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ABSTRACT The synthesis and intracellular transport of the
mitochondrial matrix enzymes ornithine transcarbamylase (car-
bamoylphosphate: L-ornithine carbamoyltransferase, EC 2.1.3.3.)
and carbamoyl-phosphate synthetase (ammonia) I [carbon-diox-
ide:ammonia ligase (ADP-forming, carbamate-phosphorylating),
EC 6.3.4.16] were studied in isolated rat hepatocytes. In pulse
experiments at 37C, the larger precursors of the two enzymes
appeared in the cytosol ofthe liver cells, where radioactivity levels
of the precursors reached a plateau in 10-20 min after the pulse.
The pulse-labeled mature enzymes appeared in the particulate
fraction (containing mitochondria) after a time lag and increased
almost linearly with time up to 40 min. The specific radioactivities
of the precursors in the cytosol were much higher than those of
the mature enzymes in the particulate fraction. In pulse-chase
experiments, the labeled precursors disappeared from the cytosol
with estimated half-lives of about 1-2 min. These results indicate
that ornithine transcarbamylase and carbamoyl-phosphate syn-
thetase I are initially synthesized as larger precursors and exist
in a cytosolic pool from which they are transported into mito-
chondria and processed there to the mature enzymes concomi-
tandy with or immediately after transport. Although the rates of
synthesis, transport, and processing were decreased about 3-fold
at 25'C (as compared to incubation at 37C), the pool size of the
precursors in the cytosol were somewhat larger at this temperature.

Carbamoyl-phosphate synthetase (ammonia) I [CPSase; carbon-
dioxide:ammonia ligase (ADP-forming, carbamate-phosphoryl-
ating), EC 6.3.4.16] and ornithine transcarbamylase (OTCase;
carbamoylphosphate:L-ornithine carbamoyltransferase, EC
2.1.3.3.) catalyze the first and second steps of urea biosyn-
thesis. The former enzyme exists in a monomer-dimer equilib-
rium of the subunit ofMr 156,000-165,000 (1-7) and the latter
enzyme consists ofthree identical subunits ofMr 35,300-39,600
(8-13). Both enzymes are localized in the liver mitochondrial
matrix of ureotelic animals (14). The enzymes are coded by nu-
clear genes, synthesized on cytoplasmic ribosomes, and sub-
sequently transported into the mitochondrial matrix.

Studies in our (15, 16) and other laboratories (17, 18) have
shown that the enzymes are synthesized in larger molecular
weight forms (precursors pCPSase and pOTCase) in heterolo-
gous cell-free protein-synthesizing systems. These precursors
appear to exist in highly aggregated forms (19). We further have
shown that pCPSase was converted to an apparently mature
form by a mitochondrial membrane preparation of rat liver (15)
and that pOTCase was transported into isolated mitochondria
in association with. the processing of pOTCase to the mature

form of the enzyme (16). The processing of pOTCase appears
to involve a neutral protease present in mitochondria (20). Ray-
mond and Shore (21, 22) reported that pCPSase is synthesized
on membrane-free polysomes and that the processing of
pCPSase is inhibited by a protease inhibitor, p-aminobenza-
midine. We have shown that pOTCase also is synthesized on
free polysomes and is detectable in the cytosol ofthe liver cells
(23). However, detailed kinetic studies of the synthesis, pro-
cessing, and intracellular transport of pOTCase and pCPSase
have not been reported. The present paper describes the results
of such studies with isolated rat hepatocytes.

MATERIALS AND METHODS
Materials. [35S]Methionine (>1000 Ci/mmol; 1 Ci = 3.7

x 10's becquerels) was obtained from New England Nuclear,
digitonin was from Wako Pure Chemical Industries (Tokyo, Ja-
pan), and microbial protease inhibitors (antipain, leupeptin,
chymostatin, and pepstatin) were from the Peptide Institute
(Osaka, Japan).

Preparation of Isolated Hepatocytes. Male Wistar rats,
weighing 200-250 g, were fed a commercial laboratory chow
(crude protein content, 21%) ad lib and fasted for 24 hr before
the experiments. Hepatocytes were isolated by a modification
(24) of the method of Berry and Friend (25).

