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Summary 

The enzyme ornithine decarboxylase (L-Ornithine carboxy-lyase, EC 4.1.1. 
17), has been partially purified from the livers of mice subjected to partial hep- 
atectomy (6--8 h previously). 

Mouse liver ornithine decarboxylase requires pyridoxal phosphate, and di- 
thiothreitol for maximal activity. The enzyme has a pH optimum of 7.3, it is 
inhibited in the presence of 0.3 M phosphate, glycine, Tricine and Tris. It 
shows no dependence on metal ions and is inhibited by high salt concentra- 
tions, particularly ammonium salts. 

The kinetics of the enzyme have been studied with putrescine (and analogs), 
spermidine and spermine, in the presence of both high and low levels of pyri- 
doxal phosphate. High concentrations of pyridoxal phosphate inhibit the en- 
zyme. The enzyme is also inhibited by low concentrations of putrescine (1 
mM). As the concentration of putrescine increased to 10 mM, non-competitive 
inhibition was observed, this could be reversed by addition of higher levels of 
pyridoxal phosphate. Spermidine and spermine inhibit (noncompetitively) only 
at high concentrations (10 mM). Ornithine inhibits at high concentrations 
(2 mM). 

Spectral studies have shown that the observed kinetics of competitive in- 
hibition at low concentrations of polyamine changing to noncompetitive inhibi- 
tion at high polyamine concentrations are due to competition between enzyme 
and substrate (or inhibitor) for free (non-enzyme bound) pyridoxal phosphate. 
Noncompetitive inhibition arises through the formation of transient Schiff base 
complexes between amines and free pyridoxal phosphate. 

It also appears that the binding of substrate to the active site takes place 
through Schiff base formation with enzyme bound pyridoxal phosphate. 
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Introduction 

The pyridoxal phosphate dependent  enzyme, ornithine decarboxylase (L- 
Ornithine carboxylyase EC 4.1.1.17) which catalyzes the conversion of  ornithine 
to putrescine (the first and probably rate-limiting step in polyamine bio- 
synthesis [1]) has been studied in a number of  tissues, including rat liver [2], 
rat prostate [3] and malignant tissue [4,5]. Tissue levels of  the enzyme rise 
following treatment  of animals with hormones [6--10],  under stress [11],  
during tissue replacement or growth (as in liver regeneration [11--14])  and in 
tumors [4]. The in vivo increases in ornithine decarboxylase seem to reflect 
a de novo enzyme synthesis [15] (or possibly decreased enzyme destruction) 
since the stimulated increases can be blocked with cycloheximide or actino- 
mycin D [16].  Ornithine decarboxylase also has a very short half life, of  the 
order of  10--20 min, in liver [17]. 

As a result of the above and the apparent lack of  low molecular-weight ef- 
fectors [2,10] with the partially purified enzyme from rat ventral prostate or 
rat liver, it has been concluded that the activity of mammalian ornithine decar- 
boxylase is regulated by the rate of  synthesis and degradation of  the protein. 
(A recent report  by Janne and Holta [18],  indicates that  in vivo inhibition of  
ornithine decarboxylase in regenerating rat liver can be effected by treatment 
of  the animal with putrescine, spermidine or spermine). 

It is the intent of this report  to demonstrate that  regulation of  pre-existing 
ornithine decarboxylase by putrescine, spermidine and spermine and co-factor 
(pyridoxal phosphate) availability does occur. 

Materials and Methods 

Animals. Male CF, mice, from seven weeks to three months old were used. The 
mice were housed and fed as described earlier [19].  A weight range of  25--30 g 
was usual for the animals. 

Animal treatment. Partial hepatectomies were performed under ether anes- 
thesia by the method of  Higgins and Anderson [20].  Livers from groups of 
animals (20--30),  were pooled as sources of  the enzyme. 

Materials. [1-14C]ornithine • HC1 {specific activity 4.62 Ci/mmol) was pur- 
chased from New England Nuclear, Boston, Mass. and was dissolved in water, 
acidified and evaporated to dryness on a rotary evaporator to remove free 
~4CO2. The purity of  [14C]ornithine was shown to be 98% before use, using the 
phosphoric acid cellulose system of Kremzner [21].  Putrescine was also puri- 
fied by this procedure before use. Dithiothreitol was from Nutritional Bio- 
chemicals and pyridoxal phosphate from Sigma, St. Louis, Mo. Putrescine was 
from Eastman Kodak, Rochester,  N.Y. Other materials were from suppliers 
mentioned in the text  or in earlier reports [22,23].  

