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Cysteine-dependent inactivation of hepatic ornithine decarboxylase
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When rat liver homogenate or its postmitochondrial supernatant was incubated with
L-cysteine, but not D-cysteine, ornithine decarboxylase (ODC) lost more than half of
its catalytic activity within 30min and, at a slower rate, its immunoreactivity. The in-
activation correlated with production of H2S during the incubation. These changes
did not occur in liver homogenates from vitamin B6-deficient rats. A heat-stable in-
activating factor was found in both dialysed cytosol and washed microsomes obtained
from the postmitochondrial supernatant incubated with cysteine. The microsomal in-
activating factor was solubilized into Tris/HCl buffer, pH 7.4, containing dithio-
threitol. Its absorption spectrum in the visible region resembled that of Fe2 + dithio-
threitol in Tris/HCl buffer. On the other hand FeSO4 inactivated partially purified
ODC in a similar manner to the present inactivating factor. During the incubation of
postmitochondrial supernatant with cysteine, there was a marked increase in the con-
tents of Fe2 + loosely bound to cytosolic and microsomal macromolecules. Further-
more, the content of such reactive iron in the inactivating factor preparations was
enough to account for their inactivating activity. These data suggested that H2S pro-
duced from cysteine by some vitamin B6-dependent enzyme(s) converted cytosolic
and microsomal iron into a reactive loosely bound form that inactivated ODC.

ODC (EC 4.1.1.17), the first and rate-limiting
enzyme in polyamine biosynthesis, has the shortest
half life in vivo among mammalian enzymes

studied (Russell & Snyder, 1969; Bachrach, 1980).
It is unknown whether this is due to the presence of
a specific degradation system for ODC or due to a

high susceptibility of ODC protein to a common

proteolytic cleavage system. The loss of catalytic
activity in vivo proceeds significantly faster than
does the loss of immunoreactivity (Obenrader &
Prouty, 1977), suggesting the presence of an initial
inactivation step before proteolytic degradation.
Several enzymes appear to undergo oxidative
modification before degradation. Thus the inacti-
vation of tyrosine aminotransferase (EC 2.6.1.5) by
cytoplasmic membrane in the presence of L-Cys-
teine has been investigated in several laboratories
and a modification of thiol groups of the enzyme

protein has been proposed (Beneking et al., 1978;
Buckley & Milligan, 1978; Federici et al., 1978),
although the exact mechanism has not yet been
recognized. ODC and tyrosine aminotransferase
have some common features; namely, both are

Abbreviations used: ODC, ornithine decarboxylase;
PLP, pyridoxal phosphate; DTT, dithiothreitol; HAVA,
DL-b-amino-oc-hydrazinovaleric acid.

PLP-requiring enzymes and rapidly respond to
hormonal and dietary stimuli. We therefore exam-
ined cysteine-dependent inactivation ofODC, and
found that ODC lost both catalytic activity and
immunoreactivity to a substantial extent in the
presence of cysteine in liver homogenates from
normal rats, but not from vitamin B6-deficient
rats, and that microsomal and cytosolic iron was

involved in this process.

Experimental

Materials

DL-[ 1-1 4C]Ornithine (sp. radioactivity 59 Ci/
mol) was obtained from New England Nuclear
Corp. DTT was obtained from Sigma Chemical
Co. HAVA was synthesized essentially by the pro-
cedure of Sawayama et al. (1976). All other com-
pounds were obtained from Nakarai Chemicals
Ltd. (Kyoto, Japan).

Animals

Male Sprague-Dawley rats were obtained from
CLEA Japan Inc. at 4 or 5 weeks of age and kept in
an air-conditioned windowless room lit from
09:00h to 21 :OOh. The rats were fed from 09:30h
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to 17:00h. Water was given ad libitum. Vitamin
B6-deficient rats were prepared by feeding for 4
weeks on a vitamin B6-deficient diet containing
75% vitamin-free casein (CLEA Japan Inc.), 6%
dextrin (Ishizu Pure Chemicals, Osaka), 10%
sucrose, 4% mineral mixture (Oriental Yeast Co.),
2% oil mixture (Oriental Yeast Co.), 1% vitamin
mixture without pyridoxine (Oriental Yeast Co.)
and 2% cellulose powder. Normal rats were main-
tained on laboratory chow for 1 week before use.
Rats were killed by decapitation either before feed-
ing (starved; hepatic ODC activity was negligible)
or 4h after feeding (fed; hepatic ODC activity was
maximally induced).

