
BIOCHIMICA ET BIOPHYSICA ACTA 

BBA 65696 

THR EONI NE DEHYDRATASE OF BACILLUS LICHENIFORMIS 

I. PURIFICATION AND PROPERTIES 

449 

C L A U S  L E I T Z M A N N *  AND R O B E R T  W. B E R N L O H R  

Departments of Biochemistry and Microbiology, University of Minnesota, Minneapolis, 
(u.s.A.) 

(Rece ived  October  9th,  1967) 

Minn. 

SUMMARY 

Threonine dehydratase (threonine hydro-lyase (deaminating), EC 4.2.1.16) has 
been purified about 5o-fold from extracts of Bacillus licheniformis by heat treatments, 
ammonium sulfate fractionation, and gel filtration. The purified enzyme exhibits 
properties similar to the enzyme in crude extracts. 

The enzyme is stabilized in I M potassium phosphate at pH 8.0 by pyridoxal 
phosphate and L-isoleucine against denaturation at o ° and against heat inactivation. 
L-Threonine protects the enzyme against inactivation by dilution. 

L-Threonine and L-serine can serve as substrates, but threonine is deaminated 
5-8 times more rapidly than the other substrate. The pH optimum of the reaction is 
between 9.0 and 9.5. 

The rate of reaction at increasing substrate concentration shows a slightly 
sigmoidal curve with an apparent Km of 3" lO-3 M. L-Isoleucine inhibits the enzyme 
to about 50% at a threonine to isoleucine ratio of IOOO :I. This inhibition is pH de- 
pendent and is overcome in part by L-a-aminobutyrate, although by itself L-a-amino- 
butyrate does not show any activating effect. 

The treatment of the enzyme with HgCI2 results in partial inactivation, but the 
remaining enzyme activity is completely insensitive to the inhibition by L-isoleucine. 
The extent of inactivation of the enzyme by urea is dependent on the urea concentration 
and the temperature. 

INTRODUCTION 

The pyridoxal phosphate requiring enzyme threonine dehydratase (or threonine 
deaminase, threonine hydro-lyase (deaminating), EC 4.2.1.16) catalyses the dehydra- 
tion and deaminination of L-threonine to a-ketobutyrate, ammonia and water. 
UMBARGER 1 made the important discovery that L-isoleucine, which is the end product 
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of the  b iosyn the t i c  sequence, regula tes  the  a c t i v i t y  of the  enzyme b y  end produc t  
inh ib i t ion  in Escherichia coli. This observa t ion  has since been made  in a va r ie ty  of 
different  microorganisms  3-1°. UMBARGER AND BROWN 11 found t ha t  two different 
threonine  dehydra t a ses  were synthes ized  in E. coli. Under  aerobic condi t ions in a 
min imal  sal ts  medium the enzyme synthes ized  was control led b y  L-isoleucine feedback 
inhibi t ion  and called the  b iosyn the t i c  threonine  dehydra tase ,  bu t  in a rich medium 
conta in ing  amino acids under  anaerobic  condi t ions  the  enzyme synthes ized was 
insensi t ive  to L-isoleucine feedback,  s t imu la t ed  b y  AMP and was t e rmed  the biode- 
g r ada t i ve  threonine  dehydra tase .  In  all o ther  organisms inves t iga ted  so far, cmlv one 
of these enzymes  is found. Evidence  has accunmla ted  t ha t  the  b iosynthe t ic  E.coli 
enzyme possesses separa te  b ind ing  sites for the  subs t ra te ,  the  inhib i tor  and certain 
ac t iva to r s  ~2. This enzyme is bel ieved to be an ac t ive  po lymer  consist ing of subuni ts  ~'. 

Most of the  repor t s  in the  l i t e ra ture  on the b iosyn the t i c  threonine  dehyd ra t a se  
are concerned wi th  the  enzyme in E. coliL2,11-24, Salmonella t~,phimz~ri~m4, "~ ~7 
Saccharomyces cerevisiae '~,2s,29 and pho tosyn the t i c  bacteria6,S, l°,a°. Only one repor t  
was publ i shed  for the  Bacil lus enzyme s . Since it is ev ident  now, tha t  Bacil lus is different 
from E. coli in several  aspects  and  since the  role of al losteric in terac t ions  dur ing sporu- 
la t ion  is not  clear, we felt t ha t  an inves t iga t ion  of the enzyme in this genus would bt ~ 

impor t an t .  
This  paper  repor ts  the  purif icat ion of threonine dehyd ra t a se  from Bacillzts 

licheniformis. D a t a  are presented  on the s t ab i l i t y  of the  enzyme,  its kinet ic  propert ies ,  
and  the effect of  HgC12 and urea  on the  enzyme ac t iv i ty .  The following paper  repor ts  
the  regula t ion  of the  enzyme dur ing  deve lopmen ta l  

