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 ( C O S )   
T h i o b a c i l l u s  t h i o p a r u s  T H I 1 1 5 C O S  

C O S  

M i c r o b i a l  d e g r a d a t i o n  o f  c a r b o n y l  s u l f i d e  ( C O S ) ,  a n  a t m o s p h e r i c  t r a c e  g a s  
C h a r a c t e r i z a t i o n  o f  C O S  h y d r o l a s e  f r o m  T h i o b a c i l l u s  t h i o p a r u s  s t r a i n  T H I 1 1 5  

a n d  d e g r a d a t i o n  o f  C O S  b y  a c t i n o m y c e t e s  
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α:  

α-CA: alpha-class carbonic anhydrase 

β-CA: beta-class carbonic anhydrase 

ε:  

CA: carbonic anhydrase 

CODH: carbon monoxide dehydrogenase 

COSase: COS hydrolase ( COS ) 

DsrAB: dissimilatory sulfite reductase 

FPD:  

GC:  

GC-IRMS: -  

IRMS:  

JCM: Japan Collection of Microorganisms 

MDF: mass-dependent fractionation 

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

NBRC: 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 ( 4 R R ) 

RMSD:  

RuBisCO: ribulose 1,5-bisphosphate carboxylase/oxygenase 

SCNase: thiocyanate hydrolase 

SDS: sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

TOC:  

TrzN: s-triazine hydrolase  
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1  

 

1-1  

 (COS) 

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

COS  [ OH O(3P)] 

 (SO2) 

 (Crutzen, 1976; Chin and Davis, 1993)

70 75%  (Solomon, 1999; Steele et al., 2003)

43% (Pitari et al., 2002) 56% (Sheng et al., 2015) COS

COS  (Crutzen, 1976)

COS 1980

 (Aydin et al., 2002, 2007, 

2008; Montzka et al., 2004) SO2

SO2

1999 2010

0.07 °C  (Solomon et al., 2011)

1960 2000

0.05 °C  (Solomon et al., 2011) COS

 (CO2) 724 COS

COS

 (Brühl et al., 2012) COS

 

COS COS

 (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)

 ( OH) 

COS  

COS CO2  (gross primary production) 

 (Campbell et al., 2008; Seibt et al., 2010; Stimler et 
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al., 2010) CO2

CO2  (net primary production) 

CO2 COS CO2

COS COS CO2

COS CO2

 

 

1-2 COS  

COS 	  (Taylor et al., 1983)  Chlamydomonas 

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

Blezinger et al., 2000)  (Li et al., 2010; Masaki et al., 2016)  (Gries et al., 1994)  

 (Miller et al., 1989) COS Thiobacillus

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

CO Peptostreptococcus productus Eubacterium limosum Rhodospirillum rubrum (Smith et 

al., 1991) Mycobacterium Williamsia Cupriavidus

Mycobacterium  (Kato et al., 2008; Kusumi et al., 2011) CS2

Thiobacillus  (Smith and Kelly, 1988; Hartikainen et al., 2000)  

(CS2)  (hydrolase) Methylomicrobium alcaliphilum (Smeulders 

et al., 2013) COS 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)  (Table 1-1) β-CA CS2 

hydrolase COS

COS

COS  (Table 1-2) CS2

CS2 Acidianus sp. A1-3 Acidithiobacillus 

thiooxidans S1p Acidithiobacillus thiooxidans G8 CS2 hydrolase COS

COS

CS2 hydrolase Fusarium

Mycobacterium COS  

(Kato et al., 2008; Li et al., 2010) COS
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COS

COS COS

 

COS COS β-CA RuBisCO

COS  (Spinacia oleracea) RuBisCO

 (Pisum sativum) β-CA kcat / Km 2 β-CA COS

 (Table 1-1) (Lorimer and Pierce, 1989; Protoschill-Krebs and Kesselmeier, 1992; 

Protoschill-Krebs et al., 1996; Ogée et al., 2016) carbonic anhydrase (CA) 

COS

CA COS  (Kesselmeier et al., 1999; Saito et al., 2002)

CA COS  

 

1-3 Thiobacillus thioparus strain THI115 COSase 

Thiobacillus thioparus  (Kelly et al., 

2005) T. thioparus THI115  (SCN–) 

SCN–  (Katayama et al., 1992) SCN–

COS  (thiocyanate hydrolase, SCNase, EC 

3.5.5.8) Km Vmax ~11 mM ~0.056 µmol mg−1 min−1  

(Katayama et al., 1992) COS CO2

T. thioparus THI115  

(Katayama et al., 1992; Kim and Katayama, 2000) COS COS  

(COSase)  ( , 2003; , 2003) kinetics

SCNase COS

COS

COS

T. thioparus THI115 COSase 500 

pptv COS  

 

1-4  

3  

1-4-1 COSase  

 (2003)  (2003)  (2005) COSase

COSase COSase open reading frame 
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660 bp COSase 1864 bp  (Fig. 1-1) COSase

CA 5 β-CA

 (Fig. 1-2) COSase 1

 

CA CO2  (CO2 + H2O ⇄ HCO3
– + H+) 

 α β γ δ ζ 5

 (Hewett-Emmett and Tashian, 1996; Tripp et al., 2001; Lane et al., 2005)  (Bos 

taurus) α-CA  (Pisum sativum) β-CA COS α-CA β-CA

COS  (Table 1-1)  

CA β-CA COS CS2 hydrolase

β-CA CO2 CS2 COSase COS

COSase

COSase  

2 COS 1 COS

COSase 	kinetics COS

 

 

1-4-2 COS COSase β-CA clade D  

COS  (Kato et al., 2008; Li et al., 2010; 

Kusumi et al., 2011) Kato et al. (2008) COS COS

7 β- COS

COS

COS

COS

 

3 COS

COS COS

Kato et al. (2008) COS T. thioparus THI115

2 COS

COSase COS COSase β-CA PCR
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1-4-3 COSase T. thioparus THI115 COS  

COS COS COS

1 Kamezaki et al. (2016) COS

COS COS

COS

 

4 COSase T. thioparus THI115 COS

 

 

5   
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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. 
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2  COSase  

 

2-1 COSase  

2-1-1  

SCN– SCN–

SCN–

T. thioparus THI115  (NBRC 105750)  (Katayama et al., 1992) SCN–

COS  (CNO–) H2S 2

 (Katayama et al., 1992; Sorokin et al., 2001) T. thioparus THI115

SCN– SCNase  

(Katayama et al., 1992) SCNase nitrile hydratase

nitrile hydratase SCN–  

(Katayama et al., 1998)  EC 3.5.5.8  

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

T. thioparus THI115 SCNase COS H2S CO2

 (Katayama et al., 1993; Kim and 

Katayama, 2000) SCN– 2 COS

COS  (COSase)  ( , 2003; , 2003)

75 g 750 µg COSase   (2003)  (2003) 

Lowry COSase 3.1 mg COSase

Tris Lowry

COSase

pH Tris 750 µg

COSase T. 

thioparus THI115

 (HPLC) 

2-1-2-3 2-1-2-4  (2003)  (2003) COSase N

COSase  ( , 2003)

COSase ( COSase) , 2005

COS sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

COSase T. thioparus THI115
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COSase ( COSase)   
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2-1-2  

2-1-2-1 T. thioparus THI115  

mTC 10 mM  (KSCN) 

mTC10  (Table 2-1) T. thioparus THI115 120 rpm 30 °C

8,000 × g 4 °C 30

50 mM Tris-HCl (pH 8.5) 1 –80 °C

 

 

2-1-2-2 SCN–  

Kim and Katayama (2000) 21,500 × g 4 °C 3

50 µL 3.95 mL 10% (w / v) Fe(NO3)3 0.2 mL 5 M HNO3 0.2 mL

Abs. 420 nm SCN– KSCN

 

 

2-1-2-3  

6 g 100 mL 50 mM Tris-HCl (pH 8.5) 

50 mL 3  (TOMY UD-201

OUTPUT6 DUTY50) 1 1 10

25,000 × g 4 °C 30  

 

2-1-2-4 COSase  

5 COSase

TOYOPEARL SuperQ-650 ( ) RESOURCE PHE (GE )

TOYOPEARL Butyl-650 ( )

TSKgel G3000SWXL ( ) Mono Q 5/50 GL (GE ) 

