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Abstract-In vitro, 5-fluoropentane-1,Cdiamine and 5,5-difiuoropentane-1,4-diamine are potent 
enzyme-activated inhibitors of rat liver ornithine decarboxylase (EC 4.1.1.17). The two ~-fluorome~yl 
derivatives of putrescine activate to different degrees S-adenosyl-L-methio~ne decarboxylase (EC 
4.1.1.50). The difluoromethyl derivative differs from the monofluoromethyl derivative in that it is not 
a substrate of diamine oxidase (EC 1.4.3.6), but is a better substrate of mitochondrial monoamine 
oxidase (EC 1.4.3.4) than the monofluoromethyl derivative. In uivo, a single i.p. injection of 
2OOm&g of 5-fluoropentane-1,4-diamine to rats causes a marked decrease of the ornithine decar- 
boxylase activity in the ventral prostate and to a lesser extent in the thymus, whereas 5,5- 
difluoropentane-1,4-diamine causes only a slight decrease of this enzyme activity in the prostate and 
does not affect it in the thymus. Both compounds produce a decrease of 4-am~obutyrate : Z-oxoglutarate 
aminotransfer~ (EC 261.19) activity in the brain. The differences observed between the biochemical 
properties of the two cu-fluoromethyl derivatives of putrescine are discussed in relation to the pK= value 
of the o-amino group which decreases from 7.75 for 5-fluoropentane-1,4-diamine to 6.4 for 5,5- 
difluoropentane-1,4-diamine. 

The cu-ethynyl analogue of putrescine is a potent 
enzyme-activated inhibitor of mammalian omithine 
decarboxylase (EC 4.1.1.17) [l-3]. The proposed 
mechanism of inhibition involves abstraction of the 
propargylic hydrogen of the pseudo-substrate by the 
enzyme. This is due to the microreversibility of the 
protonation step in the enzymic decarboxylation of 
the normal substrate, r_-ornithine, to putrescine. This 
abstraction of hydrogen yields a propargylic carb- 
anion which leads after a prototropic shift to the 
formation of a Michael acceptor in the enzyme 
active-site. This electrophilic species can react with 
a nucleophilic residue within bonding distance to 
form a covalent bond with the enzyme [l]. 

By invoking a similar abstraction of hydrogen (Fig. 
I) ~-halomethyl analogues of putrescine could also 
be enzyme-activated irreversible inhibitors of orni- 
thine decarboxylase. Such a concept of decarboxyl- 
ase inhibition has been applied successfully to mam- 
malian L-aromatic amino acid and histidine 
decarboxylases (EC 4.1.1.26 and EC 4.1.1.22); the 
~-monofluoromethyl derivatives of dopamine and 
histamine are enzyme-activated inhibitors of these 
decarboxylases [4]. The fluorine atom, which is dif- 
ficult to displace in a direct substitution reaction and 
which combines a good leaving group ability in 
elimination reactions [5] with a size comparable to 
that of a hydrogen atom, appears to be the preferred 
halogen. 

In this publication, we report the in vitro and in 
viva inhibition of rat omithine decarboxylase by 
o-monofhtoromethyl and cx-difluoromethyl putres- 
tine. In addition, these compounds are activators of 
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S-adenosylmethionine decarboxylase (EC 4.1.1 SO) ~ 
the other decarboxylase in the polyamine biosyn- 
thetic pathway [6]. They are also substrates of the 
mitochondrial monoamine oxidase (EC 1.4.3.4) and 
they inhibit 4-aminobutyrate : 2-oxoglutarate amino- 
transferase (EC 2.6.1.19) in vivo, due to their trans- 
formation into the corresponding derivatives of 4- 
~inobuty~c acid. 

