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SUMMARY

Following partial hepatectomy, there is a dramatic enhancement in the residual livei� jr�
the activity of ornithine (lecarboxvlase (L-Ornithine carboxy-lyase, EC 4.1.1.17), an enzyme

involved in polyamine synthesis. This increase in enzyme activity is completely prevented by
treatment of the animals with puromycin at the time of hepatectomy, or by treatment with

(ycloheximide at the time of hepatectomy or up to 1 hr after hepatectomy. Actinomycin D
a(lministration at the time of operation prevents the subsequent rise in ornithine decarbox-

ylase activity, but is only partially effective when given 30 mm post-hepatectomy and
ineffective 1 hr after operation. When cycloheximide is administered to unoperated rats or to
animals 4 or 24 hr after hepatectomv, ornithine decarboxylase activity declines rapidly, with

a half-life of about. 11 mm. After puromycin treatment, the decline of ornithine decarbox-
ylase activity also shows a half-life of about 11 mm. These findings suggest that the turn-
over of hepatic ornithine decarboxylase is extremely rapid.

INTRODUCTION

The polyamines spermidine and sperm-
me, and their precursor putrescine, appear
to play important roles in rapid tissue
growth. Their concentrations increase mark-
edly in regenerating rat liver (1, 2) and

during certain growth phases of the chick
embryo (3, 4), and are influenced by pitui-
tary secretion of growth hormone (5).

Mammalian tissue levels of polyamines are
highest in organs with high rates of RNA
synthesis, such as bone marrow, prostate,
and pancreas (6). These compounds stabi-
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lize ribosomes and nucleic acids (7) and,
in microorganisms, can directly affect rates
of RNA synthesis (8).

Polyamine synthesis in bacteria (7, 9)
and mammals (10, 11) involves the de-
carboxylation of ornithine to putrescine,
which is then converted to spermidine by

condensation with a propylamine moiety

derived from the decarboxylation of S-
adenosylmethionine. The enzymatic steps

in the conversion of spermidine to sperm-
me have not been characterized (7).

We have estimated the activity of orni-
thine decarboxylase (L-ornithine carboxy-
lyase, EC 4.1.1.17) in a variety of rapidly
growing tissues (12-14). In regenerating rat

liver there is a very rapid and dramatic
enhancement of ornithine decarboxylase ac-
tivity. As early as 1 hr after partial hepa-
tectomy, ornithine decarboxylase activity
is tripled, is 10 times the basal level by
4 hr, and attains a peak activity 25 times
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greater than control values at 16 hr (12,
13). In chick embryo, during the period of
maximal limb bud formation, we found

very high ornithine decarboxylasc activity,
which gradually declined to negligible levels
by the time of hatching (12, 13). Certain
rapidly growing tumors also showed orni-

thine decarboxylase activity far greater

than that of nonmalignant tissues (12, 13).
Also, administration of growth hormone
markedly stimulates ornithine decarboxyl-

ase activity in the livers of normal rats

(14) �2 Hypophysectomy abolishes the early

enhancement of ornithine decarboxylase ac-
tiwity in rat liver after partial hepatectomy,

an effect that is reversed by growth hor-
mone (14).

After partial hepatectomy or growth
hormone treatment, the increase in orni-
thine decarboxylase activity was extremely
rapid. We wondered if this reflected pro-
tein synthesis de novo or activation of
existing enzyme molecules, and accordingly
have examined the effect of inhibitors of
protein and nucleic acid synthesis on the
response of ornithine decarboxylase activ-

ity to partial hepatectomy.
The association of striking changes in

ornithine decarboxylase activity with alter-
ations in tissue spermidine and putrescine
concentrations suggests that ornithine de-
carboxylase activity may regulate the rate
of synthesis of polyamines. In order to shed
light on the dynamic regulation of poly-
amine synthesis, we studied the rate of
turnover of ornithine decarboxylase, using
inhibitors of protein synthesis.