EXPERIMENTAL PROCEDURE 

Materials 
Allo-free L-threonine, L-a-ke tobutyr ic  acid and pyr idoxa l  phospha te  were 

purchased  from Sigma. Other  amino acids were ob ta ined  from ei ther  Sigma or Cal- 
biochem. The 2 ,4 -d in i t rophenylhydraz ine  was a p roduc t  of  E a s t m a n  and Sephadex  
gel was purchased  from Pharmac ia .  All  o ther  chemicals  were of the  highest  pu r i ty  
avai lab le  and were ob ta ined  from ei ther  Fisher,  Bake r  or Mall inckrodt .  

Methods 
Media and growth conditions. B. licheniformis A-5 was grown on the min imal  

sal ts  med ium previous ly  descr ibed 32. Cells were grown at  37 ° in e i ther  I-1 lots wi th  
shaking  or in 15-1 lots under  forced aerat ion.  W i t h  20 mM glucose the  cells reached the 
end of growth  af ter  4 to 5 h wi th  a genera t ion  t ime of abou t  75 rain (ref. 31). 

Preparation of extract. Cells were grown to near  the  end of the  logar i thmic  growth 
phase,  sed imented  at  12 ooo × g in a Serval l  centr ifuge at  3 ° and  washed once wi th  
o.15 M NaC1. The washed cells of a I-1 cul ture  were suspended in 1o ml of I.O M pot-  
ass ium phospha te  buffer a t  p H  8.0, conta in ing  lO -3 M L-isoleucine and lO -4 M pyr-  
idoxal  phospha te  (hereafter  called s tabi l iz ing buffer), or in IO ml of wate r  where 
indica ted .  The cells were d i s rup ted  b y  sonic osci l lat ion for 3.5 min in a 9.o-kcycle 
Ra theon  sonic osci l lator  and  then  centr i fuged at  40 ooo rev . /min  in a Spinco model  L 
centr i fuge for 60 rain at  3 °. The clear supe rna t an t  solut ion was fil tered through a 
column of Sephadex  G- ioo ,  equ i l ib ra ted  and e lu ted  with  0.25 M potass ium phospha te  
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buffer at pH 8.o. The active fraction was used as the enzyme in crude extract. For 
enzyme purification approx. 75 g of cells (wet weight) were obtained from a 15-1 cell 
culture after the addition of crushed ice and continuous flow centrifugation in a Lourdes 
centrifuge at 4 °. The sedimented cells were suspended in 15o ml of stabilizing buffer 
and extracted twice through a cooled Aminco-French pressure cell held at IO ooo lb/ 
inch ~. The broken cell suspension was subjected to sonic vibration as above in 3o-ml 
lots for 3 min to disrupt the nucleic acids. The extract was clarified by centrifugation 
in a manner similar to that used above. 

Enzyme assay. The enzyme activity was estimated from the amount of a-keto- 
butyrate formed by a modification of the procedure of FRIEDEMANN AND HAUGEN 33. 
The final volume of the standard reaction mixture was o.3 ml and contained potassium 
phosphate at pH 9.2, 60 #moles; L-threonine, 6/zmoles; and the appropriate amount 
of enzyme diluted with 0.2 M potassium phosphate buffer at pH 8.0. The enzyme 
solution was filtered through a 1. 4 cm × 5 cm Sephadex G-Ioo column, equilibrated 
and eluted with 0.25 M potassium phosphate at pH 8.0, just before assay to remove 
all small molecular weight substances and the isoleucine contained in the stabilizing 
buffer. Control tubes contained all components except L-threonine. The reaction time 
was IO min at 37 ° and the reaction was stopped by adding o.I ml of 4 ° % trichloroacetic 
acid. After the addition of 0. 4 ml of o.i % 2,4-dinitrophenylhydrazine in 2 M HC1 the 
mixture was further incubated for IO min at 37 °. Then 0.8 ml of absolute ethanol and 
2.5 ml of 2.5 M NaOH were added followed by vigorous shaking. The absorbance of 
the solution was read immediately in a Zeiss PMQ II  spectrophotometer at 515 m#, 
and the amount of keto acid formed was calculated using a standard curve obtained 
with authentic L-a-ketobutyrate. One unit of activity is that amount of enzyme that 
produced I #mole of a-ketobutyrate in I min in the standard reaction mixture. Specific 
activity is defined as units of enzyme activity per mg of protein. The protein was 
estimated by the method of LOWRY et al. 34. 

RESULTS AND DISCUSSION 

Enzyme purification 
I. Extract. The crude extract from 75 g of cells was prepared as described in 

Methods. 

