AELAGR-PALQAAVVACMDARLD--VTAALGLRNGD------CHVIR      76
Streptomyces_ambofaciens_AKZ55233.1_D_2                                       1 MTSNVMVMTTSASIPAGSASAATGDGSVTDRLVEANARYATEFAD--------AELAGR-PALQAAVVACMDARLD--VTAALGLRNGD------CHVIR      83
Geodermatophilus_obscurus_ADB77019.1_D_3                                      1 -------------------------MSEIDRMLAANAEWAERFP---------GSRDVR-PARRVAVVACMDSRMP--LFPMLGLEVGD------AHVIR      57
Streptosporangium_roseum_WP_012893510.1_D_4                                   1 -------------------------MSAFDDLLAANKEFSAAFT---------HSALTGKAARGLAVVTCMDSRID--PLGVFGLKPGD------AKILR      58
Gordonia_bronchialis_ACY22488.1_D_5                                           1 -------------------------MSVTDEYLANNAEFAKTFS---------GPLPLP-PSRHVAVVACMDARLD--VYRILGLDDGE------AHVIR      57
Kitasatospora_setae_WP_014135273.1_D_7                                        1 ----------MAPAPG------PERPSETDRFVLSNRSYAETFRD--------GGMDAR-PVRRVAVVACMDARLD--LFAALGLELGD------AHIIR      67
Actinosynnema_mirum__ACU34313.1_D_11                                          1 -------------------------MTAIDELLRRNEELGNIVP---------GDRSSPMPSMQVTILTCMDSRIR--VFEIFGLKQGE------AHVLR      58
Amycolatopsis_orientalis_WP_016333233.1_D_12                                  1 -------------------------MSVTDELLANNAGYAARFS---------GPLPLP-PAKHVAVLACMDARLN--VYGALGLQEGE------AHVIR      57
Amycolatopsis_orientalis_WP_016337733.1_D_12                                  1 -------------------------MTSIDVLLKRNQELGDVTP---------GDRSSPRPSLHVTILTCMDARIR--VFEIFGLIQGE------AHILR      58
Amycolatopsis_orientalis_WP_037318925.1_D_12                                  1 -------------------------MTSIDVLLKRNQELGDVTP---------GDRSSPRPSLHVTILTCMDARIR--VFEIFGLIQGE------SHILR      58
AEL19654.1_carbon_disulfide_hydrolase_Acidianus_sp._A1-3                      1 ---------------------------MVSEYIDSELKRLEDYALRR------VKGIP--NNRRLWVLTCMDERVH--IEQSLGIQPDD------AHIYR      57
AGQ48122.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_G8        1 -------------------------MS-LKQQLESDFEGHKRWALRR------QMGIP--NNRRLWVCACMDERLP--VDDALGIRGDR----GDAHVFR      60
AGQ48123.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_S1P       1 -------------------------MSTLKEQLTAHVASYDHWAQRR------RYGPDGHNNRSLWVLACMDERLP--VDEALGIHVDTPAGGGDAHCFR      67
1I60                                                                          1 -------------------------MKDIDTLISNNALWSKMLVEEDPG---FFEKLAQAQKPRFLWIGCSDSRVP--AERLTGLEPGE------LFVHR      64
1EKJ                                                                          1 ----------------TTSSSDGIPKSEASERIKTGFLHFKKEKYDKNP--ALYGELAKGQSPPFMVFACSDSRVC--PSHVLDFQPGE------AFVVR      74
1YM3                                                                          1 -------------------MPNTNPVAAWKALKEGNERFVAGRPQHPSQSVDHRAGLAAGQKPTAVIFGCADSRVA--AEIIFDQGLGD------MFVVR      73

COSase                                                                       67 NAGGVIN----EDAIRCLIISH---HLLNTHEIILVHHTRCG-MLAFTDDLLRAGLEGDAAAEKLIGQATGRAFVSAGKASASPAAFQAFRGPPEPLDAP     158
THI401                                                                       19 NAGGVVT----DDEIRSLAISQ---RLLGTREIILIH---------------------------------------------------------------      48
THI401|WP_046361353.1Mycobacterium_obuense                                   58 NAGGVVT----DDEIRSLAISQ---RLLGTREIILIHHTDCG-MLTFTDDEFKRAIQ----------EETG-------------------------IKPE     114
THI402                                                                       19 NAGGVIT----DDEIRSLAISQ---RLLGTKEIILIH---------------------------------------------------------------      48
THI402|WP_005146653.1Mycobacterium_rhodesiae                                 58 NAGGVIT----DDEIRSLAISQ---RLLGTKEIILIHHTDCG-MLTFTDDGFKRDIQ----------AETG-------------------------IKPQ     114
THI403                                                                       19 NAGGVVT----DDEIRSLAISQ---RLLGTREIILIH---------------------------------------------------------------      48
THI404                                                                       19 NAGGVIT----DDEIRSLAISQ---RLLGTREIILIH---------------------------------------------------------------      48
THI403_404|WP_003887124.1Mycobacterium_phlei                                 58 NAGGVVT----DDEIRSLAISQ---RLLGTREIILIHHTDCG-MLTFTDDEFKRQIQ----------EETG-------------------------IKPE     114
THI405                                                                       19 NAGGVIT----DDEIRSLAISQ---RLLGTKEIILIH---------------------------------------------------------------      48
THI405|WP_014212046.1Mycobacterium_rhodesiae                                 58 NAGGVVT----DDEIRSLAISQ---RLLGTKEIILIHHTDCG-MLTFTDDDFKKAIQ----------DETG-------------------------LKPE     114
THI410                                                                       19 NAGGVVT----DDEIRSLAISQ---RLLGTTEIILIH---------------------------------------------------------------      48
THI410|WP_040830785.1Nocardia_jiangxiensis                                   58 NAGGVVT----DDEIRSLAISQ---RLLGTTEIILIHHTDCG-MLTFTDDDFKRGIQ----------EETG-------------------------IKPG     114
1YLK                                                                         58 NAGCVVT----DDVIRSLAISQ---RLLGTREIILLHHTDCG-MLTFTDDDFKRAIQ----------DETG-------------------------IRPT     114
1G5C                                                                         62 NAGNIVD----DGVIRSAAVAI---YALGVNEIIIVGHTDCG-MARLDEDLIVSRMR-----------ELG---------------------VEEEVIEN     121
Dietzia_maris_KZO58441.1_D_1                                                 59 NAGGVVT----DDVLRSLTISQ---RLLGTEEIVLIHHTDCG-MLTFRDDDFKDQIQ----------SDTG-------------------------LRPR     115
Streptomyces_ambofaciens_WP_053129402.1_D_2                                  77 NAGGAVT----DDVIRSLTISQ---RALGTRSVILVHHTACG-METLT-EEFRHELE----------LEVG-------------------------QRPG     132
Streptomyces_ambofaciens_AKZ55233.1_D_2                                      84 NAGGAVT----DDVIRSLTISQ---RALGTRSVILVHHTACG-METLT-EEFRHELE----------LEVG-------------------------QRPG     139
Geodermatophilus_obscurus_ADB77019.1_D_3                                     58 NAGGVIT----EDVIRSLTVSQ---HVLGTREILLVHHTQCG-LQATDDNSFADLVE----------QATG-------------------------RRPP     114
Streptosporangium_roseum_WP_012893510.1_D_4                                  59 NAGARVT----DDVLRTLVLAV---YLLGVNRVLVMPHTDCG-MAKSTDDDVHALAA-----------QHG------------------------VDTRS     115
Gordonia_bronchialis_ACY22488.1_D_5                                          58 NAGGVIT----DDEIRSLAISQ---RLLGTTEIILIHHTDCG-MLTFTDDEFKREIQ----------NEIG-------------------------QKPN     114
Kitasatospora_setae_WP_014135273.1_D_7                                       68 NAGGVVT----DDAIRSLTISQ---RALGTRTVVLIHHTGCG-LLGLT-EEFRHELE----------REVG-------------------------QRPQ     123
Actinosynnema_mirum__ACU34313.1_D_11                                         59 NAGGVVT----DDMIRSLALSQ---RKLGTREVLLVHHTNCG-LELVTEDAFKDELE----------TDSG-------------------------MRPP     115
Amycolatopsis_orientalis_WP_016333233.1_D_12                                 58 NAGGVVT----EDEIRSLAISQ---RLLGTREIILIHHTDCG-MLTFTDDDFKKSIQ----------EEVG-------------------------VKPA     114
Amycolatopsis_orientalis_WP_016337733.1_D_12                                 59 NAGGVVT----DDMIRSLALSQ---RKLGTREVLIVQHTDCG-LSMVTEDDFKDELE----------AASG-------------------------LRPT     115
Amycolatopsis_orientalis_WP_037318925.1_D_12                                 59 NAGGVVT----DDTIRSLALSQ---RKLGTREVLIVQHTDCG-LSMVTEDDFKDELE----------AASG-------------------------LRPT     115
AEL19654.1_carbon_disulfide_hydrolase_Acidianus_sp._A1-3                     58 NAGGIVT----DDAIRSASLTT---NFFGTKEIIVVTHTDCG-MLRFTGEEVAKYFI-----------SKG------------------IKPTEVQLDPL     120
AGQ48122.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_G8       61 NAGGLIT----DDAIRSAMLTC---NFFGTEEIVIINHTECG-MMSAQTDTIVKALK-----------DKG------------------IDLDNLQLDPD     123
AGQ48123.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_S1P      68 NAGGIVT----DDAIRSAMLTC---NFFGTKEIVIVQHTQCG-MLSGNANEMEKVLR-----------EKG------------------MDTDNITLDPT     130
1I60                                                                         65 NVANLVI----HTDLNCLSVVQYAVDVLEVEHIIICGHYGCGGVQAAVENPELGLINNWLLHIRDIWFKHS------------------------SLLGE     136
1EKJ                                                                         75 NVANLVPPYDQAKYAGTGAAIEYAVLHLKVSNIVVIGHSACGGIKGLLSFPFDGTYS---TDFIEEWVKIG-------------------LPAKAKVKAQ     152
1YM3                                                                         74 TAGHVID----SAVLGSIEYAV---TVLNVPLIVVLGHDSCGAVNAALAAINDGTLPGGYVRDVVERVAPS-----------------------VLLGRR     143

