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SUMMARY 

I. The regulation of the two ornithine transcarbamylase enzymes (carbamoyl- 
phosphate: L-ornithine carbamoyltransferase, EC 2.1.3.3) of Bacillus licheniformis 
was studied. Ornithine transcarbamylase I is repressed by L-arginine, L-citrulline and 
L-ornithine during growth on glucose. Ornithine transcarbamylase II is induced by 
L-arginine (but not by L-citrulline or L-ornithine) in post-logarithmic phase cells or 
in cells growing on glutamate. Glucose addition represses this induction in the gluta- 
mate medium. 

2. The ornithine transcarbamylase I was purified about IO fold and ornithine 
transcarbamylase II about 8 fold. 

3. The two ornithine transcarbamylases have the same pH optimum (8-9) and 
no significant differences could be detected in Michaelis-Menten constants for either 
substrate. 

4. The back reaction (citrulline-+ ornithine) was not catalyzed by either 
ornithine transcarbamylase. 

5. Arginine deiminase was not detected in extracts of these cells. 
6. The physiological role of the inducible ornithine transcarbamylase (ornithine 

transcarbamylase II) is not known. 

INTRODUCTION 

The two functions of ofnithine transcarbamylase (carbamoylphosphate : L-orn- 
thine carbamoyltransferase, EC 2. 1-3.3) have been clearly stated recently 1. The enzyme 
catalyzes the synthesis of citrulline in the arginine biosynthetic pathway in Bacillus 
licheniformis 2 and in all other systems 1. The catabolism of arginine in microbes takes 
different forms, one of which utilizes ornithine transcarbamylase operating in the 
reverse direction. B. licheniformis 2 and B. subtilis 3 degrade arginine via an arginase 
(L-arginine amidinohydrolase, EC 3.5.3.I), thus circumventing the ornithine trans- 
carbamylase. 

* Present Address: Depar tment  of Biochemistry, University of Georgia, Athens, G a . ,  
U.S.A. 
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However ,  i t  was repor ted  t ha t  an orni th ine  t r ansca rban ly lase  ac t iv i ty  could be 
induced  b y  L-arginine dur ing  the l a t e -exponen t ia l  phase of growth of B. licheuiyormis ~. 
Subsequent ly ,  i t  was shown tha t  this  organism can produce  two DEAE-cel lu lose  
separable  orni th ine  t r ansca rbamylases ,  orn i th ine  t r ansca rbamyla se  I being heat  
s table  and  orn i th ine  t r ansca rba iny lase  I I being inducible  and heat  labile '~. The presence 
of two orni th ine  t r ansca rban ly lases  has been repor ted  in Pseudomonas  ~.~ where it is 
clear t h a t  one has an anabol ic  funct ion and the o ther  a ca tabol ic  ()ne. Since we have 
recent ly  shownT, s t ha t  an orni th ine  t r a n s c a r b a m y l a s e  is not  necessary fin the  cata-  
bolism of arginine in B. licheniform.is, it  was of in teres t  to stud?, the control  and en- 
zymic  proper t ies  of the  two orni th ine  t r ansca rbamylase s  in order  to more fully under-  
s t and  the funct ion of these enzymes.  Unfor tuna te ly ,  no definit ive role for the induced 
orn i th ine  t r ansca rbamylase  I I  can be proposed,  and we mus t  conclude tha t  the control  
sys tems of the  cell allow the product ion  of an enzyme tha t  may  not  bc required.  

MATERIALS AND METHODS 

Culture conditions and cell free extracts 
B. licheniformis s t ra in  A-5 was used th roughou t  this  invest igat ion.  The growth 

condi t ions and  cell flee ex t rac t  p repara t ions  used in the  induct ion and repression 
s tudies  in which cells were grown on glucose or g lu t ama te  are descr ibed by  LAISHLFY 
AND BERNLOHR 8. 