Methods. Liver cell extracts were obtained by homogenization of  pooled 
livers in cold 15 mM potassium phosphate buffer, (pH 7.3) or 0.1 M Tricine 
containing 5 mM EDTA and 10 mM dithiothreitol. 

Partial purification o f  the enzyme. Partial purification of  the enzyme was 
achieved through the following procedure: 

1. Liver homogenate was centrifuged for 10 min at 10 000 X g in a Sorvall 
RC2B centrifuge. 
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3. The supernatant solution was then centrifuged at 100 000 × g for 1 h on 
a Beckman LS ultracentrifuge. 

3. The solution was then treated with solid ammonium sulfate to 75% satura- 
tion, stirred at 0°C for 15 min, then centrifuged. The precipitate was discarded. 

4. The supernatant solution was dialyzed against 5 vols. of 0.1 M Tricine 
(pH 7.3)/5 mM EDTA, 10 mM dithiothreitol and 50 mM pyridoxal phosphate. 

5. The supernatant solution was passed through a UM20 Amicon filter, 
under N2 pressure; the retentate was used for step 6. 

6. The UM20 retentate (100 mg protein) was applied to a 5 X 1.5 cm column 
for DEAE-Sephadex [2] and the enzyme eluted with the same buffer used in 
step 4 with the addition of 0.2 M NaC1 [2]. 

An approximately 40-fold purification of the enzyme was achieved as deter- 
mined by the increase in specific activity of the final extract relative to the 
supernatant solution of  step 2 (Table I). 

Additional purification was carried out on some samples of the enzyme for 
spectral studies (see legend to Fig. 1) (Table I) but  the more purified material 
appeared to be unstable and activity was lost on storage (at 1--2 mg/ml protein 
concentration and in dithiothreitol) a t - -20  ° C. 

Ornithine decarboxylase assays. The normal assay mixture was 2.5 mM di- 
thiothreitol,  0.2 mM pyridoxal phosphate, 15 mM phosphate or 0.1 M Tricine 
(pH 7.3) and 0.2--0.3 mM [14C]ornithine • HC1 (0.1 pCi) in 1 ml total volume. 
An incubation period of 30 min at 37°C was routinely used. 1 ml of 2 M citric 
acid was added at the end of the incubation period to stop the reaction and re- 
lease trapped ~4CO2. A further incubation of 30 min was then carried out to 
release all 14CO2. The ~4CO: was collected in disposable plastic troughs which 
contained a trapping agent consisting of ethylene glycol/ethanolamine (4 : 1, 
v/v). Under the assay conditions, the reaction was linear for up to 80 min at 
37°C. The pH optimum for the reaction in phosphate buffer was 7.3. The 
buffer and its concentration proved critical with this enzyme. The buffers of 
choice were Tris or Tricine, the latter at 0.1 M was used in most of the experi- 

T A B L E  I 

P U R I F I C A T I O N  O F  M O U S E  L I V E R  O R N I T H I N E  D E C A R B O X Y L A S E  ( O D C )  

S t e p  * S p e c i f i c  Prote in  (rag) Yield  of  R a n g e  of  p u r i f i c a t i o n  

act iv i ty  ac t i v i t y  (%) f a c t o r  ** 
nmol C021h I 
mg protein 

100  0 0 0  X g 8 4 0  1038  100  
s u p e r n a t a n t  
7 5 - - 1 0 0 %  

( N H 4 ) 2 S O 4  3 678  271 57 3- -4- fo ld  
UM 2 0  r e t e n t a t e  9 8 7 0  108 21 8 - -10 - fo ld  

D E A E - S e p h a d e x  21 100  10 12 3 0 - - 4 0 - f o l d  
S e p h a d e x  G - 1 0 0  ***  176  3 1 0  0.3  4 1 2 0 - - 2 0 0 - f o l d  

