IMPORT OF PROTEINS
INTO

MAMMALIAN MITOCHONDRIA

by

-

7 - SIN-MING CHIEN1 B.SC.

L3

A Thesis
Submitted to.the School of Graduate Studies
in Partial Fulfihnent.of the Recuirements
for the Degree

Doctor of Philosophy

McMaster University “Q

@ " March, 1986



MITOCHONDRIAL BIOGENESIS



- DOCTCR OF PHILOSOPHY (1986) McMASTER UNIVERSITY
_ (Biochemistry) Hamilton, Ontario

TITLE: Import of Proteins into Mammalian Mitochondria

' AUTHOR: Sin-Ming Chien, B.Sc. Hons. (Univer_sity of Waterloo)

" SUPERVISOR: Dr. K.B. Freeman, Professor, Biochemistry

" NUMBER OF PAGES:  xiv, 203

.



i .
.

-

-

Most mitochondrial br;teins are encoded in -the muclear gencme
and imported into mitochondria after. their synthesis on cytoplasmic
ribosomes. 'No rat liver mitochondrial proteins, malate dehydrogenase
and the adenine mucleotide carrier, vg:re selected to study the mechanism
‘-of importing miclear coded mitocho::xirial proteins into the organelle.

"~

Rat liver proteins usre synthesized in vitro and the nascent
forms of the two proteins were immunoprecipitated by u;bnospeci-fic
antibodies Tagainst each protein. Size det-:ermination by‘ sodium dode;:yl
suiphatépolyacrylamide gel electrophoresis ix'idi‘cated that each
precurser protein is about 1,500-2,000 daitons larger than its mature
monameric form. In contrast to secretory proteins, both proteins a;:e

exclusively synthesized on membrane free polyscmes. Molecular mass

- N
sieving experiments indicated that both precursor proteins exist-“as

aggregates or coamplexes after their synthesis. These aggregates or
cowplexes may play a role in transfering the two precursor—proteins o

the mitochondrial outer membrane.

The import of both’ precﬁrsor protéing into mitochondria was
studied with an in vitro systém, consisting of the translation mixture
and mitochondria .isolated from Chinese hamster ovary cel;s.‘ The
prgcursor_.of malate dehydrogenase, synthes:.zed E _vitro, could be

.
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m’ported into isolat’eii mitochondria in the absence of p:.otein sYnthesis-.
The import was accanpamed with the conversion of the larger {:recn':x-:sor‘
to the mature monameric size. The newly processed precursor, in
mitochondria, was insensitive to: extermally added protease, suggesting~
that the p:otein had been translocated 'into at 1east the a’.nte:—manbrané
space, if not the matrix. The proteoiytic cleavage was arrested by the—
chelator, o-phenanthroline, indicating the protease responSible for the
conversion fequir'es' metallic cations as a cofactor. Time course sﬁudies
showed 'tfﬁt_impO::t and p:os:essing of the precursor was completed within
10 to 30 min at 30°C and the pPrecursor was converted to the maturk s‘ize
by a single cleavage. Import was found to deg;end on the electrochemical -
potential écrglss the inger membrane, as shown b¥ the inhibitory effect

r

of the uncoupler, carbonyl cvanide m—chlorophenylhydrazone.

The same in vitro import system was used to invgstigaté the
import of the precursor of the rat liver adenine nucleotide carrier.
Although ' processing” of the precursor to its mature size was not
observed, there were indications that the Precursor was ixr:gorted into
.mitochorxdfia: _(1) a time-dependent transfer of the p.recursor fram the
incubation solution to mitochondria was observed, and the procéss was
greatly reduced in the presence of an uncoupler. (2) Unlike the .
.p_:é.cugor in the incubat_i_on solution, the precursor im_nmoprecipitated
from the mitochondrialﬁ fraction was protease insensitive. The reasons
for the la<_:k of processing-of the imported precursor in the in vitro
system .is not known. However, the results suggest that proteolytic

’

processing of the precursor is not an obligatory step in its import.
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The ‘success in establishing an in vitro system in which the
processing of the pi:ec:msor of rat liver malate dehydrogenase occurred,
allowed probi';ig of the.details of the import process. In.the p,re_senée of

an uncoupler, binding, but . not processing, of the precursor to

mitochondria-was observed. Further experiments showéd Ehst the binding

1w

process fulfils most of the criteria for & genuine 1igarud-¥eceptor
interaction. It is ténpératuie ‘insensitive and .écmpleteé very é_apidly at