MATERIALS AND METHODS

DL-Ornithine-1-14C monohydrochioride
(2.3 mC/mmole) was obtained from the

New England Nuclear Corporation. Actino-
mycin D was obtained from Merck Sharp

and Dohme Research Laboratory, and
cycloheximide and puromycin hydrochlo-
ride, from Nutritional Biochemicals Corpo-
ration. NSD-1055 (4-hromo-3-hydroxybenz-
yloxamine dihydrogen phosphate) was

2J. Jnnne and A. Raina, personal communica-

tion.

generously donated by Dr. David J. Drain
of Smith and Nephew Research, Ltd.

Spraguc-Dawley male rats (150-200 g�
were lightly anesthetized with ether. Partial
hepatectomy was performed by the method
of Higgins and Anderson (15). Sham-
operated animals were anesthetized and
laparotomized. Rats were killed by cervical
fracture and decapitation, and the liver
remnants (caudate and right lateral lobes)
were removed, chilled immediately on ice,
and homogenized in 5 volumes of 0.05 M

sodium potassium phosphate buffer at pH
7.2. The homogenate was centrifuged at
20,000 X g for 20 miii, and the supernatant.

fluid was used for enzyme assay.

Ornithine decarboxylase activity was de-
termined by measuring the liberation of
14CO2 from carboxyl-labeled substrate as

previously described (13).

RESULTS

Effect of cycloheximide and puromycin

on the increase in ornithine decarboxykz&�

activity after partial hepatectomy. Groups

of rats received cycloheximide injections 20
mm prior to hepatectomy, at the time of
hepatectomy, or 30 or 60 mm following
hepatectomy. They were killed 4 hr after
hepatectomy, and their livers were assayed

for ornithine decarboxylase activity. En-
zyme activity 4 hr after sham operation
was 7.30 ± 0.86 m1�C of ‘4C02/30 min/g.

Ornithine decarboxylase activity in par-
tially hepatectomized rats was about 10
times greater than that of the sham-
operated animals. Regardless of the time
of its administration, cycloheximide com-

pletely prevented the increase in ornithine

decarboxylase activity after partial hepa-
tectomy (Fig. 1). To ascertain whether
cycloheximide could affect the enzyme it-
self, cycloheximide (10� �r) was incubated

with enzyme preparations in the assay sys-

tem for 10 mm before addition of sub-
strate. Under these conditions, no change
in ornithine decarboxylase activity was

detected.
These results suggested that the increased

ornithine decarboxylase activity in regener-

ating rat liver represented synthesis of this
enzyme de novo. In order to substantiate
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FIG. 1. Effect of cycloheximide on 1/ic increase

in ornithine decarboxylase activity after partial

hepatectomy

Rats received cycloheximide (50 mg/kg intra-

peritoneally) or 0.9% NaCl at various times and
were killed 4 hr after partial hepatectomy. Each
column represents the mean and standard error for

5-10 animals.

the data obtained with cycloheximide, us-

ing another drug, an experiment employing

puromycin was designed. A group of rats
received puromycin at the time of hepa-
tectomy, and another group received injec-
tions of 0.9% NaC1. Both groups were
killed 2 hr after operation, along with
sham-operated animals that had received
NaC1 injections, and their livers were as-
sayed for ornithine decarboxylase activity.
Partial hepatectomy produced a 4.6-fold
increase in ornithine decarboxylase activity

in the NaCl-treated rats as compared with
sham-operated animals. Puromycin com-
pletely abolished this increase (Fig. 2).

Effect of actinomycin D on the increase
of ornithine decarboxylase activity after
partial hepatectoiny. Groups of rats re-

ceived actinomycin D at the time of
hepatectomy or 30 or 60 mm following
hepatectomy and were killed 4 hr after

operation, and their livers were assayed for
orn ithine decarboxylase activity. Actino-
mycin D administered at the time of hepa-

tectomy completely abolished the increase
in ornit.hine decarhoxylase activity, as had

occurred with cycloheximide and puromy-
cm (Fig. 3). However, in contrast to the

results with cycloheximide, when actino-
mycin D was given 30 mm after operation

it only partially prevented the increase in
ornithine decarboxylase activity. When ac-
tinomycin D was administered 1 hr after
hepatectomy, ornithine decarboxylase ac-

tivity at 4 hr did not differ from that of
the NaC1-treated control animals.