2. Heat treatment at 55 °. The clear supernatant solution was distributed into 
4o-ml lots and exposed to 55 ° in a water bath. After IO min with occasional swirling 
the solutions were cooled rapidly in an ice bath and the precipitated material was 
removed by centrifugation in a Servall RC-2B centrifuge at 45 ooo × g for 15 min at 3 °. 

3. Heat treatment at 65 °. The supernatant fluid from the 55 ° heat treatment 
was subjected to 65 ° for IO rain and the supernatant solution obtained as above. 

4- Fractionation with ammonium sulfate. Ammonium sulfate (25.0 g) was added 
to the 65 ° superuatant fraction (IOO ml) at 4 ° to give a saturation of about 400/0 . The 
mixture was stirred continuously during the addition and after a total time of 30 min 
the suspension was centrifuged at 30 ooo x g for 15 min. To the supernatant fluid 5.5 g 
of ammonium sulfate was added to produce about 48 % saturation. After stirring for 
30 min, the precipitated protein was obtained by centrifugation. 

5. Heat treatment at 75 °. The precipitated protein was dissolved in a small volume 
of stabilizing buffer and exposed to 75 ° for IO min. After rapid cooling the supernatant 
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fluid was obtained as in the previous heat steps and filtered through a Sephadex 
G-Ioo column or stored at o °. It was important to use a concentrated protein solution 
(>  5 mg/ml) for this treatment at 75 ° to retain the enzyme activity. 

6. Sephadex G-zoo filtration. Samples (o.5 ml) of the clear supernatant solution 
obtained after centrifugation were passed through a colunm (2. 4 cm :~ 6 cm) of Sepha- 
dex G-Ioo. The column was equilibrated and eluted with o.25 M potassium phosphate 
at pH 8.o. The fraction containing the enzyme was kept at o ° and used inunediately 
for analysis since the enzyme was unstable without isoleucine and pyridoxal phosphate. 
The specific activity of the purified enzyme was about 22 ttmoles/lnin per mg of protein, 
representing a purification of about 5o-fold over the starting material. A summary of 
the purification is given in Table I. 

T A B L E  l 

PURIFICATION OF THREONINI~ DEHYDRATASE 

Fraction Volume Units Prolei~z 5pecijic 
(ml) mg/ml activity 

per ml Tohd (t~nits/mg) 

I .  S p i n c o  s u p e r n a t a n t  f lu id  143 11.2 J 600  20. 5 o .42 
2. F i r s t  h e a t  t r e a t m e n t ,  55 ~ 113 11. 7 1322 i 8 . i  o.(L5 
3. S e c o n d  h e a t  t r e a t m e n t ,  05 ~' 98 lO.8 1o58 9 .6  i. 13 
4. A m m o n i u m  s u l f a t e ,  4 ° 48°i~ 17 53.5  907  7-9 o-74 
5. T h i r d  h e a t  t r e a t m e n t ,  75 ° 15 52 .o  780  3-7 r 4 . ° 5  
6. S e p h a d e x  G - i o o  f i l t r a t i o n  3 ° 23 .0  690  1.o 5 2 1 . 9 o  

The unstable nature of the enzyme demanded that the purification be carried 
out immediately after cell harvest. Storage of the enzyme was possible only after a 
cell-free extract was obtained in the presence of isoleucine and pyridoxal phosphate. 
After Sephadex filtration the half-life of the enzyme was about 5 h at o ° in o.2 M 
potassium phosphate at pH 8.o. The use of column chromatography was not possible, 
due to the requirement for a high ionic strength environment by the enzyme. 

The 5o-fold purified enzyme appeared in a single fraction when sedimented in 
a sucrose gradient and coincided with the only protein fraction, indicating a fair degree 
of purity 31. 

Properties of enzyme 
I. Stability of enzyme. Threonine dehydratase was unstable when stored in 

sedimented whole cells as well as in crude extracts and in the purified form under a 
variety of experimental conditions. Cells from 2 ml of cell culture kept at 20 ° lost 
about 50 °/o of their enzyme activity every 24 h The half-life of the enzyme activity in 
cells stored in larger lots increased somewhat. 

In crude extracts prepared with water, the enzyme was inactivated rapidly with 
a half-life of about 2 h. The activity could be preserved with increasing concentrations 
of potassium phosphate at pH 8.0 (Fig. I). A I.O M solution of this buffer increased 
the half-life of the enzyme about 7-fold. The stabilizing effect of high ionic strength 
solutions had also been found for the enzyme in crude extracts of other systems '5,t~ ,s. 
The enzyme activity in crude extracts was dependent on the hydrogen ion concen- 
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Fig. i. Effect of increasing ionic s t rength  on the enzyme stability. Aqueous crude extract  (24 mg 
protein per ml) was added to an equal am oun t  of potass ium phosphate  to yield the concentrat ions 
indicated at p H  8.0. Samples were removed, diluted I : 20 and assayed as described under Methods. 
The I o o %  act ivi ty equalled 0.42/*mole a -ke tobutyra te  per IO rain. 