COSase                                                                      159 RSDASTERI------------------AADVRRGLSIILNHPWLPTAGPDA--ITVRGFIYDVDTGRLEEVSYPGPMGGFG-------------------     219
THI401                                                                       48 ----------------------------------------------------------------------------------------------------      48
THI401|WP_046361353.1Mycobacterium_obuense                                  115 WAAESFGDL------------------DEDVRQSLRRIDASPFVTKH------ESLRGFVFDVATGRLSEITL---------------------------     163
THI402                                                                       48 ----------------------------------------------------------------------------------------------------      48
THI402|WP_005146653.1Mycobacterium_rhodesiae                                115 WAAEAFGDL------------------DEDVRQSLRRIEKSPFVTKH------ESLRGFVFDVATGKLAEVLL---------------------------     163
THI403                                                                       48 ----------------------------------------------------------------------------------------------------      48
THI404                                                                       48 ----------------------------------------------------------------------------------------------------      48
THI403_404|WP_003887124.1Mycobacterium_phlei                                115 WAAEAFPDV------------------EEDVRQSLRRIENSPFVTLH------TSLRGFVFDVATGKLNEVTL---------------------------     163
THI405                                                                       48 ----------------------------------------------------------------------------------------------------      48
THI405|WP_014212046.1Mycobacterium_rhodesiae                                115 WAAESFPDV------------------EEDVRQSLRRIEASPFVTKH------ESLRGFVFDVATGKLNEVTL---------------------------     163
THI410                                                                       48 ----------------------------------------------------------------------------------------------------      48
THI410|WP_040830785.1Nocardia_jiangxiensis                                  115 WAAEAFGDL------------------NEDVRQSLRRIQTSPFITKT------SSLRGFVFDVGTGKLEEVTD---------------------------     163
1YLK                                                                        115 WSPESYPDA------------------VEDVRQSLRRIEVNPFVTKH------TSLRGFVFDVATGKLNEVTP---------------------------     163
1G5C                                                                        122 FSIDVLNPVGD---------------EEENVIEGVKRLKSSPLIPES------IGVHGLIIDINTGRLKPLYLDED------------------------     176
Dietzia_maris_KZO58441.1_D_1                                                116 WAPESFPEP------------------EADVRQSIARVESDPFLLHS------TAVRGFVYDVSTGELREVQREE-------------------------     166
Streptomyces_ambofaciens_WP_053129402.1_D_2                                 133 WAVESFRDV------------------DQDVRQSIQRVRTSPFLPHT------DDVRGFVYDVKTGLLREVDPA--------------------------     182
Streptomyces_ambofaciens_AKZ55233.1_D_2                                     140 WAVESFRDV------------------DQDVRQSIQRVRTSPFLPHT------DDVRGFVYDVKTGLLREVDPA--------------------------     189
Geodermatophilus_obscurus_ADB77019.1_D_3                                    115 WAVRAFRDA------------------DEDVRESMRLIHESPYLLSH-------EVRGSVYDVATGLLSEVVVEG-------------------------     164
Streptosporangium_roseum_WP_012893510.1_D_4                                 116 LDFHTVPDQ------------------DAALRHDLTRIRTSPFLPPD------LAIGGAIYDVHTGKLMPVEL---------------------------     164
Gordonia_bronchialis_ACY22488.1_D_5                                         115 WAAESFTDL------------------DEDVRQSLNRIRNSPFITKT------SSLRGFVFDVATGKLNEVAA---------------------------     163
Kitasatospora_setae_WP_014135273.1_D_7                                      124 WAVESFTDL------------------DADVRQSVQRVRTSPFLPHT------DDVRGFVFDVHTGLLREVH----------------------------     171
Actinosynnema_mirum__ACU34313.1_D_11                                        116 WSVEAFREV------------------KDSVRGSVNRVRNSPYLIHR------DTVRGFVYDVRTGVLTEVV----------------------------     163
Amycolatopsis_orientalis_WP_016333233.1_D_12                                115 WAAEAFGDV------------------DEDVRQSISRIRNSPFIPEK------DSVRGFVFDVATGKLNEVIPR--------------------------     164
Amycolatopsis_orientalis_WP_016337733.1_D_12                                116 WSVEAFRVV------------------EDSVRRSVQRVRRSDFLAHT------DNVRGFVYDVKTGRLSEVE----------------------------     163
Amycolatopsis_orientalis_WP_037318925.1_D_12                                116 WSVEAFREV------------------EDSVRRSVQRVRRSDFLPHR------DNVRGFVYDVKTGRLSEVA----------------------------     163
AEL19654.1_carbon_disulfide_hydrolase_Acidianus_sp._A1-3                    121 LPAFRISSEEDFIKWFKFYEDLGVKSPDEMALKGVEILRNHPLIPKD------VRITGYVYEVETHRLRKPNQIIYN--ETSKFEHGTIVKE--------     204
AGQ48122.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_G8      124 LPELTLKAG-MFGKWVKMYQDV-----DETCARQVEYMRNHPLIPKH------VTISGWIWEVETGHLRPPHFRIGEKVNTN---KAMGAK---------     199
AGQ48123.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_S1P     131 LPELQLAKG-AFAKWIGMMDDV-----DETCMKTINAFKNHPLIPKD------IVVSGWVWEVENRRLRAPTLDKEKRARTDCTPTPYGVKGNQPPRWK-     217
1I60                                                                        137 MPQERRLDT----------------LCELNVMEQVYNLGHSTIMQSAWKRGQKVTIHGWAYGIHDGLLRDLDVTATNRETLEQRYRHGISNLKLKHANHK     220
1EKJ                                                                        153 HGDAPFAELCT-------------HCEKEAVNASLGNLLTYPFVREG-LVNKTLALKGGYYDFVKGSFELWGLEFGLSSTFSV-----------------     221
1YM3                                                                        144 DGLSRVDEF-----------------EQRHVHETVAILMARSSAISERIAGGSLAIVGVTYQLDDGRAVLRDHIGNIGEEV-------------------     207

COSase                                                                        1                                                                                                           18
THI401                                                                        1                                                                                                           57
THI401|WP_046361353.1Mycobacterium_obuense                                    1                                                                                                           18
THI402                                                                        1                                                                                                           57
THI402|WP_005146653.1Mycobacterium_rhodesiae                                  1                                                                                                           18
THI403                                                                        1                                                                                                           18
THI404                                                                        1                                                                                                           57
THI403_404|WP_003887124.1Mycobacterium_phlei                                  1                                                                                                           18
THI405                                                                        1                                                                                                           57
THI405|WP_014212046.1Mycobacterium_rhodesiae                                  1                                                                                                           18
THI410                                                                        1                                                                                                           57
THI410|WP_040830785.1Nocardia_jiangxiensis                                    1                                                                                                           57
1YLK                                                                          1                                                                                                           61
1G5C                                                                          1                                                                                                           58
Dietzia_maris_KZO58441.1_D_1                                                  1                                                                                                           76
Streptomyces_ambofaciens_WP_053129402.1_D_2                                   1                                                                                                           83
Streptomyces_ambofaciens_AKZ55233.1_D_2                                       1                                                                                                           57
Geodermatophilus_obscurus_ADB77019.1_D_3                                      1                                                                                                           58
Streptosporangium_roseum_WP_012893510.1_D_4                                   1                                                                                                           57
Gordonia_bronchialis_ACY22488.1_D_5                                           1                                                                                                           67
Kitasatospora_setae_WP_014135273.1_D_7                                        1                                                                                                           58
Actinosynnema_mirum__ACU34313.1_D_11                                          1                                                                                                           57
Amycolatopsis_orientalis_WP_016333233.1_D_12                                  1                                                                                                           58
Amycolatopsis_orientalis_WP_016337733.1_D_12                                  1                                                                                                           58
Amycolatopsis_orientalis_WP_037318925.1_D_12                                  1                                                                                                           57
AEL19654.1_carbon_disulfide_hydrolase_Acidianus_sp._A1-3                      1                                                                                                           60
AGQ48122.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_G8        1                                                                                                           67
AGQ48123.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_S1P       1                                                                                                           64
1I60                                                                          1                                                                                                           74
1EKJ                                                                          1                                                                                                           73
1YM3                                                                          0                                                                                                      -997572608

[GENETYX-MAC: Multiple-Alignment]
Date        : 2016.05.27

COSase                                                                        1 -----------------------MEKSNTDALLENNRLYAGGQATHRPG--HPGMQPIQ-PSRRVAVVACMDARLD--VEDLLGLQTGE------AHIIR      66
THI401                                                                        1 --------------------------------------------------------------------------LD--VYRILGLADGE------AHVIR      18
THI401|WP_046361353.1Mycobacterium_obuense                                    1 -------------------------MSVTDEYLVNNEEYAKTFS---------GPLPLP-PSKHVAVVACMDARLD--VYRILGLADGE------AHVIR      57
THI402                                                                        1 --------------------------------------------------------------------------LD--VYRVLGLKDGE------AHVIR      18
THI402|WP_005146653.1Mycobacterium_rhodesiae                                  1 -------------------------MSVTDEYLANNVEYAKNFT---------GPLPLP-PSKHVAVVACMDARLD--VYRILGLKDGE------AHVIR      57
THI403                                                                        1 --------------------------------------------------------------------------LD--VYRILGLKDGE------AHVIR      18
THI404                                                                        1 --------------------------------------------------------------------------LD--VYRILGLKDGE------AHVIR      18
THI403_404|WP_003887124.1Mycobacterium_phlei                                  1 -------------------------MSVTDEYLANNAEYAKTFK---------GPLPLP-PSKHVAVVACMDARLD--VYRILGLKDGE------AHVIR      57
THI405                                                                        1 --------------------------------------------------------------------------LD--VYRILGLGDGE------AHVIR      18
THI405|WP_014212046.1Mycobacterium_rhodesiae                                  1 -------------------------MSVTDEYLKNNEAYASSFS---------GPLPLP-PSKHVAVVACMDARLD--VYRILGLGDGE------AHVIR      57
THI410                                                                        1 --------------------------------------------------------------------------LD--VYRILGLGAGE------AHVIR      18
THI410|WP_040830785.1Nocardia_jiangxiensis                                    1 -------------------------MTVTDELLDNNTRYAAQFS---------GPLPLP-PSKHVAVVACMDARLD--VYRILGLGEGE------AHVIR      57
1YLK                                                                          1 -------------------------MTVTDDYLANNVDYASGFK---------GPLPMP-PSKHIAIVACMDARLD--VYRMLGIKEGE------AHVIR      57
1G5C                                                                          1 -------------------------MRFVSMIIKDILRENQDFR--------FRDLSDLKHSPKLCIITCMDSRLIDLLERALGIGRGD------AKVIK      61
Dietzia_maris_KZO58441.1_D_1                                                  1 -------------------------MTVTDELLEAAKAYQSDFDK--------GDLPMP-PGRKVAVVACMDARLN--PYGLLGLTEGD------AHVIR      58
Streptomyces_ambofaciens_WP_053129402.1_D_2                                   1 -------MTTSASIPAGSASAATGDGSVTDRLVEANARYATEFAD--------AELAGR-PALQAAVVACMDARLD--VTAALGLRNGD------CHVIR      76
Streptomyces_ambofaciens_AKZ55233.1_D_2                                       1 MTSNVMVMTTSASIPAGSASAATGDGSVTDRLVEANARYATEFAD--------AELAGR-PALQAAVVACMDARLD--VTAALGLRNGD------CHVIR      83
Geodermatophilus_obscurus_ADB77019.1_D_3                                      1 -------------------------MSEIDRMLAANAEWAERFP---------GSRDVR-PARRVAVVACMDSRMP--LFPMLGLEVGD------AHVIR      57
Streptosporangium_roseum_WP_012893510.1_D_4                                   1 -------------------------MSAFDDLLAANKEFSAAFT---------HSALTGKAARGLAVVTCMDSRID--PLGVFGLKPGD------AKILR      58
Gordonia_bronchialis_ACY22488.1_D_5                                           1 -------------------------MSVTDEYLANNAEFAKTFS---------GPLPLP-PSRHVAVVACMDARLD--VYRILGLDDGE------AHVIR      57
Kitasatospora_setae_WP_014135273.1_D_7                                        1 ----------MAPAPG------PERPSETDRFVLSNRSYAETFRD--------GGMDAR-PVRRVAVVACMDARLD--LFAALGLELGD------AHIIR      67
Actinosynnema_mirum__ACU34313.1_D_11                                          1 -------------------------MTAIDELLRRNEELGNIVP---------GDRSSPMPSMQVTILTCMDSRIR--VFEIFGLKQGE------AHVLR      58
Amycolatopsis_orientalis_WP_016333233.1_D_12                                  1 -------------------------MSVTDELLANNAGYAARFS---------GPLPLP-PAKHVAVLACMDARLN--VYGALGLQEGE------AHVIR      57
Amycolatopsis_orientalis_WP_016337733.1_D_12                                  1 -------------------------MTSIDVLLKRNQELGDVTP---------GDRSSPRPSLHVTILTCMDARIR--VFEIFGLIQGE------AHILR      58
Amycolatopsis_orientalis_WP_037318925.1_D_12                                  1 -------------------------MTSIDVLLKRNQELGDVTP---------GDRSSPRPSLHVTILTCMDARIR--VFEIFGLIQGE------SHILR      58
AEL19654.1_carbon_disulfide_hydrolase_Acidianus_sp._A1-3                      1 ---------------------------MVSEYIDSELKRLEDYALRR------VKGIP--NNRRLWVLTCMDERVH--IEQSLGIQPDD------AHIYR      57
AGQ48122.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_G8        1 -------------------------MS-LKQQLESDFEGHKRWALRR------QMGIP--NNRRLWVCACMDERLP--VDDALGIRGDR----GDAHVFR      60
AGQ48123.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_S1P       1 -------------------------MSTLKEQLTAHVASYDHWAQRR------RYGPDGHNNRSLWVLACMDERLP--VDEALGIHVDTPAGGGDAHCFR      67
1I60                                                                          1 -------------------------MKDIDTLISNNALWSKMLVEEDPG---FFEKLAQAQKPRFLWIGCSDSRVP--AERLTGLEPGE------LFVHR      64
1EKJ                                                                          1 ----------------TTSSSDGIPKSEASERIKTGFLHFKKEKYDKNP--ALYGELAKGQSPPFMVFACSDSRVC--PSHVLDFQPGE------AFVVR      74
1YM3                                                                          1 -------------------MPNTNPVAAWKALKEGNERFVAGRPQHPSQSVDHRAGLAAGQKPTAVIFGCADSRVA--AEIIFDQGLGD------MFVVR      73

