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Transport of Cytoplasmically Synthesized Proteins
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Synthesis and transport of mitochondrial proteins were followed in a cell-free homogenate of
Neurospora crassa in which mitochondrial translation was inhibited. Proteins synthesized on cyto-
plasmic ribosomes are transferred into the mitochondrial fraction. The relative amounts of proteins
which are transferred in vitro are comparable to those transferred in whole cells.

Cycloheximide and puromycin inhibit the synthesis of mitochondrial proteins but not their
transfer into mitochondria.

The transfer of immunoprecipitable mitochondrial proteins was demonstrated for matrix proteins,
carboxyatractyloside-binding protein and cytochrome c.

Import of proteins into mitochondria exhibits a degree of specificity. The transport mechanism
differentiates between newly synlhesized proteins and preexistent mitochondrial proteins, at least
in the case of matrix proteins.

In the cell-free homogenate membrane-bound ribosomes are more active in the synthesis of
mitochondrial proteins than are free ribosomes. The finished translation products appear to be
released from the membrane-bound ribosomes into the cytosol rather than into the membrane
vesicles.

The results suggest that the transport of cytoplasmically synthesized mitochondrial proteins is
essentially independent of cytoplasmic translation; that cytoplasmically synthesized mitochondrial
proteins exist in an extramitochondrial pool prior to import; that the site of this pool is the
cytosol for at least some of the mitochondrial proteins; and that the precursors in the extramito-
chondrial pool differ in structure or conformation from the functional proteins in the mitochondria.

In the preceding paper we studied the transport
of cytoplasmically synthesized proteins into the mito-
chondria in intact cells of Neurospora crassa [1]. In
whole cells, the processes of synthesis and transport
are not easily separated. Furthermore, post-labelling
fractionation artifacts may obscure the intracellular
location of mitochondrial proteins which are on their
path from the site of synthesis to the site of function.

In considering systems in vitro a number of pos-
sibilities exist, ranging (rom cell-free homogenates to
reconstituted systems involving isolated and purified
protein and organelle components. In the present
study we have investigated synthesis and transport
in a cell-free homogenate, We have employed this
system in an attempt to decide between two mech-
anisms currently proposed for the transport of mito-
chondrial proteins. The first mechanism is based on
observations with whole Neurospora cells [1]. This
mechanism proposes the existence of extramitochon-
drial pools of mitochondrial proteins from which
they are imported into the mitochondria. The second

mechanism is that proposed by Butow and his col-
leagues [3—6]. This latter mechanism proposes a
special class of cytoplasmic ribosomes which are
attached to the mitochondria at specific sites. The nas-
cent polypeptides from these ribosomes are discharged
in a vectorial manner into the mitochondria.

The results we present here support our earlier
proposal on the existence of extramitochondrial pre-
cursors of mitochondrial proteins [1,2].

MATERIALS AND METHODS
Growth of Neurospora cells

Neurospora hyphae (wild type 74A) were grown
at 25 °C for 11—13 h in the presence of [>*S]sulfate
[1]- A chase of unlabelled sulfate was added and cells
were grown for a further 2h. For harvesting, the
cultures were poured into two volumes of iced distilled
water and the hyphae collected by filtration.
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Preparation of Cell-Free Extract

1 g of hyphae (wet weight) was mixed in a sterile
mortar with 2 g of sterile sand (Quartz sand, Riedel-
DeHaen, Hannover) and moistened with 1 ml of in-
cubation mixture. The incubation mixture contained
0.15 M sucrose, 0.03 M KCl, 0.01 M MgCl,, 0.002 M
EDTA, 0.02M KH,PO4, 0.06 M tricthanolamine-
HCI, 0.03 M triethanolamine, 0.00025 M of all L-form
amino acids (except leucine), 0.002 M ATP, 0.0005 M
GTP. The pH was adjusted to 7.85 with 1 M KOH.
The hyphae were ground thoroughly for 5 min, then
another 1 ml of incubation mixture was added and
grinding was continued for 2 min. All operations were
carried out at 0—4°C. The resulting slurry was
centrifuged twice by 5 min at 2000 x g (max.) in a
Sorvall RC-5 refrigerated centrifuge. The supernatant
was used as cell-free homogenate for studies on syn-
thesis and transport of mitochondrial proteins.

Conditions of Amino Acid Incorporation

Chloramphenicol was added to a final concentra-
tion of 0.5 mg/ml by adding 25 ul per ml of homo-
genate of a concentrated solution of p-chlorampheni-
col in ethanol/water (1/1, v/v). Chloramphenicol was
a gift from Bayer (Leverkusen). [*H]Leucine (New
England Nuclear Co., Boston) (40— 60 Ci/mol specific
radioactivity) was added at a concentration of 0.25 Ci/l
homogenate. 0.01 M creatine phosphate and 0.05 mg/
ml creatine kinase (Sigma Chem. Co., St Louis, Mo.)
were added as an ATP regenerating system. The homo-
genate was brought to 25 °C and incubated at this
temperature for the time periods indicated in the in-
dividual experiments. When indicated, cycloheximide
and puromycin (Sigma Chem. Co., St Louis, Mo.)
were added to the homogenate in final concentrations
of 0.36 mM and 0.5 mM, respectively.

