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SUMMARY 

The specific activity of aspartokinase (ATP :L-aspartate 4-phosphotransferase, 
EC 2.7.2.4) decreases rapidly to a IO- to 2o-fold lower level at the end of the growth 
phase in Bacillus licheniformis grown on a minimal glucose-salts medium. Concurrent 
with this decrease in specific activity is a loss of sensitivity to feedback inhibition by 
L-lysine and a slower decrease in the concerted inhibition caused by L-lysine and L- 
threonine. 

Growth of the cells in the minimal medium plus L-lysine and L-threonine caused 
the production of aspartokinase with characteristics similar to those of enzyme from 
cells harvested 4 h after the end of growth. Growth in the presence of either L-lysine 
or L-threonine did not affect the specific activity of the enzyme but did alter its inhi- 
bition sensitivity. The addition of z-lysine to the medium during growth on the minimal 
medium caused a rapid loss of sensitivity to lysine inhibition, 50% desensitization 
occurring in 15 rain. These latter conditions did not produce an alteration in the specific 
activity of the enzyme or in the concerted inhibition by lysine and threonine. 

Despite the marked alteration in feedback-inhibition properties, changes in 
physical or kinetic properties of purified aspartokinase were not observed. Throughout 
the purification steps there was no evidence that  more than one aspartokinase was 
present in B. licheniformis cells. I t  is concluded that  this enzyme is unusually plastic 
and assumes alternate forms depending on the physiology of the cell. 

INTRODUCTION 

Aspartokinase (ATP:L-aspartate 4-phosphotransferase, EC 2.7.2.4) catalyzes 
the first step in the synthetic pa thway of lysine, threonine and methionine 1. The 
pat tern of feedback control of aspartokinase of different organisms has proved to be 
quite varied. In Escherichia col# there are multiple enzymes : one specifically inhibited 
by L-lysine and its formation inhibited by  growth in the presence of L-lysine ; a second 
aspartokinase is inhibited by  L-threonine, but  not affected by  growth in the presence 
of L-threonine ; and a third enzyme is specifically inhibited by  homoserine 2. The fact 
that  the inhibition of the aspartokinase of E. coli by lysine and threonine was inde- 
pendent and additive suggested to STADTMAN et al. ~ that  there were at least two differ- 
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ent enzymes. The threonine-sensitive and lysine-sensitive enzymes proved to have 
different heat stabilities and to be easily separable by (NH4)~SO 4 precipitation. 

The aspartokinases of Bacillus polymyxa 3, Rhodopseudomonas capsalatum 4 and 
Brevibacterium flavum a are subject to concerted inhibition. L-Lysine and L-threonine 
together produced nearly complete inhibition of aspartokinase while either amino 
acid alone had little effect. These results suggested that there was only one asparto- 
kinase in these organisms. 

The aspartokinase of Saccharomyces cerevisiae 1 is almost completely inhibited 
by threonine while the aspartokinase of Rhodopseudomonas spheroides 6 is not inhibited 
by any of the amino acid end products but is inhibited by aspartic-fl-semialdehyde, 
the first branch point intermediate in the pathway fed by the aspartokinase reaction. 

The aspartokinase of B. licheniformis 7 was shown to be inhibited by L-lysine 
and aspartic-fl-semialdehyde and was subject to concerted feedback inhibition by 
g-lysine and L-threonine. The aspartokinase of B. licheniformis, therefore, appeared 
to be similar to that of several other organisms in that there is a single enzyme subject 
to concerted feedback inhibition by lysine and threonine. 

In an earlier report from this laboratory 7 a rapid decrease in the specific activity 
of aspartokinase of B. licheniformis at the end of log phase was described. The in- 
activation of selected enzymes after nutritional change has been observed by other 
investigators using Bacillus8, 9, E. coli 1°-13 and yeast 14-15. LEITZMANN AND BERNLOHR 16 

in their study of threonine dehydratase observed the loss of enzyme activity at the 
end of the growth phase and demonstrated immunochemically that the loss of activity 
was not accompanied by a similar loss in enzyme protein. These results indicate that 
in the case of threonine dehydratase, an inactivation, without loss of enzyme protein, 
takes place at the end of growth. Similar experiments have not been reported for other 
enzymes. 

We have continued the study of the regulation of aspartokinase in B. licheni- 
formis with the hope of elucidating the mechanism of rapid loss of activity at the end 
of the growth phase. During the course of the continued investigation, it was apparent 
that the regulation of aspartokinase in this organism is more complex than originally 
proposed. This report will deal with the feedback inhibition, purification and properties 
of aspartokinase of B. licheniformis cells grown under varied nutritional conditions. 
We will present evidence of altered patterns of feedback inhibition of aspartokinase 
dependent on growth conditions. 