COSase                                                                       67 NAGGVIN----EDAIRCLIISH---HLLNTHEIILVHHTRCG-MLAFTDDLLRAGLEGDAAAEKLIGQATGRAFVSAGKASASPAAFQAFRGPPEPLDAP     158
THI401                                                                       19 NAGGVVT----DDEIRSLAISQ---RLLGTREIILIH---------------------------------------------------------------      48
THI401|WP_046361353.1Mycobacterium_obuense                                   58 NAGGVVT----DDEIRSLAISQ---RLLGTREIILIHHTDCG-MLTFTDDEFKRAIQ----------EETG-------------------------IKPE     114
THI402                                                                       19 NAGGVIT----DDEIRSLAISQ---RLLGTKEIILIH---------------------------------------------------------------      48
THI402|WP_005146653.1Mycobacterium_rhodesiae                                 58 NAGGVIT----DDEIRSLAISQ---RLLGTKEIILIHHTDCG-MLTFTDDGFKRDIQ----------AETG-------------------------IKPQ     114
THI403                                                                       19 NAGGVVT----DDEIRSLAISQ---RLLGTREIILIH---------------------------------------------------------------      48
THI404                                                                       19 NAGGVIT----DDEIRSLAISQ---RLLGTREIILIH---------------------------------------------------------------      48
THI403_404|WP_003887124.1Mycobacterium_phlei                                 58 NAGGVVT----DDEIRSLAISQ---RLLGTREIILIHHTDCG-MLTFTDDEFKRQIQ----------EETG-------------------------IKPE     114
THI405                                                                       19 NAGGVIT----DDEIRSLAISQ---RLLGTKEIILIH---------------------------------------------------------------      48
THI405|WP_014212046.1Mycobacterium_rhodesiae                                 58 NAGGVVT----DDEIRSLAISQ---RLLGTKEIILIHHTDCG-MLTFTDDDFKKAIQ----------DETG-------------------------LKPE     114
THI410                                                                       19 NAGGVVT----DDEIRSLAISQ---RLLGTTEIILIH---------------------------------------------------------------      48
THI410|WP_040830785.1Nocardia_jiangxiensis                                   58 NAGGVVT----DDEIRSLAISQ---RLLGTTEIILIHHTDCG-MLTFTDDDFKRGIQ----------EETG-------------------------IKPG     114
1YLK                                                                         58 NAGCVVT----DDVIRSLAISQ---RLLGTREIILLHHTDCG-MLTFTDDDFKRAIQ----------DETG-------------------------IRPT     114
1G5C                                                                         62 NAGNIVD----DGVIRSAAVAI---YALGVNEIIIVGHTDCG-MARLDEDLIVSRMR-----------ELG---------------------VEEEVIEN     121
Dietzia_maris_KZO58441.1_D_1                                                 59 NAGGVVT----DDVLRSLTISQ---RLLGTEEIVLIHHTDCG-MLTFRDDDFKDQIQ----------SDTG-------------------------LRPR     115
Streptomyces_ambofaciens_WP_053129402.1_D_2                                  77 NAGGAVT----DDVIRSLTISQ---RALGTRSVILVHHTACG-METLT-EEFRHELE----------LEVG-------------------------QRPG     132
Streptomyces_ambofaciens_AKZ55233.1_D_2                                      84 NAGGAVT----DDVIRSLTISQ---RALGTRSVILVHHTACG-METLT-EEFRHELE----------LEVG-------------------------QRPG     139
Geodermatophilus_obscurus_ADB77019.1_D_3                                     58 NAGGVIT----EDVIRSLTVSQ---HVLGTREILLVHHTQCG-LQATDDNSFADLVE----------QATG-------------------------RRPP     114
Streptosporangium_roseum_WP_012893510.1_D_4                                  59 NAGARVT----DDVLRTLVLAV---YLLGVNRVLVMPHTDCG-MAKSTDDDVHALAA-----------QHG------------------------VDTRS     115
Gordonia_bronchialis_ACY22488.1_D_5                                          58 NAGGVIT----DDEIRSLAISQ---RLLGTTEIILIHHTDCG-MLTFTDDEFKREIQ----------NEIG-------------------------QKPN     114
Kitasatospora_setae_WP_014135273.1_D_7                                       68 NAGGVVT----DDAIRSLTISQ---RALGTRTVVLIHHTGCG-LLGLT-EEFRHELE----------REVG-------------------------QRPQ     123
Actinosynnema_mirum__ACU34313.1_D_11                                         59 NAGGVVT----DDMIRSLALSQ---RKLGTREVLLVHHTNCG-LELVTEDAFKDELE----------TDSG-------------------------MRPP     115
Amycolatopsis_orientalis_WP_016333233.1_D_12                                 58 NAGGVVT----EDEIRSLAISQ---RLLGTREIILIHHTDCG-MLTFTDDDFKKSIQ----------EEVG-------------------------VKPA     114
Amycolatopsis_orientalis_WP_016337733.1_D_12                                 59 NAGGVVT----DDMIRSLALSQ---RKLGTREVLIVQHTDCG-LSMVTEDDFKDELE----------AASG-------------------------LRPT     115
Amycolatopsis_orientalis_WP_037318925.1_D_12                                 59 NAGGVVT----DDTIRSLALSQ---RKLGTREVLIVQHTDCG-LSMVTEDDFKDELE----------AASG-------------------------LRPT     115
AEL19654.1_carbon_disulfide_hydrolase_Acidianus_sp._A1-3                     58 NAGGIVT----DDAIRSASLTT---NFFGTKEIIVVTHTDCG-MLRFTGEEVAKYFI-----------SKG------------------IKPTEVQLDPL     120
AGQ48122.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_G8       61 NAGGLIT----DDAIRSAMLTC---NFFGTEEIVIINHTECG-MMSAQTDTIVKALK-----------DKG------------------IDLDNLQLDPD     123
AGQ48123.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_S1P      68 NAGGIVT----DDAIRSAMLTC---NFFGTKEIVIVQHTQCG-MLSGNANEMEKVLR-----------EKG------------------MDTDNITLDPT     130
1I60                                                                         65 NVANLVI----HTDLNCLSVVQYAVDVLEVEHIIICGHYGCGGVQAAVENPELGLINNWLLHIRDIWFKHS------------------------SLLGE     136
1EKJ                                                                         75 NVANLVPPYDQAKYAGTGAAIEYAVLHLKVSNIVVIGHSACGGIKGLLSFPFDGTYS---TDFIEEWVKIG-------------------LPAKAKVKAQ     152
1YM3                                                                         74 TAGHVID----SAVLGSIEYAV---TVLNVPLIVVLGHDSCGAVNAALAAINDGTLPGGYVRDVVERVAPS-----------------------VLLGRR     143

COSase                                                                      159 RSDASTERI------------------AADVRRGLSIILNHPWLPTAGPDA--ITVRGFIYDVDTGRLEEVSYPGPMGGFG-------------------     219
THI401                                                                       48 ----------------------------------------------------------------------------------------------------      48
THI401|WP_046361353.1Mycobacterium_obuense                                  115 WAAESFGDL------------------DEDVRQSLRRIDASPFVTKH------ESLRGFVFDVATGRLSEITL---------------------------     163
THI402                                                                       48 ----------------------------------------------------------------------------------------------------      48
THI402|WP_005146653.1Mycobacterium_rhodesiae                                115 WAAEAFGDL------------------DEDVRQSLRRIEKSPFVTKH------ESLRGFVFDVATGKLAEVLL---------------------------     163
THI403                                                                       48 ----------------------------------------------------------------------------------------------------      48
THI404                                                                       48 ----------------------------------------------------------------------------------------------------      48
THI403_404|WP_003887124.1Mycobacterium_phlei                                115 WAAEAFPDV------------------EEDVRQSLRRIENSPFVTLH------TSLRGFVFDVATGKLNEVTL---------------------------     163
THI405                                                                       48 ----------------------------------------------------------------------------------------------------      48
THI405|WP_014212046.1Mycobacterium_rhodesiae                                115 WAAESFPDV------------------EEDVRQSLRRIEASPFVTKH------ESLRGFVFDVATGKLNEVTL---------------------------     163
THI410                                                                       48 ----------------------------------------------------------------------------------------------------      48
THI410|WP_040830785.1Nocardia_jiangxiensis                                  115 WAAEAFGDL------------------NEDVRQSLRRIQTSPFITKT------SSLRGFVFDVGTGKLEEVTD---------------------------     163
1YLK                                                                        115 WSPESYPDA------------------VEDVRQSLRRIEVNPFVTKH------TSLRGFVFDVATGKLNEVTP---------------------------     163
1G5C                                                                        122 FSIDVLNPVGD---------------EEENVIEGVKRLKSSPLIPES------IGVHGLIIDINTGRLKPLYLDED------------------------     176
Dietzia_maris_KZO58441.1_D_1                                                116 WAPESFPEP------------------EADVRQSIARVESDPFLLHS------TAVRGFVYDVSTGELREVQREE-------------------------     166
Streptomyces_ambofaciens_WP_053129402.1_D_2                                 133 WAVESFRDV------------------DQDVRQSIQRVRTSPFLPHT------DDVRGFVYDVKTGLLREVDPA--------------------------     182
Streptomyces_ambofaciens_AKZ55233.1_D_2                                     140 WAVESFRDV------------------DQDVRQSIQRVRTSPFLPHT------DDVRGFVYDVKTGLLREVDPA--------------------------     189
Geodermatophilus_obscurus_ADB77019.1_D_3                                    115 WAVRAFRDA------------------DEDVRESMRLIHESPYLLSH-------EVRGSVYDVATGLLSEVVVEG-------------------------     164
Streptosporangium_roseum_WP_012893510.1_D_4                                 116 LDFHTVPDQ------------------DAALRHDLTRIRTSPFLPPD------LAIGGAIYDVHTGKLMPVEL---------------------------     164
Gordonia_bronchialis_ACY22488.1_D_5                                         115 WAAESFTDL------------------DEDVRQSLNRIRNSPFITKT------SSLRGFVFDVATGKLNEVAA---------------------------     163
Kitasatospora_setae_WP_014135273.1_D_7                                      124 WAVESFTDL------------------DADVRQSVQRVRTSPFLPHT------DDVRGFVFDVHTGLLREVH----------------------------     171
Actinosynnema_mirum__ACU34313.1_D_11                                        116 WSVEAFREV------------------KDSVRGSVNRVRNSPYLIHR------DTVRGFVYDVRTGVLTEVV----------------------------     163
Amycolatopsis_orientalis_WP_016333233.1_D_12                                115 WAAEAFGDV------------------DEDVRQSISRIRNSPFIPEK------DSVRGFVFDVATGKLNEVIPR--------------------------     164
Amycolatopsis_orientalis_WP_016337733.1_D_12                                116 WSVEAFRVV------------------EDSVRRSVQRVRRSDFLAHT------DNVRGFVYDVKTGRLSEVE----------------------------     163
Amycolatopsis_orientalis_WP_037318925.1_D_12                                116 WSVEAFREV------------------EDSVRRSVQRVRRSDFLPHR------DNVRGFVYDVKTGRLSEVA----------------------------     163
AEL19654.1_carbon_disulfide_hydrolase_Acidianus_sp._A1-3                    121 LPAFRISSEEDFIKWFKFYEDLGVKSPDEMALKGVEILRNHPLIPKD------VRITGYVYEVETHRLRKPNQIIYN--ETSKFEHGTIVKE--------     204
AGQ48122.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_G8      124 LPELTLKAG-MFGKWVKMYQDV-----DETCARQVEYMRNHPLIPKH------VTISGWIWEVETGHLRPPHFRIGEKVNTN---KAMGAK---------     199
AGQ48123.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_S1P     131 LPELQLAKG-AFAKWIGMMDDV-----DETCMKTINAFKNHPLIPKD------IVVSGWVWEVENRRLRAPTLDKEKRARTDCTPTPYGVKGNQPPRWK-     217
1I60                                                                        137 MPQERRLDT----------------LCELNVMEQVYNLGHSTIMQSAWKRGQKVTIHGWAYGIHDGLLRDLDVTATNRETLEQRYRHGISNLKLKHANHK     220
1EKJ                                                                        153 HGDAPFAELCT-------------HCEKEAVNASLGNLLTYPFVREG-LVNKTLALKGGYYDFVKGSFELWGLEFGLSSTFSV-----------------     221
1YM3                                                                        144 DGLSRVDEF-----------------EQRHVHETVAILMARSSAISERIAGGSLAIVGVTYQLDDGRAVLRDHIGNIGEEV-------------------     207

COSase                                                                        1                                                                                                           18
THI401                                                                        1                                                                                                           57
THI401|WP_046361353.1Mycobacterium_obuense                                    1                                                                                                           18
THI402                                                                        1                                                                                                           57
THI402|WP_005146653.1Mycobacterium_rhodesiae                                  1                                                                                                           18
THI403                                                                        1                                                                                                           18
THI404                                                                        1                                                                                                           57
THI403_404|WP_003887124.1Mycobacterium_phlei                                  1                                                                                                           18
THI405                                                                        1                                                                                                           57
THI405|WP_014212046.1Mycobacterium_rhodesiae                                  1                                                                                                           18
THI410                                                                        1                                                                                                           57
THI410|WP_040830785.1Nocardia_jiangxiensis                                    1                                                                                                           57
1YLK                                                                          1                                                                                                           61
1G5C                                                                          1                                                                                                           58
Dietzia_maris_KZO58441.1_D_1                                                  1                                                                                                           76
Streptomyces_ambofaciens_WP_053129402.1_D_2                                   1                                                                                                           83
Streptomyces_ambofaciens_AKZ55233.1_D_2                                       1                                                                                                           57
Geodermatophilus_obscurus_ADB77019.1_D_3                                      1                                                                                                           58
Streptosporangium_roseum_WP_012893510.1_D_4                                   1                                                                                                           57
Gordonia_bronchialis_ACY22488.1_D_5                                           1                                                                                                           67
Kitasatospora_setae_WP_014135273.1_D_7                                        1                                                                                                           58
Actinosynnema_mirum__ACU34313.1_D_11                                          1                                                                                                           57
Amycolatopsis_orientalis_WP_016333233.1_D_12                                  1                                                                                                           58
Amycolatopsis_orientalis_WP_016337733.1_D_12                                  1                                                                                                           58
Amycolatopsis_orientalis_WP_037318925.1_D_12                                  1                                                                                                           57
AEL19654.1_carbon_disulfide_hydrolase_Acidianus_sp._A1-3                      1                                                                                                           60
AGQ48122.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_G8        1                                                                                                           67
AGQ48123.1_carbon_disulfide_hydrolase_Acidithiobacillus_thiooxidans_S1P       1                                                                                                           64
1I60                                                                          1                                                                                                           74
1EKJ                                                                          1                                                                                                           73
1YM3                                                                          0                                                                                                      -997572608

