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ABSTRACT Ornithine transcarbamoylase (OTCase; orni-
thine carbamoyltransferase; carbamoyl phosphate:L-ornithine
carbamoyltransferase, EC 2.1.3.3), a major mitochondrial matrix
enzyme in ureotelic animals, is synthesized on cytoplasmic ri-
bosomes and translocated across both mitochondrial mem-
branes to the matrix. In an attempt to identify the primary
translation product (or an early intermediate) that is the sub-
strate for this transport process, we translated rat liver polysomal
RNA in vitro by using the rabbit reticulocyte lysate system.
Immunoprecipitation of the [35S]methionine-labeled translation
mixture was performed by using monospecific OTCase antise-
rum and the immunoadsorbent Staphylococcus aureus. Ap
proximately 0.3% of total trichloroacetic acid-insoluble r5_
labeled material was specifically precipitated. Analysis of the
precipitate by fluorography of a dried sodium dodecyl sul-
fatelpolyacrylamide gel showed a single major translation
product whose mobility corresponded to a polypeptide of 43,000
daltons, a value ;4000 daltons greater than that noted for the
"mature" OTCase subunit isolated from rat liver. This transla-
tion product was not precipitated by preimmune rabbit serum,
and excess unlabeled mature OTCase competed with it for in-
teraction with OTCase antiserum. These results suggest that rat
liver OTCase, like a number of other cytoplasmically synthe-
sized organellar proteins, is initially made as a larger precursor
that contains an amino acid sequence necessary to confer on
OTCase its transport properties. The potential application of
these findings to the study of inherited complete OTCase defi-
ciency in humans is discussed.

Ornithine transcarbamoylase (OTCase; ornithine carbamoyl-
transferase; carbamoyl phosphate:L-ornithine carbamoyl-
transferase, EC 2.1.3.3) is a major enzyme located in the mi-
tochondrial matrix of ureotelic animals (1). It constitutes 3-4%
of the mitochondrial protein (2), catalyzes the second step of
the urea cycle, and is composed of a trimer of identical poly-
peptide subunits (2-4). The "mature" enzyme from bovine, rat,
and human liver has a molecular weight of 108,000-114,000;
each subunit has a molecular weight of 36,000-38,000 (2-4).
Because the OTCase subunit is encoded by a nuclear gene on
the X chromosome (5, 6), it is almost certainly synthesized on
cytoplasmic ribosomes (reviewed in ref. 7). The newly syn-
thesized subunit (or, conceivably, the completed trimer) must
then traverse both the outer and inner mitochondrial mem-
branes to achieve its final location in the mitochondrial matrix.
The present study is aimed at defining the mechanism of this
translocation process.
The transfer of polypeptides into or across membrane bi-

layers has been most extensively studied for various secretory
proteins and has given rise to the so-called "signal hypothesis"
(8). It appears that these proteins are made as larger precursors
that are translocated across intracellular membranes while they
are being synthesized. Information is now beginning to accu-
mulate regarding the distribution mechanisms for cyto-
plasmically synthesized proteins ultimately located in various

intracellular organelles. Once again, larger precursors have been
demonstrated for proteins destined for localization in water-
melon glyoxysomes (9), in the chloroplast stroma of Chlamy-
domonas (10) and of various higher plants (11, 12), in the inner
mitochondrial membrane of yeast (13, 14), and in the yeast
mitochondrial matrix (15). However, in these instances, addi-
tional posttranslational events appear to be required for the
transfer of the precursor into the appropriate organelle and,
finally, for the processing of the precursor into the "mature"
protein.
To our knowledge, only a single mitochondrial matrix protein

from mammalian sources has been examined in this way. Shore
et al. (16) used an in vitro cell-free translation approach to
identify in rat liver a putative precursor of the first enzyme of
the urea cycle, carbamoyl-phosphate synthetase I [carbam-
oyl-phosphate synthetase (ammonia), EC 6.3.4.16]. This pre-
cursor had a molecular weight -5500 larger than the mature
mitochondrial form of the enzyme. Initial experiments aimed
at demonstrating mitochondrial transport or processing of this
putative precursor were, however, unsuccessful. In the present
experiments we report the in vitro synthesis of a putative pre-
cursor for the OTCase subunit from rat liver that is t4000
daltons larger than its mature counterpart.