EXPERIMENTAL PROCEDURE 

Materials 
L-Lysine, L-threonine and L-aspartic acid were purchased from Calbiochem. 

Disodium ATP was from Sigma or P - L  Biochemicals. Calcium phosphate gel was 
purchased from Sigma, Sephadex from Pharmacia, and DEAE-cellulose from Cal- 
biochem. All other chemicals were of the highest purity available. 

Methods 
Enzyme assay 
Aspartokinase activity was measured by the production of aspartylhydroxamate 

in a reaction mixture containing hydroxylamine, aspartic acid, ATP, MgSO 4, KC1 and 
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mercaptoethanol  as described by  STADTMAN et al. 1. The reaction mixture  was incubated 
at 25 ° for 3o rain, and aspartic acid was present at IO mM unless otherwise designated. 
Specific act ivi ty  is expressed as mffmoles of aspar ty lhydroxamate  formed per rain, 
per mg protein. Protein was est imated by  the method of LOWRY et alY. The rate of 
the aspartokinase reaction (Fig. i) was constant  over a time interval of 3o rain. This 
was true at all enzyme concentrat ions used in this investigation. 

Growth of cells 
Bacillus licheniformis (A5) was grown on minimal salts plus glucose and am- 

monium lactate as previously described is. The amino acids, L-lysine and L-threonine 
when added were present in the growth medium at o.oi  M. Lots of 15 1 of cells were 
grown under forced aeration. The cells reached the end of growth after 5-6 h. Maximum 
specific act ivi ty  (4o-5o) of aspartokinase in crude extracts  was reached 30-60 rain 
before the end of growth and the specific act ivi ty  decreased rapidly over a 6o-min 

1.6 
J 

150 pg protein / o  

121 ~ '  

s'o I 
*~ " 75 !Jg protein ~o 

i O.6r 

o (  5 "o 5 ~o 25 3o 
Time (rain) 

Fig. i. The t ime course of the aspar tokinase  react ion at two concentrat ions  of par t ia l ly  purified 
enzyme. The assay was as described in the text.  The enzyme specific act ivi ty  was 33 ° . 

period. The specific act ivi ty  4 h after the end of growth was < IO. Log-phase cultures 
were harvested 30 rain before the end of growth phase and post-log cells were harvested 
4 h after the end of growth.  Absorbance was read in a Zeiss PMQ I I  spectrophotometer  
at 54 ° mff. 

Enzyme purification 
Preparation of extract. Extrac t ion  of the enzyme from bacteria and all subsequent 

steps were carried out  at 0-5 °. Packed cells f rom a 15-1 culture were suspended in 
80 ml of  0.25 M potassium phosphate  (pH 6.8) containing 0.03 M mercaptoethanol  and 
broken by  two passages th rough  an Aminco-French  pressure cell held at io  ooo 
lb. inch -2. The suspension was sonicated for I rain in a 2o.o-kcycle MSE sonic oscillator 
in Io-ml volumes to decrease viscosity. The broken cell suspension was centrifuged at 
lO 5 ooo × g for 60 rain in a Spinco model-L centrifuge. The supernatant  solution was 
brought  to a volume of 5o0 ml (8 mg protein/nil) with distilled water. 

(NH4)2SO 4 fractionation. Sufficient solid (NH4)zSO 4 was added to the super- 
na tan t  solution to give a sa turat ion of 4o0/0 . The mixture  was stirred for 30 rain and 
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precipitated material was removed by  centrifugation at 13 ooo × g during 2o min in 
a Servall centrifuge, Solid (NHa)2SO a was then added to 65 ~o satn. and the precipitated 
material was removed. The 4o-65~o (NH4)2SO 4 fraction was suspended in 300 ml 
0.002 M potassium phosphate buffer (pH 6.8) containing 0.003 M mercaptoethanol 
(7 mg protein/ml) and the same procedure was repeated to obtain material precipitating 
between 0-35, 35-40, 40-45, 45-5 o, 50-55 and 55-6O~o satn. Aspartokinase was 
concentrated in the 50-550/0 fraction. This was suspended in IO ml 0.002 M phosphate 
buffer containing 0.003 M mercaptoethanol (29 mg protein/ml). 

Gelfillration. The 50-55 % (NH4)2SO4 fraction was passed through a column of 
Sephadex G-ioo (3 cm × IO cm). The column had been equilibrated and was eluted 
with 0.002 M phosphate buffer. The protein-containing fraction in the void volume 
was absorbed to calcium phosphate gel. 