Samples (0.5 ml) were withdrawn from the in-
cubation mixture by rapidly cooling them to 0 °C and
cell fractions were isolated by differential centrifuga-
tion as described [1]. Incorporation of [*H]leucine into
the protein of the homogenate, and of mitochondrial,
microsomal, ribosomal and cytosolic fractions was
measured after pipetting samples onto Whatman GFC
filter discs presoaked in 109 trichloroacetic acid in
ether. The discs were washed as described [1].

Dodecyvlsulfate gel electrophoresis and radioactiv-
ity measurements were performed as reported pre-
viously {1].

Preparation of antibodies and immunoprecipita-
tions were carried out as described [1]. Antiserum
against bovine serum albumin was prepared by four
injections of 4 mg bovine serum albumin (Behring-
werke, Marburg) emulsified in Freund’s complete ad-
juvant into a rabbit. Antiserum against cytosolic
proteins of Neurospora were raised by injecting five

Transport of Proteins into Mitochondria i vitre

times with 1 ml of a cytosol fraction (protein concen-
tration 5.7 mg/ml) emulsified in Freund’s complete
adjuvant.

RESULTS

Incorporation of [2H]Leucine into the Proteins
of Various Cell Fractions in a Cell-Free Homogenate

A cell-free extract was prepared from cells grown
in the presence of [**S]sulfate. Chloramphenicol at a
concentration of 500 pg/ml was added to block mito-
chondrial translation. In separate experiments it was
shown that chloramphenicol in fact completely in-
hibits the labelling of intramitochondrially synthesized
proteins in our cell-free homogenates. [*H]Leucine
was added and incorporation was allowed to proceed
at 25 °C. 3H and 3°S radioactivities were determined in
the protein of the total homogenate and in the various
subcellular fractions. The 3°S radioactivity served as a
reference for pre-existing proteins, whereas the *H
label indicates the proteins synthesized in vitro.

Incorporation into the homogenate started im-
mediately and reached a plateau within 10— 15 min
(Fig.1A). Addition of cycloheximide at zero time
completely inhibited incorporation. The *H radio-
activity in the protein after 15 min varied from 7-—
10 x 10° counts x min ' x ml~"! of incubation mixture:
(corresponding to 0.5 g of cells wet weight or a total
of 10 - 20 mg protein). Such high levels of radioactivity
were necessary to detect with accuracy the small
amounts of individual proteins synthesized.

The individual cellular fractions showed charac-
teristic labelling kinetics (see Fig. 1).

The appearance of the label in the mitochondria
was slow with respect to the other fractions shown.
However, the mitochondria continued to accumulate
label over the full incorporation period, the final
3H/33S ratio being quite close to that of the cytosol.

In Table 1 are set out the *H and **S radioactivities
among the various cell fractions. The microsome
fraction recovered constitutes some 2%, of the total
cellular protein. This value does not reflect the true
proportion of this fraction of the total homogenate.
Considerable amounts of microsomal material are
precipitated with the mitochondrial fraction and are
lost in the successive wash procedures.

Quantitative studies on the recovery of *°S radio-
activity in the homogenates indicated that the micro-
somal fraction constitutes some 5—109; of the total
protein of the homogenate. Ribosomes constitute
some 20—309; of the total protein while the cytosol
contains some 60%,. The mitochondrial fraction con-
stitutes about 10%, of the total protein of the homo-
genate. The isolation procedures used to obtain mito-
chondria involve substantial losses of mitochondrial
material. This estimate, therefore, errs on the low
side. From cytochrome aas determinations in whole
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Fig. 1. Incorporation of [>H Jleucine into various fractions of a cell-free homogenate. A cell-free homogenate was prepared from **S-labelled
Neurospora hyphae. [PH]Leucine was incorporated after addition of chloramphenicol. To aliquots of the incubation mixture, cycloheximide
or puromycin were added after 10 min of incubation. Samples were withdrawn at the times indicated and subfractionated by differential
centrifugation. *H and **S radioactivities were determined in the protein of the various fractions and their ratios plotted against time of in-

cubation. (@

- @) Control; (O-- - Q) cycloheximide; (A-——-A) puromycin. {A) Homogenate; (B) free ribosome fraction; (C) microsomal

fraction; (D) cytosol fraction; (E) mitochondrial fraction. Arrows indicate time of addition of cycloheximide and puromycin

cells and isolated mitochondria it was calculated,
that mitochondria occupy about 23 % of total cellular
protein in Neurospora [7].

