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Summary

Ornithine transcarbamylase (ornithine carbamoyltransferase, EC 2.1.3.3), the second enzyme of urea
synthesis, is localized in the matrix of liver mitochondria of ureotelic animals. The enzyme is encoded by a
nuclear gene, synthesized outside the mitochondria, and must then be transported into the organelle. The rat
liver enzyme is initially synthesized on membrane-free polysomes in the form of a larger precursor with an
amino-terminal extension of 3 400-4 000 daltons. In rat liver slices and isolated rat hepatocytes, the pulse-la-
beled precursor is first released into the cytosol and is then transported with a half life of -2 min into the
mitochondria where it is proteolytically processed to the mature form of the enzyme. The precursor
synthesized in vitro exists in a highly aggregated form and has a conformation different from that of the
mature enzyme. The precursor has an isoelectric point (pl =7.9) higher than that of the mature enzyme (pl =
7.2).

The precursor synthesized in vitro can be taken up and processed to the mature enzyme by isolated rat liver
mitochondria. The mitochondrial transport and processing system requires membrane potential and a high
integrity of the mitochondria. The transport and processing activities are conserved between mammals and
birds or amphibians and is presumably common to more than one precursor. Potassium ion, magnesium ion,
and probably a cytosolic protein(s), in addition to the transcarbamylase precursor and the mitochondria, are
required for the maximal transport and processing of the precursor.

A mitochondrial matrix protease which converts the precursor to a product intermediate in size between
the precursor and the mature subunit has been highly purified. The protease has an estimated molecular
weight of 108 000 and an optimal pH of 7.5-8.0, and appears to be a metal protease. The protease does not
cleave several of the protein and peptide substrates tested. The role of this protease in the precursor
processing remains to be elucidated.

Rats subjected to different levels of protein intake and to fasting show significant changes in the level of
enzyme protein and activity of ornithine transcarbamylase. The dictary-dependent changes in the enzyme
level are due mainly to an altered level of functional mRNA for the enzyme. In contrast, during fasting, the
increase in the enzyme level is associated with a decreased level of translatable mRNA for the enzyme.

Pathological aspects of ornithine transcarbamylase including the enzyme deficiency and reduced activities
of the enzyme in Reye’s syndrome are also described. A possibility that impaired transport of the enzyme
precursor into the mitochondria leads to a reduced enzyme activity, is proposed.

Abbreviation Introduction

pOTC, precursor of ornithine transcarbamylase Ornithine transcarbamylase (ornithine carba-
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moyltransferase, EC 2.1.3.3) catalyzes the second
step of urea biosynthesis in the liver of ureotelic
animals (1). Reichard (2) isolated essentially pure
ornithine transcarbamylase from rat liver. The bo-
vine enzyme was purified to homogeneity by Mar-
shall and Cohen (3-5) who established that the
enzyme is a trimer of 108 000 daltons consisting of
three identical subunits of 36 000 daltons. Molecu-
lar and catalytic properties of the bovine enzyme
have been extensively studied (3-10). Subsequent
preparations of pure ornithine transcarbamylase
from rabbit liver (11), rat liver (12, 13), and human
liver (14, 15) also proved to be trimers of approxi-
mately the same molecular weight and to consist of
three identical subunits. The amino acid sequence
of the NH,-terminal region (24 amino acids) of the
rat enzyme was determined (13). The rat enzyme
can be purified to homogeneity by affinity chroma-
tography with immobilized 6-N-(phosphonacetyl)-
L-ornithine (16, 17), a potent transition state ana-
log inhibitor of ornithine transcarbamylase (18
-20).

Ornithine transcarbamylase is present almost ex-
clusively in the liver mitochondria of ureotelic
animals (21-23). Subfractionation of rat liver mito-
chondria showed that the enzyme is localized in the
mitoplast (inner membrane plus matrix) (24) and in
the mitochondrial matrix (25). A low but signifi-
cant level of the enzyme is found in the intestinal
mucosa of ureotelic animals (23, 26-28). The intes-
tinal enzyme is also localized in the mitochondria
(29).

Ornithine transcarbamylase is coded by a nuclear
gene and synthesized on cytoplasmic 80S ribo-
somes. The newly synthesized enzyme must then
traverse both the outer and inner mitochondrial
membranes to achieve its final location in the mito-
chondrial matrix. Described herein are the mecha-
nisms whereby extramitochondrially synthesized
ornithine transcarbamylase is transported into the
matrix of liver mitochondria. Regulation of the
hepatic level of ornithine transcarbamylase and
some pathological aspects of the enzyme are also
given attention.