Calcium phosphate. Enzyme was absorbed to the gel (25 mg protein/g wet wt. 
of gel) and eluted noncontinuously. The gel had been washed with 0.002 M phosphate 
buffer and washed again after protein was absorbed. The first elution solution used 
was o.oi M phosphate buffer, and the gel was centrifuged at 17 ooo ×g  during 5 rain 
in a Servall centrifuge at each step. All buffers contained 0.003 M mercaptoethanol. 
The maiori ty of the enzyme activity was eluted at 0.03 M phosphate buffer with a 
small amount  in the 0.05 M fraction. The supernatant  solutions from the 0.03 and 
0.05 M elution were pooled (0. 9 mg protein/ml) and absorbed to DEAE-cellulose. 

DEAE-cellulose. A column (1. 5 cm × IO cm) was prepared from washed DEAE- 
cellulose and equilibrated with 0.002 M phosphate buffer containing 0.003 M mercapto- 
ethanol. Enzyme from the gel elution was absorbed, the column was washed with 5 ml 
of same buffer and a linear gradient from o to 0.5 M KC1 in 0.002 M phosphate buffer 
at pH 6.8 containing 0.003 M mercaptoethanol was applied. The total gradient volume 
was 400 ml, and 5-ml fractions were collected. Six fractions with high specific activities 
(Tubes 38-43 ) were pooled and precipitated at 6O~o (NH4)2SO 4 saturation. The 
precipitated material was suspended in o.I vol. 0.025 M phosphate buffer containing 
0.003 M mereaptoethanol and brought to 60% satn. with solid (NHa)2SO , (1. 9 mg 
protein/ml). This preparation was stored at --20 ° over a period of months with no 
significant loss in activity. 

The specific activity of the crude supernatant  solutions after centrifugation at 
lO 5 ooo × g ranged" from lO-2O. The specific activity of the final enzyme preparation 
was from 3oo-7oo. When enzyme was purified from cells grown in the presence of 
amino acids or from cells harvested after the end of growth, the extent of purification 
and recovery at each step was very similar. However, the loss of activity during storage 
between purification steps results in different final recovery of enzyme activity. A 
summary  of a representative purification of the logarithmic-phase activity is shown 
in Table I. Also included for comparison are purifications of the activity from cells 
grown in the presence of amino acids and from cells harvested after the end of growth. 

(NHa) 2S04 preparations for inhibitor studies 
Because of loss of lysine sensitivity during purification, some inhibitor studies 

were performed using crude extracts precipitated with (NHa)2SO 4. Packed cells from 
a I-1 lot of cells suspended in 20 ml 0.025 M phosphate buffer (pH 6.8) containing 
0.003 M mercaptoethanol were sonicated for 2 rain in Io-ml volumes. The broken cell 
suspension was centrifuged at lO5 ooo × g for 60 rain, and the supernatant solution 
was brought to a volume of 30 ml with 0.025 M phosphate buffer. The precipitate 
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T A B L ~  I 

P U R I F I C A T I O N  O F  A S P A R T O K I N A S E  

P r o t e i n  c o n c e n t r a t i o n s  a n d  v o l u m e s  a r e  g i v e n  in  t h e  t e x t .  

B. H .  G R A Y ,  R. W. B E R N L O H R  

Preparation Glucose-salts Glucose-salts Glucose-salts Glucose-salts 
(log phase) plus L-lysine plus L-lysine (post-log phase) 

and L-threonine 
Specific Yield Specific Yield Specific Yield 
activity (%) activity (%) Specific Yield activity (%) 

activity (%) 

C r u d e  e x t r a c t  9 t o o  . . . . . .  
S u p e r n a t a n t  s o l u t i o n  

lO 5 o o o  × g 23 . . . . . .  
4 o - 6 5  °~o (NH4)2SO 4 41 i o o  36 i o o  15 IOO 3 t o o  
5 0 - 5 5  % ( N H , ) 2 S O 4  65 41 89 34 25 49 7 37 
Caa(PO4)  2 I61  i 6  212  t 7 48 14 t 7 24 
D E A F - c e l l u l o s e  412  7 47 ° 9 95 8 4 ° i1 

formed between 35-6o% satn. with (NH4)aSO 4 was collected and resuspended in one 
third the original volume. The specific activity and inhibition by lysine and threonine 
were determined immediately. 

Sampling after L-lysine addition during growth 
A zero-time sample (80 ml) was removed at the middle of the growth phase 

(A was approx. 1.35). L-Lysine to o.oi M was added to the culture immediately, and 
8o-ml samples were removed at 5, I5 and 30 rain after the addition of lysine. Packed 
cells were suspended in 4 ml 0.025 M phosphate buffer (pH 6.8) and broken by soni- 
cation for 30 sec. The broken cell suspension was centrifuged at lO 5 ooo × g for 60 rain 
and the supernatant solution brought to a volume of IO ml. The material precipitated 
between o and 6o% saturation with (NH4)2SO 4 was suspended in I ml 0.025 M phos- 
phate buffer (pH 6.8). 

