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Summary 

The activity of  taurine : a-ketoglutarate aminotransferase (taurine : 2-oxo- 
glutarate aminotransferase, EC 2.6.1.55) from Achromobacter superficialis is 
significantly diminished by t reatment  of  the enzyme with (NH4)2SO4 in the 
course of  purification, and recovered by incubation with pyridoxal phosphate 
at high temperatures such as 60°C. The inactive form of  enzyme absorbing at 
280 and 345 nm contains 3 mol of  pyridoxal phosphate per mol. The activated 
enzyme contains additional 1 mol of  pyridoxal phosphate with a maximum at 
430 nm. This peak is shifted to about  400 nm as a shoulder by  dialysis of  the 
enzyme, bu t  the activity is not  influenced. The inactive form is regarded as a 
partially resolved form, i.e. a semiapoenzyme. The enzyme catalyzes transami- 
nation of  various to-amino acids with a-ketoglutarate,  which is the exclusive 
amino acceptor.  Hypotaurine,  DL-fl-aminoisobutyrate,/3-alanine and taurine are 
the preferred amino donors.  The apparent Michaelis constants are as follows; 
taurine 12 mM, hypotaur ine 16 mM, DL-~-aminoisobutyrate 11 mM, fi-alanine 
17 mM, a-ketoglutarate 11 mM and pyridoxal phosphate 5 pM. 

Introduct ion 

Taurine : a-ketoglutarate aminotransferase (taurine : 2-oxoglutarate amino- 
transferase, EC 2.6.1.55) catalyzes the transamination of  taurine with a-keto- 
glutarate to yield sulfoacetaldehyde and L-glutamate [ 1 ]. We have purified the 
enzyme to homogenei ty  and crystallized it from Achromobacter superficialis 
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[2]. In this paper we describe the detailed properties of the enzyme, with 
emphasis on the inactivation and reactivation of  it. 

Materials and Methods 

Materials. Pyridoxal-P and pyridoxamine-P, which were obtained from Kyo- 
wa Hakko Kogyo,  Tokyo,  and Sigma, were chromatographically purified by the 
procedure of  Peterson and Sober [3]. Taurine aminotransferase was purified 
from A. superficialis (IRC B-0890) [2]. The enzyme was crystallized with 
(NH4);SO4. The crystals took  the form of hexagonal plates. 

Enzyme assay. The enzyme activity was determined, unless otherwise speci- 
fied, after the enzyme was activated by preincubation with 0.1 mM pyrido- 
xal-P at 60°C for 10 min. 

Method A. The reaction mixture was incubated and the activity was deter- 
mined by measuring glutamate formed as described previously [2]. 

Method B. Sulfoacetaldehyde produced from taurine in the reaction mixture 
[2] was converted into the 2,4<linitrophenylhydrazone, and separated from 
the unreacted reagents and the hydrazone of a-ketoglutarate as follows. To the 
supernatant solution (0.5 ml) was added 0.5 ml of  0.5% 2,4-dinitrophenyl- 
hydrazine solution in 2 M HCI, followed by incubation at 37°C for 30 min. 
Ethyl acetate (2 ml) was added to the solution and the mixture was shaken for 
2 min. To a 1-ml aliquot of  the aqueous layer was added 2 ml of a mixture of  
1 M NaOH and 0.5 M Na2CO3 (1 : 1, v/v). After mixing the absorbance was 
measured against a blank at 435 nm within 3 min. 

Protein determination. Protein was determined by  measurement of  absor- 
1% bance at 280 nm (Alcm = 7.20) [2]. 

Results 

Activation of  enzyme. In the course of purification, treatments of  the 
enzyme with (NH4)2SO4 ofted led to a significant loss of  the activity as 
described previously [2].  The inactivated enzyme, which also was crystallized 
in the same form as the active one and pale yellow in color, exhibited only a 
little activity even in the presence of  pyridoxal-P, b u t  was found to be highly 
reactivated by preincubation with the coenzyme at high temperatures.  The 
enzyme solution dialyzed against 10 mM potassium phosphate (pH 7.0) was 
incubated with 0.1 mM pyridoxal-P at various temperatures and the activity 
was determined under the standard conditions. The degree of  activation is sub- 
stantially dependent  upon the preincubation temperature and time as shown in 
Fig. 1. The treatment  with pyridoxal-P below 40°C caused only a slight activa- 
tion, while the extent  of activation was markedly enhanced with an increase in 
temperature up to 60°C. The maximum activation was observed when the 
enzyme was preincubated at 60°C for 10 min, or at 55°C for 20 min. The 
enzyme thus activated was stable at least for another 15--20 min at these tem- 
peratures in the presence of pyridoxal-P, and was used throughout  for investiga- 
tion of  the properties of  enzyme, unless otherwise stated. The activity 
decreased considerably rapidly, when the activated enzyme was kept  at 60°C in 
the absence of the coenzyme. The t reatment  above 65°C caused irreversible 
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Fig. 1. Act ivat ion  of  the e n z y m e  b y  incubat ion  wi th  pyridoxal-P.  The  inactivated e n z y m e  was  incubated 
wi th  0.1 mM pyridoxal -P at the indicated temperatttres and the activity was  determined by  m e t h o d  B. 