 

 

2-1-2-4-1 TOYOPEARL SuperQ-650  

50 mM Tris-HCl (pH 8.5) TOYOPEARL SuperQ 15 mL ( 1.5 cm 8.5 

cm) 108 mL 3 mL min–1 280 nm 50 mM Tris-HCl 

(pH 8.5) 50 mM 100 mM 150 mM NaCl 3 50 mM Tris-HCl (pH 8.5) 

280 nm 2 mL 

min–1  
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2-1-2-4-2 RESOURCE PHE  

SDS-PAGE COSase  (50 mM NaCl 40 mL 100 mM NaCl

43 mL) 20% 13.5%

50 mM Tris-HCl (pH 8.5) RESOURCE PHE 1 mL 3 mL min–1

13.5% 0% 50 mM Tris-HCl (pH 8.5)  (30 mL) 

1.5 mL min–1  (3 mL  

fraction–1)  

 

2-1-2-4-3 TOYOPEARL Butyl-650  

COSase 30% 30%

50 mM Tris-HCl (pH 8.5) TOYOPEARL Butyl-650 50 mL ( 2.0 cm 16 

cm) 3 mL min–1 30% 0% 50 mM Tris-HCl (pH 8.5) 

 (200 mL) 3.0 mL min–1

 (5 mL fraction–1)  

 

2-1-2-4-4  

COSase  (25 mL) Centriprep Ultracel YM-30 (Millipore) 15,000 × g 4 °C

1.27 mL 150 mM NaCl 50 mM Tris-HCl (pH 6.8) 

TSKgel G3000SWXL ( 7.8 mm 30 cm) 100 µL

0.5 mL min–1 280 nm  

 

2-1-2-4-5 Mono Q 5/50 GL  

COSase  (8.5 mL) 50 mM Tris-HCl (pH8.5) 10 15 mM 50 mM 

Tris-HCl (pH 8.5) Mono Q 5/50 GL 1 mL 0 mM 350 mM NaCl 50 

mM Tris-HCl (pH 8.5)  (40 mL) 1 mL min–1

 (2 mL fraction–1)  

 

2-1-2-5 SDS-PAGE COSase  

 (12.5% 373 mM Tris-HCl (pH 8.8) 0.1% SDS 17.1 mL

10 mg N,N,N′,N′-tetramethylethylenediamine 10 µL )  (3%

125 mM Tris-HCl (pH 6.8) 0.1% SDS 10 mL 15 mg

N,N,N′,N′-tetramethylethylenediamine 20 µL ) 
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 (AE-6220 ATTO)  (25 mM Tris-HCl 0.192 mM 0.1% SDS) 

Bio-Rad SDS-PAGE Standards Broad Range 1 / 4

5 ×  (50% 25% 2- 5% SDS 0.05% BPB) 

100 °C 5 15 mA 30 mA

 (28.6% 14.3%  R-250 (35.7 mg  

L–1))  (38.5% 15.4% ) 

 

 

2-1-2-6  

Lowry  (Lowry et al., 1951)  (heat 

shock fraction Sigma-Aldrich)   
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2-1-3  

10 mM 10 mL 90 mL mTC10

500 mL 8

90 mL 800 mL mTC10 3 L 8

5 5.88 g

108 mL  

TOYOPEARL SuperQ-650 50 mM 100 mM 150 mM NaCl

70 mL ( 40 mL 30 mL) 43 mL

45 mL SDS-PAGE  (Fig. 2-1) 50 mM NaCl 40 mL

100 mM NaCl COSase

RESOURCE PHE 13.5%

COSase

SDS-PAGE COSase  (Fig. 2-2)

COSase 1

TOYOPEARL Butyl-650

SDS-PAGE  (Fig. 2-3) No. 34 No. 38 COSase

 

1

100 µL 25 mL

TOYOPEARL Butyl-650

1.27 mL 100 µL 280 nm

21 COSase SDS-PAGE COSase

 (Fig. 2-4) Mono 

Q  

MonoQ SDS-PAGE  (Fig. 2-5) 

No. 9 10 11 COSase Fig. 2-1 Fig. 2-3

COSase 1 Fig. 2-5 97 k

5 × 

1 No. 10

COSase

No. 10 67 µg in 2 mL Fig. 2-5 COSase

No. 9 No. 10 No. 11 No. 10 1 / 3
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COSase 160 µg   
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2-1-4  

COSase  (DEAE Sephacel, DEAE Sephadex A-50, Hydroxyapatite 

Bio-Gel HTP Gel, Q Sepharose high performance, Phenyl Sepharose CL-4B 5 ) 

 ( , 2003; , 2003) 75

750 µg COSase 6 g 67 µg COSase COSase

HPLC 3  

RESOURCE PHE

TOYOPEARL Butyl-650 RESOURCE 

PHE MonoQ No. 10

No. 9 11 COSase

MonoQ

MonoQ COSase

 

COSase

COSase 0.0027%  (2003)  (2003) 75 g

2740 mg

3.7%

0.07% COSase

COSase β-CA

1 2% β-CA  (Tobin, 1970; Okabe et al., 1984) COSase T. thioparus 

THI115 β-CA

RuBisCO CO2

COSase β-CA 0.07%

T. thioparus THI115 COSase COS
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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 COSase COS CO2 CS2 T. thioparus THI115 COSase COS

 

2-2-1  

COSase β-CA CA

CO2  (HCO3
–)  

CO2 + H2O ⇆ HCO3
– + H+ 

CA 1933  ( ) CA

HCO3
– CO2  (Meldrum and 

Roughton, 1933) 1939  ( ) CA

 (Neish, 1939) CO2 RuBisCO CO2

 (Shiraiwa and Miyachi, 1979; Hatch and Burnell, 1990)

 (Neisseria sicca) CA 1972  (Methanosarcina thermophila) CA 1994

 (Adler et al., 1972 Brundell et al., 1972 Alber and Ferry, 1994)

CA

CO2 CA  (Nishida 

et al., 2009; Ueda et al., 2012)

CA  (Hewett-Emmett and Tashian, 1996; Smith 

et al., 1999; Smith and Ferry, 2000) CA

CA

 (Badger and Price, 1989; Smith and Ferry, 2000 )  

CA

CA α-CA COSase β-CA

pH

CA α-CA

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

acid sultone p-nitrophenyl phosphate  (Pocker and Meany, 

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

COS α-CA ( CA) β-CA ( CA) COS

 (Haritos and Dojchinov, 2005; Protoschill-Krebs et al., 1996)

CA COSase COS COSase

CA COS  (Table 1-1) (Protoschill-Krebs et al., 1996; Haritos 

and Dojchinov, 2005; Ogée et al., 2016) β-CA CA

CS2 hydrolase COS  (Smeulders et al., 2011, 2013) CA β-CA
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COS

β-CA COSase COS

 

 (Conrad, 1996) COS 1-2

COS COS  ( 500 pptv) 

 (Kato et al., 2008; Li et al., 2010; Kusumi et al., 2011; Masaki et al., 2016)

Williamsia Cupriavidus Mycobacterium

COS 500 pptv COS Mycobacterium

 (Kato et al., 2008) Scytalidium

Trichoderma Beauveria 7 500 pptv COS  (Masaki et al., 

2016) Fusarium solani THIF01

500 pptv COS  (Li et al., 2010) COS

Mycobacterium 

Mycobacterium tuberculosis H37Rv β-CA

3  (Rv1284, Rv3273, Rv3588c)  (Cole et al., 1998)

Rv3273 Rv1284 Rv3588c Rv1284

14  (Sassetti and Rubin, 2003; Sassetti and Rubin, 2003; Betts et al., 2002)

3 CA CA

 (Covarrubias et al., 2005; Minakuchi et al., 2009; Nishimori et al., 2009)

Mycobacterium β-CA COSase β-CA COS

β-CA COS CA

COS COSase COS

Km 60 µM 3,300 ppmv

COS 6.6 × 106

COS COS

COSase

COS COS

COS T. thioparus THI115

COSase   
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2-2-2  

2-2-2-1 COS  

COS  (FPD)  (GC-FPD) (GC-14B ) 

Table 2-2

10.5% COS  (Balance gas: N2 TANAKA) 

N2 (99.999% ) 102 mL GC-FPD 2080 ppmv

COS  (Balance gas: N2 TANAKA) 