MATERIALS AND METHODS
General. Sprague-Dawley rats weighing 100-250 g were

used for purification of both polysomal RNA and mitochondrial
OTCase. The reticulocyte lysate was prepared from New
Zealand white rabbits (;2.3-2.7 kg). [35S]Methionine (600-1400
Ci/mmol; 1 Ci = 3.7 X 1010 becquerels) and sodium boro[3H]-
hydride (5 Ci/mmol) were purchased from Amersham; elec-
trophoresis reagents, from Eastman; micrococcal nuclease, from
Worthington; creatine kinase, from Sigma. Formalin-fixed
Staphylococcus aureus cells were a gift of W. Summers, and
bentonite was provided by J. Pawelek.

Purification and Labeling of OTCase. OTCase was purified
from rat liver mitochondria as described by Clarke (2). The final
enzyme preparation had a specific activity of ;225 ,umol of
citrulline formed/min per mg of protein when assayed by a
slight modification of the method of Nuzum and Snodgrass (17)
and was homogeneous on sodium dodecyl sulfate (Na-
DodSO4)/polyacrylamide gel electrophoresis.

In some experiments purified OTCase was 3H-labeled by
using the reductive methylation procedure described by Means
(18). To 200 ,l of a solution containing pure OTCase at 0.125
mg/ml were added 4 ,ul of 200 mM formaldehyde and ap-
proximately 5 mCi (10 mM final concentration) of sodium
boro[3H]hydride. The reaction was stopped after 1 min by
addition of 6 Al of 1.0 M Tris-HCl (pH 7.5); the reaction mixture
was then dialyzed for 4 hr against 1000 vol of 10mM potassium
phosphate buffer (pH 7.0) to remove label not associated with
protein.

Abbreviations: OTCase, ornithine transcarbamoylase; pOTCase,
putative precursor of OTCase; NaDodSO4, sodium dodecyl sulfate.
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Isolation of RNA. Rat liver polysomes were isolated as de-
scribed by Taylor and Schimke (19), with minor modificatins.
The liver homogenate was centrifuged at 27,000 X g for 10 min,
using bentonite rather than heparin as an RNase inhibitor.
Discontinuous sucrose gradient centrifugation was performed
in a Beckman SW 27 rotor (112,000 X g for 2.5 hr) or a Sorvall
SS90 vertical rotor (26,500 X g for 100 min) by overlaying
-15-ml samples of homogenate supernatant on gradients of 6
ml of 2.5 M sucrose, 12 ml of 1.0 M sucrose, and 2 ml of 0.5 M
sucrose. Heparin was also omitted from this step. Polysomes
were collected as described (20) and total RNA was extracted
according to the method of Palmiter (21). After being precip-
itated twice with ethanol, the RNA was dissolved in sterile
distilled water at 10 mg/ml and frozen at -150C for use
without further purification.

Cell-Free Translation. Micrococcal nuclease-treated rabbit
reticulocyte lysate was prepared as described by Pelham and
Jackson (22), and was used for translation exactly as described
by Cremer et al. (23). Aliquots (13 A.l) were added to tubes
containing 1 Ml of rat liver polysomal RNA and 2-3 ,ul (z15
yCi) of [a5S]methionine; the reaction could be scaled up at least
10- to 20-fold with no loss of translation efficiency. Reaction
mixtures were incubated at 30'C for 75 min, then transferred
to an ice bath for the start of the immunoprecipitation proce-
dure. Incorporation of [a5S]methionine into protein was de-
termined by precipitating 3-Al aliquots of translation mixture
on Whatman 3 MM filter discs for 15 min in ice-cold 5% tri-
chloroacetic acid and washing as follows: 15 min in boiling 5%
trichloroacetic acid, 15 min in cold 5% trichloroacetic acid, and
two times for 15 min each in absolute ethanol. After drying, the
filters were placed in scintillation vials and their radioactivities
were measured in 4.5 ml of Aquasol.
Immunological Procedures. Anti-OTCase antiserum was

raised in rabbits immunized with homogeneous bovine OTCase,
prepared as described by Marshall and Cohen (3) except that
preparative isoelectric focussing was added as the final puri-
fication step. The antiserum, which inhibited OTCase activity
in homogenates of rat liver almost as effectively as it did in
homogenates of bovine liver, was monospecific when analyzed
by immunoelectrophoresis and Ouchterlony immunodiffusion
(data not shown). The IgG fraction of this antiserum, used in
some experiments, was prepared by ammonium sulfate pre-
cipitation and DEAE-cellulose chromatography (24).

