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Summary 

The synthesis of several N-(5 '-phosphopyridoxyl)-amino acids is described. 
These compounds, analogs of the Schiff base intermediate involved in enzyme- 
catalyzed decarboxylation, are potent inhibitors of the cognate amino acid 
decarboxylases. Kinetic studies using partially purified rat liver ornithine de- 
carboxylase, have shown that N-(5'-phosphopyridoxyl)-ornithine inhibits the 
enzyme in a non-competitive manner with respect to both ornithine and py- 
ridoxal-5'-phosphate. These findings suggest that the inhibitor binds to the 
holoenzyme active site in place of the Schiff base intermediate. 

One of the major advances in the design of new drugs in the past few 
decades has been the use of so-called metabolite analogs, or antimetabolites, as 
reversible or irreversible inhibitors of selected enzymes [1,2]. However, a defi- 
ciency of this approach is that the antimetabolite usually blocks most enzymes 
with which the natural metabolite is associated in the cell. This lack of in vitro 
specificity by simple co-enzyme analogs is amply demonstrated by: (1) inhibi- 
tion of pyridoxal phosphate-dependent decarboxylases by 4-bromo-3-hydroxy- 
benzyloxyamine (Brocresine, NSD-1055) [3], (2) inhibition of several enzymes 
involved in de novo synthesis of purines by 6-mercaptopurine [4] or (3) the 
inhibition of several methylases by the 7-deaza analog of S-adenosyl-homocys- 

Abbreviations: PLP, pyridoxal 5'-phosphate; S-Ado-met, S-adenosyl-L-methionine; Cbz-, benzyl- 
oxycaxbonyl-; Boc-, t-butoxycarbonyl-. 
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teine [5 ] .  Some selective toxicity is achieved in vivo by fortuitous differences 
in metabolism of the drug, cellular localization of  enzymes, and related phe- 
nomena [1] .  However, the differences which can be exploited are many and 
varied, and generally not  easily predicted for any individual drug. One way to 
achieve the desired specificity in vitro is to exploit  differences in the transition 
states of the various reactions involving the same metabolite. Although this 
approach has successfully been used to develop very potent inhibitors of  single 
substrate enzymes [6 ,7 ] ,  only a limited effort has been made to use this 
approach to develop inhibitors for enzymes involving more than one substrate 
[8 ,9] .  While much has been written about the magnitude of inhibition con- 
stants observed with transition state analogs [6 ,7 ,10] ,  little attention has been 
focused on the increased specificity to be expected with such compounds.  
Therefore, we have begun to study the effects of this type of  analog on closely 
related enzymes which utilize a c o m m o n  co-enzyme or metabolite as one of the 
substrates. This paper describes the synthesis and kinetic properties of  a new 
inhibitor of  the enzyme which catalyzes the decarboxylation of  ornithine (orni- 
thine decarboxylase, EC 4.1.1.17) ,  the rate-limiting step in polyamine biosyn- 
thesis [11 ] .  

The enzymes which are involved in polyamine biosynthesis are well 
studied, both in bacterial [12 ] ,  and mammalian cells [13] .  The role of  pyri- 
doxal-5'-phosphate (PLP) in the decarboxylation of ornithine is well estab- 
lished [12 ,13 ] ,  and a similar role for PLP has been proposed in the decarboxyl- 
ation of  S-adenosylmethionine (S-Ado-Met) in rat prostate [14 ,15 ] ,  although 
this is still a controversial question [16- -18] .  It is known that the pyridoxal 
analog, 4-bromo-3-hydroxybenzyloxyamine,  is an inhibitor of  both of these 
enzymes [15 ,19 ] .  Therefore, in order to obtain a specific inhibitor for each of  
these two decarboxylases involved in the biosynthesis of  polyamines, we chose 
to synthesize the reduced Schiff base adducts analogous to the Schiff bases 
involved in the enzyme-catalyzed decarboxylation. Recent studies have shown 
that methylglyoxal bis (guanylhydrazone) (MGBG) is a potent and apparently 
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specific inhibitor of S-adenosylmethionine decarboxylase [20]. Several publi- 
cations have described the synthesis of N-(pyridoxyl) amino acids [21,22] and 
N-(5'-phosphopyridoxyl) amino acids [22--25], but only three of these papers 
[23--25] have included any data on the inhibition of enzymes by these com- 
pounds. We have used the method of Severin et al. [23] to prepare the reduced 
Schiff base adducts 3 by use of appropriately blocked amino acids (adduct 1), 
and either pyridoxal (adduct 2) or pyridoxal-5'-phosphate (adduct 2b) as 
shown in Eqn. 1. 