* De ta i l s  o f  e a c h  s tep  are g iven in the  t e x t .  T h e  data  are f r o m  a representa t ive  e x p e r i m e n t .  
** Pur i f i ca t ion  fac tor s  are e x p r e s s e d  as an  e x p e r i m e n t a l  range  and are re la ted  in e a c h  case  to  t h e  

ac t iv i ty  o f  the  1 0 0  0 0 0  X g s u p e r n a t a n t .  
***  T h i s  s t ep  w a s  o n l y  u s e d  for  e n z y m e  prepara t i ons  e m p l o y e d  in the  spectra l  s tud ies .  
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ments described here (phosphate, imidazole and glycine inhibit). The activity 
of  the enzyme throughout is expressed as pmo114CO2/h/mg protein. 

Other methods. Measurement of  protein concentrations was by the Lowry 
method [24] using crystalline bovine serum albumin (Armor) as standard. 
Liquid scintillation counting was performed in "Aquasol" (New England ,Nu- 
clear) with an "Isocap" 300 Nuclear Chicago scintillation counter. 

Spectral data was obtained on a Zeiss PMQ using 1 ml quartz cuvettes with 
a 1 cm light path. 

Data was processed by linear regression analysis to obtain the kinetic con- 
stants, gm, KI and V. 

Results 

Spectrum of the enzyme. Fig. 1 presents spectral data for the partially pu- 
rified enzyme preparation, dialyzed enzyme, enzyme plus dithiothreitol and 
free pyridoxal phosphate. The peak at 325 nm and the broad maximum at 
380- -395  nm indicate the presence of  the pyridoxal phosphate cofactor on the 
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Fig.  1. Ultravio le t  and visible spec t ra l  d a t a  for  orni thine  d e c a r b o x y l a s e  and py r ido x a l  pho spha te  at pH 
7.2.  0 .05  M s o d i u m  p h o s p h a t e  b u f f e r  (pH 7.2)  was  used.  Th e  e n z y m e  preparat ion ( 7 0  m g  pro te in )  used 
fo r  these  s tudies  w as  pur i f i ed  ( fo l lowing  the  D E A E  S e p h a d e x  S tep  (see  M e t h o d s )  by  passage over  a 
S e p h a d e x  G - 1 0 0  c o l u m n  (30  X 1 c m )  in  0.1 M Tricine and 10 m M  d i t h io th r e i t o l .  (pH 7.3) .  The fract ions  
conta in ing  s ignif icant  orni thine  d e c a r b o x y l a s e  act iv i ty  were  poo led .  A c r y l a m i d e  gel e l ec trophores i s  
s h o w e d  one  maj or  prote in  band w i t h  a n u m b e r  o f  m i n o r  ones .  Puri f icat ion was  a p p r o x i m a t e l y  200- fo ld  
(Table  I)  over  the  orni th ine  d e c a r b o x y l a s e  in the  or ig inal  100  0 0 0  X g s u p e r n a t a n t .  - - - - - - ,  S p e c t r u m  o f  
ornithine  d e c a r b o x y l a s e  as i so la ted  w i t h o u t  addi t ions .  - . . . . .  , S p e c t r u m  o f  f ree  p y r i d o x a l  p h o s p h a t e  
(PLP) .  ( ) S p e c t r u m  o f  orni thine  d e c a r b o x y l a s e  ( O D C )  and d i th io thre i to l  ( D T T )  (2 .5  m M ) .  - . . . .  , 

S p e c t r u m  of  orni thine  d e c a r b o x y l a s e  dib lyzed  f ree  o f  p y r i d o x a l  p h o s p h a t e .  
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enzyme. The slight shift in the maximum of the bound pyridoxal phosphate 
compared with the free pyridoxal phosphate could be attributed to the binding 
of the cofactor to the protein. Exhaustively dialyzed enzyme (three days with 
six buffer changes) shows only a 280 nm maximum. Addition of pyridoxal 
phosphate; and dithiothreitol followed by brief dialysis (24 h with two buffer 
changes) against dithiothreitol-containing buffer restores the full spectrum of 
enzyme. 

Requirements for the enzyme. (Table II)~ Exhaustively dialyzed enzyme 
required added pyridoxal phosphate and dithiothreitol for its activity. There is 
apparently no metal ion requirement. Glutathione (2 mM) was unable to sub- 
stitute for dithiothreitol. 