Cell-free synthesis of pOTC, the larger precursor of
ornithine transcarbamylase

Cell-free synthesis of rat liver ornithine transcar-

bamylase was performed to elucidate the size of the
primary translational product of the enzyme (30).
Total RNA or poly(A)"™ Ht RNA of rat liver was
translated in a nuclease-treated rabbit reticu]ocyte
lysate system in the presence of [35Smethionine and
the polypeptide synthesized was immunoprecipi-
tated by using an antibody to the enzyme and pro-
tein A-bearing Staphylococcus aureus cells. The
immunoprecipitates were subjected to SDS/10%
polyacrylamide gel electrophoresis and fluoro-
graphy (Fig. 1). The cell-free product (pOTC) mi-
grated more slowly than did the subunit of the
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Fig. 1. SDS/ polyacrylamide gel electrophoresis of the in vitro
product (30). Total RNA (lanes 2 and 3) or poly(A)™ RNA
(lane 4) was translated in a rabbit reticulocyte lysate system in
the presence of [*3S]methionine. The in vitro product was isolat-
ed by immunoprecipitation and SDS/10% polyacrylamide gel
electrophoresis and visualized by fluorography. In lane 3, anti-
ornithine transcarbamylase was replaced by controllgG. Lane 1,
mature ornithine transcarbamylase (OTC).



mature enzyme. The apparent molecular weight of
pOTC was 39 400, such being 3 400 daltons larger
than the mature subunit (36 000 daltons). pOTC
was identified as the primary translation product as
follows. a) when the antibody was replaced by con-
trol 1gG, no radioactive band was seen at the ex-
pected position; b) pOTC was synthesized in a
wheat germ cell-free system as well as in a reticulo-
cyte lysate system; ¢) mature ornithine transcar-
bamylase effectively competed with pOTC for the
antibody; and d) pOTC yielded proteolytic frag-
ments similar to those of the mature enzyme. Sim-
ilar results were also reported by Conboy et al. (31).
These results indicate that ornithine transcarbamy-
lase is initially synthesized as a larger precursor
(pOTC) which may be imported into mitochondria
with proteolytic processing to the mature form of
the enzyme.

Preceding and subsequent studies have shown
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that most of the mitochondrial matrix (32-40),
inner membrane (41, 42), intermembrane space
(43), and outer membrane (44) proteins of higher
animals as well as yeast and Neurospora mitochon-
drial proteins (see Refs. 45 and 46 for review) are
synthesized in larger molecular weight forms with
extrapeptides of 2000-6 000 daltons (for excep-
tions see Refs. 47-51).

Site of pOTC synthesis

Free and membrane-bound polysomes from rat
liver were separately incubated in a reticulocyte
lysate system in the presence of [3°S methionine and
the products were tested for albumin and pOTC
synthesis (52). Membrane-bound polysomes incor-
porated 1.2% of the total trichloroacetic acid-insol-
uble radioactivity into albumin (presumably pre-

Table . Synthesis of total protein, albumin, and pOTC by free and membrane-bound polysomes (52).

Expt. Polysomes Incorporation of Albumin/total pOTC/total
[33S]methionine into protein protein
Type Amount (%) (%)
(Aggo/ mi) Total Albumin pOTC
protein® (dpm) (dpm)
(dpm X 107%)
1 Free 8 8.8 503 385 0.063 0.042
16 11.2 657 570 0.059 0.051
24 14.8 844 580 0.057 0.039
Mean = 0.060 Mean = 0.044
Bound 8 11.8 9780 64 0.83 0.005
16 13.0 12 800 71 0.99 0.005
24 10.0 16 400 51 1.64 0.005
Mean = 1.15 Mean = 0.005
2 Free 10 7.6 244 0.032
20 15.0 364 0.024
30 18.7 546 0.029
Mean = 0.028
Bound 10 1.7 65 0.005
20 19.3 68 0.004
30 29.6 113 0.004
Mean = 0.004

Rat liver free and membrane-bound polysomes prepared by the method of Ramsey and Steele (53), were translated in a rabbit
reticulocyte lysate system. The in vitro products were isolated and visualized as described in Fig. . The gel strips containing radioactive

polypeptides were cut out and counted for radioactivity.

? Total protein synthesis was corrected for endogenous protein synthesis without added polysomes (1.1 X 105 and 1.3 X 105 dpm in

Experiments | and 2, respectively).
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Fig. 2. Synthesis of pOTC and the mature enzyme in isolated
hepatocytes(57). Hepatocytes (3.4 X 107 cells/ ml) were incubat-
ed with [35S]methionine (190 ©Ci/ ml) at 37 °C. Radioactivities
of pOTC in the cytosol fraction (®) and of the mature enzyme in
the crude mitochondrial fraction (O) were measured. -——--, data
of the chase experiments.
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Fig. 3. Kinetics of pOTC disappearance from the cytosol in
pulse-chase experiments (57). Hepatocytes (3.3 X 107 cells/ ml)
were pulsed with [*S]methionine (170 uCi/ml) for 20 min at
37 °C and were chased. Radioactivities of pOTC in the cytosol
fraction (®) and of the mature enzyme in the crude mitochon-
drial fraction (O) were measured.

proalbumin), whereas free polysomes incorporated
only 0.06%, thus confirming the specificity of
membrane-bound polysomes for the translation of
the secreted protein(Table 1). In contrast, incorpo-
ration of radioactivity into pOTC was on the aver-
age eight times higher with free polysomes (0.044
and 0.028% of total protein in two separate experi-
ments) than with membrane-bound polysomes
(0.005 and 0.0049% of total protein). Similar results
were obtained when total RNAs from free poly-
somes and from membrane-bound polysomes were
translated (52). These results indicate that ornithine
transcarbamylase is synthesized preferentially,
probably exclusively, on membrane-free - poly-
somes. This isin accord with reports (34, 36, 50, 54)
that other mitochondrial proteins of higher animals
are synthesized on free polysomes, although some
proteins may be synthesized on both free and mem-
brane-bound polysomes (37, 55, 56).

