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Figure 1. Application of quaternary ammonium compounds. 

Figure 2. Physiological function of quaternary ammonium compounds. 
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4 L-

 (Fig. 2)

1

L-

 (Fig. 3, Vaz FM and 

Wanders RJA, 2002 )  

 

Figure 3. Function of carnitine in the transport of mitochondrial long-chain fatty acid 

oxidation 
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)  (Jakob AS, 1958; Rontein D et al., 2001; Denis R et al., 

2003; Gabriella P et al., 2004) L-
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(Richard AK and Harry PB, 1977; Frederic MV and Ronald JAW, 2002; Karin S et al., 

2010)

 (Jakob AS, 1958) N-

 (Antti N et al., 2000)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Biosynthetic pathway of choline and glycinebataine. 
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Figure 5. Biosynthetic pathway of L-carnitine. 

 

4

Fig. 6

 ( , 1980) L-

 (Seim H et 

al., 1982) 3-

 (Hans-Peter K, 1997; Clemens U et al., 2005; Jamie AM and Matthew JW, 2015)

3-

 (Lindstedt G et al., 1967)  



 5

Pseudomonas

 (Nagasawa T et al., 1976) Arthrobacter

 (Ikuta S et al., 1977; Fan F et al., 2004)

 (Yamada H et al., 1979; Enokibara S, 

2012)  (Mori N et al., 1988) 

 

Figure 6. Microbial degradation pathway of choline and L-carnitine. 
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Figure 7. Microbial degradation pathway of 4-N-trimethylamino-1-butanol. 

 

4- -1-  (TMA- ) 

 (Hassan M et al, 2007&2008a)  

TMA-

Pseudomonas sp. 13CM NAD+ TMA-

TMA- L-

L-

 (Hassan, 2008b)

3-

 (Fig. 7)  

L-

L- TMA-
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 ( , 2009) 0.28-5.2 mg/100g wet weight

L- TMA-

TMA-

 (DMA- ) 

 

4

TMA-  (

TMA-

TMA- )  (TMA-

γ- ) 

 

TMA-

TMA-  ( 1 )

Fusarium TMA-

 ( 2 ) L- γ-

 ( 3 )

Agrobacterium γ-  CoA

L-
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1  
TMA-  

 

(1.1)  

TMA-  (4- -1-

)  (Hassan M et al., 2007; Hassan M, 

2008b) Pseudomonas sp. 13CM TMA-

Pseudomonas

 (Nagasawa T et al., 1975&1976)

Pseudomonas TMA- NAD+

 (Hassan M et al., 

2007) Pseudomonas TMA-

 (Hassan M et al., 2007; Hassan M, 2008b)  

  

(Yamada H et al., 1979; Enokibara S, 2012) TMA-

 

 

(1.2)  

(1.2.1)  

4- -1-

TMA- TMA- Hassan  

(Hassan M et al., 2007) 

1  

 

(1.2.2)  

4

Fusarium 50

 NBRC
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Fusarium 10

 (NITE)  

 

(1.2.3)  

TMA-

TMA-  ( TMA-  5 g L-1 KH2PO4 3 g L-1 K2HPO4 

3 g L-1 MgSO4•7H2O 0.5 g L-1  0.5 g L-1 pH 7.5) 

30 48

 

 (ADVANTEC , No.2)

-20

 (T660) Novaspec II (

)  

 

(1.2.4)  

9

Bead-Beater (Biospec Products Inc., USA)   (

buffer 100mM buffer [pH 7.0] 0 ; 

1 )  (8,000 × g 20 4 ) 

 

NAD+ TMA-

340 nm 30  ( : 150 mM 

-NaOH buffer [pH 9.5] 15 mM TMA- 1 mM NAD+ 2-7 % 

[v/v] : 1.5 mL) TMA-

L- TMA-

 10mM TMA-  15mM L-

 

PMS TMA-

600 nm 30  (  170 mM 
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buffer [pH 8.0] 10 mM TMA 0.67 mM KCN 17 

mM 1-Methoxy PMS 0.067 mM DCIP 2-7 % [v/v] : 1.5mL)  

TMA- 500 nm

30  (  166 mM 

buffer [pH 8.0] 100 mM TMA- 20 mM 15 mM 

4- 30 U/mL 7-13 % [v/v]

: 1.5mL)  

 

(1.3)  

(1.3.1)  

 ( , 2005) TMA-

 ( )  (

4 )  

Table. 1

 

 

Table 1. Screening of TMA-butanol degrading eukaryotic microbe. 

Strain  T660 

Fusarium merismoides var. acetilereum (NBRC30040) 1.12 

Fusarium anguioides (AKU3703) 0.90 

Cylindrocarpon didyum M-1 (AKU3891) 0.89 

Fusarium merismoides TG-1 (AKU3709) 0.86 

Aspergillus awamori (AKU3306) 0.56 

 

(1.3.2) Fusarium  

Table. 1 Fusarium

Fusarium 60

TMA- Table. 2  
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Table 2. Screening of TMA-butanol dehydrogenase from Fusarium species. 

Species 
Turbi
dity 

(T660) 

Wet 
cell 

weight 
(g) 

TMA- 
butanol 

dehydro-
genase 

Activity 
(U/ml) 

Species 
Turbi
dity 

(T660) 

Wet 
cell 

weight 
(g) 

TMA- 
butanol 

dehydro-
genase 

Activity 
(U/ml) 

F. merismoides var. 
acetilereum (NBRC30041) 4.35 11 3.8 F. oxysporum f. lycopersici, 

No. 1 0.35   
F. merismoides var. 
acetilereum (NBRC30040) 3.26 10 4.3 F. oxysporum f. lycopersici, 

No. 4 0.34   
F. caucasium Letov 
(NBRC5979) 1.55 4 0.1 F. oxysporum f. gladioli 0.33   
F. anguioides Sherbakoff 
(NBRC4467) 1.54 2 0.0 F. oxysporum f. lycopersici, 

No. 9 0.32   
F. avenaceum Saccardo f. 
fabae  (NBRC7158)  1.49 3 0.1 F. oxysporum f. melonis, No. 2 0.32   

F. avenaceum Saccardo  
(NBRC33236) 1.41 2 0.0 

F. roseum No. 2 Syn. F.  
avenaceum v. fabae (from 
Vicia faba) 

0.32 
  

F. chlamydosporum  var. 
chlamydos (NBRC31096) 1.35 3 0.0 F. oxysporum f. cepae 0.31   
F. crookwellense Burgess  
(NBRC32584) 1.13 5 0.1 F. oxysporum f. lycopersici, 

No. 7 0.31   
F. equiseti Saccardo 
(NBRC30198) 1.03 2 0.0 F. oxysporum f. majus, No. 1 0.31   

F. oxysporum f. cucumerinum, 
No. 2 0.71 

  