Sucrose-gradient centrifugation 
Sucrose-density gradients were prepared and sampled by the method of BRITTEN 

AND ROBERTS l° and as previously described 16. 
Sephadex G-2oo gel filtration 
The enzyme from different cultures was filtered through a Sephadex G-2oo 

(1. 5 cnl × IO cm) column which was equilibrated and eluted with 0.025 M phosphate 
buffer containing 0.o03 M mercaptoethanol. I-ml fractions were collected. 

Heat treatment 
i-ml samples from (NH4)2SO 4 preparations were heated at 5 °0 for IO rain. 

L-Lysine and/or L-threonine were present at o.oi M. Samples were brought to 60% 
satn. with a saturated (NH,)2SO 4 solution, and the sedimented fraction was suspended 
in i ml 0.025 M phosphate buffer. 

R E S U L T S  

Feedback inhibition and repression of aspartokinase 
In an effort to determine if the synthesis of aspartokinase of B. licheniformis were 

repressible, cells were grown in minimal salts medium containing o.oi M L-lysine, 
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F E E D B A C K  I N H I B I T I O N  A N D  R E P R E S S I O N  OF A S P A R T O K I N A S E  
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Enzyme from cells Phase Specific 
grown on : activity* 

°/o Inhibition by** 

z m M  • m M  ± m M  lysine 
L-lysine L-threonine and threonine 

Glucose sa l t s  log 

Glucose - sa l t s  and  
o .o i  M L-lysine log 

Glucose sa l t s  and  
o.oi  M L-threonine log 

Glucose sa l t s  and  o .o i  M 
L-lysine and L-threonine 

Glucose - sa l t s  

log 

pos t - log  

86 60 o 81 

79 o*** o 76 

69 74 o 80 

15 o *~* 0 32 

5 o*'* O 35 

* IO mM a s p a r t a t e  was p resen t  in  the  r eac t ion  mix tu re .  
"* 3 ° mM a s p a r t a t e  was p resen t  in the  reac t ion  mix tu re .  

"*" The i n h i b i t i o n  r ema ined  o % a t  i o  mM L-lysine. 

L-threonine or both. The specific activities and the sensitivity to feedback inhibitors 
of the enzymes in the 35-6o% (NH4)2SO 4 fraction are shown in Table II .  Growth in 
the presence of L-lysine resulted in a complete loss of inhibition of aspartokinase by 
lysine. There was no significant decrease in specific activity. Growth in medium con- 
taining L-threonine did not appear to influence the specific activity of aspartokinase, 
but sensitivity to feedback inhibition by  lysine was increased. Growth in the presence 
of either L-lysine or L-threonine did not influence the concerted inhibition of asparto- 
kinase by lysine plus threonine. Growth in the presence of both n-threonine and L- 

T A B L E  I I I  

E F F E C T  O F  G R O W T H  C O N D I T I O N S  O N  I N H I B I T I O N  O F  A S P A R T O K I N A S E  B Y  L - T H R E O N I N E  

3 ° mM a s p a r t a t e  was p re sen t  in the  r eac t ion  m i x t u r e  and  in all  cases excep t  the  last ,  the  36-60 % 
a m m o n i u m  sul fa te  f rac t ion  was used (specific a c t i v i t i e s  shown in Table  I). 

Enzyme from cells Phase 
grown on : 

Inhibition Inhibition 
by IO m M  by 30 m M  
L-threonine L-threonine 

Glucose-sMts  log 2 15 

Glucose - sa l t s  and  
L-lysine log 12 54 

Glucose - sa l t s  and  
L- threonine  log 4 9 

Glucose - sa l t s  and  L-lysine 
and  L- threonine  log 9 29 

Glucose - sa l t s  - purif ied 
enzyme  log 8 48 
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lysine resulted in a 6-fold decrease in specific activity. The aspartokinase in this case 
was slightly inhibited by lysine and inhibited only 32% by lysine and threonine in 
combination. The (NH4)2SO 4 preparations from post-log phase cells were low in 
aspartokinase activity. The aspartokinase was not inhibited by lysine and the sen- 
sitivity to lysine and threonine inhibition was slightly decreased. The percent inhibition 
at the concentrations of amino acids used are maximal with the exception of threonine. 
Inhibition by L-threonine alone at higher concentrations is shown in Table I I I .  
Aspartokinase from cells grown in Lqysine was more sensitive to threonine inhibition 
at high concentrations. Aspartokinase from cells grown in L-lysine and L-threonine 
and purified enzyme from cells grown in minimal salts were also more sensitive to 
threonine inhibition. 