COS  

 

2-2-2-2 H2S  

H2S 2-2-2-1 COS GC-FPD

H2S  (2000 ppmv Balance gas: N2 ) 

1 mL N2 (99.999% ) 102 mL 19.6 

ppmv 20 50 100 300 500 µL 3 GC-FPD

H2S  

 

2-2-2-3 COSase  ( ) 

COSase COS H2S

GC-FPD  

4.9 mL  (SVG-3 ) 

 ( 0.5 mm 23 mm 1/3 ) 2

2080 ppmv COS 3 0.4 kg cm–2

COS H2S

2000 ppmv H2S 380 µL COSase 0.066 µg

50 mM Tris-HCl (pH 8.5) 200 µL 30 °C 25

5 5

COS H2S  

 

2-2-2-4 COS H2S  

GC-FPD COS H2S

2-2-2-6 Km Vmax

H2S H2S COSase
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Wilhelm et al. (1977) 30 °C COS 0.018 

M atm–1 H2S 0.092 M atm–1 COS pH  (Elliott and 

Rowland, 1989) H2S pH

 (De Bruyn et al., 1995; Dean, 1999)  

H (1 + Ka [H+]–1) 

H 0.092 M atm–1 Ka 1.26 × 10–7 [H+] 3.16 ×  

10–9 30 °C pH 8.5 H2S 3.76 M atm–1  

2000 ppmv COS COS 0.018 × (2000 / 106) = 3.6 ×  

10–5 M 2-2-2-3 COS 2000 ppmv COS

4.7 mL 30 °C 1 mol 24.9 L

2000 ppmv COS (2000 / 106) × (0.0047 / 24.9) = 3.8 × 10–7 mol 380 nmol

 ( ) 200 µL 3.6 × 10–5 × (200 / 106) = 7.2 × 109 mol 7.2 nmol

COS 380 + 7.2 =387.2 nmol  

COS H2S

 

 

2-2-2-5 H2S  

COSase Km Vmax  ( %) COS

2-2-2-2 GC-FPD H2S H2S COS

H2S H2S

H2S

H2S GC-FPD Chae and Tabatabai (1983) 

 

H2S 2-2-2-6 COSase 10.5% COS

H2S  (2,000 ppmv) 102 mL

2,000 ppmv H2S 2.4 12 25 60 µL

50 mM Tris-HCl (pH 8.5) 200 µL 10 H2S

H2S  ( 50 mM Tris-HCl (pH 8.5) 2000 1975 

µL (2000 µL )  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 6 mM 

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

) 10 30 °C 30 Abs. 665 nm
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0 1 5 10 25 µL (H2S

0 37.72 nmol ) 250 µL

150 µL H2S 0 2.4 12 25 60 µL (H2S

0 2.771 nmol )  

 

2-2-2-6 COSase  (Km Vmax ) 

4.9 mL  (SVG-3 ) COS COS

10.5%  ( 0.5 mm 23 mm 1/3 ) 2

10.5% COS  (Balance gas: N2 TANAKA) 3 0.4 

kg cm–2 COS COS N2

 (99.999% ) 10.5% COS 102 mL  ( ) 

COS

COSase 0.066 µg 50 mM Tris-HCl (pH 8.5) 200 µL

30 °C 20 H2S

2-2-2-5  

 

2-2-2-7 COSase CA  

CA pH  (Wilbur and Anderson, 1948) 

stopped-flow spectrophotometry pH indicator

 (Khalifah, 1971) 18O C18O2

H2
18O  (Silverman, 1982) 

CA

 

 

pH  

Sigma quality 

control test procedure (  ) 20 mM Tris sulfate, 

pH 8.3 (25 °C) 3 mL 50 mM Tris-HCl, pH 8.5 (30 °C) 50 µL

 ( 4.5 cm 1.5 cm)  ( 1 cm) pH  (pH

 F-52 pH  9618S-10D ) pH

CO2 13 mL  (SVG-12 ) 

CO2 0.5 L min–1  (  20G (0.90 mm) 70 mm ) 

15 CO2 2 mL
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pH8.3 pH6.3 unit unit (TBlank, 

avg – TEnzyme, avg) (TEnzyme, avg)–1 TBlank, avg TEnzyme, avg

pH8.3 pH6.3  ( )  

 

stopped-flow spectrophotometry pH indicator

 

50 mM HEPES-NaOH 200 mM Na2SO4 pH 7.5 (25 °C) 

1 / 10 2 mM phenol red 50 mM HEPES-NaOH 200 mM Na2SO4 pH 7.5 (25 °C) 

CO2 Stopped-flow spectrophotometry (SX-20

Applied Photophysics) 4 µg COSase 10 µL CO2 10 µL

25 °C Abs. 578 nm Abs. 578 nm

CO2 HCl 0 1 2 5 10 mM

Abs. 578 nm  

 

2-2-2-8 COSase CS2 hydrolase  

4.9 mL CS2 CS2 1.02%

 ( 0.5 mm 23 mm 1/3 ) 2

CS2  (1.02% Balance gas: N2 TANAKA) 3

0.05 MPa COSase 0.066 µg 50 mM Tris-HCl (pH 8.5) 200 µL

30 °C 20 GC-FPD COS H2S Staudinger and 

Roberts (2001) 30 °C CS2 0.0470 M atm–1

CS2 460 µM  

 

2-2-2-9 SCN– COSase  

SCN– COSase NaSCN  (COSase 0.066 µg

50 mM Tris-HCl (pH 8.5) 200 µL) 4.9 mL  (SVG-3 ) 

 ( 0.5 mm 23 mm 1/3 ) 2

N2  (99.999% ) 102 mL

 ( ) 10.5% COS  (Balance gas: N2 TANAKA) 

COS

1050 ppmv 2-2-2-3 H2S
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2-2-2-10 COS  

1,2,3-Tris (2-cyanoethoxy) propane 5% Uniport B 60/80 (

)  (U S ) 5

COS  (FLS-1 ) 

100 °C COS GC-FPD

Table 2-3 1,960 ppmv 2,080 ppmv COS  

(Balance gas: N2 TANAKA) N2 102 mL

COS

 

 

2-2-2-11 T. thioparus THI115 COS  

2-1-2-1 T. thioparus THI115

13,000 × g 4 °C 20 mTC (T. thioparus 

THI115 mTC10 KSCN ) 3 mTC

10 mL  (GF-75 0.3 

µm )  (GF / C circle 90 mm ɸ Glass 

microfiber filter ) 3 mTC 4 mL 9.3 cm  (

) 

5 L  (AAK-5 ) 

 (A-75 280 mm ) 

W  (W-12 ) 

300 mL 50 mL  ( ) 2-2-2-10

COS  

 

2-2-2-12 COSase COS  

2-2-2-11 5 L 8.5 cm

 ( ) 50 mL  ( ) 

N2  (99.999% ) 3.7 L

2,080 ppmv COS  (Balance gas: N2 TANAKA) 

N2 102 mL

W  (W-12 ) 

500 pptv COS COSase 10 µg 50 

mM Tris-HCl (pH 8.5) 10 mL 10 mL  ( ) 
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10

300 mL 2-2-2-10 COS   
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2-2-3  

Fig. 2-6 COSase COS 20 nmol 20

23 nmol H2S COSase  

COS + H2O → H2S + CO2 

COSase COS  (COS hydrolase) 

T. thioparus THI115 COSase ( COSase) 

COSase ( COSase) 17 µmol mg–1 min–1 18 µmol mg–1 min–1

COSase COSase

COSase  

COSase kinetics Michaelis-Menten Km 60 µM Vmax 74 µmol mg–1 min–1

kcat 58 s–1 kcat / Km 9.6 × 105 s–1 M–1

 (Fig. 2-7)  

pH CA COSase

 (Fig. 2-8) stopped-flow 

spectrophotometry CA CO2 pH

0 0.1

0.2 0.5 Abs. 578 nm  (Fig. 2-9) 17 mM CO2

COSase CO2 CA 24 µmol mg–1 min–1

turnover number 19 s–1  

COSase CS2 hydrolase 460 µM CS2 3.9 µmol  

mg–1 min–1 CS2 H2S CS2 hydrolase CS2 + H2O ⇄ COS + H2S

COS + H2O ⇄ H2S + CO2 COS CS2 COSase

CS2 COS 0.1 µmol mg–1 min–1  

COS 1 mM NaSCN 10 mM 100 mM NaSCN

70% 20%  

T. thioparus THI115 COS

COS 600 pptv 6

350 pptv 25  (280 pptv)  (Fig. 2-10)

mTC COS

mTC COS mTC

COS  

COSase COS COS

COSase COSase COSase 26 pmol  
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mg–1 min–1 COS  (Fig. 2-11)   
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2-2-4  