F. solani, No. 3 (from 
Colocasia esculenta Schott cv. 
'Eguimo') 

0.31 
  

F. oxysporum f. niveum, No. 2 0.64   
F. oxysporum, No. 6 (from 
planting stock Larix kaempferi) 0.30   

F. oxysporum f. lycopersici, 
A-158 0.62   

F. oxysporum f. nelumbicolum, 
No. 2 0.24   

F. oxysporum f. cucumerinum, 
No. 1 0.61   

F. oxysporum f. melogenae, 
No. 2 0.23   

F. oxysporum f. batatas, No. 4 0.57   F. oxysporum f. melonis, No. 1 0.23   

F. oxysporum f. lini, No. 2 0.53   
F. roseum No. 15 (from Trunk 
of Quercus acutissima) 0.20   

F. oxysporum f. majus, No. 10 0.53   
F. roseum No. 11 Syn. F.  
anguioides 0.19   

F. lateritium, No. 3 0.52   
F. oxysporum f. lycopersici, 
No. 8 0.18   

F. oxysporum f. luffae 0.50   F. oxysporum f. niveum, No. 3 0.17   
F. oxysporum f. majus, No. 8 0.47   F. oxysporum f. tulipae 0.17   

F. oxysporum, No. 1 (from 
Allium chinense) 0.47 

  

F. oxysporum, No. 5 (from 
planting stock Pinus 
thunbergii) 

0.16 
  

F. oxysporum f. niveum, No. 6 0.43 
  

F. oxysporum, No. 6 (from 
planting stock Pinus 
thunbergii) 

0.16 
  

F. oxysporum f. conglutinans, 
No. 2 0.41   F. episphaeria No. 1 0.14   
F. oxysporum f. lycopersici, 
No. 6 0.41   

F. oxysporum f. lycopersici, R 
5-6 0.14   

F. oxysporum, No. 4 (from 
planting stock Larix kaempferi) 0.41   F. merismoides  (NBRC9984) 0.12 - - 

F. oxysporum f. conglutinans, 
No. 1 0.39   F. episphaeria No. 2 0.11   

F. oxysporum f. niveum, No. 7 0.38   
F. oxysporum f. lycopersici, 
No. 10 0.09   

F. lateritium, No. 2 0.37   F. oxysporum f. nicotianae 0.07   
F. oxysporum, No. 1 (from 
damping-off Glycine max) 0.37   F. solani f. martii 0.05   
F. oxysporum f. nelumbicolum, 
No. 1 0.36   F. lateritium, No. 1 0.02   
F. oxysporum f. niveum 0.36   F. nivale Syn. F.  aspidioti 0.02   
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 (1.3.3) F .  m e r i s m o i d e s  v a r .  a c e t i l e r e u m T M A -  

 

F. merismoides var. acetilereum 2 NAD+

PMS

NAD+  (Table. 3)

Fusarium 7 NAD+

NAD+

 (Table. 2)  

 

Table 3. TMA-butanol degradation enzyme activity of F. merismoides var. 

acetilereum. 

Enzyme  Enzyme activity 

(mU/mL broth) 

Specific activity 

(U/mg) 

NAD+ dependent dehydrogenase 194 0.35 

PMS dependent dehydrogenase - - 

oxidase - - 

-; not detect. 

 

(1.3.4) TMA-  

(1.3.3) TMA- F. 

merismoides var. acetilereum (NBRC 30040) TMA-

Fig. 8  

Fig. 8  ( TMA-

 5 g L-1 KH2PO4 3 g L-1 K2HPO4 3 g L-1 MgSO4•7H2O 0.5 g L-1

 1.0g L-1  3.0 g L-1  [3130 mg/L FeCl3•6H2O

940 mg/L ZnCl2 375 mg/L H3BO3 250 mg/L MnCl2•4H2O 250 mg/L CuSO4•5H2O

190 mg/L CoSO4•7H2O 125 mg/L (NH4) Mo7O24•4H2O] 0.8 mL L-1 pH 7.0)  
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Figure 8. Effect of several nutrients for F. merismoides var. acetilereum growth: (A) 

addition of yeast extract, (B) addition of several nitrogen sources, and (C) addition of 

metal salts mixture to TMA-butanol medium. 



 14 

(1.3.5) TMA-  

Hassan Pseudomonas sp. 13CM TMA-

L-  (Hassan M et al., 

2008a, b)  (1.3.4) 

TMA-

L-  (Table 4)  

 

Table 4. Several dehydrogenase activities from F. merismoides var. acetilereum. 

Dehydrogenase Enzyme acitivity (mU/mL broth) Specific acitivity (U/mg) 

TMA-butanol 130 0.23 

TMA-butyraldehyde 5.9 0.011 

L-carnitine 12 0.022 

 

(1.4)  

 ( , 2004) TMA-

4

100 50 Fusarium 60

 ( )  

 (Mori N et al., 1988)

TMA-

 

F. merismoides var. acetilereum

TMA-

TMA-

 

TMA-

TMA-
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F. merismoides var. acetilereum

TMA- TMA-

NAD+  

Fusarium TMA-

TMA-

 

F. merismoides var. acetilereum TMA-

TMA-

TMA-

 

Fusarium  ( ) 

 ( , 2010) F. 

merismoides

 ( , p.149, 2010)  (F. 

merismoides var. acetilereum) 

Fusarium F. merismoides var. acetilereum

TMA-

 

Fusarium F. merismoides clade 1

Fusarium  (Fig. 9, 

, p.33 -2 , 2010) Fusarium

clade 1 TMA-

2
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Figure 9. Phylogenic relationship of Fusarium species isolated from Japan, based on  

several molecular biological information.  
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Figure 10. Unilization of TMA-butanol analogue in F. merismoides var. acetilereum. 

 

Fig. 10 F. merismoides var. acetilereum TMA-

4

TMA-  ( ) 

TMA-

F. merismoides var. acetilereum TMA-

TMA- L-

TMA-

 

 

TMA- →TMA- →γ- →L-

→3-  

 

Pseudomonas L- 3-

 

(Lindstedt G et al., 1967) 
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3 4  

4 L−

 (Fig. 10) L-

L- L-

L-

 

L- Agrobacterium  (Mori N et al., 

1994; Hanschmann H et al., 1996) Xanthomonas  (Mori N et al., 1988)

Pseudomonas  (Wargo MJ, Hogan DA, 2009) 

β L-

 ( ) 

L-

F. merismoides var. acetilereum L-

L-

L-
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2  
F. merismoides var. acetilereum  

TMA-  
 

(2.1)  

TMA-

F. merismoides var. acetilereum

NAD+ TMA-

Pseudomonas NAD+ TMA-

 (Hassan M et al., 2007) 

 

 

(2.2)  

(2.2.1)  

3- -1-  (DMA- )  4-

-1-  (DMA- ) 5- -1- 6-

-1-  (DMA- )  4-  

TMA-

TMA-  TMA- TMA-

TMA- 4-

 (TMA- ) Hassan  (Hassan M et al., 2007) 

1  

 

(2.2.2)  

TMA-  ( ) 

340 nm 30  [ : 150 mM 

-NaOH buffer (pH 9.5) 15 mM TMA- 1 mM NAD+ 2-7 % 

(v/v) TMA- : 1.5 mL]

340 nm 30  [
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: 150 mM  buffer (pH 6.0) 1 mM TMA-

0.34 mM NADH  2-7 % (v/v) TMA-

: 1.5 mL]  

NADH 340 nm  (6,200 M-1•cm-1) 

 ( U) 1 1μmol NADH

1 U  

 

(2.2.3) F. merismoides var. acetilereum  

NBRC F. merismoides var. acetilereum (NBRC 30040)  (1.3.4) 