MATERIALS AND METHODS 

Chemicals. The following compounds were pur- 
chased: or,[I-14C]ornithine (58 Ci/mole) and S- 
adenosyl-L-[carboxyl-‘4C]methionine (60 Ciimole) 
(Radiochemica1 Center, Amersham, England); 
nL[l-14C]glutamate (50 Ci/mole) (New England 
Nuclear Corp., Boston, MA, U.S.A.); L-ornithine, 
pyridoxal phosphate, ammonium sulfate, reduced 
glutathione (GSH), thioacetamide, sucrose, potas- 
sium nitrate, KOH 0.1 N (Titrisol) and buffer 
reagents (Merck, Darmstadt, Germany); EDTA 
tetrasodium dihydrate (Calbiochem, La Jolla, CA, 
U.S.A.); dithiothreitol, NAD*, S-adenosyl-r_-meth- 
ionine, putrescine dihydrochloride, 4-aminobutyric 
acid, horseradish peroxidase, hog kidney diamine 
oxidase (Sigma, St Louis, MO, U.S.A.). 
Methylglyoxal-bis-(guanylhydrazone) dihydro- 
chloride monohydrate was obtained from Aldrich- 
Europe (Beerse, Belgium). Scintillators were pur- 
chased from Beckman Instruments, Fullerton, CA, 
U.S.A. L-Z-Methylornithine and n-Zmethyiorni- 
thine were synthesized in our laboratories [7]. 

5Fluoropentane-l,4-diamine dihydrochloride 
(RMI 71864). 1-Fluoro-5-phthalimido-pentan-2-one 
(1) was synthesized in 63% yield from 4- 
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Fig. 1. Proposed mechanism for the enzyme-activated inhibition of ornithine decarboxylase by the LY- 
Auoromethyl derivatives of putrescine. After formation of a Schiff base with pyridoxal phosphate in the 
enzyme active site (step l), hydrogen abstraction (step 2) and elimination of one of the fluorine atoms 
(step 3) leave a highly reactive Michael acceptor which can alkylate some nucleophilic residue (Nu) of 

the enzyme active site (step 4) to inactivate the enzyme. 

phthaIimido-~-butyr~I chloride [8] acwrding to the 
method of Blah and Welch [9] [m.p,: 92” (ether- 
pentane); Anal. talc. for C13H$N03: C, 62.65; H, 
4.85; N, 5.62. Found: C, 62.72; H, 4.76; N, 5.56%]. 
Reduction of 1 with 1.5 equiv. af NaBH4 in a I : 1. 
(v/v) mixture of tetrahydrofuran and methanol at 
- 20” for 15 min gave the corresponding alcohol 2 in 
85% yield [m.p.: 85” (ether); Anal. talc. for 
GxH~~FO~N: C, 62.14; H, 5.62; N, 5.57. Found: C, 
62.12; H, 5.27; N, 5.50%]. Transformation of the 
alcohol 2 to I-Auoro-2,5-diphthalimido-pentane (3) 
was achieved in 60% yield by the method of Mit- 
sunobu et al. [IO]. [M.p.: 112” (tetrahydrofuran- 
ether); Anal. talc, for G1Ht#N201: C, 66.31; H, 
4.50; N, 7.36. Found: C, 65.95; W, 4.63; N, 7.19%], 
HydroIysis of the diphthalimido intermediate 3 in 
concentrated hydrochloric acid at 100” for 3 days 
afforded S-fluoropentane-1,4-diamine dihydro- 
chloride in 8S% yield [m-p.: 154” (ethanol); Anal. 
talc. for C&I&N~.2HCl: C, 31.10; H, 7.83; N, 
14.51. Found: C, 31.25; H, 7.66; N, 14.22%]. 

5~5-D~~~oropent~~e-~~4-d~rni~e (MDL 72034). 
The synthesis of this compound has been described 
elsewhere [llf” 

4-Deuterio-5,5-difluoropentane-l,4-dinmine. This 
compound was prepared by using the following 
sequence: decarboxylation of 2-difluoromethyl-2- 
ethoxycarbo~yl-S-phthal~mido-~“pentanoic acid [ll] 
in deuterated acetic acid, followed by hydrolysis of 
the carboxylic ester under neutral conditions fiodo- 
trimethylsilane [12], llO”, 4 hr) yielded the corre- 
sponding acid (85% ‘H, as determined by mass spec- 
trometry); conversion of the acid to the correspond- 
ing amine was achieved by the standard Curtius 
rearrangement sequence; hydrolysis with concen- 
trated HCI, loOa, 48 hr, afforded the dihy~~hIorid~ 
salt of 4-deute~o-5,5-di~uoropentane-~,4-~ami~~ 
with an overall yield of 35% [m.p.: 138” (ethanol)]. 