Synthesis, intracellular transport, and processing
of pOTC in rat liver slices and isolated hepatocytes

When rat liver slices were incubated with
[35S]methionine, pOTC was detected (52). Follow-
ing subcellular fractionation, pOTC was found ex-
clusively in the cytosol fraction. On the other hand,
the labeled mature enzyme was found almost exclu-
sively in a crude mitochondrial fraction. The speci-
fic radioactivity of pOTC in the cytosol fraction
was much higher than that of the mature enzyme in
the mitochondrial fraction. The pulse-labeled
pOTC in the cytosol disappeared rapidly in pulse-
chase experiments.

More detailed kinetic studies of the synthesis,
intracellular transport, and processing of pOTC
were performed with isolated rat hepatocytes (57).
The hepatocytes were incubated with [35S Jmethio-
nine for various times and then fractionated into
the cytosol and particulate (crude mitochondrial)
fractions by the digitonin procedure of Zuuren-
donk and Tager (58). pOTC was found exclusively
in the cytosol fraction, and the radioactivity in
pOTC increased linearly for the first 10 min and
then more slowly until a plateau was reached in
10-20 min of the pulse (Fig. 2). On the other hand,
the labeled mature enzyme was found exclusively in
the crude mitochondrial fraction. The radioactivity
inthe mature enzyme appeared after alagtime of a



few min and then increased almost linearly with
time. The pulse-labeled pOTC disappeared almost
completely from the cytosol in 10 min of the subse-
quent chase.

Kinetic aspects of pOTC disappearance in pulse-
chase experiments are shown in Fig. 3. The pulse-
labeled pOTC disappeared from the cytosol with an
apparent half life of 1-2 min. The radioactivity of
the mature enzyme showed a substantial increase
during the chase.

These results indicate that ornithine transcar-
bamylase is initially synthesized as the larger pre-
cursor pOTC, exists in a cytosolic pool from which
it is transported into mitochondria with a half life of
1-2 min and processed there to the mature enzyme,
concomitantly with or immediately after the trans-
port. We obtained very similar results for carbamyl
phosphate synthetase I, the first enzyme of urea
synthesis which also exists in the mitochondrial
matrix (57). Raymond and Shore (59) reported a
similar half life (about 2 min) of the synthetase in
rat liver explants. These results are in sharp con-
trast to those reported by Yamauchi et al. (60) for
d-aminolevulinate synthetase of rat liver, another
mitochondrial matrix enzyme. Under conditions
where the enzyme is extensively induced, a large
amount of the enzyme precursor accumulates in the
cytosol fraction and is subsequently transferred to
the mitochondria.

Properties of pOTC

As described above, pOTC, the precursor of or-
nithine transcarbamylase, has an extrapeptide ex-
tension of 3 400-4 000 daltons (30, 31). It is appar-
ent that pOTC plays a key role in the transfer of the
enzyme into the mitochondria. Kraus et al. (61)
have recently shown that the peptide extension is
located at the NH, terminus of pOTC. To gain
insight into the possible role(s) of the NH,-terminal
extension of pOTC in its transport into the mito-
chondria, we examined the properties of the pre-
cursor.

Hydrophobicity of pOTC
Hydrophobicity of pOTC and the mature en-

zyme was examined by hydrophobic chromato-
graphy with octyl-Sepharose and phenyl-Sepha-
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rose (62). The elution profile of pOTC from both
gels was practically identical to that of the mature
enzyme.

A high isoelectric point of pOTC

pOTC synthesized in vitro and the mature en-
zyme prepared by incubating pOTC with isolated
rat liver mitochondria (see below), were subjected
to isoelectric focusing (62). The mature enzyme was
focused as a single protein at pH 7.2, which is in
accord with the pl value reported for the purified
rat enzyme (13). On the other hand, pOTC was
focused at about pH 7.9. We also found that several
basic proteins such as histones and protamines
strongly inhibit the uptake and processing of pOTC
by isolated mitochondria (62). These results suggest
that the basic nature of the precursor, and probably
that of the extension, is required for interaction of
the precursor with thie mitochondria. The results
are in accord with the recent report of Anderson
(63), who showed that probable precursors for sev-
eral mitochondrial proteins of human cells are quite
basic. It is conceivable that the interaction between
positively charged peptide extension and negatively
charged proteins or phospholipids of the mito-
chondrial outer membrane facilitates the specific
binding of the precursors to the organelle.

Aggregation states of pOTC

Rat liver ornithine transcarbamylase and its
precursor pOT C were subjected to sucrose gradient
centrifugation (64). The mature enzyme sedimented
with an s,,  value 0f 6.0 S, which agrees with the
previously reported value (12) and corresponds to
the trimeric form. On the other hand, pOTC syn-
thesized in a rabbit reticulocyte lysate system sedi-
mented more broadly with a peak s,, ,, value of
14 S (Fig. 4). pOTC synthesized in another cell-frée
protein synthesizing system derived from wheat
germ also sedimented with a similar s,, ,, value. In
the same experiments, the larger precursor of car-
bamyl phosphate synthetase I sedimented with an
839, , value of 13 S (Fig. 4), which is larger than that
of the mature enzyme (7.8 S).