TMA- 30 2

 (5 mL TMA- /16 mm ) 3  (500 mL/2 

L )  (1.2.3)  

 

(2.2.4) TMA-  

5 1mM  

(DTT) 50 mM -NaOH (TEA-NaOH) buffer (pH 

7.0)  

Bead-Beater (Biospec Products Inc., USA)   (

0.4 mm, 30 250 mL

)  (8,600 × g 20 4 ) 

 

 30-50% 

TEA-NaOH buffer 2.0 M TEA-NaOH buffer

 1.0 M  

 (12,000 × g 20 4 ) 1.0 M buffer

Phenyl-Toyopearl 650M  (1.6 × 25 cm) 

1.0 M 0 M

 

DEAE-Sepharose 

 (1.6 × 13.5 cm) 
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KCl 0 M 1.0 M

 

 

(Millipore Ultra free 4 MW 10,000 Nihon Millipore Ltd.) 0.1 M 

KCl buffer Sephacryl S-200  (1.6 × 90 cm) 

buffer buffer

 

 ( ) 

1mM DTT 20 mM TEA-NaOH buffer (pH 7.0) 

Mono-Q 5/50 GL 

KCl 0 M 1.0 M

 

-20

 

 280 nm

Lowry  (Lowry OH et al., 1951) 

 

 

(2.2.5) TMA- N  

 

 (Native-PAGE) 7.5 %

Williams Reisfeld  (Wlliams DE and Reisfeld RA, 1964) 

0.1% Coomassie brilliant blue (CBB) R-250

TMA-

 [ 150 mM -NaOH buffer (pH 9.5) 1.98 

mM NAD+ 1.13 mM TMA- 0.24 mM 

64 μM 1- ]  

SDS-PAGE 12.5 % Laemmli  (Laemmli UK, 

1970)  

N SDS-PAGE PVDF  (
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AE-6677P/S/N ATTO Bioscience) 

 (PPSQ-31A;  

Kyoto, Japan)   

 

(2.3)  

(2.3.1) TMA-  

Table. 5 Native-PAGE

SDS-PAGE Fig. 11 Native-PAGE

SDS-PAGE CBB 1

Native-PAGE CBB

 (Fig. 11A)  

 [ TSK-gel G3000SW buffer 50 mM TEA-NaOH 

buffer (pH 7.0 1 mM DTT 0.1 mM KCl )] 160 kDa

SDS-PAGE 40 KDa  (Fig. 11B)  

 

Table 5. Purification of TMA-butanol dehydrogenase from F. merismoides var.  

acetilereum. 

Step 
Total 

activity 
(U) 

Total 
protein 
(mg) 

Specific 
activity 
(U/mg) 

Purification 
(fold) 

Yield 
(%) 

Cell-free extract  

(1.5 L broth) 
315 1998 0.2 1 100 

Ammonium sulfate 

precipitation  

(30–50%) 

281 1780 0.2 1 89 

Phenyl-Toyopearl 207 188 1.1 7 66 

DEAE-Sepharose 160 51 3.1 20 51 

Sephacryl S-200 95.9 14 7.1 45 30 

Mono-Q 17.4 0.75 23.2 147 6 
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Figure 11. Assesment of homogeneity (A and B) of TMA-butanol dehydrogenase. 

Enzyme purity was checked using Native-PAGE (A) and SDS-PAGE (B). 

 

(2.3.2) TMA- pH  

pH Fig. 12  (TMA-  + 

NAD+ → TMA-  + NADH + H+) pH 9.5  (Fig. 

12A)  (TMA-  + NADH + H+ → TMA-  + 

NAD+) pH 7.5  (Fig. 12B)  

pH Fig. 12C pH 8.0

pH 9.5

 

 ( ) 45

30

40-45  (Fig. 12D)  
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Figure 12. Effects of pH and temperature on the catalytic activity and stability of 

TMA-butanol DH. Optimum pH for catalytic activity for oxidation (A) and reduction 

(B) reactions, and pH stability (C) of the purified enzyme. Temperature profile of 

TMA-butanol DH (D). 
Experimental conditions were the following: The optimum pH of the enzyme was ascertained 

by measuring TMA-butanol DH activity at 30 °C with pH of 6.5–11.0. The buffers were citrate buffer 
(open square, □), potassium phosphate buffer (closed circle, ●), TEA-NaOH buffer (open diamond, ◊), 
Tris-HCl buffer (closed square, ■), glycine-NaOH buffer (closed triangle, ▲), and carbonate buffer 
(closed diamond, ♦). All buffer concentrations were 50 mM. The pH stability of the enzyme was 
ascertained by measuring the remaining activity after incubation of the enzyme at 30 °C for 30 min in 
different buffers at pH of 6.5–11.0. Buffers used here were identical to those used to ascertain optimum 
pH. 

The optimum temperature (open triangle, △) was measured by preincubating the reaction 
mixture at specified temperatures of 25–60 °C for 3 min. Then the enzyme solution and NAD+ were 
added. The reaction was monitored at 340 nm at the same temperature. Stability (open circle, ○) was 
tested by incubating the enzyme for 30 min in 50 mM TEA-NaOH buffer (pH 7.0) containing 1 mM 
DTT at different temperatures (25–60 °C). The remaining activity, measured at 30 °C, was expressed as 
a percentage of the control. 
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Table 6. TMA-butanol dehydrogenase from Fusarium merismoides var. acetilereum 

and Pseudomonas sp. 13CM. 

Property Fusarium 

merismoides 

Pseudomonas sp. 13CM  

Molecular mass (kDa)   

 Gel filtration 160 45 

 SDS-PAGE 40 45 

Subunit structure Tetramer Monomer 

Inhibition (relative activity %)   

 Semicarbazide 106 78 

 Aminoguanidine 101 nt 

 Hydroxylamine 99 nt 

 Phenylhydrazine 41 nt 

 Iodoacetic acid 124 2 

 4-(Chloromercuri) benzoic acid 4.9 nt 

 N-Ethylmaleimide 2.9 nt 

 2-Mercaptoethanol 108 nt 

 DTT 83 nt 

 H2O2 0.3 nt 

 Ammonium persulfate 0.0 nt 

 N, N-Diethylthiocarbamate 107 nt 

 NaN3 105 100 

 KCN 102 100 

 2, 2'-Bipyridyl 97 52 

 EDTA 94 77 

 8-Hydroxyquinoline 61 nt 

 1, 10-Phenanthroline 8.0 0 (0.1 mM) 

 Phenylmethylsulfonyl fluoride 56 100 

The reaction mixture (containing the enzyme) was pre-incubated with different 

inhibitors for 5 min at 30 °C before the addition of NAD+. The residual activity was 
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expressed as the percentage of activity measured in the absence of inhibitors. Each 

reagent was added at the final concentration of 1 mM unless otherwise described. 

nt, not tested 

 

(2.3.3) TMA-  

TMA- DMA-

 (Table. 7)

 (TMA- )

 (TMA- ) DMA- 1-

1-  

C4 C8 TMA-

TMA-  (Km: 2.2 mM) TMA-  (Km: 0.13 mM)

TMA-  (Km: 0.60 mM)  