Ornithine decarboxylase from mouse liver is inhibited by semicarbazide • 
HC1 and ammoniumsalts. 

Substrate saturation o f  ornithine decarboxylase. Fig. 2 shows the effect of 
increasing the concentration of ornithine from 0 to 200 pM. Saturation type 
kinetics are observed in this range of concentrations with a calculated Km for 
ornithine of about 26 pM. At higher ornithine concentrations (2--4 mM) there 
is a sharp drop in activity (substrate inhibition) (Fig. 2). 

The effect o f  increasing pyridoxal phosphate on ornithine decarboxylase ac- 
tivity. Increasing levels of pyridoxal phosphate at constant substrate (0.3 mM) 
increased the activity of dialyzed enzyme until 0.25 mM pyridoxal phosphate 
was reached. Above this level, inhibition of activity occurred. Analysis of this 
effect is shown in Fig. 3 in the Lineweaver-Burk and Eadie-Hofstee plots for 
ornithine decarboxylase activity at two levels of pyridoxal phosphate (0.25 
mM and 3 mM). As the concentration of pyridoxal phosphate is raised above 
the optimum (0.25 mM), the V for the reaction is about doubled, but there is a 
large increase in the Km for ornithine (from 26 to 351 pm). The apparent Km 
for pyridoxal phosphate is 0.1 mM (Fig. 4). 

TABLE II 

REQUIREMENTS FOR ORNITHINE DECARBOXYLASE ACTIVITY 

Conditions Ornithine d e c a r b o x y l a s e  ac t iv i ty  

( p m o l  C 0 2 / m g / 3 0 ' )  × 10 -2 

D i a l y z e d  e n z y m e  * 

D ia lyzed  e n z y m e  + p y r i d o x a l  p h o s p h a t e  (0 .25  m M )  

D i a l y z e d  e n z y m e  + d i t h i o t h r e i t o l  (2 .5  raM)  

D ia lyzed  e n z y m e  + pyridoxal phosphate + dithiothreitol 
D i a l y z e d  e n z y m e  + pyridoxal phosphate + glutathione (1 raM) 
Complete s y s t e m  ** + E D T A  (1 raM) 
C o m p l e t e  s y s t e m  + Mg 2+ (1 raM) 

Complete system + S e m i c a r b a z i d e  • HCI (1 raM)  
Complete system + NaCI  (100  raM) 

Complete system + N H 4 C I  (100  raM) 

8 -  + 2 
35 + - 8 

12 ± 3 
76 ± 10 

10 ± 3 

72 ± 8 
78 -+ 6 

7 -  + 1 

60 ± 9 
18 -+ 8 

* Par t ia l ly  pu r i f i ed  o r n i t h i n e  decarboxylase was dialyzed against 1 m M  E D T A ,  in  0.1 M Tr ic ine  
(pH 7.3)  for 24 h, with 2 changes of buffer. 

** "Complete system" is dialyzed enzyme + p y r i d o x a l  p h o s p h a t e  (0 .25  m M )  + d i t h i o t h r e i t o l  (2 .5  
m M )  + 0.1 M Tr i c ine  ( p H  7.3).  
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Fig. 2. Subs t ra te  s a tu ra t ion  curve  for  o rn i th ine  deca rboxy la se ,  Orn i th ine  c o n c e n t r a t i o n s  of  0 to 2 0 0  #M 
and f r o m  1 to 4 mM (no te  d i f f e r en t  abscissa scale for  l a t te r )  were  e m p l o y e d .  