Fig. 2. Effect of p H  on the enzyme stability. Aqueous crude extract  (24 mg protein per ml) was 
adjusted to the indicated p H  values with an equal amoun t  of 0.2 M potass ium phospha te  or 
0.2 M Tris. For  assay see Fig. I. 

t rat ion and was most  stable at pH 8.o. Both  high and low pH values resulted in rapid 
loss of enzyme act ivi ty  (Fig. 2). 

The enzyme in both  the crude extract  and in the purified form rapidly lost 
act ivi ty  at temperatures  of  25 ° and 37 °. Temperatures of o ° and below prolonged the 
act ivi ty  of  the enzyme. These results are at variance with the da ta  obtained for the 
enzyme from S. typhimurium 4, Rhodospirillum rubrum 6, and Bacillus subtilis s5 since 
these enzymes were fairly stable at room temperature  or 37 ° but  quite labile at o °. 
The B. subtilis enzyme lost the cold sensitivity after partial purification and became 
more stable at o ° (ref. 35). 
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Fig. 3. Effects of subs t ra te  and inhibitor  on the enzyme activity. The substances listed were 
added at  double s t rength  to the same volume of purified enzyme (2.0 mg protein per ml). Samples 
were removed and filtered th rough  Sephadex G-Ioo (see Methods), diluted to a total  of i :4 ° 
and assayed as described under  Methods. The lOO% activity equalled 0.66 #mole a -ke tobutyra te  
per IO rain. Enzyme in crude ext rac t  diluted 1:4 ° gave similar results. 

Fig. 4. Protect ion of enzyme against  heat  denaturat ion.  Purified enzyme (2.0 mg protein per ml) 
equilibrated with 2 • io-~ M amino acid or 2- lO -8 M pyridoxal  phosphate  (PyP) was exposed to 
75 °. Samples were removed and cooled rapidly. The samples were filtered, diluted and assayed as 
in Fig. 3. The lOO% act ivi ty equalled 0.58/*mole a -ke tobutyra te  per lo min. Enzyme in crude 
ext rac t  diluted 1:4 ° gave analogous results. 
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The enzyme was protected (half-life > 4 days) against inactivation at o ° by 
the addition of pyridoxal phosphate and L-isoleucine to the cell-free extract (Fig. 3). 
The substrate L-threonine or any other amino acid tested gave no significant protection. 
The enzyme from E. coli 2 and S. typhimurium 4 are also protected by L-isoleucine, but 
the yeast enzyme is not2% Tile yeast enzyme was protected by pyridoxal phosphate ~". 
The threonine dehydratase of B. licheniforrnis was protected against heat inactivation 
by the same substances that preserved its activity at lower temperatures, namely, 
L-isoleucine and pyridoxal phosphate (Fig. 4). L-Threonine or any other amino acid 
as well as nucleotides failed to protect the enzyme. 

] ' A B L E  1 l 

I N A C T I V A T I O N  A N D  P R O T E C T I O N  O F  T H E  E N Z Y M E  F O L L O ' v V I N G  D I L U T I O N  

F m z y m e  in c r u d e  e x t r a c t  w i t h  a specif ic  a c t i v i t y  o f  o.34 was  d i l u t e d  ant i  k e p t  a t  o" w i t h  t h e  
a d d i t i o n s  i n d i c a t e d .  A f t e r  4 h all  s a m p l e s  w e r e  d i l u t e d  to  a t o t a l  of  i : ioo ,  f i l te red  t h r o u g h  S e p h a -  
d e x  G - t o o  (see Metho4s) a n d  m e a s u r e d  in t h e  s t a n d a r d  a s s a y  (see Methods). 

Dilution Addition Conch. Activity after 4 h 
(M)  (% of initial activity) 

- -  - -  59 
I : i o  . - -  - -  49 
1 :25  - 39 
I : I O 0  - - - -  1 9  

I : I OO L - T h r e o n i n e  1 0  . 2  7 8 
i : i o o  L - I so l euc ine  lO -2 52 
I : I 0 0  L - V a l i n e  i o  - 2  5 1  

i : i o o  L - L e u c i n e  io  -2 52 
i : i o o  P y r i d o x a l  p h o s p h a t e  lO -3 3 ° 

The loss of enzyme activity following dilution has been investigated for the 
yeast enzyme 5. The B. licheniformis enzyme diluted with o.2 M potassium phosphate 
at pH 8.o at o ° lost activity depending on the extent of dilution (Table II). Pyridoxal 
phosphate protected the concentrated enzyme from inactivation but had no influence 
on the loss of activity by the diluted enzyme. Only L-threonine had some protective 
effect and to a lesser extent all amino acids if added at high concentrations (Table II). 
This latter protection was probably unspecific. 