Fig. 2. A b s o r p t i o n  spectra o f  the inact ivated,  reactivated and aged e n z y m e s .  (A) ,  The  inactivated e n z y m e  
(13 mg/ml)  was dissolved in 0.01 M potass ium phosphate  (pH 7.0).  (B), The e n z y m e  (A)  was  incubated  
wi th  0.1 mM pyridoxal -P  at 60°C for 10 min  and the spectrum was  taken  against a buf fer  b lank contain-  
ing 0.1 mM pyridoxaloP.  (C), The e n z y m e  (B) was  d ia lyzed  at 4°C against 3 changes of  200  vo lumes  of  
0.01 M potass ium phosphate  (pH 7.0).  

inactivation under the conditions employed. The inactivated crystalline 
enzyme, after dialysis, was preincubated at 60°C for 10 min with various con- 
centrations of  pyridoxal-P, fol lowed by determination of  the activity. The 
activity was increased with increasing concentration of  pyridoxal-P and the 
maximum activity was obtained with 0.1 mM pyridoxal-P, though no activation 
was observed in the absence of  pyridoxal-P. The activation effects of  some 
other vitamin B6 compounds were also investigated at 60°C. Pyridoxamine-P 
was as effective an activator as pyridoxal-P at 1 mM, and approximately 65% 
effective at 0.1 mM. Neither pyridoxine, pyridoxal, pyridoxamine nor pyridox- 
ine-P activated the enzyme. 

Spectrophotometric behavior and vitamin B6 content. The absorption spec- 
trum of the inactivated enzyme has maxima at 280 and 345 nm (Fig. 2, 
curve A); the molar absorption coefficien*~s are 112 000 and 21 000, respec- 
tively on the basis of  molecular weight of  156 000. The spectrum of the 
enzyme activated fully as described above exhibits a small new peak at 430 nm 
in addition to the peaks at 280 and 345 nm (Fig. 2, curve B). The spectrum is 
not affected by varying the pH (6.0--9.0).  The absorption at 430 nm increased 
with increase of  the preincubation time up to 10 min (at 60°C), when the acti- 
vation reached a maximum. The 430-nm peak was not formed by preincuba- 
tion without pyridoxal-P. The exhaustive dialysis of  the activated enzyme 
against 0.01 M potassium phosphate, pH 7.0 (e.g. for 40 h at 4°C) resulted in 
disappearance of  the 430-nm peak and concomitant formation of a shoulder at 
about 400 nm (Fig. 2, curve C), though the activity was not influenCed. When 
the dialyzed enzyme was incubated again with 0.1 mM pyridoxal-P at 60°C for 
10 min, the peak at 430 nm did not reappear. 

The vitamin B6 contents of  the inactivated and activated enzymes were 
determined by the microbiological assay with Saccharomyces carlsbergensis 
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[4,5] to be 2.8 and 3.9 mol per 156 000 g of protein, respectively. Difference 
in molecular weight (approximately 156 000 [2]) between both the forms of 
enzyme was not observed. 