	�	�

Primer�

Primer�
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Fig. 3-2. Multiple alignment of amino acid sequences deduced from partial nucleotide sequences of 

Mycobacterium spp. THI401-THI405 and Williamsia sp. THI410 with β-CA, COSase and CS2 hydrolase. The 

alignment was constructed using ClustalW with MEGA6 (Tamura et al. 2013) and showed using 

GENETYX-MAC ver. 17 (GENETYX, Tokyo, Japan). The residues to be identical in more than 50% are shown 

in grey background. All proteins, except as otherwise noted, are clade D of β-CA. The secondary structure of 

COSase is shown above the alignment. Closed stars show the zinc binding residues and the residues stabilizing 

the water molecule that occupies the fourth coordination site of COSase (Chapter 2). Open stars show the FF 

motif that is specific to CS2 hydrolase. The amino acid sequences of COSase used for the design of the degenerate 

PCR primers are surrounded by a broken line. Arrows show the PCR primer regions. The accession number of 

each sequence is shown by NCBI GI number in parentheses. 
a) Amino acid sequences of β-CA just below each THI401-THI405 and THI410 are those suggesting the highest 

relatedness by results of NCBI BLASTP search: for example, Mycobacterium obuense UC1 for THI401. 
b) β-CAs reported their characteristics such as CA activity and X-ray crystal structure in detail. 
c) Included in this figure, because Clade D of β-CA was found in the genome databases of actinomycetes used 

here.  



 80 

 

Fig. 3-3. The relationship of COS degradation activity and bacterial phylogenetic position based on 16S rRNA 

gene of bacteria used in this study. The phylogenetic tree was constructed using the neighbor-joining method with 

MEGA6 (Tamura et al., 2013). Nocardia sp. THI406, Nocardia sp. THI407, Variovorax sp. THI411, 

Mesorhizobium sp. THI412 and Dyella sp. THI413 are COS degrading bacteria isolated in the research of Kato et 

al. (2008) and their phylogeny was determined. Bacteria that phylogenetically related to isolates by Kato et al. 

(2008) are also shown in the phylogenetic tree. Bacteria marked with asterisks are known as COS degrading 

bacteria (Smith and Kelly 1988; Smith et al., 1991; Katayama et al., 1993; Kusumi et al., 2011; Smeulders et al., 

2013). The accession numbers of 16S rRNA gene sequence data are shown by NCBI GI number in parentheses. 

Due to the lack of 16S rRNA gene sequence data, 16S rRNA genes of Blautia producta JCM 1471T (GI: 

631252072), Rhodospirillum rubrum ATCC 11170T (GI: 444303827) and Rhodococcus rhodochrous DSM 

43241T (GI: 640003)) were used from the data of Blautia producta ATCC35244, Rhodospirillum rubrum ATCC 

25903 and Rhodococcus rhodochrous JCM 2158, respectively. Blautia producta ATCC35244 was formerly 

COS 
degradation
(30 ppmv)�

Rate constant/
TOC

(h-1 mg C-1)
(30 ppmv)�

COS 
degradation 

(atmospheric)�

Rate constant
(h-1)

(atmospheric)�

+� 0.92 ± 0.03 � +�
+�
+� 0.54 ± 0.01 �
+� 0.57 ± 0.07 � +�

−�

+� 1.83 ± 1.09 � +�
+� 4.62 ± 1.19 � +�

−�
+� 0.55 ± 0.01 � −�

+� 0.20 ± 0.04 � −� −0.10 ± 0.05�
+� 6.19 ± 5.68 � +� > 0.41�
+� 0.35 ± 0.05 � +� 0.08 ± 0.18�
+� 0.24 ± 0.02 � +� 0.06 ± 0.07�
+�
+�

+� 0.11 ± 0.02 � −� < −0.14�
+� 0.55 ± 0.10 � −� < −0.05�
+� 0.02 ± 0.01 �
+� 0.01 ± 0.01 �
+� 0.15 ± 0.01 � −� −0.01 ± 0.01�
+� 0.04 ± 0.01 �
+� 0.18 ± 0.03 � +� 0.09 ± 0.04�
−�
+� 0.01 ± 0.00 �
+� 0.01 ± 0.00 �
+� 0.37 ± 0.03 � −� −0.04 ± 0.04�
+� 0.05 ± 0.00 �
+� 1.25 ± 0.01 � +� > 0.33�
+� 0.31 ± 0.03 � −� 0.01 ± 0.02�
+� 0.26 ± 0.00 � −� −0.09 ± 0.03�
+� 0.14 ± 0.03 �

+�

+�

+�

8.26 ± 1.84 � +�

+� −�
+� 0.04 ± 0.00 � −�

Proteobacteria�

Firmicutes�

Actinomycetales�

Mycobacterium sp. THI402 (164454368)�
Mycobacterium sp. THI403 (164454369)�

Mycobacterium sp. THI404 (164454370)�
Mycobacterium sediminis YIM M13028T (566085633) �

Mycobacterium tusciae CIP 106367T (645320754)�
Mycobacterium sp. THI503 (356995831) * �
Mycobacterium confluentis 1389/90T (343201519) �

Mycobacterium sp. THI401 (164454367)�
Mycobacterium sp. THI405 (164454371)�
Mycobacterium brisbanense W6743T (265678732)�

Skermania piniformis NBRC 15059T (663226)�
Williamsia sp. THI410 (164454375)�
Williamsia limnetica L1505T (645320808)�

Corynebacterium ammoniagenes JCM 1305T (1066022)�
Dietzia maris NBRC 15801T (639964)�

Gordonia bronchialis NBRC 16047T (444304105)�
Rhodococcus rhodochrous JCM 2158�

Nocardia sp. THI406 (164454372)�
Nocardia sp. THI407 (164454373)�
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Amycolatopsis orientalis NBRC 12806T (10045578)�
Geodermatophilus obscurus NBRC 13315T (444304106)�

Brevibacterium linens NBRCT 12142 (515022)�
Micrococcus luteus JCM 1464T (27657416)�

Actinosynnema mirum NBRC 14064T (343201115)�
Luteococcus japonicus NBRC 12422T (3395617)�
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Acidithiobacillus thiooxidans S1p (523585727) *�

0.05�
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classified as Peptostreptococcus productus strain U-1 in the research of Smith et al. (1991).  
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Fig. 3-4. Phylogenetic tree based on amino acid sequences of β-CA, COSase and CS2 hydrolase and their relation 

to the COS degrading activity. Enzyme proteins illustrated in Fig. 3-2 were used to construct the phylogenetic tree 

using the neighbor-joining method with MEGA6 (Tamura et al. 2013).  
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ɛ 4ə  COSaseø4 T. thioparus THI115ǒ0 COSÜʱ.´�Ɋ̞0Ă¶¸Üá  

 

4-1 1�=.  

� ɛ 1 ə*ʴ�#˖C	COS 0ȳȧȉ?Ǿıȉ.˷�DɆɕ�B	Ěȣʭǟ0 COS 0ŶȥHƎƠ�D

�+�ʸ;BE)�D
���	ƾƮ0Ɇɕ.��)>	ʬɓ>BEDȳȧ˫?Ǿı˫02B'�1Į

��	¼�2	ėĩ0Ǿı˫*1 255�770 Gg S yr–1+ƝĿ�E)�D (Launois et al., 2015)
�EB0

ʬɓ>C1	Ã�0ȳȧȉ	Ǿıȉ�B0 COS 0ȳȧ˗Ţ	Ǿı˗ŢHĚȣʭǟ*>Ă�A�.ȧ�

)�D>0+±Ŀ�)ʡ-GE)�D
�Ư	�0A�-ĮǬŷ˫ƈÜ0ìƅHƎƠ�Dƌǧ+�)	

Ă¶¸Üá0âȩ�ǶȻ�E)�D (Johnson et al., 2002, Brenninkmeijer et al., 2003)
�E1	ǜ�-ȥ

ħ�Bƛû�E# COS 0Ă¶¸ǫ+	COS 0ȳȧ
D�1Ǿı.˷GDùŻ*ȧ�DĂ¶¸ÜáHâ

ȩ�)	Ěȣʭǟ0 COS0ìƅHƝĿ�DƯǳ*
D
 

� �E:*.	ȧțĚȣíļȶ-ùŻ.˷À�D˦ɫHȩ�#Ă¶¸Üá0Ɇɕ1	Ñāƈ.˷GD

RuBisCO (Park and Epstein, 1960), ÑĉĆ.˷GD glycolate oxidase (Guy et al., 1993), ʊɗ.˷GD nitrate 

reductase (Karsh et al., 2012) ø4 nitric oxide reductase (Yamazaki et al., 2014)	ɉí.˷GD hydroxylamine 

oxidoreductase (Yamazaki et al., 2014)	ɗɫĔĿ.˷GD nitrogenase (Sra et al., 2004)	K��pKĂí.

˷GD glutamate dehydrogenase (Weiss et al., 1988) ø4 glutamine synthetase (Yoneyama et al., 1993) �


D
Ɋ̞0Ĥā1	Ɋ˧ˢÎʔ.ADɊ˧ˢÎùŻ0˦ɫ*
D	dissimilatory sulfite reductase (DsrAB) 0

;ɂBE)�D (Leavitt et al., 2015)
!0­	ȧțĚȣíļȶ-ùŻ*1-��	Ɋ̞.˷GD˦ɫ+

�)č�	˽ ʓç ametryn0Üʱ˦ɫ*
D s-triazine hydrolase (TrzN) �Ɇɕ�E)�D (Schürner et al., 

2015)
�Ư	Ɋ̞˧íɭʔ.˷�)1	Ü̆ʔH�Ź+�)	ÎɫɊ̞?Ɋ̞Hą<íāț0˧íùŻ

.��D	Ă¶¸Üá.˷�)Ɇɕ�E)�D>00 [Jones and Starkey, 1957; Kaplan and Rafter, 1958; 

Kaplan and Rittenberg, 1962, 1964; Nakai and Jensen, 1964; Kondrat’eva, Mekhtieva and Sumarokova, 1966 

(Zerkle et al. (2009) .A&)Ŧȩ�E#); Mekhtieva and Kondrat’eva, 1966 (Chambers and Trudinger (1979) 

ø4 Zerkle et al. (2009) .A&)Ŧȩ�E#); Ivanov et al., 1976 (Chambers and Trudinger (1979) ø4

Zerkle et al. (2009) .A&)Ŧȩ�E#); Chambers and Trudinger,1979; McCready and Krouse, 1982; Fry et 

al., 1984, 1985, 1986, 1988; Taylor et al., 1984; Habicht et al., 1998; Zerkle et al., 2009; Kamezaki et al., 2016]	

Ɋ̞˧í.˷GD˦ɫ0Ă¶¸Üá0Ɇɕ1ʡ-GE)�-�
 

� �E:*.	COS0Ă¶¸Üá.'�)1	COS0ÑÜʱ (Hattori et al., 2011; Lin et al., 2011; Schmidt 

et al., 2013)	ø4�`S� [�OHø4 O(3P)] +0ùŻ (Danielache et al., 2008; Hattori et al., 2012; Schmidt 

et al., 2013) .˷�)Ɇɕ�ʡ-GE)�D>00	�ʫ-Ǿıȉ*
D	Ǘț?ėĩ.AD COSÜʱ

Hŉˀ+�#Ɇɕ1-�&#
!0Ȥȫ+�)	Ă¶¸Üá0ȆĿ.1	COS�Ʃ µmolźʫ*
&#

#=*
D
���	ˏş	Ʃ nmol0 COSHȩ�)Ă¶¸ǫHȆĿ*�D	TaW��mX�y-Ă¶

¸ǫˁ˫Üǋʳ (GC-IRMS) �˵ȳ�E (Hattori et al., 2015)	ß=) COSÜʱɭʔ.AD	COSÜʱ.
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��DɊ̞0Ă¶¸Üá0Ɇɕ�ʡ-GE# (Kamezaki et al., 2016)
 