5-Pentane”l,4-diamine (MDL 71823). 1,4- 
Dibromopentane (15g), prepared by treatment of 
cu-methyltetrahydrofuran (10 g) with 40% hydro- 
bromic acid (60 ml) and concentrated sulfuric acid 

(22 ml) for 3.5 hr at 100”, was reacted with potassium 
ph~alim~de (20.4g) and sodium iodide (20.48) in 
dimethylformamide (165 ml) at 160” for 8 days. After 
concentration in vacua, extraction of the residue 
with chloroform and purification by chromatography 
on silica gel (eluant: tetrahydrofuran-hexane 1: 9), 
l,ediphthalimido pentane (3.5 g) was obtained 
which, upon hydrolysis with concentrated hydro- 
chloride acid (lOOmI, 3 days, lOOf), afforded, after 
recrystallization from methanol-ether, 1.2 g of LY- 
methylputrescine dihydrochloride [m.p.: 143’; Anal. 
talc. for C&&~NX, 2HCl: C, 34.28; H, 9.23; N, 1.6.00. 
Found: C, 34.27; H, 8.98; N, 15.79%]. 

Determination of the p&. values. The measure- 
ments were carried out by titration at 37” essentially 
as described by Wagner et al. [13], using a semi- 
automatic titration system consisting of the Mettler 
modules DK IO, 12, 13 and 15 connected to a DV 
II burette, and equipped with a combined glass elec- 
trode Metrohm EA 125. A 2ml quantity of 
5 X 10m3 M amine solution in water containing an 
excess of HCl were titrated at constant ionic strength 
(0.1 M KN03) with 0.1 N KOH. 

The p&s were determined by comparison of the 
calculated and the experimental titration curves until 
the best fit between the two curves was obtained by 
using a Hewlett-Packard HP 9820 calculator fitted 
with a HP 9862 plotter. The concentrations of the 
different ion species for a given pH were cafculated 
from the prC, values, by using a computer program 
(P. Vitali and J. Wagner, unpublished). 

Animals, Male rats of the Sprague-Dawley strain 
(200-220g body wt) were purchased from Charles 
River, France. Animals had access to standard diet 
and water ad libittcm and were kept under a constant 
12 hr light/l2 hr dark lighting schedule. They were 
killed by decapitation at about the same time of day 
to minimise effects due to diurnal fluctuations. Drugs 
dissolved in 0.9% saline, were injected intraperito- 
neally. Rats given saline served as controls, 

Assay of time-dependent inhibition of ornithine 
decarboxylase (in vitro). The enzyme preparation 



Ornithine decarboxylase inhibitors 3873 

was obtained from the liver of rats which had been 
injected with thioacetamide (150 mg/kg of body wt) 
18 hr before sacrifice, and was purified about 10 fold 
by acid treatment at pH 4.6 as described by Ono et 
al. [14]. The specific activity of this preparation was 
0.2 nmoles of COz/min/mg of protein. The kinetic 
constants of the time-dependent inhibition were 
determined essentially as described previously [l]. 

Measurement of ornithine decarboxylase activity 
(ex vivo). Immediately after sacrifice, the ventral 
prostate, testis and thymus of the animals were 
excised and homogenized. Ornithine decarboxylase 
activity was measured according to a published pro- 
cedure [2]. 

Assay of S-adenosyl-L-methionine decarboxylase 
(in vitro). This enzyme was prepared from the liver 
of rats which had been injected with 
methylglyoxal-bis-(guanylhydrazone).2HCl. The 
purification steps were steps 1 and 2 (105,000 g cen- 
trifugation and (NH4hS04 precipitation) described 
by Pegg [ 151. The specific activity of this precipitate 
was 0.3 nmoles of COz/min/mg of protein. The 
enzymic activity was measured according to Pegg 
and Williams-Ashman [16]. Measurement of the 
activation constants was performed as described for 
putrescine by P&ii et al. [17] at 0.2mM S- 
adenosyl-L-methionine concentration in 30 mM 
sodium phosphate buffer, pH 7.1. 