The effect o f  putrescine on ornithine decarboxylase activity. Fig. 5 presents 
kinetic data for putrescine inhibition of  the enzyme, at both low and high con- 
centrations of  pyridoxal phosphate. At 0.25 mM pyridoxal phosphate,  and 
moderate  concentrations of  putrescine (2.5 mM), almost classic competive 
inhibition is seen (Fig. 5A). At higher levels of  putrescine (10 mM), the kinet- 
ics become more complex. There is a marked reduction in the V (23 • 103 to 
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V 601 "~3mMPLP C) 

\ ; 
20 0.25roMp. "~  0 0.10 

IF-- "-- 
0 0.1 0.2 0.3 0.4 Q5 E 
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y.M ORNITHINE 
Fig. 3. The  e f fec t  of  py r i doxa l  p h o s p h a t e  (PLP) on  o rn i th ine  deca rboxy la se  kinet ics .  Inse ts  in this and 
Figs. 4 and 5 are Ead ie -Hofs tee  k ine t ic  p lo ts  of  the  same d a t a  p re sen t ed  in the  L ineweave r -Burk  graphs.  
Py r idoxa l  p h o s p h a t e  (PLP)  was  tes ted  at  2 concen t r a t i ons ,  0 .25  m M  and  3 raM. 
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Fig. 4. The  e f f e c t  of va ry ing  py r idoxa l  p h o s p h a t e  c o n c e n t r a t i o n s  in the presence  of  a c o n s t a n t  orni thine  
c o n c e n t r a t i o n  on  orn i th ine  deca rboxy la se  act iv i ty .  E x p e r i m e n t s  were  p e r f o r m e d  at 30 pM orni th ine .  Pyri-  
doxa l  p h o s p h a t e  c o n c e n t r a t i o n s  f r o m  0 . 025  to 0.5 mM were  used.  

8 • 103 pmol CO2/mg/h) for the reaction but  the Km for ornithine returns to 
normal. When the level of  pyridoxal phosphate is increased to 3 mM, much of  
the noncompetive aspect of the inhibition is lost (Fig. 5B). The K1 values for 
putrescine are 147 pM in the presence of  0.25 mM pyridoxal phosphate and 
978 pM in the presence of  3 mM pyridoxal phosphate.  These effects can be ex- 
plained in terms of  a model  for the reaction (see below). 

The effect o f  putrescine analogs and other related compounds on ornithine 
decarboxylase activity. Ethylene diamine, 1,3-diaminopropane, 1,5-diamino- 
pentane, spermidine, spermine, and urea were all tested at 1 and 10 mM con- 
centrations. None of  the compounds  showed any significant effects on the en- 
zyme at the lower concentration, but  inhibition was apparent at 10 mM with 
all compounds  (Table III). This inhibition could be overcome by addition of  
higher levels of  pyridoxal phosphate (Table III) and therefore probably re- 
presents the effect  of  polyamine binding to free pyridoxal phosphate. 

Spectral changes o f  the enzyme and pyridoxal phosphate. In Fig. 1, we 
presented the ultraviolet and visible spectrum of the partially purified ornithine 
decarboxylase enzyme. Fig. 6 presents the visible spectral data for the holo- 
enzyme (with and wi thout  1 mM ornithine) and free pyridoxal phosphate {with 
and wi thout  1 mM ornithine); all spectra are at pH 7. 

The formation of  a Schiff base complex with ornithine and both free pyri- 
doxal phosphate and enzyme bound pyridoxal phosphate is apparent since the 
maximum at 325 nm for pyridoxal phosphate is flattened to a shoulder and the 
peak at 388 nm is shifted to 410 nm. Comparable changes occur on the en- 
zyme, the one difference being the enhanced absorbance at 320--330 nm. 

Effect  o f  various nucleotides on ornithine decarboxylase activity. Beck et al. 
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Fig. 5. The  e f f ec t  of  pu t resc ine  On orn i th ine  de c a rboxy l a s e  act iv i ty .  Condi t ions  were  as follows: (A) 
0 .025  m M  p y r i d o x a l  p h o s p h a t e ,  and pu t resc ine  at  0,  1, 2 .5 and 10 mM c o n c e n t r a t i o n s  ( ind ica ted  on  the  
line).  Orn i th ine  was  used  a t  50 - -300  /JM. (B) 0.3 m M  py r idox a l  p h o s p h a t e ,  and pu t resc ine  at  0, 1 and 10 
raM. Orn i th ine  was  used a t  2 8 - - 2 0 0  ~M. 