COSase Table 1-1 COSase CA

CS2 hydrolase COS CS2 hydrolase COSase

β-CA kcat / Km

COSase CS2 hydrolase β-CA 4.8 × 105 s–1 M–1 6.0 × 105 s–1 M–1 6.9 × 105 ~ 1.0 × 107  

s–1 M–1 CS2 hydrolase kcat / Km COSase

CS2 hydrolase

kcat / Km COS

 (Table 1-1) COSase COS

 

T. thioparus THI115 SCN–

SCNase SCNase Km Vmax ~11 mM ~0.056 µmol  

mg–1 min–1  (Katayama et al., 1992) COSase Km 60 µM Vmax 74 µmol mg–1 min–1

2-1-4 COSase T. thioparus THI115

0.07% SCNase COS COSase

 

2-3 SCN– COSase SCN– COS

CA SCN–

 (De Simone and Supuran, 2012) β-CA (Streptococcus pneumoniae

Salmonella typhimurium) CO2 SCN– 0.38 0.93 mM  (Burghout 

et al., 2011; Vullo et al., 2011) COSase COS SCN– SCN–

 

COSase CA CA

CA Mycobacterium tuberculosis

β-CA Rv1284 CO2 kcat 3.9 × 105 s–1  (Minakuchi et al., 2009)

COSase CA 17 mM CO2

turnover rate  19 s–1 kcat Mycobacterium 

tuberculosis β-CA Rv1284 Km 11 mM COSase kcat 30 s–1

COSase β-CA CS2 hydrolase CA

 (Smeulders et al., 2011) COS CO2 COSase CS2 hydrolase
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460 µM CS2 COSase CS2 3.9 µmol mg–1 min–1

CS2 hydrolase 30 µmol mg–1 min–1  (Smeulders et al., 2011)

7.7 CS2 hydrolase CS2 COS

kcat / Km 7.3 × 106 s–1 M–1 8.2 × 107 s–1 M–1 COSase CS2

COS

CS2 hydrolase COS

COS H2S  

COSase β-CA CS2 hydrolase  

(Table 2-4)

COSase  (2 3 )  

� T. thioparus T. neapolitanus T. denitrificans  (neutrophilic) Thiobacillus

1g 105  (Chapman, 1990) T. thioparus

T. thioparus THI115 COS

T. thioparus COS

COSase Km 60 µM 3,300 ppmv

COS COSase

COS COSase T. thioparus THI115 COS
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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.   
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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).   
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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 COSase  

2-3-1  

CA α-CA β-CA

 

(Hewett-Emmett and Tashian, 1996; Smith et al., 1999) β-CA 2000 β-CA

α-CA

 (Kimber and Pai, 2000) α-CA 1

β-CA

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

2006; Kimber and Pai, 2000) 

2 1 4

 

β-CA CA CS2 hydrolase

 (Smeulders et al., 2011) CA

 ( ) 

CO2 COSase

β-CA CA CS2 hydrolase 

COS β-CA

COSase    
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2-3-2  

2-3-2-1 COSase  

COSase 6 mg mL–1 COSase 1.2 µL 20 °C

1.2 M (NH4)2SO4, 0.2 M NaCl, 30% glycerol, 

0.1 M Tris-HCl, pH 8.5 1.2 µL COSase

COSase SCN–

SCN–

0.01 M NaSCN  

 

2-3-2-2 X  

X

BL-5A BL-6A 95 K

ADSC/CCD detector system (ADSC Quantum 315r Quantum 4R) 

HKL2000  (Otwinowski 

and Minor, 1997)  

 

2-3-2-3  

COSase

Mycobacterium tuberculosis β-CA Rv1284  [Protein Data Bank (PDB) code 1YLK, 23-99

] Molrep (Vagin and Teplyakov, 1997) SCN–

COSase REFMAC (Murshudov et 

al., 1997) COOT (Emsley and Cowtan, 2004) 

SHELXL (Sheldrick, 2008) 

Table 2-5 c R-factor (R) R COSase 0.135

SCN– 0.156 10 20%

overfitting 5%

5% R-factor (Rfree)  (Brünger, 1992)

COSase 0.170 SCN– 0.204 Rfree  (R + 5% ) 

COSase

COSase 3VQJ SCN– 3VRK   
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2-3-3  

Table 2-5 X COSase 1.20 Å COSase SCN–

1.33 Å

COS SCN–  (RMSD) 

213 α C 0.16 Å 0.38 Å

SCN–  

COSase 5 β β  (β1-β5) 6 α

α / β  (Fig. 2-11 2-12) β-CA

α2 β2 β3

~3,420 Å2  (Fig. 2-13)

960 Å2  (Fig. 

2-14)  

44 100 97

4  (Fig. 2-15) 2.28 Å (Zn–Sγ (Cys44))

2.04 Å (Zn–Nε (His97)) 2.31 Å (Zn–Sγ (Cys100)) 2.08 Å

46 2.59 Å SCN– 2

 [ 63′ (

63) ] 3.00 Å 3.01 Å

SCN– 9

 (Table 2-6)  

β-CA plant Cab

 (Kimber and Pai, 2000)

COSase

33 63 82 Cab

DALI Mycobacterium tuberculosis β-CA Rv1284 (PDB code 

1YLK) Methanobacterium thermoautotrophicum β-CA (PDB code 1G5C) β-CA

COSase 146 α C RMSD 1.2 Å 1.4 Å

 (Holm et al., 2008; Covarrubias et al., 2005; Strop et al., 2001)

β-CA Cab COSase plant Cab

COSase α5  ( 129 135) 

COSase Cab β-CA

α6 N  ( 150 158) COSase  (Fig. 1-2)  
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SCN– Mycobacterium tuberculosis β-CA Rv1284 Rv3588c

 (Covarrubias et al., 2005; Covarrubias et al., 2006) SCN–

Rv3588c SCN– COSase Cab Mycobacterium 

tuberculosis β-CA Rv1284 SCN–  

CS2 hydrolase COSase

COSase 38 33′ 87′ CS2 hydrolase

38 20′ 78′  (Fig. 2-16)   
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2-3-4  

COSase β-CA CS2 hydrolase

β-CA CO2 CS2 hydrolase CS2

 (Rowlett, 2010; Smeulders et al., 2011) α-CA β-CA  3

3

COS  (Schenk et al., 

2004; Notni et al., 2007) α-CA β-CA

COSase

COS Schenk et al. (2004)

Notni et al. (2007) Fig. 2-17 COSase

COS

COS

CO2 H2S

 

COSase β-CA  (Fig. 2-16) Cab

Mycobacterium tuberculosis β-CA Rv1284 Cab β-CA (Mycobacterium 

tuberculosis β-CA Rv1284 Methanobacterium thermoautotrophicum β-CA) kcat / Km 3.7 

× 107 s–1 M–1 5.9 × 106 s–1 M–1 CO2 COSase CO2

 (Covarrubias et al., 2005; Strop et al., 2001; 

Minakuchi et al., 2009; Smith and Ferry, 1999)

CAVER  (Petřek et al., 2006) β-CA COSase

 (Fig. 2-18) COSase

α5 α6 N  ( 150 158) 

COS H2S CO2 CO2

HCO3
– COS H2S CO2

CO2

CS2 hydrolase CO2 Fig. 2-18 COSase

COSase

 (Smeulders et al., 2011) COSase CS2 
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hydrolase
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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.   
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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.    
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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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3  COS COSase β-CA clade D  

 

3-1  

COS  (Launois et al., 

2015) CA COS

COS COS

CA  (Kesselmeier et al., 1999; Saito et al., 2002)

COS 1-2

COS

ppmv COS COS

 (Kato et al., 2008; Li et al., 2010; Kusumi et al., 2011) Kato et al. (2008) 