Assay of mitochondrial monoamine oxidase and 
of diamine oxidase (in vitro). Mitochondria from rat 
liver were obtained by differential centrifugation of 
the tissue homogenates in 0.25 M sucrose [18]. The 
particulate fraction was resuspended in ice-cold 
0.1 M phosphate buffer, pH 7.4 and served as a 
source of monoamine oxidase. The activities of mito- 
chondrial monoamine oxidase and of diamine oxi- 
dase were measured at pH 7.8 as described by Snyder 
and Hendley [19], using the putrescine derivatives 
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Assay of glutamate decarboxylase, 4-amino- 
butyrate: 2-oxoglutarate aminotransferase and deter- 
mination of whole brain 4-aminobutyric acid con- 
centration. The activities of the two enzymes and the 
concentration of 4-aminobutyric acid were estimated 
as described previously [20]. 

Dataprocessing. Kinetic constants were calculated 
by using a least-squares fit of the data points with 
a Hewlett-Packard 9820 calculator. Ex uiuo values 
of enzyme activities and of 4-aminobutyric acid con- 
centrations were the means f S.E.M. of five ani- 
mals. The significance of the differences between 
controls and treated animals was calculated by Stu- 
dent’s t test with the above-described calculator. 

RESULTS 

Effects of a-fluoromethyl derivatives of putrescine 
on ornithine decarboxylase activity in vitro. The two 
Lu-fluoromethyl derivatives of putrescine were tested 
as time-dependent irreversible inhibitors of ornithine 
decarboxylase. Liver from thioacetamide-treated 
rats was used as the source of the enzyme for the in 
vitro experiments. Incubation of the enzyme prep- 
aration with 5-fluoropentane-1,4-diamine and 5,5- 
difluoropentane-1,4-diamine resulted in both cases 
in a time-dependent loss of enzyme activity which 
followed pseudo first-order kinetics for about two 
half-lives as shown in Fig. 2. Over longer periods 
of time, the semilogarithmic plot deviated from 
linearity analogously to the inactivation of orni- 
thine decarboxylase by &-ethynyl putrescine (or 
5-hexyne-1,4-diamine) or by a+difluoromethyl- 
ornithine [l]. The kinetic constants of inactivation 
(Table 1) of rat liver omithine decarboxylase 
by 5-fluoropentane-1,4-diamine and by 5,5- 
difluoropentane-1 ,Cdiamine were determined by 
plotting the time of half-inactivation of the enzyme 
as a function of the reciprocal of the inhibitor con- 
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Fig. 2. Time-dependent inhibition of rat liver ornithine decarboxylase by 5-fluoropentane-1,4-diamine 
(A) and 5,5-difluoropentane-1,4-diamine (B). The enzyme preparation was incubated at 37” in 30 mM 
pyridoxal phosphate with different concentrations of inhibitor. At given time intervals 50 ,ul aliquots 
were assayed for remaining enzyme activity using m-[1-‘%]ornithine according to a published procedure 

PI. 
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Table 1. pK, values of the amino groups of the 4-guoromethyl derivatives of 1,4-diaminobutane and 
kinetic constants of ornithine decarboxylase inhibition and S-adenosylmethionine decarboxylase activation 

by these compounds 

S-Adenosyl- 
pK, values of Ornithine methionine 
amino groups decarboxylase decarboxylase 

X3 1 activation 

YN-Y-NH 
-2 

2 

4-NH2 l-NH2 rr, (CLM) ti (min) 
(Vm/u) 

KA (ilrM) (x-fold) 

X=CH3 
Y=H 

X = CH;?F 
Y=H 
X = CHFr 
Y=H 
X = CHFz 
Y=2H 

9.15 

7.75 

6.40 

- 

10.3 

10.0 

10.1 

- 

520 + 50 No time- 38r 11 5.2 
dependent 
inhibition 

56 z 12 4.4 * 0.4 60 t 6 4.8 

30 2 4 7.4 -e 0.8 280 4 20 4.9 

90’6 7.320.6 - - 

For the inhibition of ornithine decarboxylase, KI is the apparent dissociation constant and ta is the time 
of half enzyme-inactivation extrapolated at infinite concentration of inhibitor. For the activation of S- 
adenosylmethionine decarboxylase, KA is the activation constant and If,,,& is the ratio of reaction 
velocity extrapolated at infinite concentration of activator to reaction velocity measured without activator, 
in the presence of 0.2 mM ~-adenosylmethionine. All constants reported in this table were measured at 
37” as described in Materials and Methods. 

centration (Fig. 3), according to the method of Kitz 
and Wilson [21]. 