For immunoprecipitation of [35S]methionine-labeled proteins
synthesized in vitro, a procedure very similar to that described
by Cremer et al. was adopted (25). Aliquots (35 ,l) of the
cell-free translation mixture were diluted with 55 ,l of 0.15 M
NaCI/0.01 M EDTA/0.5% Triton X-100 and centrifuged for
2 min at full speed in a Fisher tabletop microcentrifuge. In some
experiments, 7.5 ,ug of unlabeled OTCase was added at this
point. Then 45 MA of a 1:50 dilution of anti-OTCase antiserum
or control rabbit serum was added. After incubation for 2 hr
at 4°C, 90 MA of 2% (wt/vol) unlabeled methionine was added,
followed by 20 Al of a 10% (wt/vol) suspension of formalin-
fixed S. aureus cells (26). The mixture was incubated at room
temperature for 5 min and the bacteria-antigen-antibody
complex was pelleted by centrifugation for 2 min at full speed
in a Fisher tabletop microcentrifuge. The pellet was washed
three times by resuspending in 50 Ail of 150mM NaCI/1% so-
dium deoxycholate/1% Triton X-100/0.1% NaDodSO4/10mM
Tris-HCI, pH 7.2; the last wash was accompanied by transfer
to a clean tube. The final pellet was resuspended in 15 Al of gel
sample buffer. Immediately prior to electrophoresis, the sample
was heated in a boiling-water bath for 3 min, S. aureus cells
were pelleted as above, and the supernatant was loaded on the
gel.
NaDodSO4/Polyacrylamide Gel Electrophoresis. Elec-

trophoresis was carried out according to the method of Laemmli
(27) on 12.5% polyacrylamide slab gels, using a 3.5% stacking
gel. Gels were fixed and stained in 10% acetic acid/20% 2-
propanol/0. 1% Coomassie brilliant blue (vol/vol/wt) for 1 hr
and destained overnight in 10% acetic acid/10% nMethanol
(vol/vol). Radioactive bands were visualized by fluorography
of dried gels on Kodak XR-5 x-ray film (28).

RESULTS
When total polysomal RNA isolated from rat liver was used to
direct protein synthesis in the nuclease-treated rabbit reticu-
locyte lysate system, incorporation- of [a5S]methionine into
protein was stimulated 5- to 10-fold. A large number of dif-
ferent proteins were synthesized under these conditions, as
demonstrated by fluorography of a dried NaDodSO4/polyac-
rylamide gel (Fig. 1, lane b). To determine which of these bands
was OTCase, immunoprecipitation of the translation mixture
was performed with partially purified monospecific anti-
OTCase antiserum, followed by addition of the immunoad-
sorbent S. aureus (26). A single major translation product
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FIG. 1. Fluorography of a NaDodSO4/polyacrylamide gel showing

immunoprecipitation of a putative OTCase precursor (pOTCase)
from the total cell-free translation products synthesized in the rabbit
reticulocyte lysate system with rat liver polysomal RNA. The x-ray
film was exposed for 32 hr at -80'C. Lane a, 3Mil of nuclease-treated
lysate before addition of rat liver RNA; lane b, 3 ,ul of lysate after
addition of rat liver polysomal RNA, showing synthesis of many dif-
ferent polypeptides; lane c, unlabeled mature OTCase subunit isolated
from rat liver mitochondria (the dotted line indicates its position as
determined by alignment of the Coomassie blue-stained gel with the
fluorograph); lane d, pOTCase immunoprecipitated from 35 Mi1 of
translation mixture; lane e, immunoprecipitation performed as for
lane d, except that 7.5 gg of unlabeled mature OTCase was present
during incubation with antibody; lane f, immunoprecipitation of 35
,ul of translation mixture performed with control rabbit serum.
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FIG. 2. Direct comparison of the molecular weights of nascent
and mature OTCase by fluorography of a dried NaDodSO4/polyac-
rylamide gel. Lane a, mature OTCase labeled with 3H by reductive
methylation; this procedure did not alter its electrophoretic mobility
on these gels (data not shown). Lane b, 35S-labeled pOTCase syn-
thesized in vitro and immunoprecipitated with anti-OTCase antise-
rum. The x-ray film was exposed for 5 days at -80°C.

(designated pOTCase), representing t0.3% of total a5S incor-
porated into trichloroacetic acid-insoluble material, was pre-

cipitated under these conditions (Fig. 1, lane d). This band was

not precipitated by control rabbit serum (Fig. 1, lane f). Fur-
thermore, excess unlabeled mature OTCase competed effec-
tively with the in vitro product for interaction with the antibody
(Fig. 1, lane e), thereby providing additional evidence for the
identity of this band.
The molecular weight of nascent pOTCase was then com-

pared with that of mature OTCase isolated from rat liver mi-
tochondria. The two proteins were electrophoresed in adjacent
slots of a NaDodSO4/polyacrylamide gel and visualized either
by Coomassie blue staining (for unlabeled mature OTCase) or

by fluorography (for a5S-Slabeled pOTCase and 3H-labeled
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FIG. 3. Molecular weights of pOTCase and mature OTCase
as estimated by their mobilities in NaDodSO4/polyacrylamide gels.
The numbers refer to the following standards: 1, bovine serum albu-
min (68,000); 2, ovalbumin (43,000); 3, aldolase (39,500); 4, aspartate
transcarbamoylase catalytic subunit (34,000); 5, chymotrypsinogen
(25,700); 6, aspartate transcarbamoylase regulatory subunit (17,000);
7, lysozyme (14,400).