Determination of the half-life of orni-

thine decarboxylase using cyclohexim ide
and purornycin. In order to ascertain the
rate of turnover of ornithine decarboxylase

in rat liver, cycloheximide or puromycin
was administered and the rate of decline of
ornithine decarboxylase activity was ex-
amined. In an initial experiment, groups of
rats were subjected to partial hepatectomy
and received injections of cycloheximide

30, 60, 90, and 120 mm prior to being
killed 24 hr after operation, along with

NaCl-treated controls (Table 1). In as
little as 30 mm after cycloheximide treat-
ment, orriithine decarhoxylase activity was

S
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OPERATED REGENERATING LIVER PLUS

LIVER LIVER PUROMYCIN

Fia. 2. Effect of puromycin on the increase in orni-

thine decarboxy!ase activity after partial hepatectoiny

Ornithine decarboxylase activity was measured in
sham-operated rat liver, 2-hr regenerating rat liver,
and 2-hr regenerating rat liver with a 100 mg/kg

dose of puromycin given intraperitoneally at the

time of the operation. Each column represents the
mean and standard error for 5-10 animals.
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Fin. 3. Effect of actinomycin D On ornithine decarboxy!ase activity of 4-hr regenerating rat lot r

A 2 mg/kg dose of actinomycin D was administered intraperitoneally at the times indicated. Ea�h

column represents the mean and standard error for 5-10 animals.
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reduced to basal levels. At 90 and 120 mm

after cycloheximide, enzyme activity was

still lower than the levels at 30 mm, al-
though only at 90 mm after treatment was
it significantly lower (p <0.02) than at
30 mm. In order to study the effect of
cycloheximide over shorter time intervals,

TABu�1

Effects of cycloheximide on ornithine decarboxylase

in. 24-hr regenerating rat !iver

Bats treated with cycloheximide received 50
mg/kg doses intraperitoneally. There were 5-10

rats in each group.

‘4C02 production

Treatment of animals (mean ± SE)

m,.iC/3O min/g

Controls (0.9% NaCI) 40.6 ± 8.3#{176}
Cycloheximide � hr prior

to decapitation 5.6 ± 1 9b

Cycloheximide 1 hr prior
to decapitation 3.5 ± 0.85

Cycloheximide 1� hr prior
to decapitation 0.92 ± 0. 8#{216}b

Cycloheximide 2 hr prior

to decapitation 1.20 ± 0.90

a Controls differed from all other groups

(p <0.001).
6These values differed significantly (p <0.02).

groups of rats received cycloheximide 10,

20, and 30 mm before being killed 24 hr
after operation, along with controls given

0.9% NaCl. There was a very rapid decline

of ornithine decarboxylase activity after
cycloheximide treatment, with a half-life of

11.5 mm (Fig. 4).
The extremely rapid turnover rate ob-

tained in the 24-hr regenerating liver raised
the question whether the turnover rate of
ornithine decarboxylase varied at different.
times after hepatectomy or in the basal
condition. Accordingly, groups of rats were
partially hepatectomized and treated with

cycloheximide 10, 20, and 30 mm before
being killed 4 hr after operation (Fig. 4
Just as had been observed with the 24-hr
regenerating liver, in the 4-hr regenerating
liver there was a very rapid decline of
enzyme activity, with a half-life of 11.5
mm.

In another experiment, unoperated rats
received cycloheximide and were killed 5,
10, and 15 mm later, and their livers were

assayed for ornithine decarboxylase activ-
ity. Enzyme activity declined exponentially,
with a half-life of 10 mm, similar to the
half-life observed in both the 4-hr and
24-hr regenerating livers.