The times of half-inactivation of ornithine decar- 
boxylase produced by 4-protio-5,5-~fluoro- 
pentane-1,4-diamine and its I-deuterio analogue 
were compared (Fig. 3B) at various concentrations. 
No kinetic isotope effect on the minimum time of 
half inactivation, i.e. on the inactivation rate con- 
stant was found, but a primary kinetic isotope effect 
on the apparent dissociation constant was measured 
(~~,Z~/~~,~ = 3.0). 

Protective effects of ornithine analogues against 
inactivation of ornithine decarboxylase caused by 
5-fluoropentane-1 ,Cdiamine and 5,5-ditluoro- 
pentane-1,Cdiamine were investigated (Table 2). 

L-Ornithine and L-Zmethylornithine, which have a 
fair affinity for ornithine decarboxylase [7], protected 
effectively against enzyme inactivation. D-ZMethyl- 
ornithine which is practically devoid of affinity for 
omithine decarboxylase, did not modify significantly 
the inactivation of ornithine decarboxylase by either 
inhibitor. 

Incubation of the ornithine decarboxylase prep- 
aration with 0.1 mM Sfluoropentane-1,4-diamine or 
5,5-dilluoropentane-1,Cdiamine resulted in 92% 
and 91% inactivation after 30 min respectively. Pro- 
longed dialysis (24 hr) of the inactivated enzyme 
against a buffer solution containing sodium phos- 
phate (30mM, pH 7.1), pyridoxal phosphate 
(0.1 mM) and dithiothreitol (5 mM) (conditions 

B 
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Fig. 3. Effect of inhibitor concentration [A, 5-fiuoropentane-1,4-diamine; B, 5,5-difluoropentane-1,4- 
diamine (0) a 4-deuterio-5,5-diguoropentane-1,4-diamine (0)] on the time of half-inactivation of 

ornithine decarboxylase. 
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Table 2. Effects of preincubation with different effecters on the time of half-inactivation of 
ornithine decarboxylase by the &luoromethyl derivatives of putrescine 

Time of half-inactivation of 
ornithine decarboxylase (min) 

Addition to incubation 
media 

5-Monofluoropentane- 
1,4-diamine (25 PM) 

5,5_Difluoropentane- 
1,4-diamine (25 PM) 

None 20 14 
1 mM r_-ornithine 132 100 
1 mM L-2-methylornithine 108 168 
1 mM D-2-methylornithine 30 18 

under which the native enzyme is stable) led to a 
minor recovery of enzyme activity, from 8% and 9% 
of control before dialysis to 16% and 11% of control 
after dialysis, respectively. 

Effects of the a-fluoromethyl derivatives of putres- 
tine on ornithine decarboxylase activity (ex vivo). 
Five hours after an intraperitoneal injection of 50 
and 200 mg/kg of 5-fluoropentane-1,4-diamine, 
ornithine decarboxylase activity was significantly 
decreased in the ventral prostate while only the 
200 mg/kg dose caused a significant inhibition of 
ornithine decarboxylase activity in the thymus. The 
results are shown in Table 3. No inhibition of testis 
ornithine decarboxylase activity was observed after 
either dose. 5,5-Difluoropentane-1,4-diamine did 
not cause any significant decrease of ornithine 
decarboxylase activity in the organs studied, except 
in the ventral prostate when injected at 200 mg/kg. 

Effects of a-fluoromethyl analogues of putrescine 
on S-adenosylmethionine decarboxylase activity in 
vitro. Putrescine is, in vitro, an activator of S-aden- 
osylmethionine decarboxylase [6,16,17,22]. It was 
found that the two cY-fluoromethyl and the a-methyl 
derivatives of putrescine activated this enzyme sim- 
ilarly to putrescine. The activation constant (con- 
centration of activator which causes half of the max- 
imum increase of the enzyme-reaction velocity), and 
the maximum activation (ratio of enzyme-reaction 
velocity extrapolated at infinite concentration of 
activator to enzyme-reaction velocity in the absence 
of activator) of S-adenosylmethionine decarboxylase 
were calculated for each activator. The results are 