Cold sensitivity of aspartokinase 
The loss of aspartokinase activity and lysine sensitivity during purification and 

storage of lysine-sensitive enzyme led us to investigate the cold sensitivity of our 
preparations during a 4-h incubation at o °. The results are shown in Table IV. Lysine 
sensitivity of enzyme from cells grown in the glucose-salts medium or in the presence 

"FABLE IX: 

S E N S I T I V I T Y  O F  A S P A R T O K I N A S E  T O  I N C U B A T I O N  A T  O ° 

An average of 3 experiments .  React ion mix tures  contained aspart ic  acid at  3 ° mM. 

Inhibition (%) by 

Enzyme from cells Phase Specific activity z mM L-lysine z mM L-lysine and L-threonine 
~ r o ~ ) n  O n  : 

oh 4h oh  4 h oh 4 h 

Glucose - sa l t s  log 96 64 52 28 86 75 

Glucose - sa l t s  and  
L-lysine log lO 7 io  5 o o 8 3 8 4 

Glucose - sa l t s  and  
L- threonine  log 90 49 75 45 80 75 

of L-threonine was decreased in the (NH4)2S Q preparations. Aspartokinase activity 
was also decreased in these preparations. Enzyme from lysine-grown cells did not 
change when incubated at o °. The loss of lysine sensitivity of extracts from cells grown 
in glucose salts or in the presence of threonine did not take place at room temperature. 
The loss of total activity and lysine sensitivity in the cold was not accompanied by a 
change in sensitivity to concerted inhibition by  lysine and threonine. 

Effect of L-lysine addition during growth 
The effect of the addition of lysine to cells growing in glucose-salts is shown in 

Table V. While the culture continued to grow after the addition of lysine and the 
specific activity of aspartokinase continued to increase, the sensiti,Aty to lysine 
inhibition decreased rapidly. The loss of lysine sensitivity in two experiments is shown 
in Fig. 2. There was no coincident decrease in the sensitivity of aspartokinase to 
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EFFECT OF L-LYSINE ADDITION DURING GROWTH 

255 

Inhibition (%) 

Time (rain) 3 bsorbance Specific z m M  
after lysine activity* L-lysine 
addition 

z m M  L-lysine 
and L-threonine 

Expt. z 
o 1.4o 118 5 ° 83 
5 1.6o 141 41 81 

15 1.7o 158 27 83 
3 ° 1.95 I54  13 82 

* Assayed in the  presence of  3 ° m M  L-aspartic acid. 

inhibition by lysine plus threonine. The addition of lysine and threonine did not alter 
lysine sensitivity of aspartokinase but did lead to a slow decrease in specific activity. 
The addition of lysine and threonine to cultures during harvesting did not lead to any 
alteration in lysine sensitivity. 

Enzyme properties 
None of the enzyme preparations when tested at a 2- or 7o-fold purification level 

was retarded by Sephadex G-2oo. All preparations shown in Table II were protected 
against heat inactivation at 5 °° for IO min when lysine and threonine were present at 
o .oi  M. Lysine or threonine alone did not protect the activity. Sucrose-density-gradient 
centrifugation of the purified aspartokinase from cells growing on the minimal medium 
is shown in Fig. 3. The enzyme activity was located in Fractions 5-6 in all experiments. 
As will be shown subsequently, this purified enzyme (7o-fold) is insensitive to L-lysine 
inhibition. (NH4)2SO 4 preparations (2-fold purification and lysine sensitive) from the 
same cells were also examined by gradient centrifugation and the enzyme activity was 

100~- - 1raM L- lys ine 
/ i + l m M  L- threonine 

80 * 

i 
/ 

o Expt .  I 
601~ • Expt .  2 

:~ 4(3-- 
'~ 1raM L-lysine 

2C 

1 [ I 
5 15 30 

Time (rain) 

Fig. 2. The inh ib i t ion  of  aspartokinase  by  L-lysine or L-lysine plus L-threonine. Samples  were t a k e n  
before and 5, I5  a n d  3 ° min  after the  addi t ion  of  L-lysine (o.oI  M) to the  culture.  