Cells used for tile purif icat ion of the inducible  orn i th ine  t r ansca rbamvla se  II  
were grown in I-1 lots in a 2o mM glucose, 5 ° mM a m m o n i u m  lac ta te  and  minera l  sal ts  
med ium 9 supp lemen ted  with  IO mM L-arginine. Growth was at  37 ° in a warm room on 
a New Brunswick  g y r o t a r y  shaker .  Af ter  the  cells had  finished growing on glucose, the  
cul ture  was ha rves t ed  b y  cent r i fuga t ion  at  13 2o0 × g at  o ° for IO lnin. The super-  
n a t a n t  solut ion was d iscarded  and the cells suspended  in 8 ml dist i l led water .  Cell-free 
ex t rac t s  were p repared  by  break ing  the  cells ill a MSE sonic osci l la tor  at  2 fl~r 2 rain 
followed b y  cent r i fugat ion  at  22 ooo ~ ~ for IO nlin. The supe rna t an t  solut ion was 
saved for the  enzyme puri f icat ion steps.  The growth condi t ions  and cell free ex t rac t s  
for t i le de tec t ion  of the  arginine de iminase  were the  same as descr ibed for orni th ine  
t r ansca rbamylase  I I  with the  except ion  t ha t  the  cell free ex t rac t  was d ia lyzed  agains t  
41 of 3 mM succinate  buffer (pH 6) pl~ts I inM mercap toe thano l  for 5.5. h. 

The growth condi t ions  and  cell-free p repa ra t ions  %r the  repressible orni thine  
t r ansca rbamylase  I enzyme purif icat ion were the  same as descr ibed for orni th ine  
t r ansca rbamylase  I I  with the  except ion tha t  the  cells were ha rves ted  dur ing the 
logar i thmic  phase of growth  in a min imal  sal ts  med ium ° conta in ing 60 mM glucose 
and  IOO mM a m m o n i u m  lac ta te .  This high level of glucose was used to insure the  

absence of orni th ine  t r ansca rbamyla se  I I .  

Enzyme assays and protein determination 
Orni th ine  t r ansca rbamyla se  ac t i v i t y  was rou t ine ly  assayed as descr ibed by  

ROGERS AN]L) NOVELL110. The reac t ion  mix ture  was assayed  for ci t rul l ine by  the 
me thod  of ARCH1BAL1) u as modified by  KN1VETT 12. However ,  for the  enzyme puri-  
f ication and kinet ic  s tudies  the  more sensi t ive assay  me thod  of H15NNIN(;ItAKF AND 
GRISOLIA 13 for ci trul l ine was used. To assay  the enzyme in the  reverse direct ion,  t i t -  
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rulline to ornithine, the modified arsenolysis procedure of SCHIMKE et al. 14 was used 
and the appearance of ornithine was measured by  the the method of RATNER 15. 

Arginine deiminase was determined by the modified procedure of OGINSKY ls. 
The assay mixture contained 4 °/ ,moles L-arginine, IOO/,moles Tricine buffer (pH 6.0) 
or IOO/,moles succinate buffer (pH 6.o), enzyme preparation and distilled water to 
i ml. The reaction mixture was stopped after IO rain at 37 ° with 0.2 ml 60% HC1Oa, 
o.8 ml distilled water was added and citrulline determined TM. All protein concentrations 
were measured by the method of LOWRY et al. 17. 

Radioactive dilution experiment for detection of arginine deiminase 
The procedure for growing, harvesting, and preparing cell-free extracts is 

described above. Three reaction mixtures contained 4 °/*moles L-arginine, IOO/,moles 
succinate buffer (pH 6.o) 5.o #C uniformly 14C-labelled L-arginine (spec. activity: 
174 mC/mmole) cell-free extract preparation (13.5 mg protein) and distilled water to 
i .o ml in Servall heavy-walled glass centrifuge tubes. A fourth tube contained all of 
the above mentioned compounds with the exception of the enzyme. Incubation was 
at 37 °. At i5-, 3o-, and 6o-min intervals samples were removed and the reaction 
terminated by immersion in boiling water for 5 min. The tubes were centrifuged at 
12 ooo × g for 5 rain and the supernatant solution was collected. This experiment 
was repeated as described above with the addition of 2o/ ,moles L-citrulline to the 
reaction mixture. This control would allow the trapping of radioactive citrulline if 
it were being formed from arginine. 

The clear supernatant solutions and the appropriate standards (arginine, orni- 
thine, and citrulline) were spotted (2o lambda) on Whatman No. I chromatography 
paper. Ascending paper chromatography was performed using a solvent system con- 
sisting of IOO ml phenol and 2o ml water, and in an atmosphere provided by a beaker 
containing 2o ml o.3 % (NHa)OH. After I I h, the paper chromatograms were removed 
and allowed to dry overnight. The chromatograms were cut into one inch strips and 
the strips containing the standards were sprayed with ninhydrin to locate the amino 
acids. The remaining strips containing the reaction mixture were run through a Baird 
Atomic strip scanner Model 432A to locate and identify the end-products by the radio- 
active profiles on the chart paper, for comparison with the standards. 