given in Table 1 along with the pK, values of the 
two amino groups of the derivatives of putrescine. 
The percentage of diprotonated species at pH 7.1 
of the Lu-fluoromethyl putrescines and of u+methyl- 
putrescine were calculated from the pK, values. A 
direct correlation (r = 0.97) exists between the 
reciprocal of the activation constant (i.e. the appar- 
ent affinity constant) of the analogues of putrescine 
and the concentration of the diprotonated species 
(Fig. 4). The maximum activation of S-adenosyl- 
methionine decarboxylase by each of the three 
putrescine analogues is very similar (Table 1). 

In vitro oxidation of the cu-fluoromethyl derivatives 
of putrescine by rat liver mitochondrial monoamine 
oxidase and hog kidney diamine oxidase. The two 
Lu-fluoromethyl analogues of putrescine were found 
to be substrates of a preparation of mitochondrial 
monoamine oxidase obtained from rat liver. This 
preparation was devoid of diamine oxidase activity 
as assessed by the lack of oxidation of putrescine. 
The Michaelis constants (KM) and the maximum 
velocities (V,,,& extrapolated to infinite concentra- 
tion of substrate were calculated (Table 4) for the 
two cu-fluoromethyl amines. As shown in Table 4, 
the KM decrease and the V,,,, values increase with 
the concentration of the monoprotonated species at 
pH 7.8. 

5,5-Difluoropentane-1,4-diamine which exists at 
pH 7.8 essentially as the monoprotonated species is 
a very poor substrate of hog kidney diamine oxidase. 
Only 5-fluoropentane-1 ,Cdiamine is significantly 
oxidized by diamine oxidase (see Table 4). 

Table 3. Effect of single doses of Wuoropentane-1,4-diamine or of 5,5-difluoropentane-1,4-diamine, 
given intraperitoneally to rats 5 hr before sacrifice on ornithine decarboxylase activities in ventral 

prostate, testis and thymus 

Inhibitor 
Dose 

(mg/kg) 

Remaining ornithine decarboxylase activity 
(% control) 

Ventral prostate Thymus Testis 

Saline (control) 100 2 15 100 ? 7 100 k 4 
5Fluoropentane- 50 60 2 6** 92 f 9 120 + 6 
1,4-diamine 200 22 + 2*** 56 f 5*** 95 -c 3 
5,5_Difluoropentane- 50 77 + 3 97 2 13 92 + 2 
1,4-diamine 200 60 + 13* 104 f 8 96 + 4 

Each value is the mean + S.E.M. of five animals. Ornithine decarboxylase activities of control 
animals were 315 f 47, 37 f 3 and 26 f 1 nmoles of CO&/g of wet tissue in prostate, testis and 
thymus, respectively. The significance of the differences between controls and treated animals was 
calculated by Student’s t test: *P < 0.05; **P < 0.01; and ***P < 0.001. 
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Fig. 4. Effect of the proportion of ~protonated species at pH 7.1, corresponding to each ~~uoromeihyi 
derivative of putrescine on the reciprocal of the activation constant (&) of these compounds for S- 
adenosyImeth~onine decarbaxylase, in uitrcl. The percentage of diprotonated species at pH 7.1 was 
calculated as described in Materials and Methods from the p& values of each of the amino groups of 
the putres~ne derivatives (Table 1). The straight line has been drawn using least-squares analysis of 

the expe~mental points. 

Eflects of the ~-~u~romethy~ derivative of~~tres- 
tine OR whole bruin 4aminobutyrate : 2-oxoglutizrate 
aminotransferase and glutamate decarboxylase activi- 
ties and 4-aminobutyric acid concentrations. 4- 
Aminobutyrate : 2-oxnglutarate aminotransferase 
activity was found to be reduced by SO% and 38% 
when measured ex uiuo 5 hr after a single i.p. injec- 
tion of 200 mgikg of 5-Buoropentane-l -Cdiamine or 
of 5,5-di~uoropentane-1,4-diamine, respectivefy. 
Glutamate decarboxylase activity was not affected 
by either inhibitor. The concentration of 4-amino- 
butyric acid was increased three-fold in the brain of 
rats injected with 200mgikg of S-fluoropentane- 
l,4-diamine. It was checked that neither 
5-~uoropentane-~,4-diamine, nor 5,5-difluoro- 
pentane-1,4-diamine were inhibitors of 4- 
aminobutyrate : 2-oxoglutarate aminotransferase or 
glutamate decarboxylase preparations from rat brain 
in uitro. 