Biochim. Biophys. Acta, 178 (1969) 248-261  



256  B . H .  GRAY, R. W. BERNLOHR 

16, - -  -- ] 

"- •~ aprotein 
1.4~~ "Activity 

1.21 -- - 6 0  

o 

~; q4o is I ~- 

S B° 8 

8 04 - 2 o  ~ 

FrGctlon NO, 

Fig. 3. Sucrose -dens i ty  g rad ien t  of  purif ied e n z y m e  wi th  a specific a c t i v i t y  of  66o. 3o-drop samples  
were collected and  a s sayed  for e n z y m e  a c t i v i t y  and  p ro te in  c o n t e n t  as descr ibed u n d e r  Methods. 

again found in Fractions 5-6. Furthermore, enzyme from cells grown under the five 
conditions shown in Table II migrated during gradient centrifugation to the same 
position as indicated for the preparations above; Fractions 5-6. 

These data, and the fact that all of the enzyme activities shown in Table II 
purify in a similar fashion (Table I), indicate that  B. licheniformis produces only one 
aspartokinase, but that this activity is altered in vivo depending on the growth con- 
ditions. 

The effect of @sine and~or threonine on activity of purified aspartokinase 
The effects of increasing concentrations of lysine and/or threonine on asparto- 

kinase activity of purified enzyme from log-phase cells grown in glucose-salts are 
shown in Fig. 4. Lysine inhibition in the presence of I mM threonine was maximal at 
0.8 mM lysine. Threonine inhibition in tile presence of I mM lysine was maximal at 
approximately the same concentration. Lysine or threonine alone were inhibitory only 
at much higher concentrations. Thus, lysine sensitivity is lost during the purification 
of the enzyme. 

IO0 
80 1ram L't hr'eonine 

~- Lqys]ne 

lmM L-lysine 
60 ~ + L-threonine 

o c dO y 

20 L-Ly . . . .  

0 0.2 0.4 0.6 023 1.0 5.0 
L-Lysine or [-Threonine conch. (rnM) 

Fig. 4. The  effect of  L-lysine and  L- threonine  or bo t h  on inh ib i t ion  of  a spa r tok inase .  E a c h  reac t ion  
m i x t u r e  con ta ined  75 fig of  e n z y m e  of  a specific a c t i v i t y  of  33 ° and  3 ° mM L-aspar t ic  acid. 
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The effect of substrate concentration on the purified aspartokinase activity 
The effects of concentrations of aspartate and ATP on activi ty of partially 

purified enzyme are shown in Figs. 5 and 6. The reciprocal plots show normal Michaelis- 
Menten kinetics with an apparent  Km for aspartate  of about 20 raM. The apparent  
Km of ATP is about 1.6 raM. This value was not altered at concentrations of aspartate 
ranging from IO to 40 raM. 

The kinetics of inhibition of the purified aspartokinase by L-lysine and L-threonine 
The effect of L-lysine and L-threonine on the apparent  Km is shown in Fig. 5. 

The data indicate that  the inhibition of aspartokinase by lysine and threonine is 

2.8;  . . . . .  i 
T :- 0 , 4 m M  I . - th reon ine  

2 0 r a m  L - t h r e 0 n [ n e  I 

1.6 / i 
2ram c-Lysine ' 

t 

Q8~ ~'~ 
Q4 

0 I_ __[ ] ! 2~__ I . i  L ' [ 1__ 
1 3 5 7 9 

~]EAsportote]  x105  (M- l )  

T 6 

E o 
5 

c~ i 0.2 m M  c-lysine 
4, * O,4mM L-threor~ine 

3 C o n t r o l / ~  

%, / / /  

o 

I / [aTP ] × ~4 (M-~ )  

Fig. 5. Double reciprocal plots of reaction rates  and aspar ta te  concentrat ions  in the presence of  
io mM ATP and feedback inhibi tors  as indicated. 75 fig of enzyme of specific ac t iv i ty  of  33 ° was 
present  in the reaction mixture.  

Fig. 6. Double reciprocal plots of reaction rates and ATP concentra t ions  in the presence of  3 ° mM 
L-aspartic acid and feedback inhibi tors  as indicated. 75 fig of enzyme of specific act ivi ty  of 33o was 
present  in the reaction mixture.  

apparent ly competitive. Lysine and threonine in combination are also apparent  com- 
petitive inhibitors of aspartokinase. The effect of lysine and threonine on the apparent  
Km of ATP is shown in Fig. 6. Both lysine and threonine were apparent  noncompetitive 
inhibitors. 

The effect of growth conditions on kinetic properties of the purified aspartokinase 
Purified enzyme from post-log phase cells and from cells grown in the presence 

of L-lysine, or L-lysine and L-threonine were examined at increasing concentrations of 
aspartate  or ATP. There was no significant difference of the apparent  Km of ATP or 
aspartate (Table VI) when purified aspartokinase preparations from different growth 
conditions were compared. 

The inhibition of aspartokinase by ADP and A M P  
The effects of increasing concentrations of ADP and AMP are shown in Table VII .  