Purification of two ornithine transcarbamylases 
Ornithine transcarbamylase II .  The procedure for growing, inducing, harvesting, 

and preparing cell-free extracts is described above. All purification work was per- 
formed at 5 ° or below, unless noted. 

The cell-free extract (7.o ml) was placed on a Sephadex G-5o column (18 cm × 
3 cm) which had been previously buffered with 5 mM Tris-HCl (pH 7.8) plus I mM 
mercaptoethanol. The protein was eluted from the column with the same solution and 
the enzyme collected in 5-ml samples in tubes numbered 3-IO, and pooled. To this 
pooled sample was added solid (NH4)2SO 4 to 6o% saturation. The suspension was 
centrifuged at 22 ooo × g for 5 min. The supernatant  solution was saved and solid 
(NH4)2SO a added to 95% saturation and centrifuged as above. The sediment was 
dissolved in a small volume of 5 mM Tris-HC1 (pH 7.8) plus I mM mercaptoethanol.  
The major portion of the enzyme activity was located in the 6o-95 % (NH4)2SO 4 
fraction. This was dialyzed against 4 1 3 mM Tris-HC1 (pH 7.8) plus I mM mercapto- 
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T A B L E  I 

P A R T I A L  P U R I F I C A T I O N  O F  O R N I T H I N E  T R A N S C A R B A M Y L A S E  I I  

Purification step Volume mg protein/ Spec. act. 7"oral 
(ml) ml (units~rag units ~ 

protein)" 

C r u d e  e x t r a c t  7 30-5 13.9 290o  
S e p h a d e x  ( ; -5  ° 35 5.7 i i . o  2200  
6 o - 9 5  °/o (NH4)oSO4 2.7 5 .0  37 .o  50o  
D E A E - c e l l u l o s e  53 0 -084  94  .0 .t 28 

1 u n i t  o f  enzyme catalyzes the formation o f  I t , m o l e  c i t r u l l i n e  p e r  r a in .  

ethanol for 3 11, and the dialysate was placed on a DEAE-cellulose column which had 
been buffered as described for the Sephadex column. The protein was eluted from this 
column by a linear o.o-o.5 M KC1 (plus i mM mercaptoethanol) gradient and collected 
in 5-ml samples. The enzyme (the activity was found in Tubes 35-45) was collected 
and pooled for the kinetic studies. A summary is given in Table I. 

Ornithine transcarbamylase I. The cell-free extract (17 ml prepared from two 1-1 
cultures of cells) was placed in a 5o-ml erlenmeyer flask, heat-treated by constant 
rotation of the enzyme preparation in the flask for IO rain in a 60 ° water-bath. This 
heat-treated preparation was centrifuged at lO5 ooo ?< g for 3 ° min. The clear super- 
natant solution was fractionated with solid (NH4)~SO 4 to 45% saturation. The sus- 
pension was centrifuged at 22 ooo × g for 5 min. The supernatant solution was saved 
and solid (NH4)2SO 4 added to 95% saturation. After centrifugation as above the 

T A B L E  11 

P A R T I A L  P U R I F I C A T I O N  OF O R N I T H I N E  T R A N S C A R B A M Y L A S F  I 

Purification step Volume rng protein/ Spec. act. Total 
(ml) ml (units~rag units* 

protein) * 

Crude extract [7 .o  22. 5 o . 1 7 8  1~8 
H e a t  t r e a t e d ,  60" I T.o 7-7 o . 4 2 8  3(i. t 
4 5 - 9 5  °~o (NH4)~S()  4 2.,) S.o o .75  ° r7. 4 
DEAE-cellulose 48 o . 0 4 5  t .85  -t.o 

* I u n i t  o f  e n z y m e  catalyzes the formation o f  I p m o l e  citrulline p e r  ra in ,  

sediment was dissolved in a small volume of 5 mM Tris-HC1 (pH 7.8) plus I mM 
mercaptoethanol. Further purification by DEAE-cellulose chromatography was the 
same as described for the inducible ornithine transcarbarnylase, but the enzyme was 
eluted into Tubes 22-36. A summary is given in Table n .  