 C4 C8 DMA-

DMA-  (Km: 2.9 mM) DMA-  (Km: 0.36 mM)

DMA-  (Km: 0.18 mM) DMA-  (Km: 0.25 mM) 

 

8- -1-

 (Km: 0.061 mM)  (Kcat/Km: 

2140) 
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(2.3.4) TMA- N  

N N

 

 

(2.4)  

F. merismoides var. acetilereum TMA-  (Fusarium

) Native-PAGE SDS-PAGE  (Fig. 11 A, B) 

Fusarium

160 kDa SDS-PAGE 40 kDa 4

 (Table. 6)  

N

N

 (CNBr) 

 

Pseudomonas sp. 13CM TMA-  (Pseudomonas ) 

 (Table. 6)

Fusarium Pseudomonas

 

SH Pseudomonas

Fusarium

SH N-

Pseudomonas Fusarium

 

Fusarium

 ( , 2011)
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Pseudomonas Fusarium

Fusarium

 

Fusarium  ( ) 

 (

) 

SH  ( 4-

) 4-

 (N,N-

2,2’- EDTA 8-

1,10- ) 

8- 1,10-

Fusarium

Fusarium

 

(Hashimoto Y et al., 2005)  

2,2’- Pseudomonas

Fusarium

1,10-

1,10- Fe2+

 (Kolthoff IM et al., 1950) Fe2+

 

NAD(P)+ 3

I II

III / 3  (Reid MF and Fewson 

CA, 1994; Elleuche S et al., 2014) III

385  (Reid 

MF and Fewson CA, 1994; Elleuche S and Antranikian G, 2013)

1 110 III
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 (42 kDa)  (40-45 kDa) 

I 350 II 250

III

 ( I 39 kDa  

II 28 kDa ) 2  (1,10-

) III NAD(P)+

 

Fusarium Table. 

7 Fusarium

TMA-

 (TMA- ) 

 (TMA- ) DMA-

 (TMA- 5.8 % 31 % 33 %)

1- 1-

Fusarium  

(C4-C8)  

 (Reid MF 

and Fewson CA, 1994) 4

DMA-

tert-  

(Nagasawa T et al., 1976)

50% DMA- 2-

TMA- TMA-

 ( 15% ) (Enokibara S, 2012) Pseudomonas

TMA- TMA-

 (Hassan M et al., 2007)  

Gadda

 (Gadda G et al., 

2004)  ( ) 
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 (Johansson K, 1998)

 (Sussman JL et al., 1991&1993; Gilson MK et al., 1994; Silman I et 

al., 1994)  4

-π

4

 

Hassan Pseudomonas TMA-

 (Hassan M et al, 2007)

anionic site

catalytic site  (Hassan M et al, 2007; 

Hassan M, 2008b)  

Fusarium TMA- 4

 (Kcat/Km)  

(Km) 8- -1- 6- -1-

-  

(Kcat ) TMA- 4- -

 

Fusarium TMA-

1- 1-

1- 1- 9

8- -1-  

(Kcat/Km) 

 

4

Pseudomonas TMA-

4
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4

 

Fusarium

Fusarium

L-

 

 ( , 2014)  

L-

L-

β

L-  (L- ) 
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3  
γ- CoA  

 
 

(3.1)  

1-2 4

Lindstedt 3-

 (Lindstedt G et al., 1967) Pseudomonas

L- A (CoA) 

 (Lindstedt G et al., 1967) 1

CoA

 

L-

Agrobacterium  ( Rhizobium ) L-

γ- L-  (Lonza, 

1998) γ- L-

Pseudomonas -

CoA β

 (Fig. 13) 3

CoA 4
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Figure 13. β-Oxidation-like pathway of γ-butyrobetaine degradation 

 

(3.2)  

(3.2.1)  

γ-  (St. Louis, MO, USA) 

D-  (Tokyo, Japan) 

A  (CoA-Li3) -3-  (ATP-Na2) 

 (Tokyo, Japan) 

(Osaka, Japan)  (Tokyo, Japan)  

1  

 

(3.2.2) γ-  

4

 

 (

 5 g L-1  10 g L-1  5 g L-1 NaCl 1 g L-1

pH 7.0)  γ-

-  (γ-
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γ-  5 g L-1 KH2PO4 1 g L-1 K2HPO4 1 g L-1

MgSO4•7H2O 0.5 g L-1  0.5 g L-1 pH 7.0)  

 (15% -80 ) 100

 (5 mL /16 mm ) 1 25

 

 (20mL γ-

/50mL ) 25 2−3

 (T660)  (8,000 × g 20 4 ) 

-20  

 [ buffer 600 mM Tris-HCl buffer (pH 7.5)

Ver 1.0 ( , Tokyo, Japan)

 6 mm  0.6 mm

4-10 5 ×2 ]  (12,000 × g

20 4 ) Lowry

 (Lowry OH et al., 1951)  

 

(3.2.3) γ- CoA  

3  

γ- ATP NADH

 (Fig. 14)  [

300 mM Tris-HCl buffer (pH 7.5) 4 mM γ- 3mM 

CoA-Li3 3 mM ATP-Na2 3 mM MgCl2 2 mM 0.25 

mM NADH 4 mM DTT 0.83 U/mL 0.83 U/mL

0.83U/mL  0.8-1.2 mg/mL 1.2 mL]

30 3

340 nm γ-
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Figure 14. The scheme of enzyme coupling method. 

 

ATP CoA

AMP HPLC 30

60  (Microcon 10K, Merck  

Millipore, Germany) HPLC  [ 210 mM Tris-HCl 

buffer (pH 7.5) 3.8 mM γ- 2.9 mM CoA-Li3 2.9 mM 

ATP-Na2 2.9 mM MgCl2 4 mM DTT 125 mM 0.1-3.0 mg/mL  

 100μL] γ- CoA ATP

50μL

94μL HPLC HPLC

 [A buffer: 5 mM buffer (pH 5.0) B buffer buffer + 

 (70 /30) 0-9 100 % A buffer 9-29

29-40  100 % B buffer] ATP CoA

Fig. 15  
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Figure 15. The chromatogram of ATP derivatives and CoA. 

 

γ- CoA

-  (Fig. 16)

30 30-60

 (0.6 mL)  (30% [w/v]  (III) 10% [w/v] 

/2 M HCl) γ  -

 [ 180 mM Tris-HCl buffer (pH 7.5)

4.8 mM γ- 1.4 mM CoA-Li3 3.6 mM ATP-Na2 3.6 mM 

MgCl2 3.0 mM DTT 500 mM  (4 M NaOH  pH 7.3

) 10-30 % (v/v)  0.6 mL]

 (12,000 × g 15 ) 540 nm  
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Figure 16. The scheme of hydroxamic method. 