~-~lu~ropenta~e-1,4-diamine and 5,5-difluoro- 
pentane-1,4-diamine produce, In u&o, a time- 

dependent inhibition of rat liver omithine decar- 
boxylase which follows pseudo first-order kinetics. 
The lack of any significant recovery of the enzyme 
activity after prolonged dialysis of the inhibited 
enzyme suggests the irreversibility of the inactivation 
process. Moreover, the kinetics demonstrate a satu- 
ration effect indicative of the formation of a complex 
between the enzyme active site and the inhibitor 
which is not rate-limiting for the overall enzyme 
inactivation. That the inhibition of ornithine decar- 
boxylase is active-site directed is confirmed by the 
protective effects of the natural substrate L-ornithine 
and of the competitive inhibitor L-Z-methyl orni- 
thine. The presence of 5 mM dithiothreitoi in the 
preincubatio~ medium and the absence of a tag-time 
before the onset of inhibition rule out the possibility 
of inhibition via an affinity labelling mode by a 
diffusible alkylating species [23]. Thus, the data sug 
gest that these compounds are effective enzyme- 
activated inhibitors [24] of ornithine decarboxylase, 
which presumably act according to the mechanism 
outtined in Fig, 1. 

Comparison of the rate of inhibition of orni- 
thine de~arboxylase produced by 4-protio-5,5- 

Table 4. In vitro oxidation of LN-fiuoromethyl derivatives of putrescine by amine oxidases 

Putrescine 
analogue 

Mitochondr~al monoamine oxidase 

(I%) 

Diamine oxidase 

Monoarotonated 
spkcies at 

pH 7.8 
(%) 

X = CHzF 2.1 3.2 0.3 1.5 53 
CHFz 1.2 8.4 - <0.2 96 

The kinetic constants were measured as described in Materials and Methods, using the fluorescence assay of Snyder 
and Hendley [19]. The m~imum velocities (V,,) are expressed in arbitrary fluorescence units (F.U)/2Omi~50~ of 
enzyme preparations. Under similar conditions the rate of oxidation of 0.1 mM benzylamine was 10 F.U/ZO mi~S0 @ of 
monoamine oxidase preparation and the rate of oxidation of 0.1 mM putrescine was 19F.U./2Omi~SO 4 of diamine 
oxidase preparation. 
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difluoropentane-1,4-diamine and its 4-deuterio 
analogue shows no kinetic isotope effect on the 
inactivation rate constant, but a primary kinetic iso- 
tope effect on the apparent dissociation constant 
(I&‘) (Fig. 33). Comparable isotopic effects have 
been observed in the inactivation of ornithine decar- 
boxylase by ~-deuterio-~-ethynylputrescine (11 and 
of glutamate decarboxylase by pdeuterio-y- 
ethynyl-y-aminobutyric acid 1251. The isotope effect 
on the apparent dissociation constant has been dis- 
cussed by Jencks [26]. It can be accounted for by 
the effect of deuterium on the rate constant of the 
hydrogen abstraction (or catalytic constant) since & 
is a function of the catalytic constant [27]. The 
absence of a kinetic isotope effect on the inactivation 
rate constant suggests that the hydrogen abstraction 
is not rate limiting. For the inhibition of ornithine 
decarboxylase by ~-hexyne-1,4-diamin~, allene for- 
mation [3] or covalent linkage of the activated inhib- 
itor to the enzyme [l] has been proposed as the 
rats-limiting step. In the inactivation of ornithine 
de~arboxylase by mono- and difluoromethyl putres- 
tine, the eIimination of fluoride could be rate-deter- 
mining as in the case of the transfo~ation of @- 
haioaminobutyrates to ketobutyrates by cystathion- 
ine psynthetase [ZS]. It is known that the carbon- 
fluorine bond labilization triggered by hydrogen 
abstraction at the a-carbon atom decreases with the 
number of fluorine atoms substituting the methyl 
group [5]. Therefore, the higher rate of ornithine 
decarboxylase inactivation observed with the mono- 
flua~omethyl putrescine as compared with difluoro- 
methyl putrescine is consistent with the fluoride 
elimination being the rate-determining step in the 
inactivation process. The difference in the m~imum 
rate of inactivation of ornithine decarboxylase by 
~-moI~o~uoromethy1 ornithine (~4 = 1.6 min) and 
~-di~uoromethyl ornithine (4 = 3.1 min) [29] cor- 
roborates this suggestion. 