Materials 
All chemicals were of reagent grade purity. L-Arginine, L-citrulline and L- 

ornithine were chromatographically homogeneous preparations from Mann Research 
Labs, Inc. Uniformly 14C-labelled L-arginine was purchased from Nuclear Chicago. 
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RESULTS 

Repression of ornithine transcarbamylase I 
The addition of L-arginine, L-citrulline or L-ornithine to a B. licheniformis 

culture growing on a glucose-salts medium causes a significant repression of the 
ornithine transcarbamylase activity. Previous studies 5 have shown that  this activity 
is due to ornithine transcarbamylase I. Fig. I illustrates this effect. Growth of the 
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Fig .  I. R e g u l a t i o n  of  o r n i t h i n e - t r a n s c a r b a m y l a s e  s y n t h e s i s  i n  ce l l s  g r o w i n g  on  s a l t s  plus 60 m M  
glucose .  A m i n o  a c i d s  w e r e  a d d e d  as  i n d i c a t e d  a t  ze ro  t i m e  to  a f ina l  c o n c e n t r a t i o n  of  i o  mM.  
G r o w t h  w a s  c o m p l e t e  a t  6 h. S a m p l e s  w e r e  r e m o v e d ,  e x t r a c t s  p r e p a r e d  a n d  t h e  a c t i v i t y  d e t e r -  
m i n e d  as  d e s c r i b e d  in  MATERIALS AND METHODS. P r o t e i n  c o n c e n t r a t i o n s  for  t h e  a s s a y s  r a n g e d  
f r o m  6.8 t o  680 k,g/ml.  

cells in this experiment continued "until the 6th h, so it is concluded that  all three 
amino acids can cause repression of ornithine transcarbamylase I during the entire 
growth period. 

Induction of ornithine transcarbamylase I I  
Fig. I also demonstrates the induction, after growth is completed, of a high 

ornithine transcarbamylase activity. Chromatography of extracts from 7- to 8-h 
cultures indicates that  ornithine transcarbamylase I remains low while ornithine 
transcarbamylase I I  is induced s. L-Arginine addition causes this induction while 
L-citrulline and L-ornithine do not. Since the ornithine transcarbamylase I I  is not 
induced until growth is complete (glucose is exhausted from the medium18.19), the 
phenomenon of glucose-mediated catabolite repression was suggested. Thus, cells 
were grown in a glutamate-sal ts  medium and inoculated into flasks containing the 
glutamate medium to which additions were made. Fig. 2 shows the results of this 
experiment. L-Arginine causes the induction of ornithine t ranscarbamylase-II  activity 
while L-ornithine represses ornithine transcarbamylase-I  activity. Control cultures 
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had about  twice the act ivi ty  of cells grown on the glucose medium. Glucose addit ion 
to a g lu tamate  and c-arginine culture produced a pronounced repression of the 
induction of the ornithine t ranscarbamylase.  Thus, ornithine t ranscarbamylase  II  is 
induced by  arginine and is under cataboli te repression control. Neither L-citrulline 
nor L-ornithine are inducers and the cell apparent ly  does not convert  them to i.- 
arginine at a rate sufficient to cause induction. 

We have recently described, in detail, the regulation of the arginine catabolic 
pa thway  in 14. lichen~formis 8. This pa thway  converts  arginine to glutamic acid in the 
following manner  : 

arginase t ransaminase dehydrogenase 
L-Arginine + ornithine -+ pyrrol ine-5-carboxylate + glutamic acid. 

All of the enzymes of this pa thway  are under  catabolite repression control anti all of 
the enzymes are induced by L-ornithine and L-arginine ~. In  fact, L-ornithine is a better  
inducer than L-arginine on some media. Thus, it is clear tha t  the control pa t tern  of 
the arginine catabolism system is different from tha t  of ornithine t ranscarbamylase I I. 

As a further  check on the val idi ty of the assumption that  ornithine t ranscarba-  
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Kig. 2. i n d u c t i o n  a n d  c a t a b o l i t e  rM)ress ion  of  o r n i t h i n e  t r a n s c a r b a m y l a s e  s y n t h e s i s .  ( ;el ls  were  
g r o w n  on  t h e  s a l t s  m e d i u m  plus 5 ° m M  g l u t a m i c  ac id .  A t  zero  t i m e  L-a rg in ine  was  a d d e d  (t 5 raM) 
to  t w o  c u l t u r e s  (@ ~)) a n d  L - o r n i t h i n e  a d d e d  (I 5 raM) to  a t h i r d  (:< -', ). A f o u r t h  c u l t u r e  
( A - - ~ )  c o n t a i n e d  no  a d d i t i o n s .  A t  3 h, 3 ° m M  g lucose  was  a d d e d  to  one  ( 0 - - 0 )  of t he  a r g i n i n e  
c u l t u r e s .  G r o w t h  was  in m i d - l o g  p h a s e  a t  5 h. O t h e r  d e t a i l s  as  in Fig .  I e x c e p t  t h a t  26 to  0o p g  
p r o t e i n / m l  w e r e  used.  