Table 1 indicates that even after 80 min of incuba-
tion a considerable amount of the labelled polypeptide
chains are still associated with the free and microsomal
ribosomes (about 409%,). The data, however, clearly
indicate that a relatively large amount of the protein
material released from the ribosomes is associated with
the mitochondrial fraction, viz. about 109,

From the above data we conclude that the *H-
labelled proteins of the mitochondria must be of cyto-
plasmic origin since mitochondrial translation was
effectively inhibited. The amounts of polypeptide

material tranferred to the mitochondria in the system
in vitro in relation to total proteins synthesized are
comparable to the amounts transferred in whole cells.
The relative preferential distribution of *H label in
membrane-bound ribosomes suggests that these ribo-
somes have a higher synthetic capacity than the free
ribosomes in our system.

The retention of much of the nascent *H label by
the ribosomes suggests that our system in vitro
represents a limited read-out system. This conclusion
is further corroborated by the use of initiation in-
hibitors such as aurintricarboxylic acid [8]. This anti-
biotic in concentrations up to 0.1 mM had no effect
on incorporation.
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Table 1. Distribution of 35S and® H radioactivities among the various cell fractions after incorporation of [*H Jleucine into a cell-free homogenate

from *5S-labelled Neurospora cells

A cell-free homogenate was labelled as outlined for Fig. 1. **S and *H radioactivities were determined after 10 and 80 min incorporation. The
table also contains the distribution of *H radioactivity after puromycin inhibition. Puromycin was added after 10 min incorporation and
samples were withdrawn 5 and 70 min later. The radioactivities are related to 0.5 ml homogenate corresponding to 0.25 g cells wet weight

Fraction 1072 x **S radioactivity 10 3 x 3H radioactivity
control + puromycin
10 min 80 min 15 min 80 min
counts/min
Homogenate 278 3380 4270 3570 3560
Microsomes 5.5 410 340 140 150
Detergent-solubilized microsomes
165000 x g supernatant 4.73 190 150
165000 x g pellet 0.74 200 180
Ribosome fraction 85 1140 1380 1080 1110
Cytosol fraction 154 960 1560 2290 1960
Mitochondria 26 95 207 260 370

The Effect of Cycloheximide and Puromycin on Import
of Polypeptides by Mitochondria

A homogenate as described above was allowed to
incorporate [*HJleucine for 10 min after which time
cycloheximide was added in a concentration which
completely inhibited cytoplasmic translation. The
inhibitory effect of the cycloheximide is clearly shown
in Fig. 1 where the incrcase in the *H/?*S ratio of the
homogenate was immediately halted. The microsome
and ribosome fractions showed little change in the
3H/3S ratio. The cytosol however, showed a decline
in the *H/?S ratio. A salient feature of this experiment
is that as shown, the mitochondrial fraction continued
to accumulate label at a rate similar to the control.

These results indicate that the movement of labelled
polypeptides into mitochondria is independent of
protein synthesis by either the cytoplasmic or the
mitochondrial translation system, at least on a short-
term basis. The data further suggest that an extra-
mitochondrial pool of proteins could be located in the
cytosol. The decrease in *H radioactivity shown by
the cytosol in the presence of cycloheximide is ac-
companied by a commensurate increase in *H radio-
activity in the mitochondria.

Translation was also arrested when puromycin
was added after 10 min incorporation. The rise in
SH/?°S ratio was immediately halted. The microsome
fraction showed a sharp drop in *H/**S ratio within
5 min indicating release of nascent chains from ribo-
somes. There was no clear evidence of vectorial
insertion of the chains into microsomal vesicles. This
is in sharp contrast to the observations with endo-
plasmic reticulum fraction from rat liver, where
practically no peptidyl-puromycin chains were recover-

ed in the incubation medium [9]. The nascent chains
of the free ribosomes werc not released, a fact for which
no explanation is evident. It should be pointed out
that also in bacterial and reticulocyte cell-free systems
110,11] and in systems with isolated rough endo-
plasmic reticulum [9] puromycin was never found to
effect complete release of nascent polypeptide chains.
In most cases the released chains comprised some
30—607, of total nascent chains.

The rapid release of *H label from the microsomes
was accompanied by a similar increase in the cytosol
during the first 5 min of puromycin treatment. The
latter increase was followed by a slow decrease which
persisted for the whole duration of the experiment. The
mitochondria showed an increase in *H-labelled pro-
tein after puromycin treatment. This increase con-
tinued even when the decrease in the microsomes and
the increase in the cytosol was finished. The absolute
changes in the *H-radioactivity of the cell fractions
are listed in Table 1.

The continued uptake of polypeptides by mito-
chondria in the presence of puromycin, lends further
support to the view that extramitochondrial pools of
mitochondrial proteins exist. The kinetics and extent
of release of nascent chains from the microsomes are
compatible with a reclease of proteins destined for
the mitochondria into the cytosol.