'0.?Q_. The binding .process is’ not iphibited by the presence of an
uncoupler. The bound pre<_:urso£ is prc;tease sensitive, ixﬁicating~thét

; r 4 ~ . . .
its putative receptor is. located on the mitochondrial outer membrane. an
. X :

~
- A .

apparent saturation of ‘the binding sites was o-bservgd with a fixed
amount of mitochondria and excess amount of in viﬂ.' synthesized
proteins. Most inzporte;ntly, it was observed that prbcéssing of bound
precursor was independent of the volure of reaction mixture, suggesting
that bound precursor was directly processed to its mature size. In
Icon:-.rast, .processing of unbound precursor was dependent on reaction
W. These results suggest that 'binding of the precursor of malate
7/

deh-ydro\genase to the mitochondrial outer membrane is an intermediate

step in the import process.

Mitochondrial malate ' dehydrogenase 1s a NAD+—deperxﬂent
detiydrogenase. The enzyme has been rified to hamogeneity from
different sources by the affinity colum, S'-AMP-Sepharose. However, the
precursor of rat liver malate dehydrogenase synthesized in vitro did not
bind to the affinity colum, indicating the abserce of a NAD -binding

v
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'site on the precursor protein. After- conversion to the mature size by =

isolated mitochondria, the.processed protein bound to the affinity
cp]ium and was eluted with the erﬂogenous enzyme by 40 uM NADH. ‘These
J;emlté strongly indicate that processing of the precursor to its mature '
'size is followed by conformational changes resulting in the fo:mafcion of
a Euré'tional mn"'-—birﬁing site. This conclusion is supported 'by studies
with antisera prepared against the. sodium dodecyl sulphate dénatured
enzyme, which are conformationally specific. The ant'isermn recognized.

only the sodium dodecyl sulphate denatured mature protein and the in

" vitro processed precursor protein, but not the native functional enzyme. .. -

‘However, the antiserun could immunoprecipitate the precursor protein

with or without prior denaturation. The above results suggest that the
in vitro imported precursor protein has been converted into a functional
enzyme, -and indicate that the in vitro import system reflects the

process that occurs in vivo,
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INTRODOCTION

1.1 THE MAIN THEME

The discovery of deoxyribonucleic acid in mitochondria (Nass and
Nass, 1963a,b) created a new ;hase in the, study of mi*;ochorﬂrial
b'iogenesis. wWhat was the origin of the mitochondrial gename? What
infbmatiog;is stored in this heritable genetic material? Is there any
comunication between the two physically separated genames, nuclear DNA
and mitochondrial DMA (mtDNA), within an eukaryotic cell? Solutions to
these gquestions lwould not only increase our knowledge on the molecular
aspect of celli f_or.mation, but also, would shine light on the origin of the

eukaryotic cell.

Two major hypotheses were put forth to explain the original soﬁrce
of mitochondrial gename. Raff and Mahler (1972, 1975) proposed that the
genome could have arisen as an episome from nuclear DNA and Be
subsequently packaged into a membranous vesicle, Alternatively, the genome
could have originated fram a bacterium which was incorporated into a
proto—egkaryotic celi and established .a symbiotic -relaticonship with the
host. This hypothesis was popularized by Margulis (1970, 1975).

p N

The striking similarity between the- bacterial and mitochondrial
protein synthesizing systems supports the endosymbiotic hypothesis. Both

systems use formyl-methionine, instead of methionine, in the initiation of

1
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translation (Smith and Marcker, 1968) and the peptiqe bond formation is
sensitive to chloramphenic_ol‘ (Ralf, 1963; Kroon, 1563). er, the
prokaryotic origin of mtDNi\ was challenged by the facts that mitochondrial
genames have unique genetic ‘codes (eg. ~Barrell et al., 1979) that
require, in the case of vertebrates, only 22 tRNAs for _decodin-g (Anderson
et al., 1981) and the lack of homology between many, but not all,
mitochondrial and bacterial rRNAS sequences (Runtzel and Kochel, 1981;
Gray et al., 1984). The is_sue is further camplicated by the finding of the
transfer of genetic n;a_\terial between mitochondrial and :_mclea;: gencmes
(farrelly and Butow, 1983; ight and Cumings, 1983). At present, the
endosymbiotic hypothesis ig/ still the favoured among the two hypotheses

L d

mentioned previously.