Material and Methods 

Enzymes 
Pyridoxal (adduct 2a) and pyridoxal-5'-phosphate (PLP, adduct 2b) were 

from Sigma. N-5-Cbz-L-ornithine (Cbz: benzyloxycarbonyl-) was from 
Schwarz/Mann, N-5-Boc-L-ornithine (Boc-: t-butoxycarbonyl-) and N-e-Boc-L- 
lysine were from Bachem Inc. DL-[l-~4C]Ornithine (7.66 Ci/mol), L- 

[U-14 C] lysine (0.06 Ci/mol), were from New England Nuclear, and S-adenosyl- 
L-[1 -~ 4C]methionine (1.32 Ci/mol) was from Amersham-Searle. The DL-[I- 
i 4 C] ornithine was dissolved in 2.5 ml of 0.7% perchloric acid, heated to 57°C 
for 30 min, neutralized with 1 M KOH and diluted to 5 ml with 100 mM Tris 
buffer, pH 7.6 at 37°C containing 0.5 mM EDTA. This treatment reduced 
blank values to 100--200 cpm. Enzymes were isolated and routinely assayed 
according to literature procedures: lysine decarboxylase from Escherichia coli 
[26], S-adenosylmethionine decarboxylase from rat prostate [15] and tyrosine 
aminotransferase from rat liver [27]. Ornithine decarboxylase was purified 
50-fold according to the following modification of the procedure of Ono et al. 
[28], and was induced by injecting 80 rats (150--180 g) with dexamethasone 
phosphate [29] (kindly supplied by Merck, Sharp and Dohme; Rahway, New 
Jersey) 1 mg/100 g body wt. The animals were sacrificed 3 h later, the livers 
removed and homogenized in 2 vol. of 0.25 M sucrose, 10 mM mercaptoetha- 
nol, 10 mM Tris buffer (pH 7.0) at 4°C. All subsequent operations were carried 
out at 4°C. The homogenate was centrifuged at 23 000 × g for 20 min and the 
supernatant was then centrifuged at 100 000 X g for 1 h. The pH of the super- 
natant was adjusted to pH 4.6 by the slow addition of 2 M acetic acid. The 
solution was centrifuged at 20 000 × g for 10 min and the precipitate homo- 
genized in 0.1--0.3 times the original volume with 50 mM Tris buffer (pH 7.6) 
containing 0.075 mM PLP, 10 mM mercaptoethanol, 0.5 mM EDTA. The pH of 
the homogenate (generally 5.5--6.0) was adjusted to 7.0 with 50 mM Tris base 
and dialyzed against 300 vol. of 10 mM Tris buffer described above, with one 
change of buffer over a period of 8 h. The dialyzed material was centrifuged at 
20 000 X g for 10 min and the supernatant stored at --20°C. This supernatant, 
which contained 4.5 g protein, was then applied to a DEAE-cellulose column 
(2.6 X 40 cm) equilibrated with the dialysis buffer. The column was washed 
with approx. 150 ml of dialysis buffer containing 0.05 M KC1 and then with 
150 ml of dialysis buffer containing 0.1 M KC1. The enzyme was eluted with a 
linear KC1 gradient generated by placing 0.1 M KC1 (750 ml of dialysis buffer) 
in the mixing chamber and 0.4 M KC1 (750 ml of dialysis buffer) in the reset- 
voir at a flow rate of 60 to 70 ml/h. The active fractions were pooled, concen- 
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trated by  ultracentrifugation and stored at --70°C. The overall recovery of 
activity was approx. 65% and specific activity of  the enzyme was 58 nmol CO: 
formed per h per mg protein. 