Immunological Identification
of Proteins Imported into the Mitochondria

The appearance of specific proteins in the mito-
chondria of a cell-free homogenate was followed by
immunoprecipitation from solubilized mitochondria.
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Fig.2. Immunoprecipitation of mitochondrial matrix proteins from
the mitochondrial fraction after incorporation of [*H Jleucine into
a cell-free homogenate in the presence and absence of cycloheximide.
Mitochondria were lysed in Triton X-100 and divided into two
equal portions. To one portion antibodies against mitochondrial
matrix proteins were added, to the other portion bovine serum
albumin and antibodies against this protein. *H radioactivilies
were determinced in the immunoprecipitates. (A) Antibodies against
mitochondrial matrix proteins; (B) bovine serum albumin and
antibodies against bovine serum albumin. Arrows indicate time of
addition of cycloheximide. (@——@) Control; (O———0) plus
cycloheximide

The appearance of *H-labelled matrix proteins
with increasing time of incorporation is shown in
Fig.2 and 3. There was a distinct lag of 5—10 min
before the appearance of *H-labelled matrix proteins,
followed by a sustained increase for the duration of
the experiment. The final *H/*’S ratio of the immuno-
precipitated matrix was 25—309%, that of the whole
mitochondria, suggesting a lower rate of transfer for
matrix proteins than for the overall average mito-
chondrial protein.

The effect of cycloheximide on the transfer of
matrix proteins is shown in Fig.2A. When cyclo-
heximide was added 5 min after the start of leucine
incorporation, the transfer of 3H-labelled matrix
protein continued.

Fig.3A shows the effect of puromycin on the
labelling of matrix proteins in the mitochondria. The
puromycin was added after 10 min of incorporation.
The transfer of matrix proteins continues in the
presence of puromycin. However, the final *H/*3S
ratio is lower than that found in control mitochondria.
It is possible that the peptidyl puromycin chains are
not as readily recognized by the antibody as are the
completed chains, or that part of the peptidyl puro-
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Fig.3. Immunoprecipitation of mitechondrial matrix proteins from
the mitochondrial fraction after incorporation of [>H Jleucine into
a cell-free homogenate in the presence and absence of puromycin.
Mitochondria were lysed in Triton X-100 and divided into two
equal portions. To one portion antibodies against mitochondrial
matrix protcins were added, to the other portion unlabelled cyto-
plasmic ribosomes from Neurospora and antibodies against cyto-
plasmic ribosomes. The *H radioactivities in the immunoprecipitates
were determined. (A} Antibodies against mitochondrial matrix
proteins; {B) cytoplasmic ribosomes and antibodies against cyto-
plasmic ribosomes. Arrows indicate time of addition of puromycin.
(@——@) Control; (A—-  A) plus puromycin

mycin chains are unspecifically attached to the mito-
chondria.

The nature of the immunoprecipitated matrix
proteins was investigated by subjecting the immuno-
precipitates to dodecylsulfate gel electrophoresis.
There was not exact coincidence between the **S and
*H radioactivity peaks, but the patterns obtained
match those obtained in vive after short periods of
labelling [1,2].

The pattern of increase of *H/*S ratio in carboxy-
atractyloside binding protein appearing in mitochon-
dria is shown in Fig.4. The increase starts without
a lag and the *H/?%S ratio at the end of the incubation
period is considerably higher than that of matrix
proteins.

Fig.5 shows the radioactivity profiles of the im-
munoprecipitated carboxyatractyloside-binding pro-
tein in a gel electrophoretogram. The **S radioactivity
shows a major peak with an apparent molecular weight
of 32000. A distinct peak with an apparent molecular
weight of about 60000 can also be seen, which probably
represents the dimeric form of the carboxyatractylo-
side-binding protein. Furthermore, in the molecular
weight range of 10000— 30000 a considerable amount
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Fig. 4. Immunoprecipitation of carboxyatractyloside-binding protein
from the mitochondrial fraction after incorporation of [>H]leucine
in a cell-free homogenate in the presence and absence of cycloheximide.
Mitochondria from a cell-freec homogenate labelled as outlined for’
Fig.2 were dissolved m Triton X-100 and carboxyatractyloside-
binding protein was immunoprecipitated. The immunoprecipitates
were analysed by gel electrophoresis in the presence of dodecyl-
sulfate. *H and *°S radioactivities were determined in the total
immunoprecipitates and in the electrophoretic peak fractions
(apparent molecular weight 32000). (A) Total immunoprecipitate;
(B) gel electrophoretic peak fraction. (@——=@) Control; (O~~-0)
cycloheximide added after 5 min of incorporation

of S radioactivity is present, which corresponds to
proteolytic degradation products of the carboxy-
atractyloside-binding protein. This degradation is ob-
served only after incubation of mitochondria in vitro
and is an expression of the exceptional lability of this
protein [1,12]. There is coincidence between the major
*H radioactivity peak and the monomeric carboxy-
atractyloside-binding protein. Additional *H-labelled
peaks of higher and lower molecular weights can also
clearly be seen. The higher molecular weight material
can be attributed partly to the dimeric carboxy-
atractyloside binding protein, the lower molecular
weight components to breakdown of newly formed
carboxyatractyloside-binding protein.