Inactivation of ODC in homogenate or in postmito-
chondrial supernatant

Hepatic ODC activity was induced by 4h feed-
ing (Hayashi et al., 1972) or by thioacetamide in-
jection (150mg/kg body wt.) 20h before death.
Rats were killed by decapitation and livers were
homogenized with 2vol of 0.25M-sucrose contain-
ing 1 mM-DTT using a Dounce-type all-glass homo-
genizer. A postmitochondrial supernatant was ob-
tained by centrifugation of the homogenate at
10000g for 20min. The homogenate or postmito-
chondrial supernatant was incubated with or with-
out L-cysteine (5mM) at 37°C with constant shak-
ing. Portions (1.5 ml) were taken from the mixture
at appropriate intervals, cooled on ice and centri-
fuged at l00OO0g for 1 h. The supernatants were
dialysed overnight against 0.1 M-Tris/HCl buffer,
pH 7.4, containing 1 mM-DTT and assayed for
ODC activity.

Preparation of inactivating factor
A postmitochondrial supernatant not containing

endogenous ODC was prepared from the liver of
starved rats in a similar manner to that described
above. It was incobated with 5mM-L-cysteine at
37°C for 20min and centrifuged for 1 h at 100000g.
The supernatant was dialysed against distilled
water (six changes in a 6h period), and used as the
cytosolic inactivating factor preparation. Its pro-
tein concentration was about 30mg/ml. The micro-
somal pellet was suspended in a 3-fold original
volume of 0.25M-sucrose, and the centrifugation
was repeated. The pellet was resuspended in the
original volume of 0.25M-sucrose, and used as a
microsomal inactivating factor preparation. Its
protein concentration was about 8.5mg/ml.

Heat treatment ofcytosolic and microsomal inactivat-
ing factors
The cytosolic and microsomal inactivating fac-

tor preparations were heated for 3 min in a boiling-
water bath. Denatured proteins of the cytosol were
removed by centrifugation at 10000g for 20min.

The heated microsomal suspension was centri-
fuged at 100 000g for 1 h, and the pellets were resus-
pended in the original volume of 0.25M-sucrose.

Extraction of microsomal inactivating factor
Tris/HCl buffer (500mM, 0.1 ml) and DTT

(62.5 mM, 0.1 ml) were added to the heated micro-
somal suspension (l.0 ml) in 0.25M-sucrose, pH 7.4.
After being left at 0°C for 1 h, the mixture was
centrifuged at 100OOOg for 1 h and the supernatant
was obtained.

Inactivation of partially purified ODC by cytosolic
and microsomal inactivating factors

Hepatic ODC was induced and purified 300-fold
from liver extract by pyridoxamine phosphate-suc-
cinyldi(aminopropyl)amine-Sepharose affinity
chromatography as described previously (Kameji
et al., 1982), unless otherwise stated. The partially
purified ODC (15-30 units) was pre-incubated
with the cytosolic or microsomal inactivating fac-
tor preparation in an assay mixture without sub-
strate in a final volume of 1.15 ml at 37°C. After 1 h,
0.1 ml of the substrate solution (radioactively
labelled ornithine) was added to initiate ODC
assay.
The results are expressed as percentage ofODC

activity obtained after pre-incubation without the
inactivating factor.