I t  became quite apparent that the time of sonication of the cell samples was 
crucial. Small samples of 2 ml reached their highest enzyme activity after 2o sec of 
sonication and lost all their activity after 6o sec of sonication. For cells from i-1 cultures 
suspended in IO ml the optimal time of sonication was 3.5 rain. The suspending solution 
used was important since additional sonication for 5 rain resulted in o °/ 5 /o loss of 
activity in an aqueous solution and only in lO% loss of activity in the stabilizing 
buffer. In all experiments the sonication time that resulted in optimal activity was 
used. 

2. Substrate specificity. L-Threonine and L-serine can serve as substrates for the 
enzyme, but the activity for L-threonine was 5-8 times greater than for L-serine 
substrates. The enzyme in E. coli a6, Neurospora aT, yeast 2~, and Clostridium tetauomor- 
phum as also deaminated t-threonine more rapidly than L-serine. D-Isomers of threonine 
and serine did not serve as substrates in B. lichenfformis in accordance with all other 
reports. 
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Fig. 5. The p H  profile for the  enzyme.  Aqueous  crude e x t r a c t  (23 mg  pro te in  per  ml) d i lu t ed  
i :4 ° w i th  w a t e r  was i m m e d i a t e l y  added  to  the  s t a n d a r d  assay  s y s t e m  (see Methods) t h a t  was 
a d j u s t e d  to  the  ind ica ted  p H  values  wit t l  0.2 M po ta s s ium p h o s p h a t e  or 0.2 M Tris. Purif ied 
enzyme  d i lu ted  i :5 ° gave  s imi la r  resul ts .  

3. Optimal assay conditions. The enzyme reaction required an alkaline pH and 
the pH optimum was between pH 9.0 and 9-5 in potassium phosphate or Tris-phos- 
phate buffer (Fig. 5). The rate of product formation was the same in either buffer. At 
the pH of 9.2 used for the standard assay the sensitivity of the enzyme toward L-iso- 
leucine was greatly reduced (see Fig. 9). Although threonine dehydratase is a pyridoxal 
phosphate enzyme, the addition of the co-enzyme did not cause any significant increase 
in activity, presumably due to a firm binding of pyridoxal phosphate to the enzyme 
(Table III). Even the partially purified enzyme showed only a slight stimulation after 
pyridoxal phosphate addition. In other systems the pyridoxal phosphate requirement 
can be shown after extensive dialysis 3s or after partial purification1°, ~9. Experiments 
with hydroxylamine-treated extracts indicated that the enzyme required one molecule 
of pyridoxal phosphate n. The addition of fl-mercaptoethanol, glutathione or EDTA 
did not stimulate the enzyme from B. licheni[ormis (Table III). 

4. Kinetics with threonine as substrate. The response of the enzyme to increasing 

T A B L E  I i I  

E F F E C T  O F  P Y R I D O X A L  P H O S P H A T E  A N D  R E D U C I N G  A G E N T S  ON E N Z Y M E  

E n z y m e  in crude e x t r a c t s  w i th  a specific a c t i v i t y  of 0.44 and  in the  p a r t i a l l y  purif ied form wi th  
a specific a c t i v i t y  of 16.8 were d i lu ted  i :5 ° and  the  a c t i v i t y  measured  in the  s t a n d a r d  assay  
(see Methods) con ta in ing  the  subs tances  listed. 

Addition Conch. % Activity 
(M) 

Crude Purified 
extract enzyme 

- -  - -  I O O  l O O  

P y r i d o x a l  phospha t e  lO -5 98 lO2 
P y r i d o x a l  p h o s p h a t e  lO -4 lO 4 lO8 
P y r i d o x a l  phospha t e  lO -8 97 112 
/~-Mercaptoethano] 10 -5 I o I I t o 
E D T A  lO-4 95 i o i  
G lu t a th ione  10 -4 96 98 
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subs t ra te  concentra t ions  was the same for enzyme in crude ex t rac t  and in ti le pa r t i a l l y  
purified form (Fig. 6). The appa ren t  Km value for threonine  was 3" IO a M. The shape 
of the  curve did  not  follow str ic t  Michaelis kinet ics  and  it has been proposed t ha t  the 
subs t ra te  i tself  acts  as a modifier for the  enzyme ag. I f  t i le in i t ia l  velocit ies are p lo t t ed  
b y  the me thod  of ]ANI~_WEAVEll ANI)  B U R N  40 t i le line ob ta ined  is not  l inear even when 
p lo t t ed  as I/V vs. I / IS  "-' (plots not  shown). Similar  results  were ohta ined  for the E. 
coli enzyme is is and it was concluded t ha t  the  action of the  enzyme was not  s t r ic t ly  
bimolecular .  The enzyme from S. O,phim~trimn 4, yeast  2'~, E. coli r', and Rhodopseltdo- 
monas spheroides 1° gave normal  Michaelis ldnet ics  when [.-valine was added,  or when 
A D P  was added  to the ('. teta~mmorphmn biodegrada t ive  enzyme as. The enzyme of  