For routine assay of  ornithine decarboxylase activity the method of Fried- 
man et al. [30] was used, except  that the concentration of PLP was maintained 
at 75 pM. For kinetic studies with saturating levels of  PLP or ornithine, the 
following modification of the standard assay [30] was used so that higher 
specific activities could be obtained at reasonable cost. The incubation mixture 
contained in a final volume of 0.155 ml: 5 pmol Tris buffer (pH 7.6 at 37°C), 
0.1 pmol EDTA, 1.0 pmol mercapthoethanol,  0.1 pmol  [1-14C] ornithine (0.76 
pCi), enzyme solution, and appropriate amounts of adduct  3a and PLP (or 
ornithine) as indicated. The incubations were carried out  in glass vials (12 X 35 
mm) placed in glass scintillation vials containing 1.5 ml of 0.02 M citric acid for 
efficient heat transfer. The scintillation vials were closed with plastic caps 
supporting a plastic well containing 0.2 ml of  a 2 : 1 mixture of ethylene glycol 
monoethyl  ether and monoethanolamine.  After 1 h at 37 °C, the reactions were 
stopped by injecting 0.2 ml of 2 M citric acid into the incubation mixture. The 
samples were incubated overnight at 25°C with shaking and the radioactivity 
determined by placing the wells into 10 ml of  scintillation cocktail (33% etha- 
nol and 4.2% liquifluor in toluene) and assaying in a Packard Tri-carb liquid 
scintillation spectrometer.  All values were corrected for the appropriate blanks 
(generally 100--200 cpm). The recovery of ~4CO 2 as determined from 
Nail 14CO3 was 89% for this method.  Protein was measured by the method of 
Ross and Schatz [31] ,  and velocities are in units of  nmol CO2 formed per h per 
mg protein. 

Chemistry 
Our initial synthetic studies employed N-5-Cbz-L-ornithine (adduct la)  

for coupling with adduct 2. Unfortunately the free acid was only partially 
soluble in a solution of methanolic KOH [23] ,  and thin-layer chromatography 
analysis of the reaction mixture revealed that  approx. 50% of the starting 
material, adduct  la ,  remained. In order to circumvent the solubility problems, 
the benzyl ester adduct  l b  [32] was coupled with adduct 2b in methanolic 
KOH [23] ,  and the fully blocked reduced Schiff base purified to homogenei ty 
by chromatography on silica gel. However deblocking of this pure product  in 
various acidic and/or basic media resulted in considerable cleavage of  the 5'- 
phosphate or lactam formation, rather than the desired adduct  3a. Next we 
turned our attention to a more labile N-blocking group, and chose the t -butoxy 
carbonyl (Boc) group. N-5-Boc-L-ornithine methyl ester (addult ld )  [33] was 
coupled with pyridoxal phosphate in the usual manner [23] ,  and hydrolysis of 
the Boc-group with CF3 COOH, followed by saponification of the methyl ester 
again led to lactam formation, as observed with the adduct  derived from adduct 
lb .  While attempting to study the time course of the reduction reaction in 
aqueous media, it was observed that adduct  l c  was considerably more soluble 
in H2 O than was adduct  la.  Therefore it appeared that the free acid adduct l c  
might be used in the coupling-reduction reaction, and this proved to be the 
method of  choice for the synthesis of adduct  3. Thus, coupling of either adduct  
l c  or adduct  I f  with adduct  2, followed by reduction with NaBH4 gave a crude 
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reduced Schiff base, which was sufficiently pure for further transformations. 
Deblocking the c0-amino group with CF3 COOH, followed by chromatography 
on Dowex 50 (H ÷ form) gave the desired adduct  3 with only trace amounts of 
impurities. An analytical sample could be obtained by preparative thin-layer 
chromatography on cellulose in butanol/acetic acid/water (12 : 3 :5 ) .  