Assays
H2S was determined by the method of Siegel

(1965). This method determines not only free H2S
but also labile sulphur and metal sulphide that
liberates H2S in the acidic assay conditions. Iron
was determined by the method of Ramsay (1953),
except that boiling was omitted and that hydroxyl-
amine was either replaced with dithionite (50mg in
a total volume of 1.05ml) or omitted where indi-
cated. ODC was assayed essentially as described
by Hayashi et al. (1972). The reaction mixture con-
sisted of 0.125MCi of DL-[1-14C]ornithine, 0.4mM-
L-ornithine, 20pM-PLP, SmM-DTT, 40mM-
Tris/HCl bu,ffer, pH 7.4, and enzyme solution in a
final volume of 1.25 ml. Incubation was carried out
at 37°C for 1 h. One unit of enzyme activity was
defined as the amount forming 1 nmol ofCO2 per h
under the above conditions. Antigenic activity of
ODC was determined as previously described by
using specific rabbit antiserum raised against the
enzyme (Kameji et al., 1981).

Results

When liver homogenates were incubated at 37°C
in the presence of 5mM-L-cysteine, their ODC
activities decreased with time in a non-linear
manner as shown in Table 1. Incubation of post-
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Table 1. Inactivation of ODC in liver homogenate or postmitochondrial supernatant
Pre-incubation was performed at 37°C for 1 h. Pre-incubation mixtures were centrifuged at 100000g for 1 h. The
supernatants were dialysed, and assayed for both catalytic activity and antigenic activity ofODC as described in the
Experimental section. The data (percentages of initial value) are expressed as means for two experiments or
means+ S.D. for three to seven experiments. The number of experiments is given in parentheses.

Remaining catalytic activity of ODC (%)

Preincubation ... 15 min
Homogenate 87 (2)
Postmitochondrial 100 (2)

supernatant
Cytosol
Partially purified
ODC + microsomes

-L-Cysteine

30min
85 (2)
92 (2)

60min
81 (2)
78 (2)

100 (2)
95 (2)

15min
55+11 (6)
48±7 (4)

100 (2)

+L-Cysteine (5mM)

30min
46+11 (7)
41± 10 (6)

60min
45+10 (6)
31+6 (3)

93 (2)
88 (2)

Remaining antigenic activity (%)
+L-Cysteine (5mM)

30min
Postmitochondrial supernatant 72 (2)

60min
65+11 (4)

Table 2. Effect of vitamin B6-deficiency on ODC inactivation in vitro
In expt. 1, rats were killed 4h after being fed. Homogenates were pre-incubated with L-cysteine (5mM) for 20min
(normal rats) or 30min (vitamin B6-deficient rats). In expt. 2, three rats were given thioacetamide (150mg/kg body
wt.) 20h before death. The postmitochondrial supernatants were pooled and then pre-incubated for 30min with L-
cysteine (5mM) in the presence or in the absence of PLP (40 sM). In expt. 3, rats were killed 4h after being fed. The
postmitochondrial supernatants were pre-incubated with L- or D-cysteine (5 mM) for 30min. Results are means + S.D.
Numbers of rats are given in parentheses. Initial ODC activities (units/mg of protein) were 0.48 + 0.11 (n = 3) for
'normal' of expt. 1, 0.83 +0.31 (n = 4) for 'Vitamin B6-deficient' of expt. 1, 2.6 for expt. 2, and 0.40 for expt. 3.
*P <0.005, compared with 'Normal'.

Expt. no. Rats
I Normal

Vitamin B6-deficient
2 Vitamin B6-deficient

Vitamin B6-deficient
3 Normal

Normal

Additions
L-Cysteine
L-Cysteine
L-Cysteine
L-Cysteine + PLP
L-Cysteine
D-Cysteine

ODC activity
(% of initial activity)