7 COS Mycobacterium spp. 4

COS Williamsia sp. 1 Cupriavidus spp. 2

Mycobacterium COS

 (Islam and Wright, 2005) COS COS COS

 

COS T. thioparus THI115 COSase

Acidianus sp. A1-3 Acidithiobacillus thiooxidans S1p G8 CS2 hydrolase  (Table 

1-1) X β-CA clade D β-CA

 (2 ; Smeulders et al., 2011, 2013) β-CA clade B

 (Protoschill-Krebs et al., 1996; Ogée et al., 2016)

β-CA COS COS

COS β-CA

 

 (Actinobacteria )  (suborder) 

Kato et al. (2008) COS Katayama et al., (1993) T. thioparus 

THI115 COS COS COSase
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3-2  

3-2-1  

Table 3-1 Actinobacteria 10  

(Stackebrandt et al., 1997) Actinomycineae Glycomycineae 8

20  [ Biological Resource Center 

(NBRC) Japan Collection of Microorganisms (JCM)] 

Katayama et al. (1993) T. thioparus THI115

 Kato et al. (2008) COS 8  

T. thioparus THI115 PYG 

(polypeptone-yeast extract-glucose) PYG  (g / L)  (

) 2.0 Bacto yeast extract (Difco) 1.0 0.5 pH 7.2 T. 

thioparus THI115 2-1-2-1 mTC10  ( pH 7.2 ) 120 

rpm 30 °C  

 

3-2-2 30 ppmv COS  

PYG 1  ( 20 cm

2 cm) 10 mL PYG  (3 17 ) 5,000 

× g 20 °C 15 25 mM  (pH 7.2) 2

10 mL  ( 20 cm 2 cm) W  (W-21

) 10.3% COS  (Balance gas: N2 TANAKA) 

40 mL COS 30 ppmv COS

10 120 rpm 30 °C 2-2-2-1

GC-FPD COS Kato et al. (2008) 

COS Williamsia sp. THI410 COS H2S

COS H2S COS

Kato et al. (2008) 8 T. thioparus THI115 COS H2S

β,βʹ-oxydipropionitrile (Chromosorb W AW-DMCS, ) 

GC 40 °C 17 mL min–1 COS

 

 (TOC) 3-2-4 COS

C(t) = C0 e–kt k (h–1) C(t) t (h) 

COS C0 COS COS TOC

k T. thioparus THI115 9.9 mL mTC10 0.1 mL
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7 5

1  

 

3-2-3 COS  

PYG PYG PYG

1  ( 16 cm 1.5 cm) 10 mL PYG

3 7 3-2-2

 (GF-75 0.3 µm

)  [1L 5% (w / v) 

 5.5 mL 1 M  6.0 mL ] 5.5 mL

5 L  (AAK-5

)  (A-75 280 mm ) 

W  (W-12 ) 

300 mL 50 mL  ( ) 2-2-2-10 COS

 

PYG PYG 10 PYG

1 3 7

5L COS

 

 

3-2-4 TOC  

TOC -  (Seto and Tange, 1980) COS

10 mL milli-Q COS

 ( 2 ) 1 mL 2

5 g 100 g L–1 1 mL

CO2 1 mL min–1 CaCl2

 (ZRH ) 

TOC

 (

0 3 mg-C) TOC
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3-2-5 COSase β-CA  

Kato et al. (2008) COS  (Mycobacterium spp. THI401 THI405

Streptomyces sp. THI408 Williamsia sp. THI410 Cupriavidus spp. THI414 THI415 9 ) 

mTC 1 500 mL 100 mL PYG

DNA  (

)  

PCR COSase COSase

COSase T. thioparus THI115

COSase β-CA

 [Fig. 1-2 Fig. 3-2 COSase β1  (VACMDAR)

β3  (HTRCGML)] 

5ʹ-GTNGCNTGYATGGAYGCNMG-3ʹ 5ʹ-ARCATNCCRCANCKNGTRTG-3ʹ COSase

β-CA PCR Phusion High-Fidelity DNA Polymerase (

) 1 × HF buffer 200 µM dNTPs

2 µM DNA 10 ng Phusion DNA Polymerase 0.004 U

Milli-Q 20 µL PCR 98 °C 30 98 °C 10 60 °C 30 72 °C

30 25 72 °C 10 PCR 2% COSase

185 bp illustra GFX PCR DNA and Gel Band Purification Kit (GE

) DNA pGEM-T Easy Vector System I ( ) 

XL10-Gold ( ) 

LB DNA

 (PI-50α ) EcoRI

PCR  (3500 

Genetic Analyzer )  (  

Table S1) COSase β-CA DNA

 ( Mycobacterium spp. THI401 THI405 LC127314 LC127318 Williamsia sp. 

THI410 LC127319 )   
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3-3  

30 ppmv COS  

Table 3-1 Spirillospora albida NBRC 12248T Skermania piniformis NBRC 15059T

Micromonospora chalcea NBRC 13503T 17 COS

COS  (Ferm, 1957; 

Elliott et al., 1989) 0.027 ± 0.003 h–1 (n = 6) COS 0.04  

h–1 COS COS Corynebacterium ammoniagenes 

JCM 1305T COS 9 5

COS TOC COS

Dietzia maris NBRC 15801T  (6.19 ± 5.68 h–1) 

 (Table 3-1) COS 8

β- Cupriavidus sp. THI415

Streptomyces sp. THI408

COS

T. thioparus THI115  

 

COS  

PYG Streptomyces ambofaciens NBRC 12836T 2 COS

500 pptv 1300 pptv 1400 pptv COS

PYG

 (Flöck et al., 1997)

COS 20

Dietzia maris NBRC 15801T COS  

COS TOC 30 ppmv 

COS 12 10 PYG COS

Fig. 3-1 Dietzia maris NBRC 15801T Streptomyces 

ambofaciens NBRC 12836T COS Rhodococcus rhodochrous JCM 2158 Gordonia 

bronchialis NBRC 16047T Nocardioides albus NBRC 13917T COS

COS t

 (P > 0.05) Geodermatophilus obscurus NBRC 13315T Amycolatopsis orientalis NBRC 

12806T COS  
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COSase β-CA  

Mycobacterium spp. THI401 THI402 THI403 THI404 THI405 Williamsia sp. THI410

185 bp PCR DNA  ( 145 

bp) β-CA  (Fig. 3-2)

COSase β-CA

Streptomyces sp. THI408

185 bp Cupriavidus spp. THI414

THI415 185 bp 12

COSase β-CA  (lipase cellulose 

synthase lauroyl acyltransferase DNA gyrase Tursiops truncatus ankyrin repeat and SOCS box protein 16

Klebsiella hypothetical protein) 

Streptomyces sp. THI408 Cupriavidus spp. THI414 THI415 COSase

β-CA PCR

  



 73 

3-4  

20 17 30 ppmv COS

30 ppmv COS 12 COS

2 Streptomyces ambofaciens NBRC 12836T COS

 (PYG ) 

COS  (Kesselmeier and Merk, 

1993)  (Lehmann and Conrad, 1996; Kesselmeier et al., 1999; Conrad and Meuser, 2000) COS

COS

COS COS 30 ppmv 

COS  

COS  (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) COS

COS COS COS  

Geodermatophilus obscurus NBRC 13315T Amycolatopsis orientalis NBRC 12806T

COS COS COS SCN– CS2

 (Smith and Kelly, 1988; Katayama et al., 1992; Sorokin et al., 2007; Smeulders et al., 2011, 2013; 

Hussain et al., 2013)

COS  (Flöck et al., 1997)

COS  

COS T. thioparus THI115 COS

COS Dietzia maris NBRC 15801T Mycobacterium sp. THI405

COS

PCR National Center for 

Biotechnology Information (NCBI) CD-Search

β-CA clade D β-CA

4 clade (A D) Table 1-1 COS COSase CS2 

hydrolase β-CA clade D β-CA β-CA clade D

 (Fig. 3-2)

COSase α5  (Gly150−Pro158) CS2 hydrolase FF

 (Smeulders et al., 2011, 2013)  (Fig. 3-2) COSase CS2 hydrolase

β-CA  (Protoschill-Krebs et al., 1996) β-CA

CO2 CO2 COS COS
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Mycobacterium sp. THI503

COS  (Kusumi et al., 2011)

Mycobacterium COS

16S rRNA β-CA COS

 (Fig. 3-3 Fig. 3-4)  