A typical preparation of adduct 3 is as follows: Pyridoxal-5'-phosphate 
hydrate (265 mg, 1 mmol) was dissolved in a solution of KOH (112 mg, 
2 mmol) in 5 ml anhydrous methanol. To the resulting yellow solution was 
added a solution of  the appropriate co-Boc amino acid (1 mmol) in 8 ml metha- 
nol containing 56 mg (1 mmol) KOH. The clear yellow reaction mixture was 
cooled in an ice bath to 0°C and after 20 min total reaction time, was treated 
with sodium borohydride (approx. 40 mg) until the bright yellow solution 
turned almost colorless and did not fade upon further additions of sodium 
borohydride. The reaction mixture was allowed to stir in the ice bath for an 
additional 15 min, and then was neutralized at 0°C with acetic acid to pH 6. 
The solvent was removed in vacuo at room temperature resulting in a yellow, 
bubbly, glass-like solid. This residue was treated in an ice bath with 10 ml of 
chilled trifluoroacetic acid to remove the Boc- protecting group. After 15 min 
the trifluoroacetic acid was removed in vacuo at room temperature. Residual 
traces of trifluoroacetic acid were removed via a toluene azeotrope, resulting in 
an off-white gummy residue. The gummy residue was dissolved in 10 ml of 
water and the foggy aqueous solution was extracted once with ether. The 
resulting clear, faintly yellow, aqueous solution was applied directly on a Bio 
Rad AG 50W-X4 (100--200 mesh, H ÷ form) column (1.6 × 24 cm). The 
column was washed with approx. 300 ml of water and the product eluted with 
1 M NH4OH in 5-ml fractions. Typically, the product came off in fractions 
33--40. The combined peak fractions were lyophilized to give a pale yellow 
solid in good yield. The physical properties of adduct 3 are given in Table I. 

All attempts to prepare adduct 3 from S-Ado-met and adduct 2 failed due 
to the facile intramolecular cyclization of S-Ado-met and/or its reduced Schiff 
base adduct,  adduct  3, in basic media to give 5'-methylthioadenosine in addi- 
tion to homoserine lactone and/or its reduced Schiff base adduct. This can be 
readily demonstrated by thin-layer chromatography of  the reaction mixture 
and comparison with authentic 5'-methylthio-5'-deoxyadenosine. This reaction 
is well documented in aqueous media [34,35],  and the decreased stability of 
sulfonium ions in non-aqueous media [36] presumably results in a very fast 
intramolecular cyclization under the reaction conditions to give the observed 
products rather than the desired adduct  of S-Ado-met and adduct 2. 

Results and Discussion 

The reduced Schiff base adducts 3, were tested as inhibitors of  the de- 
carboxylases which utilize PLP, and either ornithine or lysine, in addition to 
several other PLP-dependent decarboxylases and aminotransferases. Pyridoxa- 
mine and pyridoxamine-5'-phosphate were also tested as inhibitors of ornithine 
decarboxylase. These data, summarized in Table II, clearly demonstrate the 
requirement for the phosphate and amino acid portions of adduct 3 in order to 
obtain potent  inhibition of the enzymes studied. In addition, it has been found 
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T A B L E  II  

E F F E C T  OF A D D U C T  3 ON V A R I O U S  P L P - D E P E N D E N T  ENZYMES 

E n z y m e s  used  are abb r e v i a t e d  as follows: ODC, L-Orn i th ine  d eca rb o x y l a se  (EC 4 .1 .1 .17) ;  LDC, L-lysine 
deca rboxy l a se  (EC 4 .1 .1 .18) ;  SAMDC, S -adenosy l -L-me th ion ine  d eca rb o x y l a se  (EC 4 .1 .1 .50) ;  T A T ,  T y r o  
sine a m i n o t r a n s f e r a s e  (EC 2 .6 .1 .5) .  E n z y m e s  were  isolated and  assayed as descr ibed  in the  t ex t .  