Aggregation states of pOTC were further ana-
lyzed by gel filtration (64). Mature ornithine trans-
carbamylase was eluted with an apparent M of
110 000 from a Sephacryl S-200 column (Fig. 5). On
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Fig. 4. Sucrose gradient centrifugation of pOTC and carbamyl
phosphate synthetase precursor (64). The postribosomal super-
natant of the cell-free translated mixture was centrifuged at
20 °C at 60000 rpm for 90 min on a linear 5 to 20% sucrose
gradient (4.8 ml) in a Hitachi 65P ultracentrifuge using an RPS
65TA rotor. Fractions were collected from the bottom of the
centrifuge tube and subjected to immunoprecipitation, SDS-gel
electrophoresis, and fluorography. Radioactivities of pOTC (O)
and carbamyl phosphate synthetase I precursor (pCPS, ®) were
measured. &, Trichloroacetic acid-insoluble radioactivity. Two
downward arrows show the positions of protocatechuate 3,4-
dioxygenase (19.4 S) and catalase (11.3 S).

the other hand, about half of pOTC was eluted in
the void volume and the remaining portion was
eluted broadly with a peak corresponding to an
apparent M, of 40 000. In the same experiments,
carbamyl phosphate synthetase I was eluted with an
apparent M, of 150 000, whereas more than half of
its precursor was eluted in the void volume (Fig. 5).
These results indicate that the precursors synthe-
sized in vitro form aggregates larger than those of
the respective mature enzymes, under the condi-
tions employed. Itis likely that these aggregates are
homo-oligomers rather than complexes with other
proteins because pOTC synthesized in two different
cell-free systems sedimented as a similar aggregate
in a sucrose gradient. It remains to be elucidated
whether or not extramitochondrially synthesized
pOTC and carbamyl phosphate synthetase I pre-
cursor actually exist in aggregated forms in living
cells. Zimmermann and Neupert (65) showed that
Neurospora ADP/ATP carrier, a mitochondrial
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Fig. 5. Sephacryl S-200 chromatography of pOTC, carbamyl
phosphate synthetase I precursor, and the mature enzymes (64).
The purified mature enzymes (@) and the postribosomal super-
natant of the cell-free translated mixture (b) were layered on a
column (1.24 X 25 cm) of Sephacryl S-200 equilibrated with 50
mM Tris-HCI(pH 7.5) containing 0.2 M NaCland 1 mM dithio-
threitol. Elution was carried outat4 °C with the same buffer and
fractions 0f0.92 ml were collected. In g, ornithine transcarbamy-
lase (O) and carbamyl phosphate synthetase I (®) activities were
measured. In b, trichloroacetic acid-insoluble radioactivity (2)
and radioactivities of pOTC (O) and carbamyl phosphate syn-
thetase I precursor (pCPS, @) were measured as in Fig. 4. Three
downward arrows show the positions of catalase (247 000), al-
cohol dehydrogenase (141 000), and hemoglobin (65 000).

inner membrane protein, synthesized in vitro is
present as an oligomeric complex, although this
protein is not synthesized as a larger molecule.
From these results it is clear that the precursors
have conformations different from those of the re-
spective mature enzymes. This conclusion has been
supported by our recent findings that pOTC is
much more susceptible to proteases than is the ma-
ture enzyme (unpublished results). The data of
Kraus et al. (61) who found differences in antigeni-
city between pOTC and the mature subunit in ionic
detergents, are compatible with our conclusion.



Uptake and processing of pOTC by isolated mito-
chondria

Reconstitution experiments in vitro using the
cell-free synthesized pOTC and isolated mitochon-
dria should provide a basis for elucidation of the
mitochondrial transport of the precursor and its
processing. The first successful reconstitution
experiments were apparently done in our laborato-
1y (30, 66-68).

pOTC synthesized in vitro was converted to an
apparently mature form of the enzyme by isolated
rat liver mitochondria (Fig. 6). In addition to the
mature enzyme, a 37 000-dalton product was
formed. This product is mentioned below. The pro-
cessed product (mature form) was recovered exclu-
sively in the sedimented mitochondria and was not
extractable with | M KCl. The processed product
could be extracted with digitonin. The concentra-
tion of digitonin required was higher than that for
the intermembrane space enzyme, adenylate ki-
nase, but lower than that for endogenous ornithine
transcarbamylase, which is localized in the matrix
space (67). These results indicate that pOTC is
transported deeply into the isolated mitochondria,
although not completely to the matrix space, in
association with the proteolytic processing to the
mature enzyme. The uptake and processing of
pOTC by the isolated mitochondria was not affect-
ed by the mature enzyme (30). The trahsport of
pOTC into the mitochondria was confirmed by the
finding that the processed product was no longer
susceptible to externally added proteases (30, 68). .
These results have been confirmed by Conboy et al.
(61, 69).
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Further studies have shown that a portion of the
processed product is recovered in the matrix frac-
tion, whereas the remaining portion remains asso-
ciated with the membrane fraction (unpublished
results). From these results it appears that the pro-
cessing of pOTC occurs during and not after the
transport and that the processed product which
remains associated with the membrane(s) is further
transported into the matrix space. The processed
product recovered from the matrix fraction sedi-
mented with an s,; , value of6.7 S, which is close to
that of the mature enzyme (67). This would infer
that the newly transported and processed product
was assembled almost completely to the active tri-
mer form.