Resolution and reconstitution o f  enzyme. Pyridoxal-P was not required for 
the maximum activity of the activated enzyme even after dialysis or Sephadex 
G-25 gel filtration. A decrease in absorbance at about 400 nm was caused by 
addition of taurine or/3-alanine to the activated enzyme, but  the 345-nm peak 
was not  practically affected. The enzyme was incubated with 50 mM taurine in 
0.01 M potassium phosphate (pH 7.0) at 30°C for 1 h, followed by dialysis 
against two changes of the buffer. The enzyme treated with taurine did not  
exhibit a shoulder at about 400 nm at all, but  was catalytically active in the 
absence of added pyridoxal-P. These results suggest that  the bound pyridoxal-P 
of the enzyme reacts with taurine to form the pyridoxamine-P form of enzyme, 
which is catalytically active, and that  the bound pyridoxamine-P cannot be 
released by dialysis. An at tempt was made to resolve the cofactor from the 
enzyme. The enzyme treated with taurine was incubated with 0.5 M potassium 
phosphate (pH 5.0) at room temperature for 1 h, followed by precipitation 
with (NH4)2SO4 (60% saturation). The precipitate was dissolved in a small 
volume of 0.01 M potassium phosphate (pH 7.0), and dialyzed overnight 
against the same buffer. The enzyme had almost no detectable activity in the 
absence or presence of added pyridoxal-P, although the full activity was 
obtained after incubation with pyridoxal-P at 60°C for 10 min. The inactive 
form of enzyme did not exhibit a absorption peak at about 400 nm, but did 
one at 345 nm. The active enzyme reconstituted with pyridoxal-P showed a 
shoulder at about 400 nm. Thus, pyridoxal-P or pyridoxamine-P tightly bound 
to the enzyme is released by the treatments. The resolved enzyme can be recon- 
stituted by incubation with either pyridoxal-P or pyridoxamine-P at approxi- 
mately 60°C for 10 min as described above. 

Stability o f  enzyme. Both the inactivated and activated enzymes can be 
stored at 4°C as a suspension in 10 mM potassium phosphate (pH 7.0) contain- 
ing 0.1 mM pyridoxal-P and 60% saturated (NH4)2SO4 with little loss of activ- 
ity, and as a solution in the above-mentioned buffer containing only the cofac- 
tor for periods of over 5 and 2 months,  respectively. Deep freezing and thawing 
led to the significant inactivation of the enzyme. The presence of  pyridoxal-P 
protected the activated enzyme from inactivation even when the enzyme was 
kept at 60°C as described above. 

Effect o f  pH. The enzyme is active in the alkaline pH region with a maxi- 
mum at 7.8--8.0. The effect of pH on the stability of the enzyme also investi- 
gated. When the enzyme was heated at 60°C in 50 mM buffers of various pH 
for 10 min, the enzyme was found to be stable between pH 6.0 and 9.0. 

Substrate specificity. Hypotaurine (relative activity, 601), DL-fi-aminoisobu- 
tyrate (208) and fi-alanine (184) showed higher reactivity than taurine (100) in 
the transamination. In addition to them 13-aminobutyrate (60), 3-aminopro- 
panesulfonate (43) and DL-~-aminobutyrate (14) also serve as amino donors, 
whereas aminomethanesulfonate,  glycine, 5-aminovalerate, L- and D-a-amino 
acids including alanine and lysine, and amines are not  substrates. We showed 
that  sulfinoacetaldehyde is produced from hypotaurine,  and converted spon- 
taneously into acetaldehyde and SO2 [6]. a-Ketoglutarate is the exclusive 
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Inh ib i to r s  C o n c e n t r a t i o n  Rela t ive  ac t iv i ty  
( raM) 

None  - -  100 
Semica rbaz ide  • HCI 0.5 79 
N H 2 O H  • HCI 0 .5  0 
L-Penic i l lamine 0 .5  100  
D-Penic i l lamine 0 .5  100 
L-Cycloser ine  0 .5  3 
D-Cycloser ine  0 .5  80  
M B T H  * 0 .5  88  
P h e n y l h y d r a z i n e  • HC1 0 .5  83 
P - C h l o r o m e r c u r i b e n z o a t e  0.1 100  
I o d o a c e t a t e  0.5 100  
~,~ ' -Dipyr idy l  0.5 I 0 0  
E t h y l e n e d i a m i n e t  e t r a ace t a t e  0 .5  100  
HgCI 2 0 . I  2 
CuSO 4 0 .5  I 0 0  
FeCl 3 0 .5  100  

* 3 -Methy l -2 -benzo th i azo lone  h y d r a z o n e  h y d r o c h l o r i d e .  

amino acceptor  for the amino donors;  pyruvate,  phenylpyruvate and oxaloace- 
tare are inert. L-Glutamate was formed exclusively from a-ketoglutarate even 
when DL-fi-aminoisobutyrate was used as an amino donor.  

Kinetics. The apparent Michaelis constants were calculated: taurine 12 mM, 
hypotaurine 16 mM, DL-fi-aminoisobutyrate 11 mM, ~-alanine 17 mM and 
a-ketoglutarate 11 mM. The apparent Km value of  about  5 pM also was 
obtained for pyridoxal-P, when taurine was used. 