In Fig.4B the *H/**S ratios of the electrophoretic
fractions corresponding to the monomeric carboxy-
atractyloside-binding protein are shown. The ratios
are lower than those of the total immunoprecipitates
and in this case a lag period was observed.

Gel electrophoretic analysis of immunoprecipitat-
ed cytochrome ¢ is shown in Fig.6A. The **S peak
representing preexistent cytochrome ¢ and the *H
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Fig. 5. Gel electrophoretic analysis in the presence of dodecylsulfate
of immunoprecipitated carboxyatractyloside-binding protein. Car-
boxyatractyloside-binding protein was immunoprecipitated from
mitochondria derived from a **S prelabelled cell-free homogenate
which was incubated with [*HJleucine for 20 min. (8——e@) *H;
{0 —0)*8

radioactivity incorporated in virro showed exact
coincidence. It appears therefore that cytochrome ¢
(or apo-cytochrome ¢) is synthesized in vitro and trans-
located into the mitochondria. The *H/**S ratio of
the cytochrome ¢ peak is very close to that of total
mitochondrial protein suggesting that cytochrome ¢
is transferred more efficiently than matrix proteins.

The independence of cytochrome ¢ transport from
synthesis is shown in Fig. 6 B. In the presence of puro-
mycin the *H/?°S ratio of cytochrome ¢ continued
to increase despite the fact that translation was ef-
fectively inhibited.

Specificity of Transfer
of Cytoplasmically Translated Proteins
into Mitochondria

Transfer of defined mitochondrial proteins into
the mitochondria in vitro has been demonstrated.
Nevertheless, non-specific association of cytosolic
proteins as a source of apparent transfer has not been
ruled out. A series of experiments was therefore
designed to test the specificity of protein transfer into
mitochondria.

A dual-labelled homogenate was sampled after
10 min and again after 80 min incubation and the
electrophoretic protein patterns of mitochondria and
cytosol compared. It can be seen in Fig.7 that mito-
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Fig.6. Gel electrophoretic analysis in the presence of dodecyisulfate
of immunoprecipitated cytochrome ¢. A cell-free homogenate was
prepared from *3S-labelled cells and incubated with [*H]leucine.
After 10 min incubation, the mixture was halved. One portion was
further incubated for 70 min, to the other portion puromycin was
added and incubation continued for 70 min. In mitochondria
prepared after 10 min of incubation the *H/3S ratio of the immuno-
precipitated cytochrome ¢ was 2.05, as compared to 4.70 in the
control sample and 3.76 in the puromycin-treated sample. (A)
Control 80 min; (B) puromycin after 10 min and further incubation
for 70 min. (@— @) *H; (O 0) 3°S

chondria and cytosol differ clearly in their **S radio-
activity patterns. Also, the *H radioactivity patterns
of mitochondria and cytosol are quite different. This
leads us to conclude that the proteins synthesized in
vitro which are associated with the mitochondria do
not represent unspectfically attached cytosolic pro-

539

teins. However, as much overlap exists between the
protein patterns of cytosol and mitochondria this
experiment cannot be said to unequivocally demon-
strate that only specific transfer of mitochondrial
proteins takes place. The *H and *’S radioactivity
patterns of mitochondria are not identical, although
there is considerable similarity at least after 80 min of
incorporation. The reason for this may be that mito-
chondrial tanslation was blocked in the cell-free homo-
genate, that different proteins may be synthesized in
vitro at a different rate than in vivo, that different pro-
teins may be transferred with different efficiencies, and
that modification of proteins in vitro may not take place
in the same way as in vivo.

Non-specific adsorption of cytosol proteins to
mitochondria was further assayed by the following
procedure. Cytosol and mitochondrial fractions were
isolated from dual-labelled homogenate. To the lysed
mitochondria was added unlabelled cytosol and anti-
bodies against cytosol proteins. Antibodies against
cytosol proteins were also added to the labelled cyto-
sol. The antibodies precipitated 25% of the total *H
and 13% of the total *S radioactivity from the
cytosol. These percentages did not change between 5
and 80 min of incorporation of [*H]leucine into the
homogenate. In the case of the mitochondria the anti-
bodies against the cytosol proteins precipitated 0.5 % —
19 of the *H and 2.5 %, of the 3°S radioactivity. These
values are relatively high and may reflect the presence
of contaminating mitochondrial proteins in the cytosol
preparations used to raise the antibodies. It can be
seen however, that non-specific attachment of cyto-
solic proteins could not be responsible for the presence
of the majority of cytoplasmically translated proteins
in the mitochondria.