In an experiment designed to detect the
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FIG. 4. Time course of the decline of ornithine decarboxylane activity in 4-hr regenerating rat liver, 24-hr re-

generating rat !iver, and normal rat liver after administration of 50 mg/kg of cycloheximide intraperitoneally

The lines were plotted by the lea.st squares method. Each point represents the mean ± standard error for

five animals.

possible presence of an inhibitor of orni-
thine deca.rboxylase in livers of cyclo-
heximide-treated rats, enzyme preparations

from 4-hr regenerating rat livers after in-

jection of 0.9% NaCl and 4-hr regenerating

rat. livers 30 mm after treatment with

cycloheximide (50 mg/kg) were mixed to-
gether and assayed for ornithine decarl)ox-
ylase activity. Enzyme activity was addi-
tive in all cases, indicating the absence of
an inhibitor in livers of the cycloheximide-

treated rats.
The substrate concentration used in most

experiments (50 p.�r as L-Ornithine) was

nOnsatu.rating. It is conceivable that after
cycloheximide treatment, levels of free or-

nithine in the liver might change. Accord-
ingly, in some experiments saturating

amounts of L-ornithine (2 mM) were used

as substrate, and the same rapid decline in
ornithine decarboxylase activity, with a
half-life of ii mm, was observed. This

indicates that changes in free hepatic
L-ornithine cannot account for the cyclo-

heximide-produced decrease in ornithine

decarboxylase activity.
To determine whether the short half-life

for ornithine decarboxylase obtained with

cycloheximide was related primarily to in-
hihition of protein synthesis by the drug
rather than to some other effect of cyclo-
heximide, we designed an experiment using
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puromycin, a different inhibitor of protein
synthesis. Groups of rats were partially
hepatectomized and received puromycin 10,
20, and 30 mm before being killed 4 hr
after operation (Fig. 5). Just as had been
found in the experiments with cyclohexi-
mide, ornithine decarboxylase activity fell

quickly after puromycin treatment, with a

half-life of 11.5 mm.
Effect of actinomycin D on ornithine

decarboxylase activity of regenerating rat

liver. Actinomycin D inhibits DNA-de-

pendent synthesis of RNA (16). Tschudy

et at. (17) administered actinomycin D to
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rats in order to measure the half-life of
the messenger RNA for hepatic 6-amino-
levulinic acid synthetase. We examined
whether such an approach might be ap-
plicable to ornithine decarboxylase in the
following experiment. Groups of rats were
partially hepatectomized and treated with
actinomycin D at eight time intervals be-

tween 1/2 hr and 4 hr before being killed
24 hr after operation. Ornithine decarbox-

ylase activity was not altered at any time
by actinomycin D treatment (Table 2). In
another experiment, rats were partially
hepatectomized and received actinomycin

I’m. 5. Time course of the decline of ornithine decarboxylase activity in 4-hr regenerating rat liver after the

administration of 100 mg/kg of puromycin intraperitoneally

The line was plotted by the least squares method. Each point represents the mean ± standard error for
five animals.
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TABLE 2

Effects of actinomycin D on ornithine decarboxy!ase

actieity of regenerating rat liver

Rats treated with actinomycin D received 2
mg/kg doses intraperitoneally. There were 5-10

rats in each group.

Experimental

animals 24 hr after

partial hepatectomy

‘4C0, production

(mean ± SE)

Controls (0.9% NaCl)

mj.tC/30 min/g

48.4 ± 5.8

Actinomycin D 3� hr
before decapitation 50.8 ± 7.4

Actinomycin D 1 hr

before decapitation 64.2 ± 11.7

Actinomycin D 13� hr
before decapitation 46.2 ± 7.2

Actinomycin D 2 hr
before decapitation 43.9 ± 6.7

Actinomycin D 2� hr

before decapitation 46.9 ± 5.7
Actinomycin D 3 hr

before decapitation 51.8 ± 18.7

Actinomycin D 3� hr
before decapitation 41.6 ± 3.7

Actinomycin D 4 hr
before decapitation 51.8 ± 14.6

D or 0.9% NaC1 6 hr before being killed
7 hr after operation. Enzyme activity in
the control hepatectomized rats was 118.0
± 17.3 mj�C of 14co2/3o min/g, but was

reduced in the actinomycin D-treated rats

to 27.3 ± 17.3 m�C of ‘4C02/30 min/g of
tissue.