Effect of inhibitors. NH2OH and L-cycloserine strongly inhibit the enzyme, 
while semicarbazide, D-cycloserine and a few other carbonyl reagents are weak 
inhibitors (Table I). The absorption spectrum and reactivation of  the enzyme 
inactivated by  NH2OH were examined. To a solution of  the activated and 
dialyzed enzyme, NH2OH was added to give a final concentrat ion of  0.5 mM 
followed by  incubation at 30°C for 60 min. The solution was dialyzed against 
10 mM potassium phosphate (pH 7.0). The shoulder in the region of  400 nm of 
the activated and dialyzed enzyme disappeared, whereas the peak at 345 nm 
did not  change significantly by the NH2OH treatment.  An a t tempt  was made to 
reactivate the NH2OH-inactivated enzyme with pyridoxal-P. The NH2OH- 
inactivated enzyme was incubated at 60°C for various periods in the absence or 
presence of  0.1 mM pyridoxal-P, and the activity was determined. The enzyme 
was reactivated by  incubation with pyridoxal-P, and the reactivation depended 
upon the incubation time. The enzyme was only slightly reactivated when incu- 
bated wi thout  pyridoxal-P. The enzyme thus reactivated exhibits a shoulder in 
the region of  400 nm. 

Discussion 

We found here a loss of  the enzyme activity by t reatment  with (NH4)2SO4, 
and reactivation by  incubation with pyridoxal-P at high temperatures.  DeVivo 
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and Peterkofsky [7] observed the heat activation of tyrosine aminotransferase 
with pyridoxal-P and ~-ketoglutarate. Recently Shioji et al. [8] also reported 
the similar observation. The inactivated (~max 345 nm) and reactivated (Xmax 
345 and 430 nm) forms of  taurine aminotransferase contain 3 and 4 mol of  
vitamin B6 per mol, respectively. The inactive enzyme is probably identical 
with the inactive form resolved by incubation with taurine in view of their 
absorption spectra and coenzyme contents.  Thus, 1 mol of  the bound pyri- 
doxal-P absorbing at 400--430 nm is released from the protein by  (NH4)2SO4 
treatment or incubation with taurine and a high concentration of phosphate 
(pH 5.0), and regained by  incubation with added pyridoxal-P at high tempera- 
tures. Pyridoxal-P absorbing at about  400 or 430 nm is firmly bound to the 
protein moiety in an active (holo-) form. The resolved enzyme cannot bind 
with the coenzyme at physiological temperatures,  but  heating the enzyme 
favors its reconstitution. The catalytic activity of  the enzyme is concerned 
exclusively with this 400 or 430 nm bound pyridoxal-P, which is converted 
into pyridoxamine-P by  incubation with the amino donor.  The catalytically 
inactive form with an absorption maximum at 345 nm is regarded as a kind of  
"semiapoenzyme" as reported by  us for L-lysine aminotransferase [9] and 
D-amino acid aminotransferase [10]. The semiapo forms of  these enzymes are 
half resolved, whereas in the semiapoenzyme of taurine aminotransferase only 
a quarter of  the bound coenzyme is dissociated. Though the function of  the 
345-nm pyridoxal-P in the enzyme action has not  ye t  been elucidated, the 
pyridoxal-P is not  at least directly involved in the catalytic process. The 430- 
nm peak of  the activated enzyme, by analogy with other  aminotransferases, 
probably is ascribed to an aldimine linkage between pyridoxal-P and an amino 
group of  lysine residue of  the protein. The peak is shifted apparently to about  
400 nm by  dialysis. Both the 430- and 400-nm forms of enzyme are catalyti- 
cally active. Although this spectral shift has not  been elucidated, it is probable 
that  the structure of  the coenzyme-binding site and its vicinity, or the mode of  
binding of  the coenzyme is changed by aging the enzyme in the substantially 
absence of  added pyridoxal-P to affect the absorption spectrum. 

The results obtained on the susbtrate specificity show that the amino donor 
must be a neutral co-amino acids with the amino groups being separated by 
from 2 to 3 carbon atoms. With regard to this the enzyme is similar to f~-amino- 
isobutyrate aminotranferase of  mouse brain [ 11], but  they are different in the 
relative activity for the amino donors. 3-Aminoisobutyrate aminotransferase of  
hog kidney catalyzes the transamination of  L-/3-aminoisobutyrate, 3-alanine and 
7-aminobutyrate,  but  taurine is not  a substrate [12].  7-Aminobutyrate  amino- 
transferase of  P s e u d o m o n a s  f luorescens  exclusively transaminates 7-aminobu- 
tyrate [13],  and the enzyme of Bacillus cereus catalYzes transamination of  
7-aminobutyrate,  8-aminovaierate and e-aminocaproate [14].  Taurine also is 
transaminated by this enzyme, though very slowly. These findings show the 
diversity of  co-amino acid aminotransferases and of  their functions in the 
organisms. 
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