Energy dependency of pOTC transport

Energy requirement for the mitochondrial trans-
portand processing of pOTC was studied using the
in vitro reconstituted system. Effects of uncouplers,
ionophores, and respiratory inhibitors on pOTC
transport and processing (assayed by pOTC pro-
cessing) are shown in Table 2 (see also Refs. 67 and
68). Uncouplers such, as dinitrophenol and car-
bonylcyanide p-trifluoromethoxyphenylhydrazone
(FCCP) and ionophores such as valinomycin and
nonactin strongly inhibited the transport-process-
ing of pOTC. The inhibition by FCCP could not be
restored by the addition of ATP plus oligomycin;
under the conditions in which ATP can enter the
mitochondria and be utilized in the ATP-depend-
ent reactions. On the other hand, neither KCN,
NaN,;, antimycin A nor oligomycin had any marked

S 9
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Fig. 6. Uptake and processing of pOTC by isolated rat liver mitochondria (67). Postribosomal supernatant (50 ul) of the cell-free
translated mixture was incubated with rat liver mitochondria (50 g of protein, 2 ul) for 60min at 25 °C. After incubation, 0.45 ml of
buffered 0.25 M sucrose containing no additions (lanes 2 and 3), 0.3 M KCl(lanes4 and 5), | M KCl (lanes 6 and 7), or 0.05 mg/ ml of
digitonin (lanes 8 and 9) was added. The supernatant (lanes 2, 4, 6, and 8) and the pelleted mitochondria (lanes 3, 5, 7, and 9) were
analyzed separately. Lane 1, the whole reaction mixture was analyzed without fractionation. OTC, ornithine transcarbamylase; P37,

37 000-dalton product.
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Table 2. Effects of uncouplers, ionophores, and respiratory
inhibitors on uptake-processing of pOTC by isolated mito-
chondria.

Additions Inhibition?
Dinitrophenol (0.1 mM) ++
FCCP (1 uM) ++
FCCP, MgATP (2 mM) & oligomycin

(5 nmol/ mg protein) ++
Valinomycin (10 nM) ++
Nonactin (0.1 uM) ++
KCN (5 mM) -
NaN; (5 mM) +
Antimycin A (5 pg/ mg protein) +
Oligomycin (5 nmol/ mg protein) -
KCN & oligomycin ++
Antimycin & oligomycin ++

4 4+, strongly inhibitory
-+, moderately inhibitory
+, not inhibitory or slightly inhibitory
-, not inhibitory.

effect. However, the transport-processing was
strongly inhibited when both KCN or antimycin A
and oligomycin were added. Under these condi-
tions, formation of membrane potential by electron
transport as well as by ATP in the matrix space
would be inhibited. These results suggest strongly
that the membrane potential is the direct energy
donor of the transport-processing of pOTC. The
transport step rather than the processing step is
presumably energy-dependent, because pOTC was
recovered almost exclusively in the medium after
incubation with the mitochondria in the presence
of the uncouplers or ionophores. Neupert et al. (70)
came to the same conclusion, as based on experi-
ments with mitochondrial proteins of Neurospora.
The data of Nelson and Schatz (71) that the transfer
of yeast mitochondrial protein precursors or their
processing is dependent on ATP in the matrix may
have to be re-evaluated.

Potassium ion, magnesium ion, and a high molecu-
lar weight component(s) are required for pOTC
transport

Mitochondrial uptake and processing of pOTC
in the reconstituted system in vitro was usually
performed by incubating 50 ul of the cell-free trans-
lated mixture containing labeled pOTC (or its

postmicrosomal supernatant) with isolated mito-
chondria in a total volume of 52-54 ul (66-68).
When a small volume (less than 10 ul) of the cell-
free translated mixture containing the same
amount of labeled pOTC, was incubated with the
mitochondria in 50 ul of an isotonic sucrose medi-
um, little processing of pOTC was observed. We
have found that at least three components con-
tained in the cell-free translation mixture in addi-
tion to pOTC, are required for the optimal trans-
port and processing of pOTC. One of the factors is
potassium ion. The optimal concentration is
around 120 mM. Potassium ion cannot be replaced
by sodium ion. The second factor is magnesium ion;
its optimal concentration is about 1.6 mM. Other
divalent metal ions tested were ineffective. The
third factor(s) is a non-dialyzable one(s) contained
in the reticulocyte lysate. Dialyzed reticulocyte ly-
sate stimulated pOTC processing several fold. This
component(s) was completely inactivated by heat
treatment for 2 min at 100 °C. Dialyzed rabbit ery-
throcyte lysate was also effective while hemoglobin
was not. Properties of the component(s) and its
mode of action remain to be elucidated.

Specificity of mitochondrial transport and process-
ing

We showed that the mitochondria from rat non-
hepatic tissues such as kidney, spleen and ascites
cells, all of which lack ornithine transcarbamylase,
are able to take up pOTC and to process it to the
mature form of the enzyme (67, 68). We have furth-
er shown that the liver mitochondria of a pigeon,
a uricotelic animal which have no ornithine trans-
carbamylase, can also take up pOT C and process it
to the mature enzyme (unpublished results). These
results indicate that pOTC can be transported into
mitochondria and processed to the mature enzyme
by a transport-processing system which is physio-
logically not that for pOTC, and that the transport-
processing system is probably common to more one
precursor. The question as to whether or not the
system is common to all matrix proteins, and even
to inner membrane proteins remains to be elucidat-
ed. Zimmermann et al. (72), in their studies on the
transport of mitochondrial proteins into Newro-
spora mitochondria, reported that cytochrome ¢
and two other inner membrane proteins (AD-



P/ATP carrier and subunit 9 of the oligomycin-
sensitive ATPase) have different import pathways
into mitochondria.