mature OTCase). The data presented in Fig. 1 (lanes c and d)
and Fig. 2 show clearly that pOTCase migrated more slowly
than mature OTCase, indicating that pOTCase has a higher
molecular weight. Quantitation of the molecular weight dif-
ference between pOTCase and mature OTCase was deter-
mined by comparing their electrophoretic mobilities with those
of a number of pure standard proteins (Fig. 3). Mature OTCase
had a mobility.corresponding to a polypeptide with a molecular
weight of n-39,000. The pOTCase, on the other hand, was
clearly larger, having an estimated molecular weight of
-443,000. This molecular weight difference of nt4000 was highly
reproducible, being observed in ten consecutive experiments
with material from two different rats.

DISCUSSION
The present results show that rat liver polysomal RNA directs
the synthesis of a polypeptide (pOTCase) that specifically
crossreacts with, but is slightly larger than, the mature subunit
of mitochondrial OTCase. It could be argued that the size dif-
ference between pOTCase and mature OTCase reflects a de-
crease in size of the mature form produced during purification
rather than an increase in the mass of the putative precursor.
This seems most unlikely because the addition of protease in-
hibitors at all steps of the purification procedure used to prepare
mature OTCase failed to change the size of the final product
(data not shown).
We believe, on the other hand, that this in vitro product

(pOTCase) represents a cytoplasmically synthesized precursor
of the mature OTCase subunit. Several considerations support
this conclusion. First, the larger size of pOTCase is not likely
to be a translation artifact, because the reticulocyte lysate
translates exogenous RNA with fidelity. In our system, immu-
noprecipitation of the same translation mixture with anti-rat
serum albumin antiserum identified a specific product slightly
larger than mature rat serum albumin, presumably representing
intact preproalbumin (29). Second, the pOTCase band is not
an artifact produced by the addition of rabbit serum, because
it was not observed when preimmune rabbit serum was em-
ployed. Third, pOTCase is antigenically related to the mature
OTCase subunit, because unlabeled OTCase effectively com-
peted with the putative precursor for complexing by anti-
OTCase antiserum. Fourth, similar results have been described
for other cytoplasmically translated organellar proteins, in-
cluding the mitochondrial matrix protein carbamoyl-phosphate
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synthetase I mentioned earlier. Interestingly, pOTCase exceeds
the mature OTCase subunit in size by an amount (u4OOO dal-
tons) comparable to that observed for other putative precursors:
z5500 for carbamoyl-phosphate synthetase (16); -6000 for the
a subunit, ;2000 for the /3 subunit, and t6000 for the y subunit
of F1 ATPase from yeast mitochondria (15).

If pOTCase represents the form of the protein that is trans-
ported into mitochondria, and if the transport mechanism is
similar to the posttranslational process described for other or-
ganellar proteins, it should be possible to demonstrate uptake
by isolated mitochondria in vitro. One might predict that as-
sembly of the enzymatically active trimer occurs only after
transport and processing of individual subunits, but other
models, including cotranslational transport, cannot be excluded
a priori.

Whatever the mechanism, successful reconstitution of
transport in vitro would give us the potential for examining this
step in human livers characterized by inherited, complete
OTCase deficiency (30). It is possible that an alteration in the
amino acid sequence or conformation of a peptide unique to
pOTCase could disturb the transport process and lead to phe-
notypic consequences indistinguishable from those caused by
failure to-synthesize the OTCase polypeptide or by the synthesis
of a markedly unstable protein. Interestingly, recent studies of
secreted prokaryotic proteins have established a precedent for
such compartmentalization mutants. In Escherichia coil, a
larger precursor of the maltose binding protein is normally
synthesized in the cytoplasm and transported across the cyto-
plasmic membrane into the outer membrane. Mutants defective
in this transport process have been identified and partially
characterized (31). One of these shows cytoplasmic accumu-
lation of the precursor form, caused apparently by a single
amino acid substitution that may reside in the amino acid se-
quence of the peptide responsible for the enlarged size of the
precursor, and therefore, likely to confer on the precursor its
transport properties.
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