Development of new biochemical techniques, including DNA

sequencing methods and recombinant DNA technology have helped enormously

in the unravelling of the organization of mammalian mitochondrial gencmeé.

Canplete DNA sequences of mouse, bovine and human mtDNA arf now available

(Anderson et al., 1981, 1982; Bibb et al., 198l). All three circular
genames are about 1 x 10’ daltons in size, and are highly campact in theilr
organization. No intervening sequence has been identified in the
structural gene coding regions. "Ihe majority of the géncme codes for
rRIAs and tRNAs, with only 6% of the coding region for mRNAs. The
transcriptional products include the 12S and. 165 rRNAs, 22 tRNAs and mRNAS
for cytochrame ¢ oxidase subunits I, II and IIX, ATPase subunit;. 6 and
cytochrame b (Anderson et al., 1981). There are also coding regions called

unidentified reading frames, because their protein products.were not known

-



(Anderson et al., 198l). Dur:.ng the last few years, ‘proteins encoded by
some of these umidentified readmg frames have been identified. For
instance, in humans, six of the unu_ient:_.fled :eadmg frames code for the
components of the respiratory chain 'NADH dehydrogenase (Chamyn et al.,
T1985). | |

The size of the mitochondrial gencmes of Saccharamyces cerevisiae

and Neur-ospora crassa are about 5 to 6 times larger than that-of human

(Anderson et.al., 1981). The larger size is not beCause of an increase in
codmg capac1ty for prot:ems of the mitochondrial inner membrane, but is
due to ‘the presence of intervening sequenc;s within some genes and of AT
rich sequences between ge-nes (see ieview by Dujon, i983). In yeast, more
than 20 unidentified r.eadmg frames have been 1dent1f1ed, most of them are
located in introns (Bomtz et al., 1980). One of the unidentified reading
frames was found to code for subunit 8 of A‘I'Pa%e (Macreadie et al., 1983;

Velours et al., 1985). Similarly, six- m—identified reading frames in

Neurospora' crassa code for subunits of NADH:ubiquinone reductase (Ise et
al., lgSS). Scme-of the unidentified reading frames loca;-.ed in introns
code fi:r pfoteins involved i'p the splicing - of mito'chondrial MRNAS
(Lazowska et al., }580; Guiso et al., 1984). The mitochondrial genome of
" Neurcspora has two unique featux;eé. . It has a very high content of AT rich
palindromes, up to 5-10% of the tot‘al gencme, which may be involved in RNA
processing (Yin et al., 1981; Burke and RajBhandary, 1982) . Another
unique feature is .the presence of a sequence that is very similar to the
coding sequence of subunit 9 of ATPase (Boogaart et al., 1982). The

protein is coded in the muclear genome and translated on cytoplasmic
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riboscmes in Neurospora (Jackl and Sebald, 1979).

Iq its structural aspect, fhé mitochondrion is a highly
canpartmmtallzed ‘organelle, divided into four ,ccmr,;art:rents by two
membranes. The four sub-mitochondriai campartments are the outer membrane,
the inter-membrane space, the inner ngnb:.:ane and the matrix. Each
compartment has its own unique protein camposition for carrying out
specific functions. For instance, proteins of the electron transport chain
and the H'-ATPase complexes which are essential for the synthesis of ATP
are located in the mitochondrial inner membrane. - Enzymes for the
tricarboxylic acid cycle, fatty acid oxidation and for the transcription
of mtDNA and translaticn of mitochondrial mRNAs are located in the matrix.
Overall there are more than three hundred, proteins localized in the
various canpartments of a mitochondrion. However, as wmentioned
previously, only about thirteen polypeptides are encoded . in the
mitochondrial gencame. This implies that over 90% of mitochondri;al
proteins, including those essential‘ for mitochondrial replicétion, are
coded in the muclear gendme, synthesized on cytoplasmic riboscmes and
imported into mitochondria. How do these mitochondrial polypeptides reach
their functional locations in the mitochondrion? The ml@lar mechanisms

by which these polypeptides are transfered to and localized in their

specific compartments of a mitochondrion will be the main theme of this

thesis. ]