The role of non-specific precipitation in the im-
munoprecipitation experiments was also investigated.
To aliquots of solubilized mitochondria from a homo-
genate, bovine serum albumin and antibodies against
this protein were added. *H and *S radioactivities in
the immunoprecipitate were less than 0.59% of those
in the total mitochondria (Fig.2B). In a further ex-
periment, cytoplasmic ribosomes and antibodies
against these ribosomes were added to the solubilized
mitochondria. In this instance the *H radioactivity
precipitated was higher than in the immunoprecipitates
of bovine serum albumin. However, this radioactivity
did not increase with time of incubation as it does in
mitochondria and in immunoprecipitated matrix pro-
teins (Fig.3B). It appears therefore that proteins of
cytoplasmic ribosomes synthesized in vitro do not
become unspecifically attached to the mitochondria.
The relatively high and time-independent basic level
of co-precipitated *H radioactivity may be explained
by the observation that in experiments in vitro, pro-
teins become associated with ribosomes and micro-
somes in a non-specific manner [13].
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Fig.7. Gel electrophoretic analysis in the presence of dodecylsulfate of * H-labelled proteins in the mitochondrial and cytosolic fraction after in-
corporation of [*H Jleucine into a cell-free homogenate. A cell-free homogenate was prepared from >*S-labelled hyphae and incubated with
PHIleucine in the presence of chloramphenicol. Samples were withdrawn after 10 and 80 min. Mitochondria and cytosol were prepared,
dissolved in dodecylsulfate-containing buffer, dialysed against the same buffer and subjected to gel electrophoresis in the presence of dodecyl-
sulfate. (A, B) Mitochondria: (C, D) cytosol. (A, C) 10-min incubation; (B, D) 80-min incubation. (@ —@) *H; (0——0) *°S

Selective transfer of newly synthesized proteins
was further investigated in the following experiment.
Matrix proteins were isolated from cells labelled with
PHJleucine and also from unlabelled whole cells. A
cell-free homogenate was prepared from cells pre-
labelled with **S. To aliquots of this cell-free homo-
genate were added : (a) unlabelled matrix proteins and
PH]leucine; (b) matrix proteins labelled with [*H]-
leucine. Both homogenates were then incubated at
25 °C and samples withdrawn and fractionated at the
times indicated in Fig.8. In homogenate a the *H
radioactivity in protein increased during the incuba-
tion in accordance with the results presented in Fig. 1,
whereas the *H radioactivity remained constant in
homogenate b (see Fig.8 A). The total *H radioactivity
in homogenate b was approximately 5—10%; of the
final *H radioactivity in homogenate a. If it is assumed

that the relative proportions of proteins synthesized
in vitro and in vivo are the same then the amounts of
3H radioactivity in matrix proteins are quite similar
in the two homogenatcs.

The distribution of label between the cell fractions
is presented in Fig.8B, C and D. Of the total [PH]-
leucine incorporated in vitro 309 was recovered in
the cytosol while 609, of the labelled matrix proteins
which were added in homogenate b was found in the
cytosol. The ribosome plus microsome fraction carried
the bulk of the [PH]leucine incorporated in vitro. It
is noteworthy that of the pre-labelled matrix added
some 209, was recovered from this fraction. This
finding highlights the problems raised by non-specific
binding of polypeptides to ribosomes and microsomes.
Analysis of the mitochondrial fraction showed that
a substantial amount of protein synthesized in vitro
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Fig.8. Incubation of a cell-free homogenate with matrix proteins prepared from mitochondria homogeneously labelled with [* H Jleucine in vivo.
A cell-frec homogenate from **S-labelled cells was divided into two equal portions. To one portion (homogenate a), 4 matrix protein fraction
from unlabelled mitochondria was added and then incubation with [*H]leucinc was carried out as described for Fig. 1. To the other portion
(homogenate b), a matrix protein fraction from H-prelabelled mitochondria was added and incubation was carried out without added PHI-
leucine in parallel to the first portion. Samples were withdrawn at the times indicated and fractionated as outlined before. 3H radioactivities in
protein were determined. (A) Homogenate; (B) cytosol; (C) ribosomes and microsomes; (D) mitochondria; (E) matrix proteins immuno-
precipitated from mitochondria. (@——®) Homogenate plus unlabelled matrix and [*H]leucine, homogenatc a; (O—--—0) homogenate

plus *H-labelled matrix and unlabelled leucine, homogenate b

was associated with the mitochondria. Furthermore,
this label was unaffected by the addition of unlabelled
matrix proteins. The mitochondria isolated from the
homogenate containing pre-labelled matrix proteins
did not take up any significant amount of *H-labelled
protein.

Immunoprecipitation of matrix proteins from
homogenates a and b showed that matrix proteins
synthesized in vitro were recovered in the mitochondria
from homogenate a, but no *H-labelled matrix pro-
teins were recovered from mitochondria isolated from
homogenate incubated in the presence of pre-labelled
matrix proteins.