The mitochondrial transport and processing activi-
ties are highly conserved

Rat liver pOTC synthesized in vitro was taken up
and processed to an apparently mature form of the
enzyme by mouse liver mitochondria (68). Rat liver
pOTC was also taken up and processed to the ma-
ture form of the enzyme by pigeon liver and frog
liver mitochondria (unpublished results). Thus, the
mitochondrial transport and processing activities
are conserved in both the mammalian and bird or
amphibian systems. Attempts to demonstrate the
uptake and processing of the rat liver pOTC by
yeast mitochondria have not been successful.

Processing of pOTC and a mitochondrial protease

Effects of protease inhibitors on pOTC processing
by isolated mitochondria

Effects of various protease inhibitors on the con-
version of pOTC to the mature enzyme by isolated

Table 3. Effects of protease inhibitors on pOTC processing by
isolated rat liver mitochondria.

Strong inhibition
Chymostatin (0.5 mM)
N-Tosyl-L-phenylalanine chloromethylketone (0.5 mM)
N-Tosyl-L-lysine chloromethylketone (2 mM)
o-Phenanthroline (2 mM)

Moderate inhibition
Leupeptin (2 mM)
EDTA (2 mM)
Globomyecin (50 ug/ ml)

No or slight inhibition
Antipain (2 mM)
Elastatinal (2 mM)
Bestatin (2 mM)
Amastatin (2 mM)
E-64 (2 mM)
Phosphoramidone (2 mM)
Diisopropylfluorophosphate (2 mM)
Phenylmethylsulfonyl fluoride (2 mM)
p-Aminobenzamidine (2 mM)
EGTA (2 mM)
Aprotinin (2 mg/ ml)
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mitochondria are shown in Table 3. The conversion
was strongly inhibited by chymostatin and N-tosyl-
L-phenylalanine chloromethyliketone, inhibitors of
chymotrypsin-like proteases. The inhibition by o-
phenanthroline and EDTA appears to be due to
inhibition of pOTC transport rather than to that of
pOTC processing, because as shown above, magne-
sium ion is required for the transport of pOTC into
the mitochondria. p-Aminobenzamidine which was
reported to inhibit the processing of carbamyl
phosphate synthetase I precursor in rat liver ex-
plants (59), was not inhibitory. Attempts to accum-
ulate pOTC and the carbamyl phosphate synthe-
tase I precursor in isolated hepatocytes by
chymostatin, N-tosyl-L-phenylalanine chlorome-
thylketone, leupeptin or globomycin have not been
successful.

Mitochondria of a high integrity are required for
pOTC processing

Rat liver mitochondria were treated with varying
amounts of digitonin, and the release of mitochon-
drial enzymes and pOTC processing activity of the
treated mitochondria were measured (68, Fig. 7).

I | l | I

100

1
o
o

80

1
[e 4]
o

60

|
)]
(@)

40

1
H
o

20

|
n
(o]

® Processing Activity (% Control)
O, A, ®m Percent in Supernatant

&—6—6—0
0.2 03 04 05

o ol
Digitonin (mg/mg protein)

Fig. 7. Processing of pOTC by digitonin-treated mitochondria
(68). Rat liver mitochondria (17 mg protein/ ml) were treated
with various concentrations of digitonin for 10 min at 25 °C.
Activities of adenylate kinase (O) and ornithine transcarbamy-
lase (w), and protein (2) in the supernatant and the pelleted
mitochondria were measured. pOTC processing by digitonin-,
treated mitochondria (®) was measured as in Fig. 6.
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Adenylate kinase, an intermembrane space en-
zyme, was released almost completely at a digitonin
concentration of 0.2 mg/mg protein. Ornithine
transcarbamylase which is localized in the matrix,
was released gradually by higher concentrations of
the detergent. On the other hand, the ability of
mitochondria to convert pOTC to the mature en-
zyme was decreased with low concentrations of
digitonin, and was lost completely at 0.2 mg/ mg
protein of the detergent. The concentration of the
detergent required for inactivation of the process-
ing activity was similar or somewhat lower than
that required for the release of adenylate kinase.
Similar results were obtained with mitochondria
disrupted mechanically by sonication (68). An ex-
tremely high sensitivity of the mitochondrial pro-
cessing activity to both digitonin treatment and
sonication suggests that a high integrity of the mi-
tochondria, including the outer membrane or in-
termembrane fluid or both, is required for the
transport and processing of pOTC. It is likely that
when the mitochondrial integrity is affected, the
pOTC transport is impaired and the precursor is
not accessible to the protease responsible for the
processing.

We obtained results indicating that a high integ-
rity of mitochondrial membranes, in addition to the
structural integrity, is required for the transport
and processing of pOTC. pOTC processing by iso-
lated mitochondria was strongly inhibited by mem-
brane-perturbing reagents such as polymixin B
(0.1 mg/ mg protein), flufenamic acid (0.1 mM),
chlorpromazine (0.1 mM), dibucaine (1 mM), and
reserpine (0.1 mM) (73). These reagents are known
tointeract with phospholipids. Therefore, itislikely

that perturbation of membrane phospholipid struc-

| 2

ture impairs mitochondrial uptake and processing
of pOTC.