ADP was completely inhibitory at 3 ° raM. The inhibitor effect of ADP was dependent 
on the absolute concentration of ADP rather than the ratio of ADP to ATP. Double 
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T A B L E  V I  

E F F E C T  OF G R O W T H  C O N D I T I O N S  ON K I N E T I C S  OF ASPARTOKINASE 

B. H. GRAY, R. W. B E R N L O H R  

Enzyme  f rom cells Phase Apparen t  K m  aspartate Apparent  K,~, ATP 
grown on: ( raM) ( rnM ) 

G l u c o s e - s a l t s  log 20 i .o 

G l u c o s e - s a l t s  a n d  
L- lys ine  log 25 i ,2 

G lucose  sa l t s  a n d  L- lys ine  
a n d  L - t h r e o n i n e  log 24 i.  6 

G l u c o s e - s a l t s  pos t - log  16 

D e t e r m i n e d  in t h e  p r e s e n c e  of  io  m M  A T P .  
** D e t e r m i n e d  in t h e  p r e s e n c e  of  3 ° m M  a s p a r t i c  ac id .  

reciprocal plots (not shown) of reaction rates and aspartate concentrations in the 
presence and absence of ADP revealed that inhibition of aspartokinase by ADP was 
noncompetitive. 

DISCUSSION 

We have demonstrated that growth of B. licheniformis in the presence of lysine 
yielded an enzyme which was no longer sensitive to inhibition by lysine but  was fully 
sensitive to lysine and threonine in combination. There was no decrease in specific 
activity of aspartokinase. The aspartokinase of these preparations was more sensitive 
to threonine inhibition at high concentrations (lO-3O raM). Growth in the presence of 
threonine also did not result in a decreased specific activity of enzyme but yielded an 
enzyme with increased sensitivity to lysine inhibition and normal inhibition by lysine 
plus threonine. Growth in the presence of lysine plus threonine decreased the specific 
activity of aspartokinase, and the enzyme was not sensitive to lysine inhibition and 
was inhibited only 32 % by lysine and threonine in combination. Alteration in feedback- 
inhibition properties was also found to take place as the culture went out of log phase. 
Enzyme of low activity from post-log cells was not sensitive to lysine inhibition, and 

T A B L E  V I I  

INHIBITION OF ASPARTOKINASE BY .3kDP AND )~xMP 

Expt .  ~ Expt .  2 Expt .  3 

m M  A D P *  Inhibi t ion m M  A M P *  Inhibi t ion m M  A D P  m M  A T P  Inhibi t ion 
(%) (%) (%) 

o o o o 2 2 13 
3 35 3 io  4 4 38 
5 52 5 20 6 6 48 

i o  68 8 8 52 
20 81 20 41 

3 ° 99 3 ° 53 

* A T P  c o n c e n t r a t i o n  a t  i o  raM. 
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sensitivity to inhibition by  lysine and threonine was decreased. Aspartokinase lost 
lysine sensitivity during purification and was found to have increased sensitivity to 
inhibition by threonine. However, purified aspartokinase was fully sensitive to inhi- 
bition by lysine and threonine. 

That  the feedback inhibition of aspartokinase of B. licheniformis was not a 
typical case of concerted feedback inhibition was suggested by the finding of STAHLY 
AND BERNLOHR 7 that  the aspartokinase activity of crude extracts was inhibited 
50-60% by lysine alone. Our demonstration that  enzyme preparations from cells 
grown in the presence of the end products, lysine or threonine have different patterns 
of feedback inhibition might suggest either a multiple-enzyme system similar to that  
in E. coli or an alteration in vivo of a single enzyme under different physiological con- 
ditions. 

Our best evidence for enzyme alteration during growth in the presence of lysine, 
rather than a derepression of a lysine-insensitive aspartokinase, is the finding that  
lysine sensitivity is lost after addition of lysine to a growing culture. The loss of lysine 
sensitivity observed was far too rapid to be accounted for by  synthesis of a new lysine- 
insensitive enzyme, the half-time of desensitization being about 15 rain, while the 
generation time under these conditions is 60 rain. In addition, the inoculation of cells 
containing lysine-insensitive enzyme into minimal medium produces lysine-sensitive 
enzyme within one generation (unpublished data). 