(3.2.4) γ-  

-  

γ- - S-

S-

γ-

CoA S- S-

S- S-

S-

S-  

 

(3.2.5) Agrobac t e r ium  s p .  5 2 5 a γ -  CoA 

 

 ( )  

(100,000 × g 60 4 ) 600 mM Tris-HCl buffer 
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pH7.5

 

 

(3.2.6) γ- CoA  

Agrobacterium sp. 525a 3  

[1] γ- γ-  5 g L-1 KH2PO4 1 g L-1

K2HPO4 1 g L-1 MgSO4•7H2O 0.5 g L-1  0.5 g L-1 pH 7.0  

[2]  10 g L-1 10 g L-1

KH2PO4 0.5 g L-1 K2HPO4 8 g L-1 MgSO4•7H2O 0.5 g L-1  1.0 g L-1

 [3130 mg/L FeCl3•6H2O 940 mg/L ZnCl2 375 mg/L H3BO3

250 mg/L MnCl2•4H2O 250 mg/L CuSO4•5H2O 190 mg/L CoSO4•7H2O 125 mg/L 

(NH4) Mo7O24•4H2O] 0.5 mL L-1 pH 7.5  

[3] D- D-  5 g L-1 KH2PO4 1 g L-1 K2HPO4 1 g 

L-1 MgSO4•7H2O 0.5 g L-1  0.5 g L-1 pH 7.0)  

γ- 0.1-5 g L-1

γ-

 (4-  763 mg mL-1  598 mg 

mL-1  530 mg mL-1 137 mg mL-1

 117 mg mL-1  43 mg mL-1  3.3 mg 

mL-1 0.1 mg mL-1 0.45 μm ) 1.0 mL L-1

 

3  (5 mL /16 mm ) 1

30 3  (350-1,000 mL 

/500-2,000 mL ) 2-3 25-30  

 (1,500 × g 10 25 ) 

 0.85% KCl  ( ) 

2

[25 6-36 h γ-  (γ-  0.1-5 

g L-1) 200-400 mL / 500-1,000 mL ]  

 [ buffer 3mM DTT 50 mM Tris-HCl buffer 
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(pH 7.5) UD-200 ( Tokyo Japan) 2-10 

2 ]  (8,000 × g 20 4 ) 

 

 

(3.3)  

(3.3.1) γ-  

100

HPLC γ- ATP

 (γ- ) 

Agrobacterium sp. 525a

Table. 8 γ- CoA ATP MgCl2

γ- CoA Agrobacterium 

sp. 525a  

 

Table 8. Detection of γ-butyrobetainyl CoA synthetase activity from Agrobacterium 

sp. 525a grown on γ-butyrobetaine. 

Notes: Complete condition contains γ-butyrobetaine, ATP, MgCl2, and CoA at enzyme 

assay. Other conditions are omitted for these compounds. 

  

Enzyme 
reaction time 

(min) 

Absorbance at 540 nm 

Complete 
Omission 

γ-butyrobetaine ATP MgCl2 CoA 

0 0.131 0.131    

20 0.170 0.139    

40 0.228 0.151    

60 0.225 0.151 0.123 0.136 0.121 
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(3.3.2) γ-  

-  

S-

Fig. 17 S-

S- S-

- -

γ-

- S-

 ( 426 M-1•cm-1)  

Figure 17. The calibration curve for hydroxamic method using S-butyrylthiocholine. 

 

(3.3.3) Agrobac t e r ium  s p .  5 2 5 a γ - C o A 

 

Agrobacterium sp. 525a  (60 10 )

(11,600 × g 20 4 )  (100,000 × g 60 4 ) 

Fig. 18

 

y = 0.4526x + 0.1177 
R² = 0.99561

0.0  

0.2  

0.4  

0.6  

0.8  

0.0  0.5  1.0  1.5  

A
bs

or
ba

nc
e 

(5
40

 n
m

)

S-Butyrylthiocholin (mM)
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Figure 18. Localization of the enzyme activity 

 *Heat treated condition was forrowed; 60°C, 10min. 

 

(3.3.4) γ- CoA  

γ-

γ- 5 g L-1

25 48  (γ- CoA

/γ- )  (Table. 9)

γ-

1,500 mL

γ- 0.1 g L-1  400 mL

30  (Table. 9)  

D-

γ-

3 L 

D- γ- 0.1 g 

L-1  400 mL  (Table. 9)

6-36

0.00 

0.05 

0.10 

0.15 

0.20 

Cell-free extract 
suspention 

Cell-free extract 
suspention (heat 

treated*) 

Supernatant of 
centrifugation 

Supernatant of 
ultracentrifugation 

Precipitate of 
ultracentrifugation 

A
bs

or
ba

nc
e 

(5
40

 n
m

)
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6-12

 

 

 

Table 9. Productivity and specific activity of γ-butyrobetainyl CoA synthetase in 

cell-free extract of Agrobacterium sp. 525a. 

 

Productivity 

(mU/g 

γ-butyrobetaine) 

Enzyme 

activity 

(mU/mL 

broth) 

Specific 

activity 

(mU/mg 

protein) 

Batch cultivation 

(γ-butyrobetaine medium) 
54 0.27 1.0 

Batch cultivation 

(γ-butyrobetaine + peptone medium) 
290 1.5 3.3 

Replace cultivation 

(mannitol + peptone medium) 
14,000 1.4 0.34 

Replace cultivation 

(D-carnitine medium) 
81,000 8.0 5.1 

 

 

(3.4)  

4

100 -
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3

HPLC

 

 

ATP NADH

 

 

HPLC ATP  (ATP ADP AMP) CoA  (CoA

γ- CoA ) 

1 90

 

 

NAD+

1/100

 (γ- CoA ATP ) 

ATPase

 

 ( HPLC )

3

Agrobacterium sp. 525a

CoA  (Amanoenzyme, Aichi, 
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Japan)  Agrobacterium 

sp. 525a

Table. 8 Fig. 18

 (Table. 8)  

( )  

(Fig. 18)  

1960

 ( A → G C → T)  ( ) 

 

ATPase

γ- CoA

4

ADP

 (  0 mM → 1 mM  100 mM → 

99 mM )  

S-

 (540 nm) 426 M-1•cm-1  (Fig. 17)

 ( NADH 6,200 M-1•cm-1

H2O2 14,000-30,000 M-1•cm-1

p- 6,000-9,000 M-1•cm-1 )
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 (Kulla HG, 1991; Lonza, 1998; 

Meyer HP and Robins KT, 2005) β

β  (

, 1998) 

 (Fig. 18) Agrobacterium sp. 525a

 

γ-  ( 3,800 /g) 

γ-

 

 ( ) 

 

 

 ( / γ- ) γ-

+ 50  

( / ) 1/10  (Table. 9)  

D-

D- γ-

+ 280

1.5  (Table. 9) D- D-
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 (Setyahadi S et al., 1997)

D-

DL-

D-

D- L- DL-

 (Setyahadi S, 1998)

D- DL- L-
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4  
Agrobacterium sp. 525a γ- CoA 

 
 

 (4.1)  

3 γ- CoA

Agrobacterium sp. 525a γ- CoA

 (L-

) L-

L-

 

 

(4.2)  

(4.2.1)  

β- Ahmed  (Ahmed IAM et al., 2010) 

 (3.2.1)  

 

(4.2.2) γ- CoA  

 (3.2.3) 

30 60-120

 (30% [w/v] 

 (III) 10% [w/v] /2 M HCl) 

γ  -  [

180 mM Tris-HCl buffer (pH 7.5) 4.8 mM γ-

0.96 mM CoA-Li3 3.6 mM ATP-Na2 3.6 mM MgCl2 3.0 mM DTT 500 mM 

 (4 M NaOH  pH 7.3 ) 10-30 % 

(v/v)  0.6 mL]  (12,000 × g 15 ) 