� Kamezaki et al. (2016) 1	éʜ.ACėĩ�BÜ̆�E#	7ʔǒ0ŲŐǐ̗Ž0 COSÜʱɭʔ̠ Kato 

et al., 2008 H̡ȩ�)	4,000 ppmv0 COS0Üʱŀ̚Hʡ-�	7ʔǒÓ).��)	CO34SAC> CO32S

HÍÐ�)Üʱ�D�+HƵB�.�#
!�)	!0Ă¶¸ÜáĿƩ (34ε) 1	Mycobacterium spp. 4

ʔǒ�–3.99�–3.56‰	Williamsia sp. THI410ǒ�–3.74‰	Cupriavidus spp. 2ʔǒ�–2.38�–2.09‰*


C	ɭʔ0Ő�}�* 34εÅ�Ȱ-DþʉŽHɌ�#
���-�B	ŷȧț.AD 34εÅ1	Ă�ùŻ

*
&)>ȩ�#̉ĸ½�¸0˝�0A�-	ŀ̚Ǉ²0˝�?	ùŵŀ̚˶*īì�D¼�ɂBE)

�C (Kaplan and Rittenberg, 1964; Zerkle et al., 2009)	ŀ̂0ĮǬ0A�- pptv�}�0 COSȏŢ*>	

Ă�A�-Ă¶¸Üá�ȧ�D�1�Ƶ*
D
Ă¶¸ǫȆĿHʡ-��*0ƍʢȶ-ãɨ�B	Ȣȝ

*1	ĮǬȏŢ0 COS Hȩ�#Ă¶¸ǫȆĿ0ŀ̚1	�þʉ*1
D�	Ă¶¸Üá0ʹɭ-�S

pb�HȤʱ�D�+1	ŷȧț.ADĮǬȏŢ0 COS Üʱ.��D	Ă¶¸ÜáHƝĿ�D�*˩

ʫ*
D
!�*	ǄɆɕ*1	2 ə*ĠˁȜȰŽ? X ɺɱƹǛ˘HƵB�.�# COSase	�4. T. 

thioparus THI115 ǒ0ʔ¸Hȩ�)	Ă¶¸ÜáĿƩHǱĿ�	Ă¶¸Üá0�Spb�HƵB�.�

D�+HȻȶ+�#
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4-2 ǅƬ+Ưǳ  

4-2-1 COSase0ɦʨ  

� ōŔ (2005) .ADƯǳHȩ�)	ɯƟ�ĝ COSase 0ɦʨHʡ-&#
#$�	X�fhR�cy

J��a 4B (GE|�aYK) .Ćɀ� # GSTʟā COSaseH	Factor Xa Cleavage/Capture Buffer (��

W���K) .A&)	˞Źű.ʔ¸ǦȄHȻʮ*ɋʺ*�-�-D:*ǸǼ�#
:#	HiTrap Q HP

S�� (GE |�aYK) *ɦʨ�Dæ.	0.45 µm ĹŮ0��z��yL�f� (Millex-HV Durapore 

PVDF membrane	��W���K) .AC˦ɫȋǿHȐ˛�	X�fhR�cyJ��a 4B? Xarrest 

Agarose (��W���K) HľÓ.˽õ�#
 

 

4-2-2 COSase.AD COSÜʱŀ̚  

68 mLŃtMK�Ȧ (V-50	Ʋ̉Ȥíɉĸ) .zh�Ǒ (Kq�wiWamiu�	ɍȪ\�íļ) *ʙ

H�	N2Ta (99.999%	Řǆ˧ɫ) HÏĦ�#
10.4%0 COSǞȊǬ¸ (Balance gas: N2	Ʋ˧ TANAKA) 

H	TafMm�MW�_��`* 3.43 mLƛû�	tMK�Ȧ.ȁé�)	�A! 5,000 ppmv0 COS

Hʼʨ�#
_��`˭Hä�)ÕĘHĮǬĘ.� #ű	50 µg 0ɯƟ�ĝ COSase Hą< 50 mM 

Tris-HCl (pH 8.5) 2 mLHȁé�	30 °C*ùŻ� #
[�m���+�)	˦ɫHą:-� 50 mM 

Tris-HCl (pH 8.5) 2 mL>Ăǜ.ʡ-&#
COSase1 3˙	[�m���1 2˙*ʡ-&#
ȁéȼű1	

ǬȽ0 COS ȏŢ�¡ED#=	ȁéű 5 Ü�BɰƸȶ.TafMm�MW�_��`Hȩ�)	ǬȽ

H]�{��X�#
COSȏŢ1	COS0ȏŢ.Ż�) 30 µL÷1 50 µLHƛû�	!EHȼƜ GC-FPD

.ǶÒ�	4-2-50Ưǳ.A&)ȆĿ�#
�Ư	Ă¶¸ǫ0ȆĿ.˷�)1	COS0ȏŢ.Ż�) 1 mL	

2 mL÷1 3 mLH]�{��X�	He (>99.99995%	İ˿ƲǄ˧ɫ) HÏĦ�# 5 mLŃtMK�Ȧ (V-5B	

Ʋ̉Ȥíɉĸ) .ȁé�	űƲ GC-IRMS.ADȆĿHʡ-&#
 

 

4-2-3 T. thioparus THI115ǒ0ğ̗  

� 500 mLŃěüy�a[6ÒE#	10 / 9ÄȏŢ0 mTC10ğĚ (Table 2-1) 90 mL.	ĿŜǁ.˜�)

�D T. thioparus THI115ǒ0ʔǿ 10 mLHƜɒ�	120 rpm	30 °C*ŭŵƗȺ�-�B 2Ʋ˶ğ̗Hʡ

-&#
2-1-2-2 0Ưǳ.AC	SCN–�Ó)Üʱ�E#�+Hɋʺű	ʔǿ 1 ȵˬʅH	ʸ̚ɟ (˳�

20 cm	ÕŮ 2 cm) Õ0 mTC10a��mğĚ�.Ɯɒ�	30 °C*̊ɿğ̗�#
ğ̗ 25Ʋű	ĿŜǁ

.˜�)�D+Ȼʮ*àƭ�	4-2-4.ʴˌ0Ưǳ* COSÜʱŀ̚Hʡ-&#
 

 

4-2-4 T. thioparus THI115ǒ.AD COSÜʱŀ̚  

� ĿŜǁ:*ƈ˳�#	T. thioparus THI115ǒ0 COSÜʱŀ̚Hʡ-�#=	a��mğĚ�*ğ̗H

ʡ-&)�#ʸ̚ɟ0_�[ǑH	zh�WǑ (W-21	İ˿ʏǙ) .©Ɵű	ǬȽHɩɖǬ (X��n 

G3	Řǆ˧ɫ) +ǿíȓ˧Ta (Řǆ˧ɫ) Hȩ�)	80% N2	20% O2	0.03% CO2.ɿƟ�#
!�
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6 10.4%0 COSǞȊǬ¸ (Balance gas: N2	Ʋ˧ TANAKA) H	TafMm�MW�_��`Hȩ�)	

�A! 4,000 ppmv0 COS.-DA�.ȁé�	30 °C* COSHÜʱ� #
ȁéȼű1	ǬȽ0 COS

ȏŢ�¡ED#=	ȁéű 20 Ü°˻�BɰƸȶ.	TafMm�MW�_��`Hȩ�)ǬȽH]�

{��X�#
COSȏŢȆĿȩ.ƛû�# 20 µL0ǬȽ1	ȼƜ GC-FPD.ǶÒ�	4-2-50Ưǳ.A

&)ȆĿ�#
�Ư	Ă¶¸ǫ0ȆĿ.˷�)1	1 mLH]�{��X�	4-2-20Ưǳ+Ăǜ.ºʨ

�#	HeÏĦ�# 5 mLŃtMK�Ȧ.ȁé�	űƲ GC-IRMS.ADȆĿHʡ-&#
COS0ßǁȏ

Ţ0 70%ɑŢ�Üʱ�E#ƸȔ*Üʱŀ̚Hɮ£�	a��m�0ɭʔƩH 4-2-7 0Ưǳ.A&)ʳƩ

�#
COSÜʱùŻ1	ƕƩˏµƻɺ C(t) = C0 e–kt+�)ˏµ�E	̠ ŢĿƩ k (h–1) Hǯ=#
��*	

C(t)1 t (h) .��D COS0ȏŢHɌ�	C01 COS0ßǁȏŢHɌ�
 

 

4-2-5 COS0Ŀ˫  

� COS0Ŀ˫1	2-2-2-10Ưǳ+Ăǜ.�)ʡ-&#
#$�	S��0ȅŢH 190 °C*1-�	60 

°C.īƼ�#
COSȏŢ0ȽŉǞȊÆŖ1 3%°Õ*
&#
 

 

4-2-6 COSase0ĽĿĂ¶¸Üá0ȆĿ  

� Hattori et al. (2015) .A&)˵ȳ�E# GC-IRMS.AC	COS0Ɋ̞0Ă¶¸ǫHȆĿ�#
ɣȍ.

ː7D+	5A��U���_�z (_X� K�n�ih) .A&)ɦʨ�E# He (>99.99995%	İ˿

ƲǄ˧ɫ) H	1.5 L min–10ǻ˗*U��K�Ta+�)ȩ�#
�ʴ0 COSÜʱŀ̚*ƛû�#ǬȽ

Hą<tMK�Ȧ�B	COS � 8 nmol °�.-DA�.	TafMm�MW�_��`*ƛû�	

preconcentration line.ǶÒ�#
ǿ¸ɗɫ*Øò�#ak��aah��h��z (˳� 150 mm	ÕŮ

10.5 mm) . COSHm�i{ű	Łȅ.Ɗ��+*ʊɀ� 	!EHǿ¸ɗɫ*Øò�#U�x���

h��z.m�i{� #
!0ű	ǿ¸ɗɫH˽õ�	ʊɀ�# COSH	U�x���S�� (˳�

30 m	ÕŮ 0.32 mm	ó� 10 µm	HP-PLOT Q	K`��mkWr�`�b) Hʦɀ�# GC	�B. IRMS 

(MAT253	]��yLi_��]MP�kLyLiW) 6ŌÒ�)	y�X��mMR� 32S+	33S+	34S+

HȆĿ�	Ă¶¸ǫHɞÛ�#
�A! 11 ppmv0 COSǞȊǬ¸ (`�u�yJM�{�gWj) �	

Ă¶¸ǫȆĿ0ɦŢHɋʺ�D#=.	3 ˙*ȆĿ�E#
δ33S	δ34S	Δ33S 0ǞȊÆŖ1	COSase 0

ŀ̚*	!E"E 0.1‰	T. thioparus THI115ǒ0ŀ̚*	!E"E 0.6‰	0.3‰	0.5‰*
&#
 

 

4-2-7 T. thioparus THI115ǒ0ʳƩ  

� ȧɭʈø4ǥɭʈ0ʳƩ.1	LIVE/DEAD BacLight Bacterial Viability Kit for microscopy (]��yL

i_��]MP�kLyLiW) Hȩ�#
ß=.	a��m�0ʔ¸H 0.85% NaCl 10 mL*ƇȎ	đ

ú�	10,000 × g	15Ü˞Ź�)~�imHų#
2đ 0.85% NaCl 10 mL*ʔ¸ǸǼű	ÖŢ 10 mL*

ƇȎ� #
Ś˨ű	ʔǿ 1 mL.ŉ�) Live/Deadʸʛ 3 µLHé�	15ÜùŻ� #
0.01%��-L-
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�`� (P8920	_X� K�n�ih) *ÚȤ�#	ȼŮ 25 mm0ĹŮ 0.2 µm��S��q�mz�i

WyL�f�  (K020N025A	Knt�kiW) *Ȑ˛�	ʔ¸Hđúű	ʞÑ̓ŷ˲  (BZ-8000	

KEYENCE) .ACʳƩ�#
 

 

4-2-8 Ă¶¸0Ŀʂ  

� 33S+ 34S0Ă¶¸1	δÅ+�)ǣ0A�.Ɍ�ED
 

δxS = Rsample / Rreference – 1 

��* Rsampleø4 Rreference1	
DƸ˶.��DǦĻ COSø4ßǁ0 COS0Ă¶¸ǫ [xS / 32S (x1 33

÷1 34)] *
D
�B. Δ33S1	ˁ˫¾ĻȶÜá [mass-dependent fractionation (MDF)]+	ˁ˫̋¾Ļ

ȶÜá [mass-independent fractionation
D�1 non-mass-dependent fractionation (MIF)] Hîá�D#=.