46+ 14 (3)
83+4 (4)*
77
58
62
103

mitochondrial supernatants with cysteine also
resulted in the inactivation of ODC. However,
similar incubation of cytosol fractions (lOOOOOg
supernatant) produced much less inactivation, and
only a weak inactivation was observed when par-
tially purified ODC was incubated with washed
microsomes in the presence of cysteine. These
results indicated that both cytosol and microsomal
fractions were necessary for the cysteine-depen-
dent inactivation ofODC. The amount ofimmuno-
reactive protein also decreased, at a rate slower
than that of enzyme inactivation (Table 1).
As shown in Table 2, the cysteine-dependent in-

activation of ODC did not occur in liver homogen-
ates prepared from vitamin B6-deficient rats and
an addition of PLP to the homogenates partially
restored the inactivation. Furthermore, D-cysteine
was not effective. These results indicated the possi-

bility that cysteine was metabolized by some PLP-
dependent enzyme(s) and then some of its metabol-
ite(s) inactivated ODC.
During the incubation with cysteine, either the

homogenate or postmitochondrial supernatant be-
came dark to an extent apparently correlating with
the rate of ODC inactivation. Since the formation
of metal sulphide was suggested by the darkening,
we measured the concentration of H2S, including
labile sulphur and metal sulphide, at the end of the
incubation. As shown in Table 3 (expt. 1), a
marked accumulation of H2S was observed in both
cytosol and microsomal fraction after the incuba-
tion of postmitochondrial supernatant with cys-
teine. The possible effect of various compounds
was then tested on ODC inactivation and H2S
formation. As shown in Table 3 (expt. 1), cx-oxoglu-
tarate (20mM), homoserine (30mM) and HAVA
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Table 3. ODC activity and the concentration of H2S before and after incubation with L-cysteine
In expt. 1, postmitochondrial supematants were incubated with L-cysteine for 20min, and then supernatants (cytosol)
and microsomes were obtained by centrifugation. The microsomes were suspended in the original volume of homogeniz-
ing medium. H2S concentration was determined in the cytosol and microsomal fractions as described in the Experimen-
tal section. ODC activity of the cytosol was determined after dialysis. In expt. 2, postmitochondrial supernatant, cytosol
or a suspension of washed microsomes was incubated with cysteine. The increase in H2S concentration was determined
after 20min incubation. Data are the results of a single experiment that is representative of three or four experiments.

[H2S]
(mM)

Expt. 1. Incubation of postmitochondrial supernatant
No addition
Cysteine
Cysteine + a-oxoglutarate (20mM)
Cysteine + HAVA (1 mM)
Cysteine + EDTA (1 mM)
Cysteine+homoserine (30mM)

Expt. 2. Incubation
Postmitochondrial supernatant + cysteine
Cytosol + cysteine
Microsomes + cysteine

ODC activity
(units/ml)

31.1
20.0
27.7
28.9
31.4
28.2

Cytosol Microsomes
0

119.5
38.8
8.1

136.5
40.0

1.2
43.7
4.4
2.6
6.5
1.2

[H2S]
(pM)
254
242

1

Table 4. ODC inactivating activity ofvariousfractions preparedfrom postmitochondrial supernatant incubated with or without
cysteine

A postmitochondrial supernatant was obtained from liver extracts of starved rats and incubated for 20min with or
without cysteine. Then various fractions were prepared and assayed for inactivating activity against ODC. Further
details are given in the Experimental section. Data are the results of a single experiment that is representative of
more than four experiments.

ODC activity remaining
(% of control)

, A-A

Fraction added
(a) Dialysed cytosol
(b) Heated supernatant of (a)
(c) Washed microsomes
(d) Heated (c)
(e) Extract of (d) with DTT
(f) Extract of (d) with DTT and Tris/HCl

Volume
(ml)
0.1
0.1
0.3
0.3
0.6
0.6

-Cysteine
98
100
98
87
93
91

+Cysteine
75
45
59
63
91
47

(1 mM) were found to inhibit not only the enzyme
inactivation but also H2S formation in both cytosol
and microsomal fractions, indicating a correlation
between the two processes. A discrepancy was
noted in the case of EDTA, which protected ODC
from the inactivation and reduced the amount of
H,S in the microsomal fraction but did not affect
the amount of H,S in the cytosol. This discrepancy
could be explained, however, if we assume that
both H,S and a metal are involved in the inactiva-
tion of ODC. A significant accumulation of H2S
was observed when cytosol alone was incubated
with cysteine (Table 3, expt. 1). The cytosol, how-
ever, became only slightly dark and ODC in the
cytosol did not suffer appreciable inactivation
under such conditions (Table 1). This also indi-
cated the necessity of both H2S and microsomal