540 nm  (3.3.2) 
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-  (426 M-1•cm-1) 

 ( U) 1 1μmol

1 U  

96 150μL

 (4,000 × g 20 ) 

(3.2.4) S-

 

(3.2.3) 

 [ 180 mM Tris-HCl buffer (pH 7.5) 4 mM γ-

0.96 mM CoA-Li3 3.6 mM ATP-Na2 3.6 mM MgCl2 2.0 mM 

0.15 mM NADH 3.0 mM DTT 10 U/mL 

10 U/mL 1.2 mL]

30 2

340 nm NADH

 (6,200 M-1•cm-1)  ( U) 

1 1μmol NADH 1 U

 

 

(4.2.3) Agrobacterium sp. 525a  

Agrobacterium sp. 525a  (3.3.4) D-

30 1  (5 mL D- /16 mm ) 

3  (1 L D-  / 2 L ) 

 (4,000 × g 20 )  

 0.85% KCl 2

 3 L  (3.3.4) γ-

 (γ-  0.1 g L-1 400 mL γ- /1 L

) 25 6-12  (8,600 × g

20 4 ) -20  
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(4.2.4) γ- CoA  

5 1 mM DTT 50 mM 

Tris-HCl buffer (pH 7.5)  

 [ 9 L  (1,200 mL 

) buffer 50 mM Tris-HCl buffer (pH 7.5 3 mM DTT 100 mM NaCl)

UD-200 ( Tokyo Japan) 2-10 90 ] 

 

 (14,000 × g 30 4 ) 

 

 100 mM NaCl Tris-HCl buffer Poros 

HQ-50  ( 3.6 × 23 cm) 

100 mM NaCl Tris-HCl buffer NaCl 100 mM

150 mM  

 (

15

) 0-60%  (21,600 × g 30 4 ) 

 

 (150 mL ) 1.5 M buffer (pH 7.0 1 mM 

DTT)  (21,600 × g

30 4 )  

1.5 M buffer (pH 7.0 1 mM DTT) 

Butyl-Toyopearl 650M  ( 1.6 × 6.0 cm)  buffer

1.5 M 0.1 M

 

Tris-HCl buffer

 (Millipore Ultra free 4 MW 10,000 Nihon Millipore Ltd.) 

Tris-HCl buffer Mono-Q 5/50 GL 

100mM NaCl
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buffer NaCl 100 mM 125 mM

 

-20

 

 280 nm

Lowry  (Lowry OH et al., 1951) 

 

 

(4.2.5) N  

 (Native-PAGE) 

5.0 % Williams Reisfeld  (Williams DE and Reisfeld 

RA, 1964) 0.1% CBB R-250

5 mm

1.5 mL

 

N Native-PAGE PVDF  (

AE-6677P/S/N ATTO Bioscience) 

 (PPSQ-31A;  

Kyoto, Japan) NCBI-BLAST 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi)  

 

(4.2.6) γ- CoA  

γ- CoA N

Agrobacterium/Rhizobium  (Codon Usage Database 

http://www.kazusa.or.jp/codon ) 5’  

N ORF

Clustal W (http://clustalw.ddbj.nig.ac.jp/index.php?lang=ja) 

5’

Agrobacterium sp. 525a DNA
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PCR PCR

 

PCR

NCBI-BLAST

Clustal W ORF

γ-

CoA  

Fig. 19

 

 

 

 
 

Amino acid sequence
γ-butyrobetainyl 
CoA synthetase 

Homologue 1

Homology search

Nucleic acid sequence

Homologue 2

Homologue 3

Homologue 10

Converted to 
nucleic acid 
sequence from 
gene data

       

Primer design using Clustal W multiple sequence alignment 
 
       1. CoA binding domain containing protein from Mesorhizobium opportunistum WSM2075 
       2. acyl CoA synthetase NDP forming from Mesorhizobium australicum WSM 2073 
       3. acyl CoA synthetase from Sinorhizobium meliloti 1021 
       4. putative acyl CoA synthetase protein from Shinorhizobium fredii HH103 
       5. acyl CoA synthetase protein from Sinorhizobium fredii NGR 234 
       6. acyl CoA synthetase protein from Agrobacterium radiobacter K84 
       7. acyl CoA synthetase NDP forming from Rhizobium tropici CIAT 899 
       8. acyl CoA synthetase from Rhizobium etli CFN 42 
       9. acyl CoA synthetase from Jannaschia sp. CCS1 
     10. CoA binding protein from Ruegeria sp. TM1040 
 

   1       1584-CACG CATAAGTCCGAGGTCGGCGCTGT CAGG-1614
   2       1584-CACC CACAAGTCCGAGGTCGGCGCCGT CAGG-1614 
   3       1617-CGCT CACAAGACCGAAGCCGGAGCGGT CAAG-1647
   4       1851-CGCG CACAAGACCGAAGCCGGAGCCGT CAGG-1881
   5       1581-GGCG CACAAGACCGAAGCCGGTGCGGT CAGG-1611
   6       1551-CGAA CATAAGTCGGAGGCCGGCGCTGT CGTT-1581
   7       1575-CGAG CACAAGTCCGATGTCGGCGCCGT CAAG-1605
   8       1575-TGCG CACAAGACCGAGGCCGGCGCTGT CGTT-1605
   9       1569-TGCC CATAAGTCCGAGGTTGGCGCCGT TCGG-1599
  10       1560-CGCC CACAAGACAGAAGAGGGCGCCGT GCGC-1590
                     ** *** * ** *  ** ** **
Putative sequence         CAYAAGWCSGARGYCGGHGCBGT

Met-Glu-Ala-Ser-Ser-Met-Thr-Thr-Arg-Pro-Leu-Asp-

AUG-GAG-GCC-UCC-UCC-AUG-ACC-ACC-CGC-CCA-CTC-GAC-
   -  A-  G-  G-  G-   -  G-  G-   -  C-  G-  T-
   -   -   -AGC-AGC-               -  G-  T-   -
   -   -   -   -   -   -   -   -   -  T-   -   -

Putative nucleic acid sequence using codon usage database  

P1 
P2 

P3 P5 

Primer design from N-terminal amino acid sequence of γ-butyrobetainyl 
CoA synthetase 
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Figure 19. Primer design for PCR and inverse PCR to obtain γ-butyrobetainyl CoA 

synthetase nucleotide sequence. PstI, HindIII, EcoRV, and SalI were used for inverse 

PCR. The homologue gene (bcoA/B) [Lonza, 1998] reportedly contains SalI, BamHI, 

PvuII, SacI, PvuI, SphI, and the XhoI site. γ-Butyrobetainyl CoA synthetase gene does 

not contain these sites. 