Incubation and Subcellular Fractionation of Isolated He-
patocytes. The cells (==2.5 x 107 cells per ml) were incubated
-with [35S]methionine (170-320 ,Ci/ml) at 37°C or 25°C with
shaking at 115 oscillations per min under air in scintillation vials
or test tubes in a medium (pH 7.6) described by Ries et a! (26)
but modified as follows: 65 mM KC1/3.3mM MgCL2/2.5 mM
CaCl2/71 mM NaCl/6.2 mM sodium phosphate and a mixture
of 19 amino acids free ofmethionine (0.1 mM each). Particulate
components and the cytosol fraction of the cells were separated
by the method of Zuurendonk-and Tager (27) modified as fol-
lows. A portion of the cell suspension (10-100 -ul) was mixed
with a digitonin solution so that the final mixture (0.5 ml) was
20 mM potassium Hepes/0.25 M sucrose/3 mM EDTA/0.4
mM antipain/0.4 mM leupeptin/0.4 mM chymostatin/0.4
mM pepstatin containing 1 mg of digitonin per ml. After 2 min
at 0°C, the mixture was rapidly centrifuged for 1 min at 14,000
X g in an Eppendorf 5412 Microfuge. The supernatant (0.5 ml)

Abbreviations: OTCase, ornithine transcarbamylase; CPSase, carba-
moyl-phosphate synthetase (ammonia)I; pOTCase, precursor of OT-
Case; pCPSase, precursor of CPSase.
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was mixed with 0.5 ml of 20 mM Tris-HCl/0.2% NaDodSO4/
0.2% Triton X-100/4 mM EDTA, pH 7.4. The pellet was dis-
solved in a solution (1.0 ml, pH 7.4) containing 10 mM Tris'HCl,
0.1% NaDodSO4, 0.1% Triton X-100, 2 mM EDTA, and the
four protease inhibitors (0.2 mM each). Insoluble material was
removed by centrifugation.
When chase experiments were performed, the cell suspen-

sion was mixed with 3 vol of the medium described, but which
contained 20 mM cold methionine instead of [35S]methionine.
After a chase for the indicated times at 370C or 250C, the cells
were fractionated into the cytosol fraction and the particulate
components.

Immunoprecipitations. The cytosol fraction from about 2.5
X 10' cells and the particulate extract from about 2.5 x 105 cells
were subjected to immunoprecipitation with 10 1.d of an anti-
serum to bovine liver OTCase and 100 ,l of10% Staphylococcus
aureus cells as described (28). The cytosol fraction from about
2.5 x 105 cells and the particulate extract from about 2.5 X 104
cells were subjected to immunoprecipitation with 20 Aul of an
antiserum to rat liver CPSase and 100 14 of 10% (wt/vol) S.
aureus cells.

Preparations and Other Methods. Antisera to rat liver
CPSase and bovine liver OTCase were prepared as described
(15, 16). Fixed S. aureus cells were prepared as described (16).
NaDodSO4/polyacrylamide (6% or 12%) slab gel electropho-
resis (29) and fluorography (30) were performed by the cited
methods. The diphenyloxazole-impregnated gel strips contain-
ing radioactive polypeptides were cut out and assayed for ra-
dioactivity in a toluene scintillant with an efficiency of77% (28).
Trichloroacetic acid-insoluble radioactivity was measured as
described (31).

RESULTS

Isolated rat hepatocytes were fractionated into the cytosol and
particulate fractions by the digitonin procedure ofZuurendonk
and Tager (27). Under the conditions used, more than 80% of

the activity of a cytosol enzyme, lactate dehydrogenase, was
recovered in the cytosol fraction, whereas less than 5% of the
OTCase activity appeared in the same fraction. When the cells
were incubated with [3S]methionine, the radioactivity was ac-
tively incorporated into the cytosol and particulate fractions
(Fig. 1). The incorporation into both fractions was somewhat
slower for the first 5-10 min and then increased almost linearly
with time up to 40 min. No delay of the incorporation of
[35S]methionine into the particulate fraction compared to that
into the cytosol fraction was seen. The incorporation into both
fractions stopped almost instantly when the cells were chased
by the addition of excess cold methionine.
The subcellular fractions were subjected to immunoprecip-