[25] showed that dibutyryl cyclic AMP was able to stimulate increases in he- 
patic ornithine decarboxylase in vivo, suggesting that regulation of this enzyme 
might be through cyclic AMP. We found that cyclic AMP, deoxy CTP, deoxy 
ATP, deoxy GTP and ATP had no effect on the mouse liver ornithine decar- 
boxylase. 
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T A B L E  TIT 

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

O R N I T H I N E  D E C A R B O X Y L A S E  BY P U T R E S C I N E  A N A L O G S  A N D  S P E R M I D I N E  A N D  S P E R M I N E  

P o l y a m i n e  % I n h i b i t i o n  % I n h i b i t i o n  

(0 .25  m M  p y r i d o x a l  p h o s p h a t e )  (3 m M  p y r i d o x a l  p h o s p h a t e )  

N o n e  * 0 - -  

1 ,3  D i a m i n o b u t a n e  ** 59 18 

1 ,5  D i a m i n o p e n t a n e  ** 57 11 
S p e r m i d i n e  ** 67 8 

S p e r m i n e  ** 71 5 

* R e a c t i o n  m i x t u r e  c o n t a i n e d ,  p y r i d o x a l  p h o s p h a t e  (a t  p r e sc r i be d  c o n c e n t r a t i o n )  0 .3  m M  [ 1 4 C ] -  

o r n i t h i n e  • HC1 2.5 m M  d i t h i o t h r e i t o l  and  0.1 M Tr ic ine  (pH 7.2) .  

** C o m p o u n d s  were  t e s ted  at  10 raM. 
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Fig. 6. Vis ible  spec t r a l  d a t a  for  o r n i t h i n e  d e c a r b o x y l a s e  and  p y r i d o x a l  p h o s p h a t e  in  t he  absence  and  
p re sence  of  o rn i th ine .  All s p e c t r a  were  d e t e r m i n e d  at  0 .05  M s o d i u m  p h o s p h a t e  b u f f e r  (pH 7.2) .  - -  

p y r i d o x a l  p h o s p h a t e  (PLP)  f ree  curves ,  in the  absence  and  p resence  of  l m M  orn i th ine ,  • . . . . .  , o r n i t h i n e  
d e c a r b o x y l a s e  ( O D C )  in the  absence  and  p re sence  o f  1 m M  orn i th ine .  B o t t o m  d o t t e d  curve  s h o w s  the  
s p e c t r u m  o f  the  e n z y m e  in the  absence  of  b o u n d  p y r i d o x a l  p h o s p h a t e  b u t  in t he  p resence  o f  o m i t h i n e .  
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Discussion 

Ornithine decarboxylase from mouse liver is similar in many respects to 
other ornithine decarboxylase enzymes that have been studied [2--5].  Thiol 
requirements for the mouse liver enzyme were not  extensively investigated, 
although others [2,26] have shown marked differences in rat hepatic ornithine 
decarboxylase activity, pH optima and molecular weights for the enzyme with 
various thiols. In this respect it is interesting to note the spectral shift in the 
280 nm region to higher wave lengths on addition of dithiothreitol to the en- 
zyme (Fig. 1), this change might indicate a conformational  alteration occurring 
in the enzyme. Since the oxidation state of  dithiothreitol affects the spectrum 
of this compound,  such subtle spectral changes as we observed could be also 
due to changes in oxidation state. 

With the partially purified enzyme, the apparent Km for ornithine was 26 
pM. In crude liver homogenates it was 250 gM, probably due to other  reactions 
competing with ornithine decarboxylase for available ornithine. 

The spectral data in Figs. 1 and 6 show that pyridoxal phosphate plays an 
important  role in the ornithine decarboxylase reaction. Not  only does the 
binding of ornithine to ornithine decarboxylase enzyme probably take place 
through Schiff base formation, as indicated by the spectral shifts that occur in 
the bound pyridoxal phosphate peaks (Fig. 6), but  also ornithine may form 
Schiff base complexes with free pyridoxal phosphate at pH 7 {Fig. 6). There- 
fore the formation of free pyridoxal phosphate-substrate complexes which are 
not  effective substrates for the enzyme, leads to a form of non-competit ive in- 
hibition at high substrate levels. 

There are thus two opposing effects of  increased pyridoxal phosphate con- 
centrations, at altered substrate level (Fig. 3). A V increase, probably as a result 
of  increased availability of  pyridoxal phosphate in the enzyme active site and a 
Km increase reflecting a binding of  free pyridoxal phosphate to ornithine in a 
Schiff base complex resulting in a pyridoxal phosphate-substrate complex 
which is unable to bind effectively to the enzyme. 