 

Primer location on γ-butyrobetainyl CoA synthetase gene 

upstream 
sequence

downstream 
sequence

P1

P2

P3

P4 P5 P6

P7 P8 P9 P10

P11 P12 P13 P14 P15 P16 P17

P18 P19

Pst I site 
Hind III site 
Eco RV site

Primer list using for γ-butyrobetainyl CoA synthetase gene cloning

Primer name Sequence (5'-3') Remarks 
P1 ATGGARGCSTCSTCSATGACSAC Constructed from N-terminal amino acid sequence 
P2 ATGGARGCSAGCAGCATGACSAC Constructed from N-terminal amino acid sequence 
P3 ATGACSACSCGCCCNCTBGA Constructed from N-terminal amino acid sequence 
P4 CCAGAYGAANGTGTGRTARTC Constructed from conserved sequence 
P5 ACVGCDCCGRCYTCSGWCTTRTG Constructed from conserved sequence 
P6 ADHGGRTTRAKVTCBAGTTC Constructed from conserved sequence 
P7 CATCGGAAAGTTCGTTCACC Used for Inverse PCR 
P8 CTCACCCAATCCTCGAACAT Used for Inverse PCR 
P9 GAAGGTGTGGTAGTCGAGCG Used for Inverse PCR 
P10 ATTGGGTCACCACCTGTGAT Used for Inverse PCR 
P11 GTTCGGCMAGCCRATCGGC Constructed from upstream sequence 
P12 TCTGGGACGGCACATCGGAAATC Constructed from upstream sequence 
P13 ATGGAGGCATCCTCGATGACCACC

P14 ATSGCRTTSGCYTTVGGSC Constructed from downstream sequence 
P15 CCARCCVGSGCARAAGAAYTTBTC Constructed from downstream sequence 
P16 CCRTARTCGCCRTCRACMGCATC Constructed from downstream sequence 
P17 ATSAYCGGYTTGTTSAKVKCGC Constructed from downstream sequence 
P18 CGAACAATGCAACCATATGGAGGCATCC NdeI site is underlined 
P19 GACGGATCCTGATTGGTCCTGTCATGC BamHI site is underlined 
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(4.2.7)  

Fig. 19  P18 P19 PCR pCR-Blunt 

II-TOPO vector (Invitrogen Corp.) 

pET-22b (Novagen 

Inc.)  

Escherichia coli Rosetta (DE3)  (γ-

CoA pET-22b ) LB  (100 μM 

)  (37 1 h) IPTG

 0.1 mM  ( 8,000 

× g 20 4 ) -20  

 (75 mL ) 2 mL 50 mM Tris-HCl buffer (pH 7.5

1 mM DTT )  ( Q125; Qsonica LLC, 

USA 5 4-10 )  (15,000 × g

20 4 )  

 

(4.2.8)  

ADP AMP HPLC

2  

1.  

 [180 mM Tris-HCl buffer (pH 7.5) 4.8 mM γ-

3.6 mM ATP-Na2 3.6 mM MgCl2 3.0 mM DTT 0.96 mM 

CoA-Li3 2.0 mM 0.15 mM NADH 10 U mL-1 

 (AMP ADP

) 10 U mL-1 10 U mL-1 

 (150 μL) 1.2 mL] 340 nm

30  

2. HPLC  

 (Microcon 10K, Merck  Millipore, 

Germany) HPLC  [
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Jupiter C18 5 μm, 300 Å, 250 × 4.60 mm; Phenomenex Inc., 

USA A 5 mM  buffer (pH 5.0) B 5 mM  buffer (pH 

5.0) +  (70/30) 0-14 100 % A buffer 14-34 A → 

B buffer 34-39 100 % B buffer 260 nm]  

 

(4.3)  

(4.3.1) γ- CoA  

Table. 10 Native-PAGE

Fig. 20

 (Fig. 20A) (4.2.5) 

No. 8

 (Fig. 20B)  

 

Table 10. Purification of γ-butyrobetainyl CoA synthetase from Agrobacterium sp. 

525a. 

Purification 
step 

Total 
activity 
(mU) 

Total 
protein 
(mg) 

Specific 
activity 

(mU•mg-1) 

Yield 
(%) 

Purification 
(fold) 

Crude 

extract 
9636 1901.0 5.1 100 1.0 

Poros 

HQ-50 
3268 87.0 38 34 7.5 

Ammonium 

sulfate  

(0–60%) 

1919 29.0 66 20 13 

Butyl 

toyopearl 
717 2.0 364 7.4 72 

Mono-Q 

HR 5/50 
110 0.1 976 1.1 193 
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Figure 20. Analysis of purified γ-butyrobetainyl CoA synthetase by (A) Native-PAGE,  

(B) activity assay of the enzyme after Native-PAGE, and (C) estimation of the native 

molecular mass of purified enzyme using size exclusion chromatography on a 

Superdex 200 increase 10/300 GL column. Standard proteins used were thyroglobulin 

(670 kDa), γ-globulin (158 kDa), ovalbumin (45 kDa), myoglobin (17 kDa), and 

vitamin B12 (1.35 kDa). 

0.15 0.30 
Absorbance at 540 nm

Native PAGE (5%) 
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N 23

MEASSMTTRPLDRLIRPKSIAVF

Table.11

 

 [ Superdex 200 increase buffer 50 mM 

Tris-HCl buffer (pH 7.5 1 mM DTT 0.1 mM KCl)] 

130 ± 15 kDa  (Fig. 20C)  (4.3.2) 

72.9 kDa
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(4.3.2)  

N N

693

Rhizobium CoA 95 %  (Table. 

12)  

CoA

CoA ATP 3

 (Fig. 21)  

 

Table 12. Comparison of amino acid sequence of γ-butyrobetainyl CoA synthetase 

with other CoA synthetase. 

Annotated function Accession No. Origin 

Amino acid 

sequence 

identity 

acyl-CoA synthetase WP_056322240.1 Rhizobium 95% 

acyl-CoA synthetase WP_037209640.1 Rhizobium sp. YR295 82% 

acyl-CoA synthetase WP_037160247.1 Rhizobium sp. CF258 82% 

acyl-CoA synthetase KQS97819.1 Rhizobium sp. Leaf386 82% 

acyl-CoA synthetase WP_037096441.1 Rhizobium sp. OK665 82% 

CoA-binding 

domain-containing 

protein 

WP_023513347.1 Shinella sp. DD12 82% 

acyl-CoA synthetase WP_026617856.1 Ensifer sp. TW10 82% 

acyl-CoA synthetase WP_046118830.1 Sinorhizobium sp. PC2 81% 

acyl-CoA synthetase WP_050744489.1 Shinella 81% 

acyl-CoA synthetase KQY36125.1 Rhizobium sp. Root483D2 81% 
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Figure 21. Comparison of γ-butyrobetainyl CoA synthetase with homologous proteins. 

These enzymes are shown with host strain names: Agrobacterium sp. 525a, 

γ-butyrobetainyl CoA synthetase; Rhizobium, acyl-CoA synthetase 

(WP_056322240.1); Ensifer sp. TW10, acyl-CoA synthetase (WP_026617856.1); 

Sinorhizobium sp. PC2, acyl-CoA synthetase (WP_046118830.1); Rhizobium sp. 

YR295, acyl-CoA synthetase (WP_037209640.1); and Shinella sp. DD12, 

CoA-binding domain-containing protein (WP_023513347.1). 
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Table 13. Substrate specificity of wild and recombinant γ-butyrobetainyl CoA 

synthetase. 