COS β-CA

nystatin COS

 (Bunk et al., 2017) Fusarium  Trichoderma COS

 (Li et al., 2010 Masaki et al., 2016) COS
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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

Dietzia maris NBRC 15801T (1021689168)c)

Streptomyces ambofaciens NBRC 12836T (921183923)c)

Streptomyces ambofaciens NBRC 12836T (917648564)c)

Geodermatophilus obscurus NBRC 13315T (284066081)c)

Streptosporangium roseum NBRC 3776T (502657338)c)

Gordonia bronchialis NBRC 16047T (262086520)c)

Kitasatospora setae NBRC 14216T (503901279)c)

Actiosynnema mirum NBRC 14064T (255918802)c)

Amycolatopsis orientalis NBRC 12806T (511265535)c)

Amycolatopsis orientalis NBRC 12806T (511270551)c)

Amycolatopsis orientalis NBRC 12806T (739458976)c)

Acidianus sp. A1-3 (CS2 hydrolase) (342239636)
Acidithiobacillus thiooxidans G8 (CS2 hydrolase) (523525295)
Acidithiobacillus thiooxidans S1p (CS2 hydrolase) (523525297)
Escherichia coli JCM 20135 (Clade A) (47606320)b)

Pisum sativum (Clade B) (115471)b)

Mycobacterium tuberculosis ATCC27294T (Clade C) (614098999)b)

T. thioparus THI115 (COSase) (372558276)
Mycobacterium sp. THI401
Mycobacterium obuense UC1 (810923830)a)

Mycobacterium sp. THI402
Mycobacterium rhodesiae ATCC BAA-494 (491288636)a)

Mycobacterium sp. THI403
Mycobacterium sp. THI404
Mycobacterium phlei DSM 43071 (489984060)a)

Mycobacterium sp. THI405
Mycobacterium rhodesiae NBB3 (503978052)a)

Williamsia sp. THI410
Nocardia jiangxiensis NBRC101359 (750548916)a)

Mycobacterium tuberculosis ATCC27294T (15608424)b)

Methanothermobacter thermautotrophicus NBRC100330T (2622705)b)

Dietzia maris NBRC 15801T (1021689168)
Streptomyces ambofaciens NBRC 12836T (921183923)
Streptomyces ambofaciens NBRC 12836T (917648564)
Geodermatophilus obscurus NBRC 13315T (284066081)
Streptosporangium roseum NBRC 3776T (502657338)
Gordonia bronchialis NBRC 16047T (262086520)
Kitasatospora setae NBRC 14216T (503901279)
Actiosynnema mirum NBRC 14064T (255918802)
Amycolatopsis orientalis NBRC 12806T (511265535)
Amycolatopsis orientalis NBRC 12806T (511270551)
Amycolatopsis orientalis NBRC 12806T (739458976)
Acidianus sp. A1-3 (CS2 hydrolase) (342239636)
Acidithiobacillus thiooxidans G8 (CS2 hydrolase) (523525295)
Acidithiobacillus thiooxidans S1p (CS2 hydrolase) (523525297)
Escherichia coli JCM 20135 (Clade A) (47606320)
Pisum sativum (Clade B) (115471)
Mycobacterium tuberculosis ATCC27294T (Clade C) (614098999) 

T. thioparus THI115 (COSase) (372558276)
Mycobacterium sp. THI401
Mycobacterium obuense UC1 (810923830)
Mycobacterium sp. THI402
Mycobacterium rhodesiae ATCC BAA-494 (491288636)
Mycobacterium sp. THI403
Mycobacterium sp. THI404
Mycobacterium phlei DSM 43071 (489984060)
Mycobacterium sp. THI405
Mycobacterium rhodesiae NBB3 (503978052)
Williamsia sp. THI410
Nocardia jiangxiensis NBRC101359 (750548916)
Mycobacterium tuberculosis ATCC27294T (15608424) 
Methanothermobacter thermautotrophicus NBRC100330T (2622705)

Dietzia maris NBRC 15801T (1021689168)
Streptomyces ambofaciens NBRC 12836T (921183923)
Streptomyces ambofaciens NBRC 12836T (917648564)
Geodermatophilus obscurus NBRC 13315T (284066081)
Streptosporangium roseum NBRC 3776T (502657338)
Gordonia bronchialis NBRC 16047T (262086520)
Kitasatospora setae NBRC 14216T (503901279)
Actiosynnema mirum NBRC 14064T (255918802)
Amycolatopsis orientalis NBRC 12806T (511265535)
Amycolatopsis orientalis NBRC 12806T (511270551)
Amycolatopsis orientalis NBRC 12806T (739458976)
Acidianus sp. A1-3 (CS2 hydrolase) (342239636)
Acidithiobacillus thiooxidans G8 (CS2 hydrolase) (523525295)
Acidithiobacillus thiooxidans S1p (CS2 hydrolase) (523525297)
Escherichia coli JCM 20135 (Clade A) (47606320)
Pisum sativum (Clade B) (115471)
Mycobacterium tuberculosis ATCC27294T (Clade C) (614098999) 

T. thioparus THI115 (COSase) (372558276)
Mycobacterium sp. THI401
Mycobacterium obuense UC1 (810923830)
Mycobacterium sp. THI402
Mycobacterium rhodesiae ATCC BAA-494 (491288636)
Mycobacterium sp. THI403
Mycobacterium sp. THI404
Mycobacterium phlei DSM 43071 (489984060)
Mycobacterium sp. THI405
Mycobacterium rhodesiae NBB3 (503978052)
Williamsia sp. THI410
Nocardia jiangxiensis NBRC101359 (750548916)
Mycobacterium tuberculosis ATCC27294T (15608424) 
Methanothermobacter thermautotrophicus NBRC100330T (2622705)

[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
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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.  
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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 
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Kitasatospora setae NBRC 14216T (2511473)�
Streptomyces sp. THI408 (164454374)�
Streptomyces flavidovirens NBRC 13039T (343200412)�

Blautia producta ATCC 35244 *�
Eubacterium limosum ATCC 8486T (174517) *�

Mesorhizobium sp. THI412 (164454377)�
Mesorhizobium caraganae CCBAU 11299T (343205720)�
Rhodospirillum rubrum ATCC 25903 *�

Dyella sp. THI413 (164454378)�
Dyella kyungheensis THG-B117T (566085616)�

Variovorax sp. THI411 (164454376)�
Variovorax defluvii 2C1-bT (566085263)�

Thiobacillus thioparus TK-m (293407685) *�
Thiobacillus thioparus THI115 (302029724) *�
Cupriavidus oxalaticus NBRC 13593T (631252421)�
Cupriavidus sp. THI414 (164454379)�
Cupriavidus sp. THI415 (164454380)�

Methylomicrobium alcaliphilum DSM19304T (444304224) *�

Acidithiobacillus thiooxidans G8 (523585722) *�
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).  

Dietzia maris NBRC 15801T (1021689168)�

Streptomyces ambofaciens NBRC 12836T (921183923)�
Streptomyces ambofaciens NBRC 12836T (917648564)�

Geodermatophilus obscurus NBRC 13315T (284066081)�

Streptosporangium roseum NBRC 3776T (502657338)�

Gordonia bronchialis NBRC 16047T (262086520)�

Kitasatospora setae NBRC 14216T (503901279)�

Actinosynnema mirum NBRC 14064T (255918802)�

Amycolatopsis orientalis NBRC 12806T (511265535)�

Amycolatopsis orientalis NBRC 12806T (511270551)�
Amycolatopsis orientalis NBRC 12806T (739458976)�

Acidianus sp. A1-3 (CS2 hydrolase) (342239636)�
Acidithiobacillus thiooxidans G8 (CS2 hydrolase) (523525295)�
Acidithiobacillus thiooxidans S1p (CS2 hydrolase) (523525297)�

Escherichia coli JCM 20135 (47606320)�
Pisum sativum (115471)�
Mycobacterium tuberculosis ATCC27294T (614098999)�

Thiobacillus thioparus THI115 (COSase) (372558276)�

Mycobacterium obuense UC1 (810923830)�

Mycobacterium rhodesiae ATCC BAA-494 (491288636)�

Mycobacterium phlei DSM 43071 (489984060)�

Mycobacterium rhodesiae NBB3 (503978052)�

Nocardia jiangxiensis NBRC101359 (750548916)�

Mycobacterium tuberculosis ATCC27294T (15608424)�

Methanothermobacter thermautotrophicus NBRC100330T (2622705)�

Mycobacterium sp. THI401�

Mycobacterium sp. THI402�

Mycobacterium sp. THI403�

Mycobacterium sp. THI404�

Mycobacterium sp. THI405�

Williamsia sp. THI410�

0.1�

COS 
degradation
(30 ppmv)�

Rate constant/
TOC

(h-1 mg C-1)
(30 ppmv)�

COS 
degradation 

(atmospheric)�

Rate constant
(h-1)

(atmospheric)�

+� 0.57 ± 0.07 � +�
+� 0.92 ± 0.03 � +�
+� 0.35 ± 0.05 � +� 0.08 ± 0.18�

+� 4.62 ± 1.19 � +�

+� 1.83 ± 1.09 � +�

+� 0.54 ± 0.01 �

+� 0.55 ± 0.01 � −�

+� 0.11 ± 0.02 � −� < −0.14�
+� 8.26 ± 1.84� +�
+� 6.19 ± 5.68 � +� > 0.41�
+� 0.55 ± 0.10 � −� < −0.05�
+� 0.26 ± 0.00 � −� −0.09 ± 0.03�
+� 1.25 ± 0.01 � +� > 0.33�
+� 1.25 ± 0.01 � +� > 0.33�
+� 0.15 ± 0.01 � −� −0.01 ± 0.01�
+� 0.11 ± 0.02 � −� < −0.14�
+� 0.11 ± 0.02 � −� < −0.14�

+� 0.37 ± 0.03 � −� −0.04 ± 0.04�
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4  COSase T. thioparus THI115 COS  

 

4-1  

1 COS COS

255 770 Gg S yr–1  (Launois et al., 2015)

COS

 (Johnson et al., 2002, Brenninkmeijer et al., 2003)

COS COS

COS  

RuBisCO (Park and Epstein, 1960), glycolate oxidase (Guy et al., 1993), nitrate 

reductase (Karsh et al., 2012) nitric oxide reductase (Yamazaki et al., 2014) hydroxylamine 

oxidoreductase (Yamazaki et al., 2014) nitrogenase (Sra et al., 2004)

glutamate dehydrogenase (Weiss et al., 1988) glutamine synthetase (Yoneyama et al., 1993) 

dissimilatory sulfite reductase (DsrAB) 

 (Leavitt et al., 2015)

ametryn s-triazine hydrolase (TrzN)  (Schürner et al., 

2015)

 [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) ); Mekhtieva and Kondrat’eva, 1966 (Chambers and Trudinger (1979) 

Zerkle et al. (2009) ); Ivanov et al., 1976 (Chambers and Trudinger (1979) 

Zerkle et al. (2009) ); 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]

 

COS COS  (Hattori et al., 2011; Lin et al., 2011; Schmidt 

et al., 2013)  [ OH O(3P)]  (Danielache et al., 2008; Hattori et al., 2012; Schmidt 

et al., 2013) COS

COS µmol

nmol COS -

 (GC-IRMS)  (Hattori et al., 2015) COS COS
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 (Kamezaki et al., 2016)  

Kamezaki et al. (2016) 7 COS Kato 

et al., 2008 4,000 ppmv COS 7 CO34S CO32S

 (34ε) Mycobacterium spp. 4

–3.99 –3.56‰ Williamsia sp. THI410 –3.74‰ Cupriavidus spp. 2 –2.38 –2.09‰
34ε 34ε

 (Kaplan and Rittenberg, 1964; Zerkle et al., 2009) pptv COS

COS

COS

2 X COSase T. 

thioparus THI115
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4-2  

4-2-1 COSase  

 (2005) COSase

4B (GE ) GST COSase Factor Xa Cleavage/Capture Buffer (

) HiTrap Q HP

 (GE ) 0.45 µm  (Millex-HV Durapore 

PVDF membrane ) 4B Xarrest 

Agarose ( )  

 

4-2-2 COSase COS  

68 mL  (V-50 )  ( ) 

N2  (99.999% ) 10.4% COS  (Balance gas: N2 TANAKA) 

3.43 mL 5,000 ppmv COS

50 µg COSase 50 mM 

Tris-HCl (pH 8.5) 2 mL 30 °C 50 mM 

Tris-HCl (pH 8.5) 2 mL COSase 3 2

COS 5

COS COS 30 µL 50 µL GC-FPD

4-2-5 COS 1 mL

2 mL 3 mL He (>99.99995% ) 5 mL  (V-5B

) GC-IRMS  

 

4-2-3 T. thioparus THI115  

500 mL 10 / 9 mTC10  (Table 2-1) 90 mL

T. thioparus THI115 10 mL 120 rpm 30 °C 2

2-1-2-2 SCN– 1  (

20 cm 2 cm) mTC10 30 °C 25

4-2-4 COS  

 

4-2-4 T. thioparus THI115 COS  

T. thioparus THI115 COS

W  (W-21 )  (  

G3 )  ( ) 80% N2 20% O2 0.03% CO2
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10.4% COS  (Balance gas: N2 TANAKA) 

4,000 ppmv COS 30 °C COS COS

20

COS 20 µL GC-FPD 4-2-5

1 mL 4-2-2

He 5 mL GC-IRMS COS

70% 4-2-7

COS C(t) = C0 e–kt k (h–1) 

C(t) t (h) COS C0 COS  

 

4-2-5 COS  

COS 2-2-2-1 190 °C 60 

°C COS 3%  

 

4-2-6 COSase  

Hattori et al. (2015) GC-IRMS COS

5A  (  ) He (>99.99995%

) 1.5 L min–1 COS

COS 8 nmol

preconcentration line  ( 150 mm

10.5 mm) COS

COS  (

30 m 0.32 mm 10 µm HP-PLOT Q ) GC IRMS 

(MAT253 ) 32S+ 33S+ 34S+

11 ppmv COS  ( ) 

3 δ33S δ34S Δ33S COSase

0.1‰ T. thioparus THI115 0.6‰ 0.3‰ 0.5‰  

 

4-2-7 T. thioparus THI115  

LIVE/DEAD BacLight Bacterial Viability Kit for microscopy (

) 0.85% NaCl 10 mL

10,000 × g 15 2 0.85% NaCl 10 mL 10 mL

1 mL Live/Dead 3 µL 15 0.01% -L-
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 (P8920  ) 25 mm 0.2 µm

 (K020N025A )  (BZ-8000

KEYENCE)  

 

4-2-8  
33S 34S δ  

δxS = Rsample / Rreference – 1 

Rsample Rreference COS COS  [xS / 32S (x 33

34)] Δ33S  [mass-dependent fractionation (MDF)]

 [mass-independent fractionation non-mass-dependent fractionation (MIF)] 

MDF  

Δ33S = δ33S – [(δ34S + 1)0.515 – 1] 

α α = xk / 32k (x 33 34 k ) 
xε (x 33 34) xε = (xα – 1) Mariotti et al. (1981) 

 

δxS – δxSinitial = xε ln f 

f COS COS MIF MDF

MDF 33S (33Ε)  (Bigeleisen and 

Mayer, 1947; Hulston and Thode, 1965)  
33Ε = 33ε – 0.515 34ε 

 

4-2-9  

k  (for Mac 2011 version 14.7.2 Microsoft) SLOPE

ε 33Ε R (version 3.4.1)(R Core Team, 2017) 

δxS – δxSinitial ln f ε ε

P R summary COSase

T. thioparus THI115 ε R t.test t P <0.05
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4-3  

COSase COS 0.79 ± 0.10 h–1 (r2 = 1.00) COS

 (Fig. 4-1A Table 4-1) COS

H2S  [< 7 ppmv ( )] COS

COSase CO33S CO34S CO32S 33ε 34ε

	1.0 ± 0.1‰ 	2.2 ± 0.2‰  (Fig. 4-1B 4-1C Table 4-1)  