itation with- anti-OTCase, and the immunoprecipitates were
analyzed by NaDodSO4 gel electrophoresis and fluorography.
The larger precursor, pOTCase, was found exclusively in the
cytosol fraction, and the radioactivity in pOTCase increased lin-
early for the first 10 min and then more slowly until a plateau
(30-40 dpm/106 cells; 1 dpm = 16.7 mBq) was reached in
10-20 min of the pulse (Fig. 2). On the other hand, the labeled
mature enzyme was found exclusively in the particulate frac-
tion. The radioactivity in the mature enzyme appeared after a
lag time of a few min and then increased steeply and almost
linearly with time up to 40 min. The radioactivity in the mature
enzyme was several times higher than that in pOTCase even
at 5 min ofchase and was 20 times higher at 20 min. The pulse-
labeled pOTCase disappeared almost completely from the cy-
tosol in 10 min of the subsequent chase, and the radioactivity
in the mitochondrial mature form increased during the chase
period. When the gel was stained with Coomassie blue, the
OTCase protein was clearly seen at the position of the labeled
mature enzyme, whereas no protein band was detected at the
position ofpOTCase. Thus, the specific radioactivity ofpOTCase
was much higher than that of the mature enzyme.

Similar kinetics were obtained with CPSase. The labeled
enzyme precursor (pCPSase) appeared in the cytosol fraction,
and the radioactivity reached a maximum after about 20 min of
pulse and then decreased somewhat (Fig. 3). On the other hand,
the radioactivity in the mature enzyme was first detected after
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FIG. 1. Incorporation of [35S]methionine into proteins of the cy-
tosol and particulate fractions of isolated hepatocytes. The hepatocytes
(2.7 x 10 cells) were incubated at 37°C in 0.8 ml of the medium con-
taining 150 ,Ci of [35S]methionine. Aliquots (100 AD) were removed
at indicated times during the pulse, and the trichloroacetic acid-pre-
cipitable radioactivities of the cytosol (o), of the particulate (e), and
of the cytosol plus particulate fractions (A) were measured. After 20
min of the incubation, an aliquot (100 p3) was chased for 10 min at37C
in the presence of excess cold methionine (----).
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FIG. 2. Synthesis of pOTCase and the mature enzyme in isolated
hepatocytes. The cells were those of Fig. 1. (A) Cells were pulsed with
[35S]methionine for 5 min (lanes 1 and 5), 10 min (lanes 2 and 6), and
20 min (lanes 3 and 7) or were pulsed for 20 min and then chased for
10 min (lanes 4 and 8). Whole samples of the cytosol fractions (lanes
1-4) and 10% of the particulate extracts (lanes 5-8) were subjected to
immunoprecipitation, followed by NaDodSO4/12% N (wt/vol) poly-
acrylamide gel electrophoresis and fluorography (10 days exposure at
-80°C). Arrows, positions of pOTCase and the mature enzyme. (B)
Radioactivities of pOTCase in the cytosol fraction (.) and of the ma-
ture enzyme in the particulate extract (o) were measured as described.

Data of the chase experiments.
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FIG. 3. Synthesis of pCPSase and the mature enzyme in isolated
hepatocytes. (A) Hepatocytes (2.2 x 10s cells) were incubated at 3700
in 0.1 ml of the medium containing 30 ,Ci of [55Slmethionine. Aliquots
(10 ,ul) were removed at 5 min (lanes 1 and 5), 10 min (lanes 2 and 6),
20 min (lanes 3 and 7), and 40 min (lanes 4 and 8) of pulse. Whole sam-
ples of the cytosol fractions (lanes 1-4) and 10% of the particulate ex-
tracts (lanes 5-8) were subjected to immunoprecipitation, followed by
NaDodSQ4/6% polyacrylamide gel electrophoresis and fluorography
(10 days). Arrows, positions of pCPSase and the mature enzyme. (B)
The radioactiv4ties of pCPSase in the cytosol fraction (e) and of the
mature enzyme in the particulate extract (o) were measured as de-
scribed. Radioactivities in total protein (cytosol fraction plus partic-
ulate extract) at 5, 10, 20, and 40 min of the pulse were 1.02, 2.21, 4.40,
and 6.72 X 10' dpm per 10' cells, respectively.

10 min in the particulate fraction and then increased linearly
up to40 min. The ratio ofthe radioactivity in the mature enzyme
to that in pCPSase at 20 min ofthe pulse was 10:20 (see also Fig.
5), the value being similar to or a little lower than that for OT-
Case. The radioactive polypeptide that moved faster than
pCPSase (Fig. 3A, lanes 1-4) and was slightly smaller than the
mature enzyme (see also Fig. 5A) appeared to be a degradation
product of pCPSase; the band was always very intense after a
long incubation. Protein staining ofthe gel showed that the spe-
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FIG. 4. Kinetics of pOTCase disappearance from the cytosol in
pulse-chase experiments. (A) Hepatocytes (2.2 x 107 cells) were pulsed
with 120 ,uCi of [35S]methionine for 20 min at 3700 in 0.7 ml of the
medium and were chased by the addition of 2.1 ml of the medium con-