ȩ�BE	MDF�B0ÆŖ+�)	ǣ0A�.ǯ=BED
 

Δ33S = δ33S – [(δ34S + 1)0.515 – 1] 

Ă¶¸ÜáyJWf�α1	α = xk / 32k (x1 33÷1 34	k1˗ŢĿƩ) +�)ʤ�ED
Ă¶¸ÜáĿ

Ʃ xε (x1 33÷1 34) 1	xε = (xα – 1) +�)ʤ�E	Mariotti et al. (1981) .A&)Ŀʂ�E#A�.	

ǣ.Ɍ�ED�M��ť�Bǯ=BED
 

δxS – δxSinitial = xε ln f 

��* f1	
DƸ˶.��D COSȏŢHßǁ0 COSȏŢ*è&#Å*
D
MIF1	MDF�B0Æ

Ŗ+�)	ǣ0ť.A&)Ɍ�E	MDF0ǳå.A&) 33S (33Ε) +�)Ŀ=BED (Bigeleisen and 

Mayer, 1947; Hulston and Thode, 1965)
 
33Ε = 33ε – 0.515 34ε 

 

4-2-9 ɳʳÜǋ  

� ˗ŢĿƩ k1	PWc� (for Mac 2011	version 14.7.2	Microsoft) 0 SLOPE˷ƩHȩ�)ɞÛ�#


εÅ+ 33ΕÅ0ɳʳÜǋ1	y��dym R (version 3.4.1)(R Core Team, 2017) Hȩ�)ʡ-&#
�M�

�ť.��)	ɻˊH δxS – δxSinitial	ǠˊH ln f+�#Ƹ0Ê�� εÅ+-C	εÅ+!0ǞȊÆŖø4

PÅ0ɞÛ1	ôȔH˖Dƾō¥ ǳ.A&)ǯ:C	R0 summary˷ƩHȩ�)ʡ-&#
COSase

+ T. thioparus THI115ǒ0 εÅ0ǫˋ1	R0 t.test˷ƩHȩ�) tǘĿ.ACʡ-&#
PÅ�<0.050

Ƹ.	ƿƃ.Ŗ�
D>0+�#
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4-3 ɱǍ  

� COSase.ADCOSÜʱ0˗ŢĿƩ1	0.79 ± 0.10 h–1 (r2 = 1.00) +-C	Ǆŀ̚0COSȏŢɡē*1	

�ǣùŻ*
D�+�Ɍ�E# (Fig. 4-1A	Table 4-1)
[�m���*1	COS0G��-īì�ʬB

E#�	H2S1ǘÛ�E-�&# [< 7 ppmv (ǘÛ˼ȭÅ)] �+�B	íļȶ-éǭÜʱ.AD COSÜ

ʱ1	-�>0+àƭ�#
COSase1	CO33S? CO34SAC> CO32SHÍÐ�)Üʱ�	33εÅø4 34ε

Å1	!E"E	1.0 ± 0.1‰ø4	2.2 ± 0.2‰*
&# (Fig. 4-1B	4-1C	Table 4-1)
 

� T. thioparus THI115ǒ.AD COSÜʱ0˗ŢĿƩ1	0.33 ± 0.03 h–1 (r2 ≥ 0.94) +-C	COSase+Ă

ǜ.1ǣùŻ*
D�+�Ɍ�E# (Fig. 4-1D	Table 4-1)
[�m���*1COS0īì�ʬBE#�	

COSase0Ĥā+Ăǜ. H2S1ǘÛ�E� [< 10 ppmv (ǘÛ˼ȭÅ)]	íļȶ-éǭÜʱ.AD COSÜ

ʱ1-�>0+àƭ�#
a��mğĚ�.ȧʆ�# T. thioparus THI115ǒ0ɭʔƩ1	COSȁéî*

ȧʔƩ 4.7 × 109	2.0 × 109 cells tube–1	ǥʔƩ 4.8 × 109	1.3 × 109 cells tube–1	COSȕȁéî*ȧʔƩ 3.1 

× 109	3.2 × 109 cells tube–1	ǥʔƩ 0. 81 × 109	1.8 × 109 cells tube–1+-C	̓ŷ˲ʰň*ɋʺ�#˼C

*1	Ǆŀ̚.»ȩ�#ȏŢ0 COS0ȁé1	ʔ¸0ȧĻ.ƀū̎Hø9�)�-��+�Ɍ�E# 

(Table 4-1)
T. thioparus THI115ǒ0ȧʔũ#C0 COSÜʱ˗ŢĿƩ1	0.76�1.51 × 10–10 h–1 cell–1*


&# (Table 4-1)
COSase0Ĥā+Ăǜ.	T. thioparus THI115ǒ.��)>	CO33S? CO34SAC>

CO32SHÍÐ�)Üʱ�	33εÅø4 34εÅ1	!E"E	1.8 ± 0.6‰ø4	3.6 ± 0.7‰*
&# (Fig. 4-1E	

4-1F	Table 4-1)
 

� COSase+ T. thioparus THI115ǒ˶0 33εø4 34εÅ0 PÅ1	0.08ø4 0.03+-C	34ε0;ƿƃ-Ŗ

+-&# (Table 4-1)
���	a��KMdm�{{�im.ADÊ�1	0.43�0.56*
C (Fig. 4-2)	

MDFHɌ�Ê� 0.515.ǫˋȶˏ�ÅHɌ�#
�B.	33ΕÅ1	COSase* 0.1 ± 0.1‰	T. thioparus 

THI115ǒ* 0.1 ± 0.2‰+-C	89 0‰*
D�+�B	COSaseø4 T. thioparus THI115ǒ.AD COS

Üʱ1	MDF.ADùŻ+ʃ�BE# (Table 4-1)
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4-4 ʃň  

� COSaseø4 T. thioparus THI115ǒ.AD COSÜʱ1	Ǆŀ̚.��)�ǣùŻHɌ�#
COS1	

íļȶ.éǭÜʱ�D�+�ɂBE)�D� (Ferm, 1957; Elliott et al., 1989)	[�m���+�)ʵĿ

�#˦ɫ-�	
D�1ȕʔî*1	COSȏŢ.2B'�1ʬBE#>00	éǭÜʱ0ȧƈț*
D

H2S1ǘÛ�E�	íļȶ-éǭÜʱ1	ǘÛ�ED�}�*1ȧ�)�-�&#
COSȏŢ02B'

�1	GC-FPD 0ȆĿ.ADȽŉǞȊÆŖ�B>ʻƵ�'��	!0ôĒ1�Ƶ*1
D�	[�m�

��+ǫ7) COSase? T. thioparus THI115ǒ1	ƵB�.Ƴ� COSHÜʱ�)�D�+�B	ǄɆɕ

*1	�02B'�1Ă¶¸Üá0ǱĿ.ū̎�-�>0+ʃ�#
 

� �E:*.ƵB�.�E)�DɊ̞.˷�D˦ɫ0Ă¶¸Üá1	DsrAB+ TrzN0;*
D (Leavitt 

et al., 2015; Schürner et al., 2015)
Desulfovibrio vulgaris+ Archaeoglobus fulgidus0 DsrAB 0 34εÅ1	!

E"E−15.3‰	−16‰*
D
Arthrobacter aurescens0 TrzN.AD	ametryn0hR�h�Ġ0vn�

U_Ġ60ɿƟ.AD 34εÅ1	−14.7‰*
D�+�B	�EB+ǫ7) COSase0 34εÅ1	·��+

�ƵB�.-&#
TrzN+ α-CA0 XɺɱƹǛ˘1	Ó¸ȶ.1Ȱ-D>00	ǺŽˣ¶.'�)ǫˋ

�D+	�ʄ1§�.̔µ�)�D (Seffernick et al., 2010)
:#	COSÜʱǺŽ1Į��Ȱ-D�	

COSaseHą< β-CA>	ǺŽˣ¶1 α-CA.̔µ�)�D (Kimber and Pai, 2000; Haritos and Dojchinov, 

2005; Ogée et al., 2016)
�B.	TrzN0Ġˁ*
D ametryn+	COSase0Ġˁ*
D COS1	Ó�Ȱ

-Díāț*1
D�	�˦ɫ1Ô˖�#Üʱ�Spb�	':C	ǺŽˣ¶.Ļę�D¨ˮ.ˤ¶�

D	vn�U_MR�.ADȓɫ60ǯǓƤơ+	!0ű0 C-Sɱā0ʱ̆.A&)Ġˁ�Üʱ�ED 

(Fig. 2-17; Schürner et al., 2015). Schürner et al. (2015) 1	TrzN.AD ametryn0 C-Sɱā0ʱ̆1	Į�

-Ă¶¸ÜáHɌ�	�0ɫùŻ�Ű˗ǧ̀*
D#=	ametryn 0Üʱ.ADɊ̞0Ă¶¸Üá�Į

��-D+ƞǖ�)�D
�Ư	α-CA0ǺŽˣ¶Hǟ�#�l�íāț[(H3N)3ZnOH]+.AD	COS0

éǭÜʱùŻ1	ȓɫ60ǯǓƤơ�Ű˗ǧ̀*
D+ƞǖ�E)�D (Schenk et al., 2004)
!0#=	

COSase.AD COS éǭÜʱ.��DĂ¶¸Üá�ō��Ȥȫ+�)	C-S ɱā0ʱ̆ùŻ1	Ű˗ǧ

̀*1-�	ùŻ�˶¸1Ó)	C-S ɱā0ʱ̆Hȧ�D#=.	�0ɫùŻ1ʬ���	Ă¶¸Üá

HɌ�-�
�Ư	ȓɫ60ǯǓƤơ�Ű˗ǧ̀+-C	�0ɫùŻ.ADĂ¶¸Üá�ō��#=	

COSéǭÜʱ.��DĂ¶¸Üá�	ō��-DþʉŽ�ʃ�BE#
 

� T. thioparus THI115ǒ0ʔ¸ũ#C0 COSÜʱǺŽ1	Kamezaki et al. (2016) �ǯ=#ŲŐǐ̗0

COSÜʱɭʔ0 0.07�1.12 × 10–10 h–1 cell–1+ǫ7)̜�ÅHɌ�#
�E1	T. thioparus THI115ǒ1

Pq�V�ȉHųD#=. COS0Üʱ�ȧʆ.ź̐*
C	!0#=.	T. thioparus THI115ǒ1	Ų

Őǐ̗ɭʔ+ǫ7)ɭʈũ#C0 COS ÜʱǺŽ�̜�+ʃ�BE#
�Ư	ŲŐǐ̗ɭʔ.AD COS

Üʱ1	,0ȧȤȶǢʉ.��W�)�D0�1Ȣȝ*1�Ƶ*
D
ɛ 3ə*>ʴ�#˖C	COSÜ

ʱ.ȧȤȶǢʉ�
D+��AC>	COS 1	CO20Ko�Xíāț*
D#=	β-CA .AD CO20

þ˔ȶ-ǭĊùŻ.´�	COS>Üʱ�ED+ʃ�DƯ�Ĵũ*
D0�>�E-�
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� T. thioparus THI115ǒ0Ă¶¸Üá0�Spb�1	ǣ0A�-ť*ʤ�ED	Rees�l�.Ġ(�

)Ȥʱ*�D (Rees, 1973)(Fig. 4-3)
 

εnet = εdif + (εenz − εdif) kout / (kout + kenz) 

�0ť*	εnet	εdif	εenz1	ʔ¸	ɭʈĬ�Bɭʈˁ60ˍ˓	˦ ɫ.ADĂ¶¸ÜáĿƩ*
D
kinto	

kout	kenz1	ɭʈĬ�Bɭʈˁ60ˍ˓	ɭʈˁ�BɭʈĬ60ˍ˓	˦ɫ.AD COSÜʱ.˷�D˗

ŢĿƩ*
D
kout / (kout + kenz)	÷1 kout + kenz = kinto+ʃ�BED#=	kout / kinto 1	ɭʈˁ6ǻÒ�D

COS .ŉ�)	ɭʈĬ6ǻÛ�D COS 0èāHɌ�
ɭʈʌ1	Ġˁ0Ɠƨ?m��a��f�-,

.ADʉìˍ˓.AC	Ă¶¸ÜáHɌ�yJWf�0 1'+�)ɂBE)�D� (Harrison and Thode, 

1958; O’Leary, 1988)	COS0Ĥā1	Ǭ¸ȝ0Ɋ̞íāț*
C	ɭʈˁ1ǿȽ*
D#=	COS1Ɠ

ƨ�D>0+ʃ�BED
Ɠƨ1	DT+�)ǣ0A�-ť*ʤ�ED (Mills and Harris, 1976)
 

DT = !! !!
!! ! !!

!!!. 