metal for the inactivation of ODC. These results
suggested, therefore, that H2S was formed from
cysteine by some PLP-dependent enzyme(s) in the
cytosol, and that the H2S modified some metal in
microsomes to a form that could inactivate ODC.
We tried to prepare the possible inactivating

factor from a postmitochondrial supernatant de-
rived from livers of starved rats as described in the
Experimental section. As shown in Table 4, exo-
genously added ODC was inactivated by either
microsomal or cytosol preparations obtained from
the postmitochondrial supernatant pre-incubated
with cysteine, whereas the enzyme was not inactiv-
ated by control preparations obtained without
cysteine. The inactivating factors in the cytosol
and the microsomes were stable to heating at
100°C for 3min; indeed, inactivating activity of
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Fig. 1. Absorption spectra ofsolubilized microsomal inacti-

vating factor
Spectra 1 and 1' were obtained with a solution con-
taining 28.4tuM-FeSO4, 5.2mM-DTT, 41.7mM-
Tris/HCI and 0.2M-sucrose. Spectra 2-5 and 2' were
obtained with microsomal extract: DTT (62.5mm,
0.1 ml) and/or Tris/HCl (500mM, 0.1 ml) were added
to 1.Oml ofmicrosomal suspension in 0.25M-sucrose,
pH 7.4. After being left at 0°C for 1 h, the mixtures
were centrifuged at lOOOOOg for 1 h. DTT, Tris/HCl
or water was added to the supernatant to adjust their
concentrations to be the same in all samples. Spectra
2 and 2', an extract with Tris/HCI and DTT; 3, an
extract with DTT; 4, an extract with Tris/HCl; 5, an
extract of control microsomes with Tris/HCl and
DTT. Spectra were measured at 0°C (1-4) or at 37°C
(1' and 2').

the cytosol was rather increased by heating (Table
4). As also shown in Table 4, the factor could be
solubilized from microsomes into Tris/HCl buffer
containing DTT.

Fig. 1 shows the absorption spectra of the
extracts. The extract of microsomes treated with
cysteine had a sharp peak at 268nm and a broad
shoulder at 480nm. The intensity of absorbance in
the visible region correlated with the inactivating
activity. On the other hand, the peak at 268nm did
not correlate with the inactivating activity: the
extract of microsomes with DTT alone showed the
peak at 268nm but did not inactivate ODC. The
extract of control microsomes showed an essen-
tially similar spectrum but its intensity was much
weaker. The spectrum of the active extract in the
visible region resembled that of FeSO4 in the same
buffer containing DTT. Furthermore, both spectra
changed reversibly depending on the temperature:
the shoulder at 480nm decreased (no colour) at
37°C and it re-appeared (pink) after shaking in an
ice bath, indicating possible formation of an
iron thiol complex with 02-- (Willson, 1977;
Lambeth et al., 1982). Since these results suggested

a possible involvement of iron, we examined the
relationship between the cysteine-dependent inacti-
vation and iron.

First, some metal ions, especially zinc and iron,
have been reported to inhibit ODC activity
(Haddox & Russell, 1981). We confirmed the
inhibitory effect of iron on partially purified ODC.
Furthermore, inactivation of ODC either by the
present factor or by iron was protected, but not
restored, by chelators such as EDTA (4mM) and
cot'-dipyridyl (10mM) and also by PLP at a high
concentration (500,tM) (results not shown).