F ig .  3. T h e  effect  of  p H  on  t h e  o r n i t h i n e  t r a n s c a r b a m y l a s e  a c t i v i t i e s .  ( ) r n i t h i n e  t r a n s c a r b a m y l a s e  
I (11---O); o r n i t h i n e  t r a n s c a r b a m y l a s e  11 ( ( ' 3 - - 5 ) ) .  T h e  a s s a y  is d e s c r i b e d  in  .~IATERIALS AND 
METHODS e x c e p t  for  t h e  use  of  2o0 m M  buf fe r  a t  t h e  i n d i c a t e d  pH .  The  e n z y m e  p r e p a r a t i o n s  w e r e  
D E A E - e e l l u l o s e  f r ac t i ons .  

mylase I I  is not  a par t  of this arginine catabolic pa thway,  a number  of a t tempts  were 
made to demonstra te  an arginine deiminase (L-arginine iminohydrolase,  EC 3.5.3.0) 
act ivi ty  in extracts  of cells tha t  contain ornithine t ranscarbamylase  II .  No deiminase 
act ivi ty  was detected by  either method  described in MATERIALS AND METHODS, and 
we conclude tha t  B. licheniformis cells cannot  degrade arginine to citrulline. A sub- 
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strate for the ornithine transcarbamylase I I  operating in the reverse direction would 
not be present in the cells. 

Kinetics of the two ornithine transcarbamylases 
Ornithine transcarbamylase I apparently functions in B. licheniformis as a 

biosynthetic enzyme. The experiments on regulation that  are described above do not 
allow us to draw a conclusion as to the function of ornithine transcarbamylase II .  
Therefore, both activities were partially purified and the pH opt imum and apparent  
Km constants for both substrates were determined. 

T A B L E  I I I  

SUMMARY OF DATA ON THE TWO ORNITHINE-TRANSCARBAMYLASE ENZYMES 

Characteristic Ornithine transcarbamylase I Ornithine transcarbamylase I I  

Regu la t i on  Repressed  by  L-arginine, I n d u c e d  by  L-arginine 
L-orni thine and  L-citrulline. only.  U n d e r  ca tabol i te  

repress ion control .  
8. 5 8.5 
o.71 mM  o.46 mM 
o . io  m M  o.29 mM 
No No 

p H  o p t i m u m  
Km (ornithine) 
Km (carbarnylphospha te )  
Revers ib i l i ty  

Both ornithine-transcarbamylase activities demonstrate a relatively broad pH 
opt imum of about 8.5 as shown in Fig. 3. Both enzymes displayed normal Michaelis- 
Menten kinetics and Km values were calculated from the slopes of reciprocal plots 
(Table I I I ) .  

We also a t tempted to demonstrate catalysis of the reverse reaction, i.e., ci- 
trulline -+ ornithine by  arsenolysis, using both enzyme preparations. In no case was 
this reverse reaction observed, even though incubation conditions (pH, ionic strength) 
were significantly varied. 

Our results on the characteristics of ornithine transcarbamylase I and ornithine 
transcarbamylase I I  are summarized in Table I I I .  

DISCUSSION 

On the basis of different heat stabilities, the manner of purification, and mecha- 
nism of regulation of biosynthesis, the two ornithine-transcarbamylase activities 
clearly reside in different protein molecules. They are indistinguishable, however, in 
regard to kinetic criteria. 

From the information available, it is reasonable to assume that  ornithine trans- 
carbamylase I serves a biosynthetic function in the cell. The repression by L-arginine, 
the pH optimum and the Km values are all similar to reported literature values of 
biosynthetic ornithine transcarbamylase. The enzymes from Streptococcus lactis ~° 
and Escherichia coli ~1 have pH optima of about 8.5 and Km values for ornithine that  
are in the same range as those reported here. Of the two ornithine-transcarbamylase 
enzymes found in Pseudomonas species1, 6, the one with a pH opt imum of 8.5 was 
judged to be biosynthetic. 
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The role of ornithine transcarbamylase II is much more obscure. This enzyme 
has kinetic constants that are the same as ornithine transcarbamylase I. It is also 
unable to catalyze the back reaction that would be necessary if it were to have a 
catabolic function. However, ornithine transcarbamylase II is induced by arginine 
and the synthesis is under catabolite repression control, thus suggesting a catabolic 
function. 

We are left with a dilemma that cannot be resolved with the available infor- 
mation. However, one hypothesis can be offered. B. licheniformis may contain dupli- 
cate ornithine-transcarbamylase genes under different mechanisms of control. 
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