��*	m1+ m21	!E"E CO32S÷1 CO34S+ H2O0ˁ˫HɌ�
���)	D(CO32S)+ D(CO34S)

�ǯ:D
COSƓƨ0 34εdif1	D(CO34S) / D(CO32S) − 1+�)ʳɞ�E		3.7‰*
D
kout << kenz0

Ĥā	Rees�l��B	34εnetÅ1
34εdifÅ*
D	3.7‰	˔. kout >> kenz0Ĥā	

34εnetÅ1	
34εenzÅ*


D	2.2‰+-D
Ǆŀ̚*	T. thioparus THI115ǒ0 34εÅ1		3.6 ± 0.7‰*
&#�+�B	kout / (kout + 

kenz) ÷1 kout / kinto1	0.07	kinto1 0.35 h	1	kenz1 0.33 h	1	kout1 0.02 h	1*
D�+�ƵB�.-C	

Ǆŀ̚*ȩ�BE# COSȏŢ�*1	ɭʈˁ.ǻÒ�# COS08+I,�	COSase.A&)Üʱ�E

D>0+ʃ�BE#
�0�+1	COSase.ADĂ¶¸ÜáAC>	ɭʈˁ60 COS0ǻÒ.ADĂ

¶¸Üá0Ư�	�.ʔ¸0Ă¶¸ÜáHãŴ�DyJWf�*
D�+HɌ�
 

� ǄɆɕ*1	ƍʢȶ-ãɨ�
D#=.	ĮǬȏŢ*1-�	AC̜ȏŢ0 COS Hŀ̚.ȩ�#


ȢĤȥħ0ŀȆl�f+�)1	ō̝Ȯ0úɔű0ėĩ*1	13 pmol m−2 s−10 COSƥÛ�
C	�0

Ǉ²�*0�l�Ɇɕ.Ġ(�	ėĩ�0 COSȏŢ1	�A! 10 parts per billion by volume (ppbv) +ʬ

ɓ>BE)�D (Maseyk et al., 2014; Sun et al., 2015)
ėĩ�B0 COSƥÛ1	̓ 7#˼C*1	~50 pmol 

m−2 s−1�ƾĮ*
D�+�B (Billesbach et al., 2014)	ėĩ�0 COSȏŢ1	ƾĮ*> ppbv0R�g�

*
D+ʃ�BED
�0#=	ĮǬ�0 COSȏŢ+Ăǜ	ėĩ�0 COSȏŢ>	Ǆŀ̚*ȩ�#ȏ

Ţ+ǫ7)�-C·�	!0A�-·ȏŢ�*	T. thioparus THI115ǒ0 COSÜʱ1	kout << kenz+-

D�+�B	34εnetÅ1	
34εdifÅ*
D	3.7‰.˼C-�ˏ�Å*
D+ƝȆ�ED
 

� Kamezaki et al. (2016) 0Ɇɕ*1	KWhrtWk�K.Ő�D Mycobacterium spp.0 4 ʔǒ+	

Williamsia sp. THI410ǒ0 34εÅ1	!E"E−3.99‰�−3.56‰ø4−3.74‰*
C	ǄɆɕ*ƵB�.�

#{�kRtWk�K*
D T. thioparus THI115ǒ0 34εÅ 3.6‰+	ˏ�ÅHɌ�#
�Ư	{�kR

tWk�K*
D Cupriavidus spp. THI414ǒ+ THI415ǒ1	!E"E−2.09‰ø4−2.38‰*
&#
�

EB0 34εÅ0˝�0ʫĒ1	ƵB�*1-��	þʉŽ0 1'+�)	ɛ 3ə*Ɍ�# COSÜʱ˦ɫ
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0ū̎�ʃ�BED
':C	æʄ0 5ʔǒ0Zr�.1	COSaseHą< β-CA0 clade DH[�n�

Dˠ³ĸ0ÂĻ�E#ĥĠˤÞ̑Ğ�Ļę�D�	Cupriavidus spp. THI414ǒ+ THI415ǒ*1	ǘÛ�

E-�&##=*
D (ɛ 3ə)
NCBI0f�uWˁl�f}�a*vim�#	CupriavidusŐ.Ő�

Dɭʔ0 245Ã0 CA.˷�)	ÂĻn�M�0ǘɬj��*
D NCBI0 CD-SearchHʡ-&#+�

F	clade D.Ü̔�E# CA1	2'0;*
&#
�0�+�B>	Cupriavidus spp. THI414ǒ+ THI415

ǒ1	clade D.Ü̔�ED CAHÂƔ�)�-�þʉŽ�̜�+ʃ�BE#
°�0ɱǍ�B	ʼǏ0

ŉˀ+�#ɭʔɒƩ�A4ʔǒƩ1	˼BED>00	ǄɆɕ�B1	ɭʔ0 COSÜʱ.��D 34εÅ

1	Üʱ˦ɫ.A&)ū̎�DþʉŽ�
D+ʃ�BE#
 

� COS ÜʱʉH>'ȧț1	1-2 .ʴˌ�#˖C	ɭʔ?ýɭʔ�BǗț:*	ɧɳļȶ.ŝŠ�Ļę

�D
̜� COSÜʱǺŽ (ɛ 2ə; Smeulders et al., 2011, 2013; Ogée et al., 2016) ?	ȧț.��D β-CA

0Š�Üř (Smith et al., 1999, Smith and Ferry, 2000) �B	�EB0ȧț.AD COSÜʱ1	�. β-CA

yJ���.Ő�D˦ɫ�Ƒ&)�D>0+ƝȆ�ED
!0#=	�EB0 COS Üʱȧț1	˦ɫ

�}�*1	COSase+Ă�A�-Ă¶¸ÜáHɌ�þʉŽ�̜�
���-�B	�EB+1á0 COS

Üʱ˦ɫ.AD	Ă¶¸Üá0þʉŽ>ĄĿ�D�+1*�-�
COSase H[�n�Dˠ³ĸH{�

�z.ȩ�#]^�z�im.ADʱǋ�B	COSaseˠ³ĸ1	T. thioparus THI115ǒ0Zr��. 1

[x�0;Ļę�D+ʬBED (ōŔ, 2005)
�0�+1	ĥĠˤÞ�}�* COSase+̔µ�# β-CA

yJ���.Ő�D˦ɫ1	Zr��.Ļę�-�þʉŽ�̜��+HɌ�
�Ư	[n�0 3ȯȻ0

ĥĠ0;�Ȱ-Dɜ.AC	ĥĠˤÞ0ȽĂŽ�·�+>	̔µ�#K�r˧ˤÞHɌ��+>ʃ�B

E	COSase+1Ȱ-D β-CAyJ���.Ő�D˦ɫ1Ļę�DþʉŽ�
D
�B.	Table 1-1.Ɍ

�#	COSÜʱǺŽ0·�˦ɫ0Ļę1	ĄĿ*�-�
ƾˏƵB�.-&#	T. thioparus DSM 505

ǒ0Zr�.1	β-CA	carboxysome CA	γ-CA	RubisCO+ƝĿ�EDˠ³ĸ�ą:ED (Hutt et al., 

2017)
Carboxysome CA+ γ-CA0 COSÜʱʉ.˷�DɆɕ1	ʡGE)�B�	COSÜʱǺŽ�
D

�,��ƵB�*1-��	XɺɱƹǛ˘ʱǋ0ɱǍ�B1	�EB0ǺŽˣ¶.1	!E"E β-CA	

α-CA0ǺŽˣ¶.̔µ�DǛ˘�Ļę�)�D�+�ƵB�.-&)�C (Hewett-Emmett and Tashian, 

1996; Kisker et al., 1996; Sawaya et al., 2006)	COSÜʱǺŽ�
DþʉŽHɌČ�D
Ɖ�1	T. thioparus 

THI115ǒ.>�EB0 COSÜʱ˦ɫ�Ļę�D�HƵB�.�D#=	ȢęZr�ʱǋHʡ-&)�

D
 

� COSase+ T. thioparus THI115ǒ0Ă¶¸Üá1	MDF*
D�+�Ü�&#
MIF.ACȧ�DɊ

˧PK�e�0Ă¶¸ȰŜ1	ŉǻĖ0PK�e�?	ƈőĖ0PK�e��ą:ED	̈?KMa[

K0Üǋ*ʰň�E)�D�	�0Ɋ˧PK�e�0Ă¶¸ȰŜ0ôĒ0̣'H	ɭʔ0 COS Üʱ.

ś��+1*�-��+HɌ� (Romero and Thiemens, 2003; Savarino et al., 2003; Guo et al., 2010)
 

� ǄɆɕ*ƵB�.-&#Ă¶¸Üá1	Ă¶¸Hȩ�)Ěȣʭǟ0 COS0țˁŶȥHƝĿ�D�*	

˩ʫ*
D
«ű1	COS0ƾ>Į�-Ǿıȉ+ʬBE)�D	Ǘț.˷�DĂ¶¸ÜáHƵB�.�
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D�+.A&)	COS0Ǿıȉ+�)	ėĩ+Ǘț0ū̎Hîá�D�+�þʉ.-D+żGED
:

#	AC̜ɦŢ0 COS0ìƅHȤʱ�D.1	ĮǬȏŢ.��DȆĿ>	ėĩ? COSÜʱȧț*ʡG

ED7�*
C	ĮǬ COS0Ă¶¸Üá0ȆĿǳ0ɋɘ�ǀ:ED
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Table 4-1. Sulfur isotopic fractionations in COS degradation by COSase and T. thioparus THI115.a 
 

Batch 
Isotope 

sampling 
times 

Rate 
constant 

(h–1) 

Living cell 
number (× 
109 cell) 

Cell specific 
activity (× 10–10 

h–1 cell–1) 

33ε  34ε 33Ε 

 (‰) r2 P value  (‰) r2 P value (‰) 

COSase 

1 5 0.90 – – –0.9 ± 0.1 0.99 2.8 × 10–5  –2.0 ± 0.2 0.99 2.2 × 10–5 0.1 
2 5 0.72 – – –1.1 ± 0.0 1.00 7.6 × 10–7  –2.4 ± 0.2 0.99 2.6 × 10–5 0.2 
3 5 0.75 – – –1.1 ± 0.1 0.99 4.1 × 10–5  –2.2 ± 0.3 0.99 4.0 × 10–5 0.1 

Averageb – 0.79 ± 0.10 – – –1.0 ± 0.1 – –c  –2.2 ± 0.2 – –c 0.1 ± 0.1 

T. thioparus 
THI115 

1 6 0.36 4.7 0.76 –1.4 ± 0.2 0.99 9.1 × 10–6  –2.9 ± 0.3 0.99 4.8 × 10–6 0.1 
2 5 0.30 2.0 1.51 –2.4 ± 0.8 0.93 2.0 × 10–3  –4.3 ± 1.3 0.94 1.2 × 10–3 –0.2 
3 6 0.33 ND ND –1.6 ± 0.1 0.99 1.3 × 10–6  –3.6 ± 0.3 1.00 3.9 × 10–7 0.3 

Averageb – 0.33 ± 0.03 3.3 ± 1.9 1.14 ± 0.53 –1.8 ± 0.6 – –c  –3.6 ± 0.7 – –c 0.1 ± 0.2 
ND, not determined. a Indicated ±SD. b Indicated mean ± SD calculated based on the value of each batch. c P values for ε values between COSase and T. thioparus THI115 
were 0.08 for the 33ε value and 0.03 for the 34ε value. 
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Fig. 4-1. Time courses of COS and sulfur isotopic compositions during COS degradation by COSase (A, B and C) 

and T. thioparus THI115 (D, E and F). ln f represents the natural logarithm of the ratio of the residual COS 

concentration at the times indicated divided by the initial COS concentration. (A and D) ●, ○ and □�represent 

batches 1, 2, and 3 of COSase or T. thioparus THI115, respectively. × and + represent batches 1 and 2 of buffer 

without COSase or uninoculated control, respectively. (B, C, E and F) ●, ○ and □ represent batches 1, 2, and 3 of 

COSase or T. thioparus THI115, respectively. The COS concentration at 0 min cannot be measured because of the 

disturbance of the headspace gas by the addition of COS. Therefore, the concentration of T. thioparus THI115 at 0 

min was regarded as those of batches 1 and 2 of the uninoculated control measured at 20 min and 60 min, 

respectively, corresponding to measurements conducted on different dates.  
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Fig. 4-2. A three-isotope plot between δ33S and δ34S values. The broken line indicates the mass-dependent 

fractionation line with slope (0.515). ×, +, and – represent batches 1, 2, and 3 of COSase, respectively. ●, ○, and □ 

represent batches 1, 2, and 3 of T. thioparus THI115, respectively.  
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Fig. 4-3. Schematic diagram of 34S isotopic fractionation by T. thioparus THI115. εnet, εdif, and εenz represent the 

isotopic fractionation constants for the overall net, transport into the cytoplasm, and the enzyme reaction, 

respectively. kinto, kout, and kenz represent rate constants for diffusion into and out of the cell of COS and 

degradation by enzymes, respectively.  
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Œ 5Ő  Ŝ�Ţ»  