E n z y m e  [PLP]  (raM) [ A m i n o  acid]  (mM) a inh ib i t ion  b (%) 

3a 3b 3c 

ODC c 0 .075  0 .64  (0 .07)  90  0 85 
LDC 0.05 3.0 (1 .5)  75 0 90  
SAMDC 0 0.1 (0 .05)  0 0 n.d. 
T A T  0 .05  6.3 (1 .4)  22 8 n.d.  

a K m  (mM)  for  a m i n o  acid given in parentheses .  
b All inh ib i tors  p resen t  at  a final c o n c e n t r a t i o n  of  1.0 raM; n.d. ,  n o t  d e t e r m i n e d .  
c 32% inh ib i t ion  of  o rn i th ine  deca rboxy la se  was observed  in the  p resence  of  1.0 mM pyr idoxamine -5 ' -phos  

pha t e  as inh ib i to r  in place of  3. No inhib i t ion  of  o rn i th ine  d eca rb o x y l a se  was observed  in : the  presence  of  
1.0 mM p y r i d o x a m i n e .  

that the N-(5'-phosphopyridoxyl)alanine (adduct 3, R1 = CHa, R2 = H, R3 = 

Olh(OH)2 ) is ineffective as an inhibitor of E. coli ornithine decarboxylase (T. 
Karpetsky and P. Talalay, personal communication),  thus demonstrating a re- 
quirement for the appropriate amino acid side chain (R1) in the adduct 3. The 
fact that adducts 3a and 3c are both effective against ornithine and lysine 
decarboxylase is evidence for some flexibility in the binding of  these adducts to 
the enzymes. However, it should be noted that the ornithine adduct,  3a, was 
consistently more potent  than the lysine adduct, 3c, as an inhibitor of  orni- 
thine decarboxylase, and conversely, adduct  3c was consistently more potent  
that adduct  3a as an inhibitor of lysine decarboxylase. In addition, lysine 
decarboxylase is a bacterial enzyme and its presence has not  been demonstrated 
in any mammalian cells to date. Thus, for in vivo studies in mammalian cells, 
this lack of  absolute specificity is of  little consequence. These data are qualita- 
tively similar to those presented in prior publications dealing with inhibition of 
other PLP-dependent enzymes by N-(5 ' -phosphopyridoxyl)amino acids. Thus, 
apo-glutamate-aspartate transaminase (EC 2.6.1.1) is similarly inhibited by both 
N-( 5 '-phosphopyridoxyl)glutamate,  and N-(5 '-phosphopyridoxyl)aspartate 
[23] .  Other PLP-amino adducts are much less effective at concentrations com- 
parable with that  of PLP (40 pM) employed in the standard assay [23] .  In the 
same manner, it has been shown that apo-dopa decarboxylase (aromatic acid 
decarboxylase; EC 4.1.1.28) is inhibited by both N-(5 '-phosphopyridoxyl) tyro-  
sine and N-5'-(phosphopyridoxyl)phenylalanine,  while other  PLP-amine ad- 
ducts are much less effective [25] .  The slight inhibition of tyrosine aminotrans- 
ferase by 1 mM adduct  3a is perhaps due to the phosphate moiety of  adduct  
3a, since it is known that phosphate ion is an effective inhibitor of this enzyme 
[271. 

More detailed kinetic studies were carried out  with adduct  3a and orni- 
thine decarboxylase. Figs 1 and 2 show the inhibition data at saturating levels 
of  ornithine and PLP respectively. These plots lead to values of K m for orni- 
thine of 70.2 pM and for PLP of 0.26 pM, which are in good agreement with 
literature values of  80 pM and 0.3 pM respectively [37] .  Replots of these data 
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Fig. 1. L ineweaver -Burk  plot  of  k inet ic  da ta  for  the  inh ib i t ion  of  o rn i th ine  d eca rb o x y l a se  by  0 pM (o),  
0.1 pM (o) ,  0 .64  pM (A), and 1.0 pM (m) a d d u c t  3a, in the  presence  of  0.6 m M  L-orni th ine .  Orni th ine  
deca rboxy la se  was isola ted and pur i f ied  as descr ibed  in the  t ex t .  E n z y m e  (100  pl) was d i lu ted  to 1.2 ml  
wi th  bu f fe r ,  and  d ia lyzed  against  1 l bu f f e r  (10  m M  "Iris, p H  7.6, 0 .5 raM E D T A ,  10 m M  2- rae rcap toe tha -  
nol  and  50 m M  KCl) for  8 h to ob ta in  a p o - o m i t h i n e  deca rboxy la se .  