The mitochondria can clearly differentiate be-
tweeen preexistent and newly synthesized matrix
proteins. The ability of the mitochondria to recognize
the newly synthesized matrix proteins may lie in the

structure and/or conformation of these proteins. The
antibodies recognize both the newly synthesized and
preexistent proteins, thus, a large measure of similarity
exists between the newly synthesized matrix proteins
and the finished products in the mitochondria. It is
significant that pre-labelled matrix proteins did not
compete with the newly synthesized proteins for up-
take by the mitochondria. The absence of prelabelled
matrix proteins from the mitochondria can be taken
as proof that the import of protein into the mito-
chondria is a specific process and is not due to non-
specific association of proteins with the mitochondria.

DISCUSSION

The results presented above show that in a cell-free
homogenate, synthesis of mitochondrial proteins takes
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place on cytoplasmic ribosomes. The data furthermore
show that these proteins are subsequently transported
into the mitochondria. As observed in experiments on
whole cells, the synthesis and the transport are sepa-
rated in time. The uptake of the proteins by the mito-
chondria appears to be a specific process whereby
only mitochondrial proteins are imported. The effi-
ciency of transfer of these proteins is quite high as
approximately 10—15% of the total labelled transla-
tion products released from the ribosomes are taken
up. This efficiency is reflected in the specific labelling
of the mitochondrial proteins which is close to that
of the cytosolic proteins.

The immunoprecipitation data show clearly that
defined mitochondrial proteins are transported. How-
ever in the case of matrix proteins, the final specific
labelling of the transported proteins was considerably
lower than that of total mitochondrial protein. We
may conclude from this that in this case the transfer
process is working at a reduced efficiency in the system
in vitro.

Although transport of mitochondrial proteins has
been demonstrated it cannot be inferred from the ex-
periments described above that the proteins are in fact
transported to and integrated into their functional
sites. The small quantities of protein synthesized in
vitro make it difficult to demonstrate integration of
the transported material into functional sites. How-
ever, some positive indication that proteins are in-
tegrated can be shown by results obtained in vitro
with synthesis of cytochrome oxidase subunits [14].
Incubation of a cell-free homogenate with [PH]-
leucine in the absence of chloramphenicol yielded an
immunoprecipitate from mitochondria with an anti-
body to complete cytochrome oxidase which contained
*H-labelled subunits of cytoplasmic origin. A further
observation was that a cytosol fraction from Neuro-
spora cells stimulated the integration of mitochondrial-
ly synthesized subunits of cytochrome oxidase into
an immunoprecipitable complex [14,15]. Preincuba-
tion of whole cells with cycloheximide yielded a

cytosol which could no longer stimulate the integra- -

tion of the mitochondrially made subunits. It was
suggested from this finding that the cytosol contained
a pool of cytochrome oxidase precursors which were
necessary for the assembly of cytochrome oxidase.
When a cytosol fraction from cells pulse-labelled with
[**C]leucine was incubated with isolated mitochondria,
14C-labelled subunits 6 and 7 were found in the im-
munoprecipitated whole enzyme. These observations
may be taken as an indication that cytosol proteins
can be taken up by mitochondria and assembled into
functional locations.

The mechanism by which these proteins are trans-
ferred from the cytosol into the mitochondria cannot
be clearly defined at this stage. The results obtained
in the present study are in agreement with the findings

Transport of Proteins into Mitochondtia in vitro

reported from experiments in vivo [1]. They support
the view that mitochondrial proteins are released
from cytoplasmic ribosomes into an extramitochon-
drial pool. It is difficult to reconcile our findings with
the direct insertion mechanism as suggested for
mitochondrial proteins in yeast [3—6]. Electron-
microscopic examination of mitochondrial fractions
fixed with glutaraldehyde in the presence of Mg®"
failed to reveal cytoplasmic ribosomes bound to the
mitochondrial membranes. This holds for mitochon-
drial preparations from the cell-free homogenate as
well as for mitochondrial preparations obtained under
the conditions described by Kellems et al. for yeast
mitochondria [6]. Absence of mitochondria-bound
ribosomes and contamination of mitochondria by
rough endoplasmic reticulum has been reported for rat
liver [16,17].

The data we have presented indicate that the
cytosol is the site of the extramitochondrial pool. No
evidence of localisation of mitochondrial proteins in
microsomal vesicles was found. On the other hand,
results presented indicate that mitochondrial proteins
may be synthesized on membrane-bound polysomes
with subsequent release into the cytosol. The release
of polypeptides into the cytosol is clearly opposite to
the situation described with endoplasmic reticulum
of exocrine tissues [18]. On the other hand, occurrence
of membrane-bound ribosomes in non-exocrine tissues
has been described [19]. Release of nascent chains
from preparations of membrane-bound ribosomes by
puromycin into the medium and not into the interior
of the vesicles was reported [20].