B. liche~iformis was not  affected hv L-val ine or by  nucleot ides bu t  s l igh t l y  by  ~.- 
aspar t ic  acid. The enzyme of S. tvp/dmztrimn inves t iga ted  b y  o ther  workers  e7 was 
also found not  to be s t imu la t ed  by  I.-valine. 
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Fig .  6. l s o l e u c i n e  e f f ec t  w i t h  i n c r e a s i n g  s u b s t r a t e  c o n c e n t r a t i o n .  C r u d e  e x t r a c t  (zo m g  p r o t e i n  
p e r  ml)  w a s  d i l u t e d  I : 5 ° w i t h  a q u e o u s  5 " i o '; M L- i so l euc ine .  S a m p l e s  w e r e  a d d e d  t o  t h e  s t a n d a r d  
a s s a y  (see Melhods), c o n t a i n i n g  t h e  i n d i c a t e d  s u b s t r a t e  c o n c e n t r a t i o n .  P u r i t i e d  e n z y m e  d i l u t e d  
T :5 ° g a v e  c o m p a r a b l e  r e s u l t s .  

F ig .  7- E f f e c t  o f  i n c r e a s i n g  L- i so l euc ine  c o n c e n t r a t i o n .  P u r i f i e d  e n z y m e  (2.0 n lg  p r o t e i n  p e r  tnl) 
w a s  d i l u t e d  i :5 ° an t i  s a m p l e s  a d d e d  t o  t h e  s t a n d a r d  a s s a y  (see ~qlethods) c o n t a i n i n g  t h e  L-iso- 
l e u c i n e  c o n c e n t r a t i o n s  i n d i c a t e d .  E n z y m e  in  c r u d e  e x t r a c t  d i l u t e d  I :4o ~ a v e  s i m i l a r  r e s u l t s .  
T h e  % i n h i b i t i o n  c u r v e  was: c a l c u l a t e d  f r o m  t h e  a c t i v i t i e s  s h o w n .  

Tile Hill  p lot  has been used to examine  the effects t ha t  can occur between ca ta-  
ly t ic  sites of the  enzyme in E. coli 1~,3~. The slope of the  line ob ta ined  when log V/Vmax- v 
is p lo t t ed  agains t  logI .~ has been in t e rp re t ed  as an indica t ion  of t i le order  of the  
react ion 41. A Hill  plot  (not shown) of d a t a  ob ta ined  for the deamina t ion  at  different 
concent ra t ions  of threonine  had  a slope of 1.12, ind ica t ing  t ha t  the  nmnber  of  inter-  
ac t ing sites is grea ter  t han  I. We  do not  know whether  the  sl ight  var ia t ion  of t i le  
subs t r a t e  s a tu ra t ion  curve from Michaelis k inet ics  and  the consequent  devia t ion  of 
t i le  slope of  t i le Hil l  p lot  fronl un i ty  is significant.  Calculat ions 2~ made  for the  enzyme 
from S. @phimurium showed tha t  the  slope of the Hill  p lot  was equal  to I.O if the  
inac t iva t ion  of the  enzyme during the assay t ime was considered,  and  tha t  the  as- 
sumption~J 2 of two in te rac t ing  sites for the  b ind ing  of L-threonine was not  justified.  
This exp lana t ion  cannot  be used in the  case of B. Iicheniformis since ti le inac t iva t ion  
of the  enzyme dur ing the Io-min  assay in the  presence of the  subs t ra te  was negligible. 
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5. Inhibition of enzyme by L-isoleucine. The biosynthetic threonine dehydratase 
from many bacterial species is subject to end product inhibition by  L-isoleucine 1-6, 
8-10,27,a0. The inhibition by L-isoleucine of the B. licheniformis enzyme (Fig. 6) was 
quite specific, since all other amino acids tested did not inhibit the reaction at all or 
only at a IOOO-fold higher concentration in the cases of L-leucine and L-valine. This 
latter inhibition was possibly due to isoleucine contamination. The effect of L-iso- 
leucine was dependent upon substrate concentration and changed the apparent Kin, 
but not the Vmax. This is an example of an allosteric K enzyme in which both the 
substrate and the effector are allosteric ligands 39. The effect of increasing L-isoleucine 
concentration with a constant amount of substrate on the enzyme activity is shown 
in Fig. 7. At a substrate to inhibitor ratio of IO ooo :I the enzyme activity was inhibited 
to 50% (Figs. 6 and 7). The substrate to inhibitor ratio resulting in 50% inhibition held 
for a substrate concentration ranging from 2" lO -8 to 5" lO-2 M. 