taining 20 mM cold methionine. Aliquots (400 ,D) were removed at 0
min (lanes 2 and 7), 1 min (lanes 3 and 8), 3 min (lanes 4 and 9), 5 min
(lanes 5 and 10), and 10 min of chase (lanes 6 and 11) at 37°0, and the
cytosol fractions (1.0 ml) and the particulate extracts (1.0 ml) were
prepared. Portions (0.9 ml) of the cytosol fractions (lanes 2-6) and 90-
gl portions of the particulate extracts (lanes 7-11) were subjected to
immunoprecipitation, followed by NaDodSO412% polyacrylamide gel
electrophoresis and fluorography (9 days). Lane 1, pOTCase synthe-
sized in a rabbit reticulocyte lysate system (16). Arrows, positions of
pOTCase and the mature enzyme. (B) The radioactivities of pOTIase
in the cytosol fractions (o) and of the mature enzyme in the particulate
extracts (o) were measured as described.

FIG. 5. Kinetics of pCPSase disappearance from the cytosol in
pulse-chase experiments. The cytosol fractions of the hepatocytes and
the particulate extracts were those in Fig. 4. (A) Aliquots (0.1 ml) of
the cytosol fractions (lanes 1-5) and 10-pt aliquots of the particulate
extracts (lanes 6-10) were subjected to immunoprecipitation, followed
by NaDodSO4d/6% polyacrylamide gel electrophoresis and fluorogra-
phy (9 days). Chase period was for 0 min (lanes 1 and 6), 1 min (lanes
2 and 7), 3 min (lanes 3 and 8), 5 min (lanes 4 and 9), and 10 min (lanes
5 and 10). Arrows, positions of pCPSase and the mature enzyme. (B)
The radioactivities of pCPSase in the cytosol fractions (e) and of the
mature enzyme in the particulate extracts (o) were measured as
described.

cific radioactivity ofpCPSase was much higher than that of the
mature enzyme.

Kinetic aspects of pOTCase disappearance in pulse-chase
experiments are shown in Fig. 4. The pulse-labeled pOTCase
disappeared from the cytosol with an apparent half-life of2 min.
The actual half-life ofpOTCase is presumably somewhat shorter
because completion ofthe labeled nascent peptide ofpOTCase
would continue during the chase period. The radioactivity of
the mature enzyme showed a substantial increase during the
chase.

Kinetic aspects of pCPSase disappearance in pulse-chase
experiments are shown in Fig. 5. The pulse-labeled pCPSase
disappeared from the cytosol slowly for the first 3 min of the
chase and then more rapidly. The pattern of disappearance dif-
fered from that of pOTCase. The difference is probably due to
the difference in the subunit molecular weight of the two pre-
cursors (165,000 and 39,400 for pCPSase and pOTCase, re-

spectively). Elongation and completion of the radiolabeled na-

scent peptide' of pCPSase would proceed for a longer time
during the chase compared to that ofpOTCase, resulting in the
apparent delay in the disappearance of the labeled pCPSase.
The half-life ofpCPSase, estimated from the values after 3 min
of the chase, was about 2 min. The radioactivity of the mature
enzyme in the particulate extract increased significantly during
the chase period.

In an attempt to accumulate the precursors in the isolated
hepatocytes, pulse-chase experiments were carried out at 250C.
[35S]Methionine incorporation into total protein at 250C was
about 35% of that at 370C. The rate of incorporation of radio-
activity into pOTCase and into mature enzyme was decreased
compared with the rate at 370C, but the pattern was otherwise
similar to that observed at 370C (Fig. 6). The maximal radio-
activity in pOTCase at 250C was substantially higher than that
at 370G. Pulse-labeled pOTCase disappeared from the cytosol
in 10 min of chase.

[3S]Methionine incorporation into pCPSase in the cytosol
took place more slowly at 25°C, and the radioactivity in pCPSase
did not reach a plateau in 40 min of pulse (Fig. 7). The labeled
mature enzyme appeared in the particulate fraction with a lag
time of 20 min and then increased. The appearance of the pu-
tative degradation product ofpCPSase was less evident at 250C.