ĈŅŎ�$�¼ģ¡# COS#dŲ!Ĥ¯ħ# 1���1�¢ª (Launois et al., 2015) 4ßƨ"Ş	��

COS#�ŵ4 COSase4ĸ	�ƚŗXNW�a%" T. thioparus THI115ď�%öŝũ4d����ÔÁ

ĎƪŘũ#ũq4ĸ	��ŘũXNW#ŅŎ4ŭ!���COS#,
Ʈ�#dŲ!Ĥ¯ħ��1đĬ�

$�β-CA� COS�ŵ4Ŷ±�1�Ţ�/2�	1 (Protoschill-Krebs et al., 1996)�β-CA#Ĉĉ#Ģà

$�}�æ"���ÜƧ��1 CO2� HCO3
−�#¬ñ�Ý��1��COS$�CO2�ĕƑ�Ʃm��	

1�+�β-CA$�COS,�ğ�ŵ�1�����1�CA$�ĶĬ"'(āƔĿ"³£�1���#b

�, β-CA$�­�#Řũ-�Řũ"³£�1ƚŗ���ń/21 (Smith et al., 1999; Smith and Ferry, 

2000)��#�+�¢ª"�	�,�COS#�0ƍ*"$�¢ªØĶĬ# β-CA�ơ`��	1�Ţ�/

2�$	1���2)��ØĶĬ# β-CA"ơ�1 COS�ŵ$ŅŎ�2�	!	 (Conrad, 1996)� 

����T. thioparus THI115ď
/ŕŰ�2��COSase#<9JF8>C4Ġ+�Śč�Ĉĉ#¦Ɔ

#j"�COS,¦Ɔ��1���þ/
�!��	1�üń#ƚŗ#b��β-CA- CS2 hydrolase��

"�Ƭ	 COS�ŵĢà4î����þ/
"!�� (Table 1-1)�β-CA$�7RKƛƙ�4¦"ræ�

�ŖśĘ".���clade A�D"�Ʃ�2 (Smith et al., 1999; Smith and Ferry, 2000)�COSase$�CS2 

hydrolase��"�β-CA# clade D"�Ʃ�21�β-CA#ƚŗM6RV\�Ţ�/2� (Fig. 5-1)��


��β-CA�$ļ!0�CO2ğ�Ģà$'�5 ų/2!
���đĬ# β-CA�ų/21.
!��Ñ

Ŀ! COS�ŵ�$ļ!0�T. thioparus THI115ď"�	��COS$�SCN−4:JW=\ħ���æƟ

�1Ƥ#kƀbƠq��1��#�+�COSase #d!ęť$�COS 4Ŷ±�1��"�1�Ţ�/2

�� 

� 7RKƛƙ��COS �ğ�ŵĢà��% CO2ğ�Ģà"ơ���COSase �Ʃm��ĭÚ4î� CS2 

hydrolase$�ĢàbÛ#ĕƑ"�	�,�COSase��Ɛĩ�ų/21 (Smeulders et al., 2011)��#�

+���.
!�ÝT<IDS��COS�ğ�ŵ� CS2�ğ�ŵ#�Ý�Ŷ±�21����Ň��2

1�g�1�¦Ɔ#Ɠ~-ĶæĬ#Ə�řƇ��­�# β-CA�$ÈË��]ú�COSase- CS2 hydrolase

�$į���
,Ľğà���������2/#ƚŗƠ��CO2ğ�Ģà"Æļ�ų/2�Ų ��

1
,�2!	��#�+�ŚĂĕƑ#ŵČŚč
/$�ĢàbÛ�$!��¦Ɔ#Ɠ~�)�$Ķæ

Ĭ#Ə�řƇ��¦Ɔĭļà"ƜŲ��1�ťà4Ň���iÓ�¦Ɔĭļà"ơ��$�Ɠ~Ə�ř

Ƈ-�ĢàbÛƎy#7RKƛ#ƘnĭļĿ¬ļq4rŰ�1��".���ŵþ��	�ÜŲ��1� 

� T. thioparus THI115ď� COSase$��"�®Ğb"³£�1ĨÌ# COS (500 pptv�Ó) 4�ŵ���

�2)�"�COS4�ŵ�1ƚŗ"�	���#.
!o	¦ƆĨÌ"��1�ŵĢà4Ž&�ŅŎ$

!
���i��®ĞĨÌ# COS"¼��,��ŵ4ŭ!�1���þ/
"!0��
,�Thiobacillus

ÁŘũ$�¢ªb"Ƃº"Ķá�1��,Ţ�1��COSase$�¢ª"��1 COS�ŵ4Ŷ±�1ƚ

ŗ# 1����ų!������1�ĈŅŎ�·ƫ"ĸ	��®ĞĨÌ# COS4�ŵ�1 Mycobacterium 

spp.#@KS"$�β-CA# clade D4A\H�1Ɨl²#³£�Ň��2���2/#Śč$�7RK
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ƛƙ�-ŚĂĕƑ"�	��COSase�Ʃm��	1 β-CA# clade D- CS2 hydrolase",���.
"

®ĞĨÌ# COS4�ŵ�1ť��z3��	1�ťà4Ň��β-CA#7RKƛƙ�4¦"ræ��Ŗ

śĘ"�	��COSase �ŚĂĕƑ#ĭÚ
/�Ƭ	Ʃmà4Ą�1���Ţ�/21�Mycobacterium 

tuberculosis� β-CA Rv1284- Methanobacterium thermoautotrophicum β-CA��/"�CS2 hydrolase,��

" clade D"�Ʃ�21 (Fig. 5-1)�đĬ# β-CA$�clade B"�Ʃ�21���2/#ńų$�β-CA #

b�,�clade D"Á�1ƚŗ4î�¢ªØĶĬ��¢ª"��1®Ğb# COS#�0ƍ*4d���

í
�ťà4Ň�� 

� β-CA$�Ė�!ĶĬ"�Ç���0�°Īà#Řũ Carboxydothermus hydrogenoformans-��Řũ

Methanobacterium thermoautotrophicum! #�ĶĬ#Ɠ�ŖśĘ#Đ|"Ǝ	ĶĬ",³£�1��


/��kƚŗ��1�ŷ32�	1 (Smith et al., 1999)�30{Ê' ÿ# COS#ĨÌ$�i.0, 10,000

wŋÌƬ	 5 ppmvŋÌ������1¨�,�1 (Ueno et al., 2009)�Ƭ	¦Ɔĭļà- COS�ŵĢà

4Ň� COSase-�β-CA".1 COS�ŵ$�Ĳ£.0,ĶĬ"���ƜŲ!�Ý����#
,�2

!	�ĮŏĎƪĶĬ��1 T. thioparus THI115ď�Acidithiobacillus thiooxidans S1pď�A. thiooxidans G8

ď�% Acidianus sp. A1-3ď
/ŕŰ�2� COSase-�CS2 hydrolase (Smeulders et al., 2011, 2013) $�

:JW=\ıÕ#�+#kƀřƇ"ơ31ƚŗ��1�+�ĶŤ"_�Ě!ƚŗ��1�]ú�ĈŅŎ

# 3Ő�Ň��öŝũ# COS�ŵ#.
"�ÔÁĎƪĶĬ"��1 COS�ŵ#ĶĴĿãš"�	�$

_þ��1� 

� COSase- T. thioparus THI115ď# COS�ŵ"��1�nq��$�ĈŅŎ".��þ/
�!��

��ĶĬ".1 COS#�nq��"ơ�1ŅŎ$�Ĕő"e�	�ƎÊ�COS$�đĬ"��1Ŝ]

ěĶķƞ4ųō,1�+#�GX\B\"!0Õ1���ĆÒ�2��0 (Campbell et al., 2008; Seibt et 

al., 2010; Stimler et al., 2010)�đĬ# COS�ŵ"��1�nq��4ëò�1��$��nqĜ-�n

q��¶ø#øx#Ɩ	
/�COS#Ĥ¯ħ��1¢ª�đĬ4���1�+"�ÜŲ!ĒŸƦŁ��

1� 

� ĈŅŎ".��Ň�2�.
"�COS�ŵť$�1���,�®ĞĨÌ# COS4�ŵ�1ØĶĬ$�

Ƣ/21�¤ĳŴė# COS#�å4ŻŘ"ëò�1�+",�iÓ�clade D"����j# clade"

Á�1 β-CA! #ƚŗ-�¢ªL9;QC���Ƃº!Ńũ����¼ģ¡# COS#ă,®�!Ĥ¯

ħ��21�đĬ# COS�ŵ-��#�nq��4ŅŎ�1��$ƜŲ���#Ƥ$�®ĞĨÌ# COS

4ĸ	�ŭ!
���ÜŲ��1�  
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Figure 5-1. Phylogenetic tree of COSase and β-CAs. A phylogenetic tree was constructed with MEGA5 (Tamura 

et al., 2011) using sequences of COSase and β-CAs. β-CAs were selected from the PDB and used the sequences 

from UniProt Knowledgebase (UniProtKB) corresponding to β-CAs. β-CAs from the NCBI conserved domain 

database (CDD) were used to classify β-CAs into 4 clades. For each clade, single sequence data from eukarya and 

archaea, and those of bacteria that represent clade A, B, and C at the phylum level and clade D at the genus level 

were used to construct the tree when the sequence data of β-CAs was unavailable in PDB. Sequence data of 

Halothiobacillus neapolitanus deposited in PDB were not included due to the low homology with COSase. The 

transit peptide sequence of β-CA from Pisum sativum was also not included. The accession numbers of the β-CAs 

used here are indicated by its NCBI GI number or UniProtKB number and appear in parentheses. The COSase, 

CS2 hydrolase and β-CAs of clade D that were deposited to PDB are shown in bold.  
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Mycobacterium tuberculosis (O53573)

Deinococcus radiodurans (15807230)
Chlamydomonas reinhardtii (40218047)

Solibacter usitatus (67927535)
Pisum sativum (P17067)

Streptomyces avermitilis (29609318)
Synechococcus elongatus (118069)

Helicobacter pylori (6014888) Protochlamydia amoebophila (46400205)

Escherichia coli (P61517)
Salmonella typhimurium (Q8ZRS0)

Haemophilus influenzae (P45148)
Chlorobium phaeobacteroides (67939813)

Cytophaga hutchinsonii (48854751)
Porphyridium cruentum (Q43060)

Nostoc punctiforme (23130016)
Cryptococcus neoformans (Q3I4V7)

Saccharomyces cerevisiae (P53615)

Bacillus subtilis (2635553)
Clostridium perfringens (18309395)

Neisseria meningitidis (15677850)
Bacteroides thetaiotaomicron (29347091)
Oceanobacillus iheyensis (22776778)

Pelobacter propionicus (71839474)
Methanobacterium thermoautotrophicum (Q50565)

Kineococcus radiotolerans (67988277)
Thermobifida fusca (71916263)

Janibacter sp. HTCC2649 (84494723)

Anaeromyxobacter dehalogenans (66857380)
Acidianus sp. A1-3 (G0WXL9) CS2 hydrolase

Frankia sp. EAN1pec (68228831)

Streptomyces coelicolor (21220573)
Mycobacterium tuberculosis (P64797)

Thiobacillus thioparus THI115 (H1AAP2) COSase

Fremyella diplosiphon (48374226)
Methylococcus capsulatus (53758541)

Nitrobacter hamburgensis (69927558)
Candida albicans (68480437)

Streptococcus mutans (Q8DVY1)

Clade A

Clade C

Clade B

Clade D
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Table S1. The nucleotide sequences determined in the chapter 3. 
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���������������������������������������������������������������������������������

��������������������

181 

1 R Reverse complementary sequence of the above. 181 

2 F ���������������������������������������������������������������������������������

���������������������������������������������������������������������������������

����������������������

183 

3 F ���������������������������������������������������������������������������������

���������������������������������������������������������������������������������

����������������������

183 

THI405  �  

1 F ���������������������������������������������������������������������������������

���������������������������������������

119 

1 F' ���������������������������������������������������������������������������������

���������������������������

107 

1 R ���������������������������������������������������������������������������������

���������������������������������������������������������������������������������

�����������������������

(Reverse complementary sequence of the above two sequences.) 

184 

  �  
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THI410  �  

1 F ���������������������������������������������������������������������������������

���������������������������������������������������������������������������������

����������������������

183 

1 R Reverse complementary sequence of the above. 183 

2 F ���������������������������������������������������������������������������������

���������������������������������������������������������������������������������

�������������������

180 

3 F ���������������������������������������������������������������������������������

���������������������������������������������������������������������������������

����������������������

183 

4 F ���������������������������������������������������������������������������������

���������������������������������������������������������������������������������

��������������������

181 

aSequencing primers used in this study were pUC/M13 Forward Primer (5ʹ-CGCCAGGGTTTTCCCAGTCACGAC-3ʹ), pUC/M13 Reverse Primer 

(5ʹ-TCACACAGGAAACAGCTATGAC-3ʹ), and Degenerate PCR Forward Primer (5ʹ-GTNGCNTGYATGGAYGCNMG-3ʹ). These primers were shown as F, 

R and F', respectively. 