Although iron is abundant in liver, free iron con-
centration is assumed to be extremely low (Bez-
koravainy, 1980). We examined whether iron was
released or exposed as a reactive form during the
incubation with cysteine. Iron was determined by
its reactivity with aoa'-dipyridyl in the presence of
either a weak reducing agent (hydroxylamine) or a
strong reducing agent (dithionite). We assumed
that any reactive iron accessible to ODC would
form a chelate with aot'-dipyridyl under weak
reducing conditions. As shown in Table 5, such
reactive iron increased when postmitochondrial
supernatant or cytosol, but not microsomes, were
incubated with cysteine. The reactive iron was
later shown to be chelatable even without any
reducing agent (results not shown). The content of
the reactive iron in postmitochondrial supernatant
was more than twice as high as that in cytosol that
had been pre-incubated without microsomes. This
difference in the reactive iron content may have
been the cause of the difference in the inactivation
of ODC (Table 1). In postmitochondrial super-
natant, microsomes may serve, at least partly, as a
source of cytosolic reactive iron, since the iron con-
tent determined in the presence of dithionite de-
creased in microsomes and increased in cytosol on
the incubation with cysteine. The increase of reac-
tive iron in the cytosol fraction of postmitochon-
drial supernatant, however, could not be account-
ed for totally by the supply from the microsomal
iron alone. Microsomes may also catalyse the expo-
sure of iron located in cytosol.
As shown in Table 5 (expt. 2), subcellular frac-

tions containing inactivating factor also contained
the reactive iron. Thus inactivating activity
seemed to correlate with the amount of reactive
iron. When compared between different fractions,
however, the amount of reactive iron did not pre-
cisely correlate with the inactivating activity. For
example, it was higher in dialysed cytosol than in
its heated supernatant (Table 5, expt. 2), but the in-
activating activity was higher in the latter than in
the former (Table 4). This suggested the existence
in cytosol of some interfering substance(s) that pro-
tects the enzyme from inactivation by iron. In fact
both cytosol and microsomes prepared from a
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Table 5. Amount ofFe2+ aac'-dipyridylformed under different reducing conditions after incubation with or without cysteine
The experimental conditions were as in Table 3 (expt. 1) or Table 4 (expt. 2).

Fe2 + oca'-dipyridyl formed
(nmol * ml - 1)

With hydroxylamine With dithionite

Incubation
Postmitochondrial supernatant

Cytosol
Microsomes

Cytosol
Washed microsomes

Expt. 2
Fractions prepared from incubated

postmitochondrial supernatant
(a) Dialysed cytosol
(b) Heated supernatant of (a)
(c) Washed microsomes
(d) Heated (c)
(e) Extract of (d) with Tris/HCI and DTT

-Cysteine +Cysteine -Cysteine +Cysteine

25
7

19
4

330
93
185
10

331
246
292
147

Fe2 + *xa'-dipyridyl formed
(nmol * ml - 1)

with hydroxylamine

-Cysteine +Cysteine
11 323
4 203
9 87
9 74
3 25

control postmitochondrial supernatant showed a
marked protecting effect on the iron-dependent in-
activation of ODC (Table 6). Heating of the cyto-
sol abolished the protecting effect, but heating the
microsomes did not. The extract of microsomes did
not have such a protecting effect (results not
shown).

Finally, we determined whether the activity of
the inactivating factor can be accounted for by the
amount of reactive iron. Since the above results
showed that the protecting effect was negligible in
the heated supernatant, we prepared the heated
supernatant of cytosols containing inactivating
factor from several starved rats and examined the
relationship between the content of reactive iron
and the inactivating activity. As shown in Fig. 2,
there was a good correlation between the inactivat-
ing activity and the content of reactive iron in the
heated supernatant. Inactivating activity per unit
concentration of Fe2 + was about the same in both
the heated supernatant and FeSO4, indicating that
the inactivating activity ofthe heated supernatants
was totally accounted for by their content of reac-
tive iron.