Both 5-fluoropentane-1,4-diamin~ and 5,5- 
difluoropentane-1,4-diamine cause a decrease of 
ornithine decarboxylase activity in vivo (Table 3). 
The marked difference in the potency of the two 
inhibitors in vivo is surprising since their in vitro 
kinetic constants are rather similar. This may be 
related to differences in the ceil-membrane per- 
meability due to the different proportion of dipro- 
tonated vs monoprotonated species (see Table 1 for 
the pf(, values). 

Like other analo~ues of putrescine 12,301 the a- 
methyi and the two ~-~uoromethyl derivatives of 
putreseine are activators of S-ade~osylm~thioninE 
decarboxylase in vitro. A good correlation exists 
between the reciprocal of the activation constants 
for this enzyme and the percentages of diprotonated 
species for the three derivatives of putrescine, i.e. 
the activation constants expressed in terms of the 
concentration of activators in their diprotonated 
form are very similar for the three compounds. 

The ~-difluoromethyl derivative of putrescine is 
a better substrate of the mito~hondrial monoamine 
oxidase than the ff-mono~uoromethyl derivative 
(Table 4). The difference in piu, of the amino groups 
adjacent to the fluorinated methyl substituent can 
account for this finding. At pH 7.8, the a-diffuoro- 
methyl derivative exists essentially as a monopro- 

8P s,:n - K 

tonated species, i.e. as a monoamine, whereas the 
monoprotonated species of the monofluoromethyl 
analogue amounts to only SO%. Conversely, the 
monofluoromethyl analogue, in contrast to the 
di~uoromethyl analogue, is significantly oxidized by 
diamine oxidase, presumably because it exists as a 
diprotonated species at pH 7.8 (Table 4). Similar 
reasoning can explain the fact that .5-hexyne-1,4- 
diamine, the cu-ethynyl derivative of putrescine, is 
a substrate of monoamine oxidase but not of diamine 
oxidase in contrast to putrescine [31]. 

Based on these findings, it is not surprising that 
5-difluoropentane-l,4-diamine and 5,5difluoro- 
pentane-1,4-diamine are in vivo inhibitors of 
4-aminobutyrate : 2-oxoglutarate aminotransferase. 
Such a result can be explained by the in viuo oxi- 
dation of these amines by the combined action of an 
amine oxidase and an aldehyde d~hydrogenase to 
the corresponding Auoromethyl derivatives of 4- 
aminobutyric acid.. Similar oxidation has been pre- 
viously demonstrated for 5-hexyne-1,4-diamine [31]. 
Moreover, 4-monofluoromethyl-4-aminobutyric acid 
and 4-difluoromethyl-4-aminobutyric acid have been 
recently 1321 reported to be potent enzyme-activated 
inhibitors of 4-aminobutyrate : 2-oxoglutarate 
aminotransferase in vitro and in vivo and to have 
no effect on glutamate decarboxylase. 

In conclusion, as demonstrated for aromatic amino 
acid decarboxylase [4], ornithine decarboxylase is 
susceptible in vitro to enzyme-activated inhibition 
by analogues of its product which incorporate a 
~uoromethyl substituent on the @-carbon atom. 
These putrescine analogues are also inactivators of 
ornithine decarboxylase in viva. Furthermore, due 
to their resemblance to putrescine, they share several 
properties of this diamine. In particular, they activate 
S-adenosylmethionine decarboxylase, they are sub- 
strates of amine oxidases and, like putrescine which 
is converted in uiuo to 4-aminobutyri~ acid [33]. they 
are most likely oxidized to the corresponding ana- 
logues of 4-aminobutyric acid. 
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