- -
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FIG. 6. Synthesis of pOTCase and the mature enzyme in isolated
hepatocytes at 25°C. (A) The hepatocytes (1.8 x 107 cells) were incu-
bated at 25°C in 0.7 ml of the medium containing 220 ,uCi of
[35S]methionine. Aliquots (0.1 ml) were removed at 10 min (lanes 1 and
6), 20 min (lanes 2 and 7), and 40 min of pulse (lanes 3 and 8). After
40 min of pulse, 0.1-ml aliquots were chased for 10 min (lanes 4 and
9) and 20 min (lanes 5 and 10) at 25°C in the presence of excess cold
methionine. Whole samples ofthe cytosol fractions (lanes 1-5) and 10%
of the particulate extracts (lanes 6-10) were subjected to immunopre-
cipitation, followed by NaDodSOd12% polyacrylamide gel electro-
phoresis and fluorography (9 days). Arrows, positions of pOTCase and
the mature enzyme. (B) The radioactivities of pOTCase in the cytosol
fraction (e) and of the mature enzyme in the particulate extract (o)
were measured as described. ----, Data of the chase experiments.
Radioactivities in total protein (cytosol fraction plus particulate ex-

tract) at 10, 20, and 40 min of pulse and at 40 min of pulse plus 10 and
20 min of chase were 0.29, 1.11, 3.56, 3.60, and 3.45 x 106 dpm per 106
cells, respectively.

DISCUSSION
The studies described here present a detailed kinetic study of
the synthesis of two mitochondrial matrix proteins and their
precursors in higher animals and their subcellular localizations.
The results show most clearly that rat liver OTCase and CPSase
are synthesized in the cytosol as larger precursors, which are

transported from the cytosol into the mitochondria where they
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FIG. 7. Synthesis of pCPSase and the mature enzyme in isolated
hepatocytes at 25°C. (A) The hepatocytes, (2.2 x l10f cells) were incu-
bated at 25°C in 0.1 ml of the medium containing 30 uCi of
[3,5S]methionine. Aliquots (10 pl) were removed at 10 min (lanes 1 and
5), 20 min (lanes 2 and 6), 30 min (lanes 3 and 7), and 40 min of pulse
(lanes 4 and 8). Whole samples of the cytosol fractions (lanes 1-4) and
10hto of the particulate extracts (lanes 5-8) were subjected to immu-
noprecipitation, followed by NaD)odSwe46% polyacrylamide gel elec-
trophoresis and fluorography (12 days). Arrows, positions of pCPSase
and the mature enzyme. (B) The radioactivities of pCPSase in the cy-

tosol fraction (o) and of the mature enzyme in the particulate extracts
(o) were measured as described. Radioactivities in total protein (cy-
tosol fraction plus particulate extract) at 10, 20, 30, and 40 min of the
pulse were 0.45, 0.97, 2.02, and 2.47 x 106 dpm per 106 cells,
respectively.

are processed to the mature enzymes. The extramitochondrial
pools ofthe precursors are small and their half-lives at 370C are
estimated to be 1-2 min. Raymond and Shore (22) reported a
similar half-life of pCPSase (about 2 min) in rat liver explants.
The short half-life ofpOTCase is in accord with our earlier ob-
servation with rat liver slices (23) that the pulse-labeled
pOTCase disappeared rapidly from the cytosol during the chase
period. The half-life values can well explain the ratios of the
radioactivity levels ofthe mature enzymes to those oftheir pre-
cursors, which are of the order of 10:20 at 20 min of pulse. The
proteolytic processing ofthe precursors is thought to occur con-
comitantly with or immediately after the transport because no
precursor was detected in the particulate fraction. When pulse-
labeling experiments were carried out at 250C, the rates of the
precursor transport (processing) and of their synthesis were
slowed down about 3-fold, whereas the pool sizes of the pulse-
labeled precursors were somewhat larger at this temperature.
Thus, these conditions may be useful for studies of the molec-
ular mechanisms involved in the intracellular transport and pro-
cessing of the precursors. The present results are in sharp con-
trast to those reported by Yamauchi etat (32) for 8-aminolevulin-
ate synthetase of rat liver, another mitochondrial matrix en-
zyme. Under conditions where the enzyme is extensively in-
duced, a large amount of the enzyme precursor accumulates in
the cytosol fraction and is subsequently transferred to the
mitochondria.
The events involved in the synthesis, translocation, and pro-

cessing of the mitochondrial matrix proteins in rat liver appear
to be very similar to those that are known to operate in lower
eukaryotes (33-35). Although it was reported that isolated he-
patocyte preparations could not be used for such studies (22),
our results demonstrate the usefulness of such preparations.
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