A double reciprocal plot of the data in Fig. 7 showed that  the line obtained was 
not linear (plot not shown). A Hill plot of the same data gave a value for the slope of 
the best straight line equal to 2.0, although a line with 3 different slopes could be 
drawn (Fig. 8). The limitations of the Hill plots have been discussed 41 and all that  is 
suggested from the Hill plot (Fig. 8) is that  at least 2 molecules of isoleucine bind per 
enzyme molecule. 

The extent of inhibition by  L-isoleucine was dependent on the H+ concentration 
(Fig. 9). At the lower pH values the inhibition was greatly enhanced and disappeared 
completely at a pH value of lO. 5. CHANGEUX 16-i8 has determined the affinity of L- 
lsoleucine to the enzyme by a method that  depends on the degree of protection of the 
enzyme against heat denaturation and found that  the degree of inhibition with chang- 
ing pH could be correlated with the affinity of isoleucine for the enzyme. The pH- 
dependent isoleucine effect indicated that  the binding of isoleucine involves active 
groups of the enzyme that  are independent of the catalytic site, since the enzyme is still 
active at pH lO.5, but insensitive to isoleucine inhibition. In addition to the stimulation 
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Fig. 8. Hill  p lo t  for L-isoleucine. The  d a t a  f rom Fig. 7 are p lo t t ed  as log V/Vmax - -  v versus  log 
of  t he  isoleucine concen t ra t ion .  Vmax equal led  o.6 #mole  a - k e t o b u t y r a t e .  

Fig. 9. Effect  of  p H  on the  isoleucine inhibi t ion.  Crude ex t r ac t  (26 m g  pro te in  per  ml) was  d i lu ted  
1:5 ° wi th  aqueous  io  -5 M L-isoleucine. Samples  were added  to the  s t a n d a r d  a s s a y  (see Methods)  
with  p H  va lues  as indicated,  ad j u s t ed  wi th  0.2 M p o t a s s i u m  p h o s p h a t e  or o.2 Yl Tris. The  e n z y m e  
ac t iv i ty  var ied  a t  different  p H  va lues  (see Fig. 5)- At  p H  9.2, o .64/zmole  a - k e t o b u t y r a t e  per  
IO rain were produced .  Purif ied e n z y m e  di lu ted  1:5 ° gave  comparab le  resul ts .  
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of the enzyme by L-valine, as discussed before, this amino acid can also reverse the 
isoleucine inhibition in cell-free extracts  of several microorganisms4,1°42, 2'~. This effect 
was negligible for the B. licheniformis enzyme. L-a-Aininobutyric acid part ial ly over- 
came the isoleucine inhibition in B. licheniformis extracts  at low substrate concen- 
trations similar to the valine effect in other systems. This observation had also been 
made for the B. subtilis enzyme 3. However, L-a-aminobutyrate did not stimulate the 
enzyme in the absence of isoleucine. 

6. Desensitization. Selective inactivation of the inhibitor site has been achieved 
for the enzyme from E. coli by heat t reatment  at 55 ° (ref. 2) and is called desensitization. 
At tempts  to desensitize the B. licheniformis enzyme by this method were unsuccessful 
since both the inhibitory and catalyt ic  functions of the enzyme decreased to tile same 
extent. The same observation was made for the yeast enzyine ~9. Mercurials desensitize 
the enzyme and it has been postulated ~,4 that  blocking o f - S H  groups of the enzylne 
tha t  are part  of the isoleucine binding site cause this desensitization. The effect of 
HgCI~ on the B. licheniformis enzyme is shown in Fig. IO. At low concentrations of 
HgC12 the enzyme is fully active and still quite sensitive to isoleucine inhibition. 
However, at  a HgC12 concentration that  inhibits the enzyme about 50% (Io -G M), the 
enzyme is completely insensitive to isoleucine inhibition. This concentration of HgCI 2 
also prevented the protection by isolencine, since IO -6 M HgCle when added to the 
enzyme either in the presence or absence of L-isoleucine, showed the same degree of 
heat  inactivation (Fig. i i ) .  This was indicative of the same binding site for isoleucine 

and HgCI~ as pointed out by other au thors t  
The inactivation by Hg 2 ~ of the enzyme of R.spheroides 1° is part ial ly reversed 

by the addition of /5-mercaptoethanol and the enzyme showed identical kinetic 
behavior to that  of the native enzyme. This reactivation was not observed for tlle B. 
lichen(formis enzyme even when/~-mercaptoethanol was added simultaneously with 
HgCI 2. The enzyme probably dissociates or alters its conformation irreversibly. 