DISCUSSION

In the present study we have examined
whether the very rapid increase in orni-

thine decarboxylase activity after partial
hepatectomy involves new protein synthe-

sis. Since puromycin and cycloheximide,
drugs that inhibit protein synthesis by
different mechanisms, both completely pre-
vented the increase in ornithine decarbox-

ylase activity after partial hepatectomy, it
would appear that this increase in enzyme

activity reflects synthesis de novo of orni-

thine decarboxylase. Our finding that the
apparent degradation rate of ornithine de-
carboxylase is the same in the basal and
in the induced state also suggests that the

increase in ornithine decarboxylase activity
after partial hepatectomy represents syn-

thesis of new enzyme, rather than a slowing

of its degradation.
In experiments measuring the decline of

ornithine decarboxylase activity after pu-
romycin or cycloheximide treatment, the
half-life of decline was extremely short,

about 10-11 mm, whether studied in the

basal or the induced state. This appears to

be the shortest half-life reported for a
mammalian enzyme (Table 3). In the

literature we reviewed, 6 -aminolevulinic
acid synthetase had the fastest recorded
turnover rate, with a half-life of 67-72
mm, whmch is more than 6 times greater

TABLE 3
Half-lives of some mammalian enzymes

Enzyme to:

Ornithine decarboxyla.se 11 mm

#{246}-Aminolevulinic acid
synthetase (18) 67-72 mm

Tyrosine transaminase (19) 1 .5 hr
Histidine decarboxylase (20) 1.8 hr

Ribonucleotide reductase (21)

(conversion of CMP
tOdCMP) 2.Ohr

Tryptophan pyrrolase (22, 23) 2.5 hr
Threonine dehydratase (24) 3.0 hr

Serine dehydratase (25) 5.2 hr

Catalase (26) 1-1.5 days

Glutamic-pyruvic

transaminase (27) 3.5 days

Arginase (28) 4-5 days

than the half-life of hepatic ornithine de-
carboxylase. Studies of enzyme turnover

rate based solely on the measurement of
enzyme activity must be interpreted with
caution, since drugs such as cycloheximide
may block enzyme degradation as well as

enzyme synthesis, and may produce effects
unrelated to protein synthesis (29). How-
ever, for at least two hepatic enzymes,
tyrosine transaminase (19, 22, 30) and

tryptophan pyrrolase (23, 31), turnover
rates calculated from the fall in enzyme

activity after treatment with inhibitors of
protein synthesis appear to be valid mea-
sures, since they are the same as when
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determined by changes in amount of iso-
topically labeled enzyme.

When an enzyme is “induced” by a stim-
ulus which is present continuously until a

new steady-state enzyme level is established

and the “inducing” stimulus ceases quickly,
the half-times for the degradation of the

enzyme in the presence and absence of the
inducing stimulus can be estimated from
the half-times for the shift to and from the
new steady state. In regenerating liver the

stimulus for the enhancement of ornithine
decarboxylase activity is unknown, as is
the duration of its presence. Accordingly,

rates of changes in ornithine decarboxylase
activity after partial hepatectomy could
not be used to confirm the half-lives esti-

mated from experiments with cycloheximide
and puromycin.

The synthesis of most mammalian en-

zymes is a linear function of time, whereas

enzyme degradation is an exponential

function of time. Therefore, rates of change
of enzyme levels from one steady state to
another are determined solely by the deg-

radation rate of the enzyme (27, 29, 32).
The very high degradative rate of orni-
thine decarboxylase suggests that its activ-

ity changes rapidly in response to stimuli
to altered synthesis. Since ornithine de-
carboxylase activity may be rate-limiting in

the biosynthesis of the polyamines (13), our
results suggest that polyamine synthesis in

mammalian liver is a finely modulated
process. Inasmuch as the physiological
function of the polyamines is not estab-
lished, it is difficult to ascertain the im-
portance of such a sensitive regulation of
their synthesis.

Knowing the half-life for the turnover

rate of ornithine decarboxylase, it should
be possible to calculate the synthesis rate

of this enzyme after partial hepatectomy.
Assuming that enzyme synthesis conforms
to zero-order kinetics and that degradation
is first-order with decay constant k, the
simplest expression for enzyme levels

would be

= S - 1L�P (1)

In this equation S is synthesis rate and P

is enzyme level. Up to 24 hr after partial
hepatectomy, the mass of the liver does not

change significantly, so that mass effects
can be ignored in the above equation.