A mitochondrial protease that cleaves pOTC

When the rat liver mitochondria were disrupted
extensively by sonication, the activity to form the
mature enzyme was lost and the activity to form the
37 000-dalton product became more prominent (66,
68) (Fig. 8). Similar results were obtained when the
mitochondria were disrupted by 1% Triton X-100
or 1% deoxycholate. These results were confirmed
by Kraus et al. (61). Subfractionation of the mito-
chondria revealed that the protease catalyzing the
conversion of pOTC to the 37 000-dalton product is
localized mainly in the matrix and partly in the
intermembrane space (66). To understand the phy-
siological role of this protease and of the 37 000-
dalton product, the protease was purified 140-fold
from the matrix fraction of rat liver (74). The pro-
tease had an estimated molecular weight of 108 000
and an apparent pl of 5.5. Mature ornithine trans-
carbamylase did not inhibit the cleavage of pOTC
by the protease and presumably it cleaves a specific
site on the extrapeptide of pOTC. This has been
demonstrated by Krauset al. (61). The protease has
an optimal pH of 7.5-8.0 when pOTC is the sub-
strate (66).

The protease was inhibited strongly by | mM
leupeptin, 2 mM o-phenanthroline, 2 mM EDTA,
1 mM zincon, 2 mM p-chloromercuriphenyl sulfo-
nate, and 2 mM Hg (CH;COO),, and moderately
by 2 mM antipain, | mg/ml of aprotinin, 2 mM
EGTA, and 2 mM Pb(CH,COQ},. Other inhibitors
including chymostatin, N-tosyl-L-phenylalanine
chloromethylketone, N-tosyl-L-lysine chlorometh-

3 4 S 6

pOTCM-‘-m
P37-; — R IR - A i

OTC

Fig. 8. Formation of the 37 000-dalton product by disrupted mitochondria. The cell-free translated mixture containing labeled pOTC
was incubated with 10, 40, and 100 g of intact mitochondria (lanes 1-3, respectively) or 10, 40, and 100 ug of sonicated mitochondria
(lanes 4-6, respectively) for 60 min at 25 °C. The products were isolated and analyzed as in Fig. 6.
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Mitochondrial
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ty/2 = 1-2 min (58)
Subunit My Subunit Mr
= 39,400 (30,31) = 36,000
A large aggregate? (64) Trimer
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Inhibitors of pOTC transport-processing

. Dinitrophenol, FCCP (but, not KCN) (67)
. Valinomycin, nonactin a/

. Histones, protamines (62)

. Membrane-perturbing agents, (73)

. Chymostatin, TPCK, /TLCK a/

. o-Phenanthroline a

AU~ W

Fig. 9.Schematic representation of the synthesis, intracellular transport and processing of ornithine transcarbamylase.
2 This paper. OTC, ornithine transcarbamylase; TPCK, N-tosyl-L-phenylalanine chloromethylketone; TLCK, N-tosyl-L-lysine
chloromethylketone; ~ membrane potential.

Cytosol

. Mitochondrial
Processing
membranes
protease ——
Extrapeptide
Mitochondrial OTC
matrix

Fig. 10. Proposed mechanism of pOTC transport into mitochondria. Basic nature and probably that of the peptide extension, appears to
facilitate the binding of the precursor with the mitochondria. Processing of pOTC occurs during rather than after the transport by the
processing protease which is presumably localized in the matrix space or the inner membrane of the mitochondria. OTC, ornithine
transcarbamylase.
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ylketone were either not inhibitory or were only
slightly inhibitory. Thus, the pattern of inhibition
of the protease differs from that of the pOTC pro-
cessing by the isolated mitochondria(Table3). The
possibility that the mitochondrial protease cata-
lyses the first of the two steps in processing of
pOTC (66), should be reevaluated.

The purified protease did not cleave any of the
protein and peptide substrates tested, including the
precursors of secretory proteins containing signal
peptides (74) and did not cleave the precursor of
carbamyl phosphate synthetase I, under the condi-
tions employed. However, the protease converted
the precursor of serine: pyruvate transaminase (38)
to an apparently mature form of the enzyme (un-
published results). This protease may catalyze the
processing of some matrix protein precursors con-
taining that of serine: pyruvate transaminase. Boh-
ni et al. (74a) have identified and partially purified a
mitochondrial protease from yeast which is very
similar to the rat liver mitochondrial protease des-
cribed herein. They claimed that the yeast protease
is responsible for the processing of yeast mitochon-
drial protein precursors to the mature polypeptides.

All the results described above are summarized in
Figs. 9 and 10.