In B. licheniformis there is no aspartokinase specifically inhibited by  low levels 
of threonine as there is in E. coll. Some of our data could be interpreted as evidence for 
the presence of two enzymes : one inhibited by  lysine and a second inhibited by lysine 
plus threonine. When cells were grown in the presence of lysine, lysine sensitivity of 
aspartokinase was lost, but the concerted effect oflysine and threonine was unchanged. 
In addition, enzyme from log-phase cells grown in glucose-salts medimn lost lysine 
sensitivity during purification while inhibition by  lysine and threonine was not altered. 
We would expect that  if two enzymes were present, the inhibitory effect of lysine alone 
and lysine and threonine in combination would be additive. However, the loss of lysine 
sensitivity in every instance has not resulted in any alteration to concerted feedback 
inhibition. We might also expect that  a lysine-sensitive enzyme would be protected 
by  lysine against heat inactivation. However, under conditions when lysine-sensitive 
aspartokinase was effectively protected by  lysine and threonine, lysine did not protect. 

We have been unable to show a difference in properties, other than feedback 
control, of any enzyme preparation during purification or by other physical means. 
One exception was the difference in cold sensitivities. STAHLY AND BERNLOHR 7 have 
reported that  the aspartokinase of crude extracts stored at --20 ° were less sensitive to 
inhibition by lysine. We observed that  aspartokinase from cells grown in the presence 
of lysine was completely stable over a 4-h period at o °. Aspartokinase from cells grown 
in the glucose-salts medium or in the presence of threonine lost activity during standing 
at o ° and at the same time lost lysine sensitivity. Cold sensitivity, therefore, appears 
to correlate in some way with lysine sensitivity. Perhaps the conformation of the 
lysine-insensitive aspartokinase is a more cold-stable structure. 

In all cases where purified enzymes were studied, it was shown that  the apparent  
Km for aspartate and ATP were similar regardless of feedback-inhibition properties. 
This was also true of the Km for aspartate of lysine-sensitive and lysine-insensitive 
aspartokinase in (NH4)2SO 4 preparations. 
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Our evidence suggests that there is a single enzyme, the feedback-inhibition 
properties of which can be markedly altered by growth in the presence of end products 
or by the termination of growth of the cell. To our knowledge this is the first report 
of such a specific conversion in vivo, although alterations in glutanfine synthetase 
show some similarity12,13. 

In B. licheniformis a rapid decrease in aspartokinase activity occurs at the end 
of growthL The decrease observed is too rapid to be accounted for by protein turnover, 
but  aspartokinase may be specifically degraded or inactivated. We favor a hypothesis 
invoking inactivation based on the finding that  threonine dehydratase of decreased 
activity does not show a coincident decrease in enzyme protein1% We have made 
repeated efforts to obtain antisera with precipitating activity for aspartokinase 
without success. Therefore, we have been unable to extend the findings in the case of 
threonine dehydratase to that of aspartokinase. It  is possible that the enzyme exists 
in two or more active forms in vivo. An alteration of this type in vitro has been reported 
for the malate dehydrogenase of B. subtilis ~°. Growth of E. coli in medium containing 
glutamate or ammonia has been shown to result in glutamine synthetase of altered 
properties 1°-13. Growth of yeast in the presence or absence of O 3 leads to the activation 
or inactivation of cytochrome c peroxidase 21. It  has been proposed that the asparto- 
kinase of B. polymyxa 22 assumes four different allosteric states in vitro. In the case of 
the B, polymyxa'~, 23 and Rh. capsalatum 6 aspartokinases, inhibition by lysine alone 
was not observed, although purified preparations were used in both cases. As reported 
here, lysine sensitivity is lost during purification of the B. licheniformis enzyme. 

Concerted feedback inhibition does not allow the regulation of the first enzymatic 
step in a branched pathway by individual end products 2. Since the aspartokinase of 
B. licheniformis is very sensitive to inhibition by lysine alone, the synthesis of both 
methionine and threonine could be diminished by excessive production of lysine. 
However, the desensitization of aspartokinase to lysine inhibition when lysine is in 
excess could allow continued production of intermediates of the pathway. This type 
of desensitization control would regulate lysine production by the concerted feedback 
effect and would insure that the accumulation of lysine would not decrease the pro- 
duction of other end products of the pathway. When lysine and threonine are in 
excess during growth, the reduction of aspartokinase activity and synthesis may be 
very effective. 

The rapid loss of enzyme activity at the end of growth was initially observed in 
studies on the relationship between activity and sporulation in B. licheniformis. From 
the results reported here, it is clear that changes in the total activity and the properties 
of the enzyme are closely related to the physiology of the cell. As the phenomenon 
of sporulation is coincident with changes in nutrition and physiology, it is not possible 
to assume that  the decrease of specific activity and desensitization to lysine inhibition 
are integral parts of the sporulation process. However, the unusual plasticity of the 
aspartokinase may represent a more optimal type of control in a developing procaryot 
and may allow growth and sporulation to proceed in the absence of multiple genomes 
for a single activity. 
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