Fig. 2. L ineweave r -Burk  p lo t  of k inet ic  da ta  for  the  inhibi t ion of  o rn i th ine  decarboxy lase .  Panel  A: 
Inh ib i to r  c o n c e n t r a t i o n s  were  0 pM (e) ,  10 #M (D), 50 pM (v) ,  and 100  pM (v)  a d d u c t  3a in the  presence  
of  75 gM PLP. Panel B: Inh ib i to r  c o n c e n t r a t i o n s  were  0 ~uM (e ) ,  0 .39  pM (A), 0 .64  #M (A), 1 .0 /zM (o),  
and 2.0 pM (m) a d d u c t  3a in the  p resence  of 5.0 #M PLP. Orn i th ine  d eca rb o x y l a se  was isolated and 
pur i f ied as descr ibed  in the  t ex t  and then  di luted 1 : 200 wi th  buf fe r  pr ior  to assay.  

show that the kinetic equations of ornithine decarboxylase inhibition by ad- 
duct  3a are very complex. Against varying concentrations of PLP and saturating 
levels (610 pM) of  ornithine (Fig. 1), S-hyperbolic I-linear non-competit ive 
inhibition [ 38] is observed, whereas against varying concentrations of  ornithine 
and saturating levels (75 pM and 5 pM) of  PLP, S-linear I-hyperbolic (Fig. 2A), 
or S-hyperbolic I-linear (Fig. 2B) non-competit ive inhibition is observed. In 
general, PLP-dependent decarboxylases are thought to bind substrates and 
products via the ordered sequence shown in Scheme I [39] .  Thus, in the pres- 
ent case, PLP would be expected to bind first to the apoenzyme,  E, and then 
form holoenzyme complex (E' • PLP) between PLP and a presumed lysyl side 
chain of the protein via an intermediate non-covalently bound enzyme • PLP 
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SCHEME I 

PLP Orn CO2 Put 

E E ... PLP ~ E'--PLP 'E"... PLP--Orn E' ... PLP--Put  

3a~  ~ p L P - - O r  n 
E" .... 3a 

PLP 

E'--PLP ~- E ... PLP E 

Orn, orni thine;  Put, putrescine 

complex (E. • PLP). The E' • PLP complex could then undergo a transimination 
reaction to form the key intermediate imine between PLP and ornithine (E".  
PLP-ornithine). Decarboxylation, followed by release of products, would then 
proceed via the steps shown in Scheme I. It  is important to incorporate the 
features of Scheme I into any discussion of the inhibition data. Since adduct 3a 
is simply the reduced counterpart  of PLP-ornithine, it seems reasonable to 
assume that  adduct  3a will bind to the enzyme in the site normally occupied by 
PLP-ornithine during the decarboxylation. Consideration of  Scheme I leads to 
the conclusion therefore, that  adduct  3a must bind to enzyme E" in order to 
form the inhibitor E""  adduct 3a complex analogous to E " .  PLP-ornithine. 
When appreciable amounts of E' • PLP are present, as is the case with saturating 
levels of PLP and limiting amounts of ornithine, it is more difficult for adduct 
3a to bind E" and form the inhibitory complex. This is in contrast to the 
situation with saturating levels of ornithine and variable, non-saturating concen- 
trations of PLP, where considerable apoenzyme, E, is available and little E' . 
PLP is present. Any E' • PLP which does form is rapidly converted to E " .  
PLP-ornithine, in which case adduct  3a can combine with E" to form the 
inhibitory complex. 