Several studies have been made on the sites of
synthesis of mitochondrial proteins. A number of
studies were focussed on cytochrome ¢, but the
results of different groups are at variance. Free and
membrane-bound polysomes have been invoked by
different authors for the synthesis of cytochrome ¢
[21—24].

Immunological studies on the synthesis of mito-
chondrial glutamate dehydrogenase [13] and of mito-
chondrial and cytoplasmic iscenzymes of malate
dehydrogenase [25,26] in liver led to the proposal
that the synthesis of these enzymes took place on mem-
brane-bound ribosomes. Tt was further suggested that
the microsomal vesicles contained these proteins in
an enzymatically active form. It was not shown how-
ever that the newly synthesized enzyme was present
only in the microsomal fraction and not in the free
ribosome fraction. In view of the reported unspecific
association of mitochondrial glutamate dehydrogen-
ase with microsomes [13], a definite exclusion of re-
distribution artifacts appears to be necessary before
safe conclusions on the sites of synthesis can be
drawn.

It has been suggested that cytoplasmic ribosomes
which were recovered from the mitochondrial fraction
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of rat liver were the site of synthesis of mitochondrial
proteins [27]. This suggestion was made on the basis
of experiments in which iodinated antibodies against
total mitochondrial protein were reacted with dif-
ferent classes of cytoplasmic polysomes. The nature
of the membranes in the mitochondrial fraction to
which these cytoplasmic ribosomes were bound has
however not been determined.

Very recently, Shore and Tata have made a
different approach to investigate the site of synthesis
of mitoplast proteins in rat liver [16,17]. They trans-
lated poly(A)-RNA from free cytoplasmic ribosomes
and from rough endoplasmic reticulum in a cell-free
system from wheat embryo. The translation products
in vitro were analysed with antibodies to total mitoplast
proteins. Both free and membrane-bound ribosomes
were found to synthesize mitochondrial proteins. The
majority of the immunologically detectable proteins
was reported to be coded by poly(A)-RNA associated
with bound ribosomes (about 75 %,). The endoplasmic
reticulum fraction was separated into two fractions
on the basis of their sedimentation velocities. The
poly(A)-RNA from the slowly sedimenting rough
endoplasmic reticulum was found to code for mitoplast
proteins to a higher extent than the RNA from rapidly
sedimenting endoplasmic reticulum.

" The form in which mitochondrial proteins are
transported from the cytoplasmic site of synthesis to
the mitochondria remains to be determined. An
energy-dependent process which involved a phospho-
lipid binding was suggested for transport of proteins
into the mitochondria of rat liver [28,29]. Confirma-
tion of this view has not been forthcoming. Also with
rat liver, a study was made on the import of purified
mitochondrial aspartate aminotransferase into iso-
lated mitochondria [30]. The authors suggest that
completed enzymaltically active protein molecules can
be imported. The results we have presented on matrix
proteins are in disagreement with such a view as iso-
lated matrix proteins were not imported into mito-
chondria. On the contrary the mitochondria selectively
imported newly formed matrix proteins, suggesting
some mechanism of selective recognition by the
mitochondria. We are tempted to speculate that cyto-
plasmically translated mitochondrial proteins may
have some signal which enables them to recognize the
mitochondrial membranes. Such a recognition signal
could be contained in the conformation of the protein.
Another possibility is that the proteins are synthesized
as precursors which have additional sequences such
as shown for a number of secretory proteins [31,32].
It was suggested that these additional sequences serve
as signals to aid the vectorial discharge of nascent
peptides across the endoplasmic reticulum membrane
[32,33]. In this context the recent work of Dobberstein
et al. [34] appears to be of interest. These authors have
shown that the small subunit of ribulosebisphosphate
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carboxylase is translated in a wheat germ extract as
a precursor with a molecular weight of 20000 as com-
pared to 16500 for the functional subunit. This pro-
tein is synthesized on cytoplasmic ribosomes and
transported into the chloroplasts where it becomes
associated with the large subunit which is synthesized
on chloroplast ribosomes [35]. The authors speculate
that the additional sequence plays a role in the trans-
port into the chloroplasts.

Further experiments will have to clarify a number
of questions which are relevant in connection with a
transfer from the cytosol compartment into the mito-
chondria. One major question concerns the perme-
ability of the outer mitochondrial membrane. A
number of studies would indicate that the outer
membrane is impermeable for substances with molec-
ular weights higher than 5000—10000 [36,37]. A
direct approach to test the permeability for proteins
has been made with cytochrome ¢ [38, 39]. The isolated
outer membrane of rat lier was found to be imperme-
able for this protein. However, before the imperme-
ability of the outer mitochondrial membrane for
proteins may be taken as a fact, some more detailed
studies appear to be necessary to prove that this
observation in vitro actually reflects the situation in
vivo.
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