Since the half-life of ornithine decar-

boxylase does not change after hepatec-

tomy, k remains constant. If during induc-

tion S changes in a single-step fashion to

a new level, 5’, then

- k(P’ - Pe�’)

- 1-e’#{176}
(2)

In Eq. 2, P’ is the enzyme level at any
given time and P is the basal enzyme level.

Since the half-life of ornithine decarboxyl-
ase is very short, the exponential factors
will be negligible at values of kt greater

than about 4. If the enzyme level is at a

steady state, ornithine decarboxylase syn-
thesis rate could be calculated as follows:

5’ = kP (3)

Equation 2 could be applied to calculat-
ing the synthesis rate of ornithine decar-

boxylase only if hepatectomy produced a
single-step rather than a graduated increase

in enzyme synthesis, so that after hepatec-
tomy at various times the enzyme synthesis
rate should be constant even though en-
zyme activity varies. In preliminary at-

tempts to calculate 5’ using ornithine de-
carboxylase activity at different intervals
after hepatectomy (13), we obtained vary-
ing values of 8’. This suggests that the
rate of ornithine decarboxylase synthesis

does not change in a single-step fashion
after hepatectomy.

If enzyme activity is constant, the syn-

thesis rate can be calculated using Eq. 3.

After partial hepatectomy, however, en-
zyme activity fluctuates continuously (13),

so that the rate of ornithine decarboxylase

synthesis cannot be calculated by this
method from changes in its activity after
hepatectomy.

Berlin and Schimke (33) have calculated
changes in synthesis rates of several in-

ducible hepatic enzymes by examining the
initial rate of increase of enzyme activity
after administration of the inducing hor-
mone. For such calculations to be applica-
ble, however, the time interval during
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which increase in enzyme activity is fol-
lowed must be much shorter than the half-

life of the enzyme, so that 1 - elct - kt.
The extremely short half-life of ornithine

decarboxylase would preclude such deter-
minations for this enzyme. Interestingly,

for some enzymes examined by Berlin and
Schimke (33), the half-lives also appear to
be too brief to permit an accurate calcula-

tion of enzyme synthesis by this method.
Actinomycin D, when administered at

the time of hepatectomy, completely pre-
vented the enhancement of ornithine de-
carboxylase activity when measured 4 hr

after operation. When given 30 mm after
hepatectomy, however, it only partially in-
hibited the increase in enzyme activity, and
when given at 1 hr it was without effect.
Actinomycin D inhibits DNA-dependent

RNA synthesis (16) and has been used by
numerous investigators to study the role of

RNA synthesis in the regulation of a

variety of mammalian enzymes. If we as-

sume that the effect of actinomycin D on
ornithine decarboxylase activity was medi-
ated by its action on RNA synthesis, then
it would appear that virtually all of the
messenger RNA for the levels of ornithine

decarboxylase measurable at 4 hr was syn-
thesized in the first hour after hepatectomy.

This finding is interesting in light of the
observation of Church and McCarthy (34)

that during the first hour after hepatectomy

in the mouse, a new species of very short-

lived RNA is synthesized.
When actinomycin D was given to rats

24 hr after hepatectomy, there was no de-

cline in ornithine decarboxylase activity for
up to 4 hr. Tschudy et al. (17) treated rats
with actinomycin D and measured the
activity of 6-aminolevulinic acid synthetase

at various time intervals. After a lag phase
of 3-4 hr, enzyme activity declined rapidly,
and a half-life for the messenger RNA of

8-aminolevulinic acid synthetase of 40-70
mm was calculated. Using the assumptions
of Tschudy et at. (17), it would seem that
the half-life for ornithine decarboxylase
messenger RNA is longer than that of

8-aminolevulinic acid synthetase messenger
RNA. Our experiments were not carried out
for long enough periods to determine defini-

tively whether or not the messenger RNA
half-life for ornithine decarboxylase is

shorter than that of the bulk of cytoplasmic
rat liver messenger RNA, which is stable

for at least 40 hr (35). In one experiment,
we found a considerable decline of orni-

thine decarboxylase activity 6 hr after ad-
ministering actinomycin D, which suggests

that messenger RNA for ornithine decar-

boxylase may be relatively short-lived.
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