In an attempt to understand the mechanism of
the iron-dependent inactivation we studied the
effect of DTT and oxygen on it. Partially purified
ODC was pre-incubated with Fe2 + or Fe3 + in the
absence or in the presence of DTT for 1 h. Then,
EDTA was added to stop the action of iron, and
ODC activity was assayed in the presence of DTT
as usual, since the enzyme used in this experiment
was only 3% active if DTT was absent from the
assay mixture. As shown in Table 7, ODC inacti-

Table 6. Protecting effect of cytosol and microsomes on
Fe2 +-dependent ODC inactivation

Partially purified ODC was pre-incubated at 37°C
for h with FeSO4 (21.7pM) and each of various
subcellular fractions (0.2 ml) prepared from the liver
extract of starved rats. The reaction mixture con-
tained Tris/HCl, pH 7.4, PLP and DTT in a final
volume of 1.15 ml. After the pre-incubation, 0.1 ml
of the substrate solution was added to initiate the
enzyme assay. Control activity was 30 units.

Addition at pre-incubation
None
Fe2+
Fe2 + + cytosol
Fe2 + + heated supernatant of cytosol
Fe2' + microsomes
Fe2 + + heated microsomes

ODC activity
(%)

100
29
76
29
59
56

vation occurred in the presence, but not in the
absence, of DTT under aerobic conditions, indi-
cating that Fe2 + inactivated ODC by binding to its
thiol group(s). Furthermore, the iron-dependent
inactivation decreased markedly in the absence of
oxygen, suggesting that the bound Fe2 + catalysed
an autoxidation of ODC. In this experiment, Fe3 +
exhibited the same effect as Fe2 +, probably
because Fe3 + was easily reduced to Fe2 + in the
presence of DTT (Lambeth et al., 1982).

Discussion
Hepatic ODC was found to be inactivated in

vitro in the presence of L-cysteine, cytosol and
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Fig. 2. Relationship between inactivating activity and the
iron content of heated supernatants of cytosols

Details are given in the text. Inactivation by FeSO4
was also determined for comparison. 0, FeSO4; *,
heated supernatant of cytosol. Control activity was
32 units.

Table 7. Effect ofDTTandoxygen on inactivation ofODC
by iron

The mixture (1 ml), containing ODC (partially puri-
fied by DEAE-cellulose column chromatography;
Kameji et al., 1982), PLP and Tris/HCI buffer,
pH7.4, was pre-incubated with a final concentra-
tion of 0.1 mM-FeSO4 (0.1 ml) or -FeCl3 (0.1 ml) for
1 h at 37°C in the presence or in the absence ofDTT
(6.25 mM). EDTA (0.05 ml) was added to stop the
action of iron, and then DTT (0.05 ml) (a) and the
substrate (0.1 ml) was added to initiate ODC assay.
Each control was similarly pre-incubated and as-
sayed without iron. The concentrations of PLP,
EDTA and Tris/HCI buffer in the final assay mix-
ture were 20pM, 4mm and 40mM respectively. Re-
sults are means+ S.D. Numbers of rats are given in
parentheses. Average values of control activity were
5 units for (a), 18 for (b), and 16 for (c).

Pre-incubation
Aerobic, -DTT
Aerobic, +DTT
Anaerobic, +DTT

ODC activity
(% of control)

Fe2+ Fe3+
95±29 (4) 90±20 (4)
1±1(3) 5±2(4)
90±4 (3) 84 (2)

microsomes. The inactivation correlated with a
production of H2S and with a formation of Fe2+
loosely bound to cytosolic and microsomal macro-
molecules. Large amounts of Fe2 + caa'-dipyridyl
chelate could be formed in both cytosolic and
microsomal fractions in the presence of a strong
reducing agent (dithionite), as shown in Table 5.
Therefore, the result suggested that some firmly

bound endogenous iron was converted by H2S, a
strong reducing agent produced from cysteine, into
loosely bound reactive Fe2 , which inactivated
ODC. In fact FeSO4 alone inactivated partially
purified ODC. Furthermore, reactive Fe2 + was
contained in the cytosolic and microsomal inacti-
vating factor preparations derived from the post-
mitochondrial supernatant incubated with cys-
teine, and the Fe2 + content could totally account
for the non-dialysable inactivating activity. The
chemical nature of the Fe2+-binding macromol-
ecule is not known. Most of the cytosolic inactivat-
ing factor could be precipitated with 1 M-HCI and a
pretreatment of the factor with ribonuclease de-
creased its acid precipitability without affecting
the inactivating activity (results not shown). This
suggested that at least a part ofthe Fe2 + was bound
to RNA.
The physiological significance of the cysteine-