7. Effect of urea. CHANGEUX 12 reported the inactivation of the E. coli threonim • 
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Fig. io. Desens i t i za t ion  of the  enzyme  wi th  HgC12. Crude e x t r a c t  (23 mg pro te in  per ml) was 
equ i l i b ra t ed  wi th  the  HgC12 concen t ra t ions  listed. After  5 min  a t  o ° samples  were d i lu t ed  I :4 ° 
and  measured  in the  s t a n d a r d  assay  (see Methods) con ta in ing  the  isoleucine concen t ra t ions  in- 

dicated.  

Fig. i i.  Effect  of HgC12 on the  s tab i l i z ing  effect of L-isoleucine. Crude e x t r a c t  (z3 mg pro te in  per 
ml) was  equ i l i b ra t ed  wi th  i o  -a M L-isoleucine, lO .6 M HgC12 or bo th  substances ,  and  exposed  to  
65 °. Samples  were removed,  cooled rapid ly ,  d i lu ted  1:4 ° and  assayed  as descr ibed under  Methods. 
Purified enzyme  d i lu ted  i :5 ° gave  ana logous  results .  
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dehydratase by  urea and concluded from kinetic studies that  an equilibrium was 
established in the presence of urea between an active polymer and inactive monomers. 
The enzyme of B. licheniformis is also subject to this inactivation (Fig. 12). The rate 
of the urea inactivation is high at first and then becomes much smaller after a few 
minutes. The effects of L-threonine, L-valine, L-isoleucine and L-a-aminobutyrate were 
tested on the urea-dissociated enzyme, since CHANGEUX TM had observed that  activators 
and substrates tended to dissociate the enzyme, while inhibitors associated it. The 
effect of these compounds on the B. licheniformis enzyme did not differ from the control 
significantly, although the deviations were in the same direction as observed by 
CHANGEUX. DATTA 10 also failed to see a protective effect of t-isoleucine on the urea 
inactivated enzyme of R. spheroides. 

The urea inactivation was temperature dependent (Fig. 13). Low temperatures 
increased the fraction of enzyme that  was denatured in the presence of urea. The 
equilibrium reached at different temperatures was reversible since the enzyme when 
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Fig. 12. I n a c t i v a t i o n  0£ enzyme  by  urea.  Crude  ex t r ac t  (26 m g  pro te in  per  ml) was  equi l ibra ted  
to give the  u rea  concen t r a t ion  indica ted  a t  0% Samples  were removed ,  d i lu ted  I : 20 and  a s s a y e d  
as descr ibed unde r  Methods. 

Fig. 13. T e m p e r a t u r e  dependence  of u rea  inact iva t ion .  Crude ex t r ac t  (26 m g  pro te in  per  ml) was 
equi l ibra ted  wi th  an  equal  a m o u n t  of  6 M urea  and  exposed  to t he  ind ica ted  t empera tu re s .  
Dupl ica te  samples  were used  for t r ans fe r  to h igher  t empera tu re s .  Samples  were removed ,  d i lu ted  
1:2o and  assayed  as descr ibed u n d e r  Methods. 

transferred to a higher temperature after urea equilibrium was established, was 
reactivated to the activity that  was found for the enzyme exposed to that  higher 
temperature only (Fig. 13). Similar results had been obtained for the E. coli enzyme TM. 

8. Comparison. From the data reported in the literature on the properties of the 
biosynthetic threonine dehydratase it is clear that,  although there are some distinct 
differences, the enzyme in general has similar properties in different microorganisms. 
The differences are usually quanti tat ive and in part  probably due to variations in 
growing the organism, extraction procedures, enzyme analysis, and in the interpre- 
tation of the data obtained, since some variations are found for the enzyme from the 
same organism investigated by  different workers. From the results reported in this 
paper it appears that  the threonine dehydratase of B. licheniformis falls into the same 
pattern, since most of the enzyme properties are similar to the characteristics reported 
in the literature. The enzyme properties that  differ significantly from the values re- 

Biochim. Biophys. Acta, 151 (1968) 449-46o 



460 c.  LEiTZMANN, R. W. BERNI.OHI~ 

ported are the following: (a) The pH optimum is rather high (9.2). (b) Pyridoxal 
phosphate is not required even after partial purification. (c) L-Valine does not activate 
the enzyme or antagonize the isoleucine inhibition. (d) The enzyme is inhibited by 
isoleucine at a significantly lower concentration. 
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