Ornithine transcarbamylase level in liver mito-
chondria

The mitochondrial level of ornithine transcar-
bamylase will depend on the relative rates of syn-
thesis and degradation of the enzyme. The effects
of dietary protein (75) and hormones (76) on levels
of ornithine transcarbamylase and other urea cycle
enzymes have recently been reviewed (see also Refs.
77-81, 81a). Schimke showed that the activities of
enzymes involved in urea biosynthesis increased
coordinately as dietary protein intake increased
(82-84). While rats fed a protein-free diet showed a
decrease in the enzyme levels, starvation led to an
increase (83). Similar adaptations to dietary protein
intake were reported for primates (85). Induction of
the urea cycle enzymes of rat liver by amino acids
has recently been studied by Snodgrass and Lin
(86). The dietary protein-dependent changes in the
activities of the enzymes are due to changes in con-
centration of the enzyme proteins (87-90). Nicoletti
et al. (91), using a double isotope technigue esti-
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Fig. 11. Effects of dietary protein content of translatable mRNA
levels for total protein, carbamyl phosphate synthetase I precur-
sor, and pOTC (89). Cell-free translation in a reticulocyte
lysate system was performed with various concentrations of
total hepatic RNA isolated from rats fed a 5% (O) or 60% (®)
casein diet for 8 days. Each point represents the mean value of
two animals, with the bars indicating the range.

mated the half life of carbamyl phosphate synthe-
tase I in rats to be in the order of 7.7 days on a
normal diet, 3.3 days on a high protein diet, and
4.6 days on a protein-free diet. Studies with Rana
catesbeiana liver preparations indicated a half life
of carbamylphosphate synthetase I in the order of
3.5 and 2.3 days, respectively, in the absence and
presence of thyroxine (92). In a similar amphibian
system, the half life of ornithine transcarbamylase
was estimated to be of the order of 4 days (76). Such
studies onrat liver ornithine transcarbamylase have
not been documented.

With the recent development of techniques for
cell-free synthesis of ornithine transcarbamylase
and carbamyl phosphate synthetase I, it has been
possible to study some of the molecular mecha-
nisms of the enzyme synthesis. Effects of dietary
protein on the translatable mRNAs for the two
mitochondrial urea cycle enzymes were studied in
the rat (89) and the results are shown in Fig. 11.
Translatable levels of hepatic mRNAs for the two
enzymes were found to be higher in rats fed a high
protein diet than in those fed a low-protein diet.
The differences in mRNA levels correlated closely
with both the levels of enzyme activity and enzyme
protein. These results indicate that the dietary pro-
tein-dependent changes in the levels of carbamyl
phosphate synthetase I and ornithine transcarbam-
ylase are due mainly to changes in the levels of
translatable mRNAs for these enzymes. In con-
trast, during fasting, the increase in levels of these
enzymes was associated with a decrease in levels of



translatable mRNAs for the enzymes (89). It thus
appears that the increase in levels of the two en-
zymes in liver from fasted rats is the result of a
decreased rate of degradation of these enzymes
rather than the result of an enhanced rate of synthe-
sis. Induction of tadpole liver carbamyl phosphate
synthetase I by thyroxine was shown to be associat-
ed with an increased level of mRNA for the enzyme
(93, 94).

Pathological aspects of ornithine transcarbamylase
Ornithine transcarbamylase deficiency

A number of cases of hyperammonemia asso-
ciated with ornithine transcarbamylase deficiency
have been reported (see Ref. 95 for a review) and
X-linkage of the enzyme was presented (96-98). We
carried out studies on molecular properties of the
enzyme in a patient with the antibody to the enzyme
(99). The liver from the patient and from the con-
trols contained similar amounts of protein cross-
reactive with the antibody. However, the patient’s
liver contained an inactive form of the enzyme in
addition to an active form of the enzyme. This may
be considered to reflect the X-linkage of the enzyme
at the molecular level. A slight increase of ornithine
transcarbamylase protein in sparse-fur mice with
ornithine transcarbamylase deficiency was shown
by immunotitration (17). Quite recently, Briand
et al. (100) studied the liver of 16 male patients by
immunoassay. In several who died in the neonatal
period and in whom there was no residual enzymat-
ic activity, cross-reacting material was not detecta-
ble. These results suggest that a gene mutation can
alter the rate of the synthesis, or degradation, or
both of the enzyme protein, in addition to kinetic
and molecular properties. The possibility that the
extramitochondrially synthesized precursor of a
variant enzyme cannot enter the mitochondria and
is degraded in the cytosol, remains to be tested.

Reduced activity of ornithine transcarbamylase in
Reye’s syndrome

Reye’s syndrome is often associated with hyper-
ammonemia. Both mitochondrial urea cycle en-
zymes, ornithine transcarbamylase and carbamyl
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phosphate synthetase I, reportedly have reduced
activities in crude liver homogenates prepared from
patients with this syndrome (101-105). Normal ki-
netic properties of ornithine transcarbamylase in
Reye’s syndrome have been reported in many cases
(103, 104), although in one case (101) abnormal
kinetic properties were reported. Pierson et al. (14)
purified ornithine transcarbamylase from normal
human liver and the liver of a patient with Reye’s
syndrome, and found no difference in molecular
and kinetic properties betweenthetwoenzymes. The
molecular basis for the reduction in the activities is
unclear. Since mitochondrial damage has been a
consistent finding in the livers of Reye’s syndrome
patients (105), it seems plausible that leakage of the
enzymes from the mitochondria or impaired trans-
port of the enzyme precursors into the mitochon-
dria leads to reduced enzyme activities. The latter
possibility warrants attention since a high integrity
of mitochondrial structure as well as of mitochon-
drial membranes is required for the transport of
ornithine transcarbamylase precursor (pOTC) into
mitochondria (68, 73; see above).
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