H2S-Fe2+-dependent inactivation of ODC is un-
known. Recently, Stipanuk& Beck (1982) reported
that cysteine was desulphydrated by cytosolic
cystathionine y-lyase (EC 4.4.1.1) and cystathio-
nine ,B-synthase (EC 4.2.1 .22) in the presence ofPLP
and suggested that the reaction may be important
not only in cysteine catabolism but also as a source
of metabolically active reduced sulphur. Although
iron is abundant in liver, the free iron concentra-
tion is assumed to be extremely low (Bezkoravainy,
1980) and the content of loosely bound reactive
Fe2 + seemed to be very small under normal condi-
tions (Table 5). Even if firmly bound iron was
converted into loosely bound reactive Fe2+ by a
reductant, such as H2S, other proteins may com-
pete with ODC for the Fe2 +: the result shown in
Table 6 indicated that there was abundant heat-
labile factor(s) in cytosol that protected ODC from
the inactivation by iron. A similar factor modify-
ing iron function has been found with phosphoenol-
pyruvate carboxykinase (EC 4.1.1.32) (Bentle &
Lardy, 1976) and 3-hydroxy-3-methylglutaryl-CoA
reductase (EC 1.1.1.34) (Ramasarma et al., 1981).
On the other hand, it is possible that such protect-
ing factors may have become accessible as a result
of tissue ho'mogenization. Therefore, a possible
physiological significance of the iron-dependent
inactivation could not be ruled out.
As shown in Table 1, the cysteine-dependent in-

activation of ODC slowed down with time and
almost ceased within 30min in liver homogenates
or postmitochondrial supernatants. This was prob-
ably due to the following two facts. First, the
formation ofH2S as well as that of the reactive iron
also almost ceased within 30min of incubation
(results not shown). Secondly, exogenously added
Fe2 + inactivated partially purified ODC only in a
time-independent manner in the presence of cyto-
solic protecting factor, although it caused a rapid
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Scheme 1. Proposed mechanism for cysteine-dependent ODC inactivation

inactivation of the enzyme in both time-independ-
ent and time-dependent manner in the absence of
cytosolic protecting factor (results not shown). The
latter observation also suggested that there are two
types of binding of Fe2+ to ODC, namely time-
independent and time-dependent bindings, the
latter being more sensitive to the inhibition by the
protecting factor.
The cysteine-dependent inactivation of ODC

shares some common characteristics with that of
tyrosine aminotransferase: requirement for a par-
ticulate fraction (Beneking et al., 1978) and vit-
amin B6 (Reynolds, 1978), and protection by PLP
at high concentrations (Reynolds & Thompson,
1974). It is uncertain, however, whether or not the
two enzymes are inactivated by the same mecha-
nism. Modification of thiol groups has been sug-
gested for the inactivation of tyrosine aminotrans-
ferase, and this is also likely to be involved in the
inactivation ofODC by Fe2 +. The results shown in
Table 7 suggested that Fe2 + binds to thiol groups
at or near the active site of ODC, forming an
iron-thiol complex, and catalyses an irreversible
oxidation of some functional group essential for
the enzyme activity (Scheme 1).

Several studies have pointed out that the thiol
group(s) of ODC is essential for catalytic activity
and an oxidation of the thiol group(s) results in the
inactivation of ODC, as indicated by the broken
line in Scheme 1 (Janne & Williams-Ashman,
1971; Mitchell, 1981; Guarnieri et al., 1982;
Zuretti & Garavela, 1983).

Preliminary experiments showed that some de-
crease in antigenicity took placewhenODC inactiv-
ated by Fe2 +, but not intact ODC, was incubated
with liver homogenate. This suggested that such an
inactivation of ODC may be a process preceding
its degradation in vitro.
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