If adduct  3a were acting simply as an analog of either PLP or ornithine in 
a normal sequential ordered reaction [38],  one would predict that  the inhibi- 
tion of ornithine decarboxylase by adduct  3a could be overcome by saturat- 
ing concentrations of either PLP or ornithine; i.e., a PLP analog would exhibit 
competitive kinetics against varying concentrations of PLP, etc. It is clear from 
the data in Figs 1 and 2 that this is not the case in the present work. The 
non-competitive inhibition observed may be explained by the series of equili- 
bria in Scheme I, in which adduct 3a binds to E", and not to free apoenzyme E. 
In the case of several PLP-dependent enzymes [40,41],  there are data that 
support a slow interconversion between conformationally distinct apoenzyme 
and holo-enzyme via a rapidly formed intermediate of unspecified structure. 
Therefore it is probable that  enzyme E" differs somewhat in conformation from 
apoenzyme E. These two enzyme forms would be distinguishable in a steady- 
state kinetic analysis and therefore non-competitive inhibition by adduct 3a 
should be observed. This is the case in the inhibition of ornithine decarboxylase 
by adduct  3a in the presence of both non-saturating (Fig. 1) and saturating 
(Fig. 2) levels of PLP. 

Ki values obtained from these data are 1.2 and 66 pM in the presence of 
saturating PLP concentrations of  5 pM and 75 pM respectively, and 0.6 pM in 
the presence of saturating ornithine (610 pM) and varying PLP. The large 
difference in the Ki values obtained in the presence of saturating PLP (Fig. 2) 
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presumably is a consequence of  the requirement that adduct  3a bind to E", 
which is less available in the presence of  a saturating concentration of  PLP and 
limiting ornithine. However, the formation of E'  • PLP is a reversible process, 
and at concentrations of  adduct  3a approaching the concentration of PLP 
inhibition is observed as adduct  3a begins to compete  with PLP for E". This 
leads to Ki values of  1.2/aM and 66 pM, which are very similar to concentra- 
tions of PLP present in the respective assays (Fig. 2). It should be noted that 
the apparent competi t ion of adduct  3a and PLP will not  lead to competitive 
inhibition kinetics when varying PLP in the presence of saturating ornithine 
(Fig. 1). This is because adduct  3a binds to E", whereas PLP initially added to 
the reaction mixture binds to apoenzyme E. The lower K i value obtained 
against varying amounts of  PLP is more indicative of  the potential efficacy of  
the drug in vivo, since the concentration of  PLP it/ a liver homogenate is 
approx. 28 nmol per g [42] and thus limiting in comparison to the value of 
approx. 210 nmol per g [43] for the concentration of ornithine. In this regard, 
it is of  interest to note that  several analogs of ornithine have been synthesized 
and tested as ornithine decarboxylase inhibitors [37,44--46] .  These com- 
pounds are either inactive as ornithine decarboxylase inhibitors [45] ,  or inhibit 
the enzyme by reacting with PLP, thereby depleting the supply of PLP availa- 
ble for reaction with ornithine prior to decarboxylation. The latter type  of  
inhibition can be reversed by high concentrations of  PLP [37,44] although a 
recent paper has claimed that the inhibition of rat prostate ornithine decar- 
boxylase by a-methyl ornithine is no t  reversed by PLP [46] .  However, the 
authors gave few details concerning their enzyme isolation procedure, and did 
not report  a complete  kinetic analysis over a wide range of PLP concentrations 
[46] .  Our results show that inhibition of  apo-ornithine decarboxylase by ad- 
duct  3a is not  reversed by high concentrations of  PLP (Fig. 1). In addition, 
even at saturating levels of PLP where holoenzyme certainly is the predominant  
species, adduct  3a is still an effective inhibitor of  ornithine decarboxylase, 
although higher concentrations of the drug are required for the reasons dis- 
cussed above. 
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