Substrate 
 Relative activity (%) 

 Wild-type Recombinant 

γ-butyrobetaine  100 100 

N-dimethylaminobutyric acid  55 42 

β-alaninebetaine  0.7 7.8 

D-carnitine  18 8.3 

D,L-carnitine  NT 6.0 

L-carnitine  6.7 3.1 

3-dehydrocarnitine  NT 0 

glycinebetaine  0 0 

monomethylaminobutyric acid  2.4 0 

γ-aminobutyric acid  (GABA)  0 0 

butyric acid  0 0 

MnCl2  117 54 

GTP  14 0 

ADP  NT 0 

AMP  NT 0 

Note: MnCl2 or GTP, ADP, and AMP were replaced with MgCl2 or ATP of the same 

concentration (3.6 mM). NT, not tested. 
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Table 14. Kinetic parameters of recombinant γ-butyrobetainyl CoA synthetase. 

 
K

m
 

(mM) 

k
cat

 

(s-1) 

k
cat

 / K
m

 

(mM
-1

 • s-1) 

γ-butyrobetaine 0.69 0.65 0.94 

CoA 0.02 0.29 15 

ATP 0.24 1.15 4.8 

Notes: Km and kcat value were calculated using suitable kinetic plots. γ-butyrobetaine 

values were calculated using a Michaelis–Menten plot (Fig. 22A). CoA and ATP 

values were calculated using a Hanes–Woolf plot (Fig. 22E and 22F). 

 

 

 

Figure 22. Kinetic profiles of γ-butyrobetainyl CoA synthetase with several substrates.
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(4.3.4) pH  

pH

 (Fig. 23) 35 30

35

45 pH 8.2

 buffer pH

 

Figure 23. Effects of temperature and pH on enzyme activity and stability of 

recombinant γ-butyrobetainyl CoA synthetase: (A) optimum temperature, (B) 

temperature stability, (C) effect of pH on enzyme activity, and (D) pH stability of 

recombinant enzyme. Experimental conditions are specified in Materials and Methods. 
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AMP ADP

 

 

 

Figure 24. Identification of reaction products of partially purified γ-butyrobetainyl 

CoA synthetase obtained using an HPLC system equipped with a Jupiter C18 column 

(5 μm, 300 Å, 250×4.60 mm) at a flow rate of 1 mL/min. The assays were conducted 

with different reaction times: (A) 30 min, (B) 60 min, and (C) 120 min. 
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(4.3.6) γ -  C o A  

ORF  

Sinorhizobium fredii NGR234 complete genome (Accession No. CP001389.1 

) 79 %  (Table. 15)  

ORF

 Fig. 25

Sinorhizobium fredii NGR234  ( CoA

) ORF

γ-  ( ) β

L- 3-

ORF (Hypothetical protein, Fig. 25)  
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Table 15. Comparison of nucleotide sequence of γ-butyrobetainyl CoA synthetase 

with other sequence 

Origin Accession No. 
Max 

score 

Query 

cover 

Nucleotide 

sequence 

identity 

Sinorhizobium fredii NGR234, 

complete genome 
CP001389.1 1384 97% 79% 

Ensifer adhaerens OV14 

chromosome 1 sequence 
CP007236.1 1325 97% 79% 

Sinorhizobium fredii HH103 main 

chromosome, complete sequence 
HE616890.1 1323 97% 79% 

Sinorhizobium meliloti strain 

RMO17, complete genome 
CP009144.1 1273 97% 78% 

Sinorhizobium meliloti 2011, 

complete genome 
CP004140.1 1273 97% 78% 

Sinorhizobium meliloti Rm41 

complete genome 
HE995405.1 1273 97% 78% 

Sinorhizobium meliloti SM11, 

complete genome 
CP001830.1 1273 97% 78% 

Sinorhizobium meliloti AK83 

chromosome 1, complete sequence 
CP002781.1 1273 97% 78% 

Sinorhizobium meliloti BL225C, 

complete genome 
CP002740.1 1273 97% 78% 

Sinorhizobium meliloti 1021 

complete chromosome 
AL591688.1 1273 97% 78% 
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Figure 25. Putative operon of γ-butyorbetaine β-oxidation like degradation involving 

CoA. 
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 (Lindstedt G et al., 1970)  (Lindstedt G 

et al., 1977) L- -

Agrobacterium Rhizobium CoA

 (Lonza, 1998)

CoA

 

Table. 13

- N-

N- Agrobacterium

-

D-

L- D-
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Figure 26. The elution curve of Superdex 200 increase column chromatography. First 

strong peak has enzyme activity. The estimated molecular masses of second and third 

peaks are 20 kDa and 1-2 kDa. 
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Figure 27. 3-Keto-5-aminohexanoate cleavege enzyme involving lysine degradation. 
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Abstract 
 

From investigation of 200 over eukaryotic microbes, Fusarium merismoides var. 

acetilereum is identified as which uses 4-N-trimethylamino-1-butanol (TMA-butanol) 

as the sole source of carbon and nitrogen. The fungus produced NAD+-dependent 

TMA-butanol dehydrogenase when it was cultivated in medium containing 

TMA-butanol. In addition, 4-N-trimethylaminobutyraldehyde dehydrogenase and 

L-carnitine dehydrogenase are expressed as TMA-butanol degradation enzymes. 

Therefore, the TMA-butanol degradation pathway of F. merismoides var. acetilereum 

is presumably the same as that of Pseudomonas sp. 13CM: TMA-butanol 

→4-N-trimethylaminobutyraldehyde→ γ-butyrobetaine → L-carnitine → 

3-dehydrocarnitine (Chapter I). 

TMA-butanol dehydrogenase showed molecular mass of 40 kDa by SDS–PAGE 

and 160 kDa by gel filtration, suggesting that it is a homotetramer. TMA-butanol 

dehydrogenase is stable at pH 7.5–9.0. It exhibits moderate stability with respect to 

temperature (up to 30 °C). Additionally, it has optimum activity at 45 °C and at pH 9.5. 

Whereas it is predicted that quaternary ammonium degradation enzyme has specific 

substrate, the enzyme has broad specificity to various alkyl alcohols and amino alkyl 

alcohols, the carbon chains of which are longer than butanol. This thesis is the first 

study examining TMA-butanol dehydrogenase and L-carnitine dehydrogenase from 

eukaryotic microbe (Chapter II). 

In these studies (Chapter I, II), the downstream pathway of 3-dehydrocarnitine was 

not revealed. Therefore I investigated several microorganisms, which can use 

γ-butyrobetaine as the sole source of carbon and nitrogen. Because CoA-related 

enzymes were predicted on γ-butyrobetaine and L-carnitine degradation pathway. But 

no one can detect these enzyme activities. From 100 over organisms and more over 

investigation, a unique γ-butyrobetainyl CoA synthetase activity was detected from 

soil-isolated Agrobacterium sp. 525a (Chapter III). 

The primary structure of the enzyme shares 70–95% identity with those of 

ATP-dependent microbial acyl-CoA synthetases of the Rhizobiaceae family. As 



 92 

distinctive characteristics of the enzyme of this study, ADP was released in the 

catalytic reaction process, whereas many acyl CoA synthetases are annotated as an 

AMP-forming enzyme. The apparent Km values for γ-butyrobetaine, CoA, and ATP 

were, respectively, 0.69 mM, 0.02 mM, and 0.24 mM (Chapter IV). 
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