T. thioparus THI115 COS 0.33 ± 0.03 h–1 (r2 ≥ 0.94) COSase

1  (Fig. 4-1D Table 4-1) COS

COSase H2S  [< 10 ppmv ( )] COS

T. thioparus THI115 COS

4.7 × 109 2.0 × 109 cells tube–1 4.8 × 109 1.3 × 109 cells tube–1 COS 3.1 

× 109 3.2 × 109 cells tube–1 0. 81 × 109 1.8 × 109 cells tube–1

COS  

(Table 4-1) T. thioparus THI115 COS 0.76 1.51 × 10–10 h–1 cell–1

 (Table 4-1) COSase T. thioparus THI115 CO33S CO34S

CO32S 33ε 34ε 	1.8 ± 0.6‰ 	3.6 ± 0.7‰  (Fig. 4-1E

4-1F Table 4-1)  

COSase T. thioparus THI115 33ε 34ε P 0.08 0.03 34ε

 (Table 4-1) 0.43 0.56  (Fig. 4-2)

MDF 0.515 33Ε COSase 0.1 ± 0.1‰ T. thioparus 

THI115 0.1 ± 0.2‰ 0‰ COSase T. thioparus THI115 COS

MDF  (Table 4-1)   
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4-4  

COSase T. thioparus THI115 COS COS

 (Ferm, 1957; Elliott et al., 1989)

COS

H2S COS

GC-FPD

COSase T. thioparus THI115 COS

 

DsrAB TrzN  (Leavitt 

et al., 2015; Schürner et al., 2015) Desulfovibrio vulgaris Archaeoglobus fulgidus DsrAB 34ε

−15.3‰ −16‰ Arthrobacter aurescens TrzN ametryn
34ε −14.7‰ COSase 34ε

TrzN α-CA X

 (Seffernick et al., 2010) COS

COSase β-CA α-CA  (Kimber and Pai, 2000; Haritos and Dojchinov, 

2005; Ogée et al., 2016) TrzN ametryn COSase COS

C-S  

(Fig. 2-17; Schürner et al., 2015). Schürner et al. (2015) TrzN ametryn C-S

ametryn

α-CA [(H3N)3ZnOH]+ COS

 (Schenk et al., 2004)

COSase COS C-S

C-S

COS  

T. thioparus THI115 COS Kamezaki et al. (2016) 

COS 0.07 1.12 × 10–10 h–1 cell–1 T. thioparus THI115

COS T. thioparus THI115

COS COS

3 COS

COS CO2 β-CA CO2

COS  



 90 

T. thioparus THI115 Rees

 (Rees, 1973)(Fig. 4-3)  

εnet = εdif + (εenz − εdif) kout / (kout + kenz) 

εnet εdif εenz kinto

kout kenz COS

kout / (kout + kenz) kout + kenz = kinto kout / kinto 

COS COS

1  (Harrison and Thode, 

1958; O’Leary, 1988) COS COS

DT  (Mills and Harris, 1976)  

DT = !! !!
!! ! !!

!!!. 

m1 m2 CO32S CO34S H2O D(CO32S) D(CO34S)

COS 34εdif D(CO34S) / D(CO32S) − 1 	3.7‰ kout << kenz

Rees 34εnet
34εdif 	3.7‰ kout >> kenz

34εnet
34εenz

	2.2‰ T. thioparus THI115 34ε 	3.6 ± 0.7‰ kout / (kout + 

kenz) kout / kinto 0.07 kinto 0.35 h	1 kenz 0.33 h	1 kout 0.02 h	1

COS COS COSase

COSase COS

 

COS

13 pmol m−2 s−1 COS

COS 10 parts per billion by volume (ppbv) 

 (Maseyk et al., 2014; Sun et al., 2015) COS ~50 pmol 

m−2 s−1  (Billesbach et al., 2014) COS ppbv

COS COS

T. thioparus THI115 COS kout << kenz

34εnet
34εdif 	3.7‰  

Kamezaki et al. (2016) Mycobacterium spp. 4

Williamsia sp. THI410 34ε −3.99‰ −3.56‰ −3.74‰

T. thioparus THI115 34ε 3.6‰

Cupriavidus spp. THI414 THI415 −2.09‰ −2.38‰
34ε 1 3 COS
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5 COSase β-CA clade D

Cupriavidus spp. THI414 THI415

 ( 3 ) NCBI Cupriavidus

245 CA NCBI CD-Search

clade D CA 2 Cupriavidus spp. THI414 THI415

clade D CA

COS 34ε

 

COS 1-2

COS  ( 2 ; Smeulders et al., 2011, 2013; Ogée et al., 2016) β-CA

 (Smith et al., 1999, Smith and Ferry, 2000) COS β-CA

COS

COSase COS

COSase

COSase T. thioparus THI115 1

 ( , 2005) COSase β-CA

3

COSase β-CA Table 1-1

COS T. thioparus DSM 505

β-CA carboxysome CA γ-CA RubisCO  (Hutt et al., 

2017) Carboxysome CA γ-CA COS COS

X β-CA

α-CA  (Hewett-Emmett and Tashian, 

1996; Kisker et al., 1996; Sawaya et al., 2006) COS T. thioparus 

THI115 COS

 

COSase T. thioparus THI115 MDF MIF

COS

 (Romero and Thiemens, 2003; Savarino et al., 2003; Guo et al., 2010)  

COS

COS
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COS

COS COS

COS
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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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5   

COS 1  (Launois et al., 2015) 

COS COSase T. thioparus THI115

COS

β-CA COS  (Protoschill-Krebs et al., 1996) β-CA

CO2 HCO3
− COS CO2

β-CA COS CA

β-CA  (Smith et al., 1999; Smith and Ferry, 

2000) COS β-CA

β-CA COS  (Conrad, 1996)  

T. thioparus THI115 COSase

COS β-CA CS2 hydrolase

COS  (Table 1-1) β-CA

clade A D  (Smith et al., 1999; Smith and Ferry, 2000) COSase CS2 

hydrolase β-CA clade D β-CA  (Fig. 5-1)

β-CA CO2 β-CA

COS T. thioparus THI115 COS SCN−

COSase COS

 

COS CO2 COSase CS2 

hydrolase COSase  (Smeulders et al., 2011)

COS CS2

β-CA COSase CS2 hydrolase

CO2

 

T. thioparus THI115 COSase COS (500 pptv ) 

COS

COS Thiobacillus

COSase COS

1 COS Mycobacterium 

spp. β-CA clade D
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COSase β-CA clade D CS2 hydrolase

COS β-CA

COSase Mycobacterium 

tuberculosis β-CA Rv1284 Methanobacterium thermoautotrophicum β-CA CS2 hydrolase

clade D  (Fig. 5-1) β-CA clade B β-CA 

clade D COS

 

β-CA Carboxydothermus hydrogenoformans

Methanobacterium thermoautotrophicum

 (Smith et al., 1999) 30 COS 10,000

5 ppmv  (Ueno et al., 2009) COS

COSase β-CA COS

T. thioparus THI115 Acidithiobacillus thiooxidans S1p A. thiooxidans G8

Acidianus sp. A1-3 COSase CS2 hydrolase (Smeulders et al., 2011, 2013) 

3 COS COS

 

COSase T. thioparus THI115 COS

COS COS

 (Campbell et al., 2008; Seibt et 

al., 2010; Stimler et al., 2010) COS

COS

 

COS COS

COS clade D clade

β-CA COS

COS COS
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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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Porphyridium cruentum (Q43060)
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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. 

Plasmid Sequencing primera Nucleotide sequences including primer regions shown in red Number of bases 

THI401    

1 F ���������������������������������������������������������������������������������

���������������������������������������������������������������������������������

��������������������

181 

1 R Reverse complementary sequence of the above. 181 

THI402  �  

1 F ���������������������������������������������������������������������������������

���������������������������������������������������������������������������������

�����������������

178 

1 R Reverse complementary sequence of the above. 178 

2 F Sequence identical to the above “THI402 plasmid 1”. 178 
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THI403  �  

1 F ���������������������������������������������������������������������������������

���������������������������������������������������������������������������������

������������������

179 

1 R Reverse complementary sequence of the above. 179 

2 F ���������������������������������������������������������������������������������

���������������������������������������������������������������������������������

��������������������

181 

2 R Reverse complementary sequence of the above. 181 

3 F ���������������������������������������������������������������������������������

���������������������������������������������������������������������������������

������������������

179 

3 R Reverse complementary sequence of the above. 179 
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THI404  �  

1 F ���������������������������������������������������������������������������������

���������������������������������������������������������������������������������

��������������������

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. 