When studying the effect  of  putrescine on ornithine decarboxylase kinetics 
(Fig. 5), we noted that at high putrescine concentrations (10 mM), V is reduced 
but  K m is returned to normal from an increased value at low (2.5 mM) putres- 
cine. The return of  the Km to normal may be due to release of  ornithine from 
Schiff base complex with pyridoxal phosphate by the preferential binding of  
the free pyridoxal phosphate to putrescine which is present in excess. 

The enzyme is competit ively inhibited by low concentrations of  putrescine 
but  not  by its close analogs. Spermidine and spermine inhibit (non-competitive- 
ly) only at high concentrations (Table III). That the catalytic site of  ornithine 
decarboxylase is specific for ornithine is indicated by the lack of  competitive 
inhibition by 1,3 diamino propane or 1,5 diaminopentane. 

Although Friedman et al. [2] reported some nucleotide inhibition of  the rat 
liver enzyme, we detected no effect  of  the tested nucleotides including cyclic 
AMP. (A report  by Byus and Russell [27] indicates that  cyclic AMP may regu- 
late levels of  ornithine decarboxylase in the adrenal medulla and cortex proba- 
bly via an activation of  a protein kinase). 
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Fig.  7. A poss ib le  m e c h a n i s m  fo r  p r o d u c t  a n d  c o f a c t o r  r e g u l a t i o n  o f  o r n i t h i n e  d e e a r b o x y l a s e .  Or  = 
o r n i t h i n e ,  Pu = P u t r e s c i n e ,  E = O D C  a p o e n z y m e ,  P L P  = p y r l d o x a l  p h o s p h a t e .  Th i s  f igure  r e p r e s e n t s  
the t h r e e  equ i l i b r i a  invo lved  in  t he  e n z y m e  s y s t e m ,  (1)  PLP  ( f ree)  ¢ P L P  ( b o u n d )  (2)  PLP  ( f ree)  + (Or)  
(Pu) ~ PLP ( f ree)  • (Or)  (Pu) ,  (3)  PLP ( e n z y m e  b o u n d )  + (Or)  (Pu)  ~=~ PLP  ( e n z y m e  b o u n d )  • (Or)  (Pu) .  
N u m b e r  3 gives rise t o  compet i t ive  inhibit ion w i t h  p u t r e s c i n e ,  i n c r e a s i n g  K m b u t  n o t  V, n u m b e r  2 gives 
rise to  n o n c o m p e t i t i v e  i n h i b i t i o n ,  d e c r e a s i n g  V b u t  n o t  a l t e r ing  K m .  

Proposed regulatory mechanism for ornithine decarboxylase 
The following scheme for the regulation of ornithine decarboxylase by 

metabolites is proposed (Fig. 7) based on the kinetic data reported here. The 
apoenzyme reacts with free pyridoxal phosphate to form holoenzyme in a re- 
versible fashion (the equilibrium lies somewhat in favor of holoenzyme forma- 
tion). Addition of moderate levels of ornithine (Or) or putrescine (Pu) causes 
binding of ornithine or putrescine to the bound pyridoxal phosphate, leading 
either to products (with ornithine) or competitive inhibition (with putrescine). 
Addition of excess ornithine or higher levels of putrescine may cause noncom- 
petitive inhibition by removing free pyridoxal phosphate from the pyridoxal 
phosphate apoenzyme equilibrium, through formation of Schiff bases. With 
putrescine alone mixed noncompetitive and competitive inhibition arise. In- 
creased levels of pyridoxal phosphate reverse the noncompetitive inhibition by 
increasing the free pyridoxal phosphate in equilibrium with the enzyme. 

It has been shown here that mouse liver ornithine decarboxylase, binding 
pyridoxal phosphate only moderately well has complex kinetics through the 
formation of Schiff base complexes with the free cofactor (pyridoxal phos- 
phate) and substrates or inhibitors. The presence of these Schiff bases makes 
interpretation of kinetic data difficult, except at low substrate/inhibitor con- 
centrations and leads to the possibility that this enzyme is partially regulated 
through the availability of free pyridoxal phosphate. 
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