1.2 MECHANISMS POR IMPORTING PROTEINS INTO SPECIFIC ORGANELLES
In a eukgryotic cell, the size of the nuclear genome is about 2
x 10° times larger than the mitochondrial gencme. Prote.ins encoded in
the mclear genome are synthesized on .cytoplasnic ribosomes and”
imopor{ted into various organelles, the plasma membranes, or remain in
the cytoplasm. Same proteins are 1'secret:ted extra—cellularly. Each
‘organelle has its own unique protein composition and can be identified
by specific marker enzymes. This suggests that the processes.by which
these proteins are segregated and locaiiied in 'tbeir- respective
organelles have to be very specific. During the past years, an effort
has been made to elucidate the molecular mechanisms of these processes.
Conceptually, the localization of a polypeptide into a specific
organelle can be divided'into three concatenated steps: (1) translation
of the mRMA of the polypeptide on cytoplasmic ribosomes; (2) transport

to, and translocation of the polypeptide intc or across the membrane

that delineates a specific organelle; (3) transformation of the

translocated polypeptide into a functional protein. The last step likely
involves conformational changes of the polypeptide and/or assembly with

other polypeptides to form a functional‘multimeric enzyme.

T™he key issue in the mechanism of protein localization is,
however, the specific uptake of cytoplasmically synthesized polypeptides
into a particular organelle. Each organelle is delineated by membranes

with unique proteins and phospholipids, such as the mitochondrial outer



6
membrane, the porous mclear membrane, and the membrane of endoplasmic'
reticulun. These membranes are the gateway for entry infd"specific
cellular _compartments. Thus, translocation of polypeptides into or
across t‘nese specific membranes is the most likely point in the
localization process where specificity is conferred, i.e. only
polypeptides destined for a specific organelle are txanslc;cated across
the organellar membrane(s). Bowever, how are polypeptides tranéported to
their specific sites of translocation?quw is the- specificity in

translocation achieved? Wwhat initiates the translocation - process?

Resolving these questions is essential in the understanding of the

mechanism of localizing proteins into a specific organelle.

1.2.1 Protein Localization with Co-translational Translocation

Research on secretory proteins has‘given considerable insight
int6 how specificity in translocating polypeptides across an orgahellar
membrane can be achieved. Secretory proteins are synthesized on
polys'anes that are bound to the membranes of the RER (Siekevitz and
Palade, 1960), segregated into the lumen of the organelle (Recman et
al., 1966), and eventually secreted through secretory vesicles which

arise from the Golgi apparatus (Jamieson and Palade, 1967a,b).

More interestingl_y, Redman and Sabatini (1966) showed that
incamplete nascent polypeptides of secretory proteihs, synthesized 1in
 the presence of paramycin, can also be segregated “into the lumen of the

RER. Furthemore, in vitro experiments using dog pancreas microscmes



showed that translocation would not occur if the nascent polypeptides on
ribosomes have more than 100 amino acid residues (Blobel and
Dobberstein, 1975a,b). These results led to the conclusion that' the
translocation of secretory proteins across the RER meti;ranes is tightly
~coupled to the elongation step of their synthesis. This mechanism is

refered as the co-translational translocation or vectorial translation.

The Signal Hypothesis

What 1is the mechanism that allows specific translocation of
. secretory proteins into the RER lumen? How‘ is ‘the translocation step
coupled to the synthesis of these proteins? To answer these questions,
Blobel and Sabatini (1971la,b) proposed the signal hypothesis. It was
later revised by Blobel and Dobberstein (1975a,b). There are &wo
essential features in ‘the hypothesis: (1) the presence of a unique
peptide at the amino terminus of the nascent secretory protein, which
distingﬁishes it fram other proteins in the cytoplasm. This peptide is
essential in binding the polypeptide growing on a free ribosame to the
membrane of the RER, thus committing the polypeptide to the secretory
pathway. In essence, - this peptide is the signal that confers the
specificity to the translocation process. The signal peptide is usually
not required for the normmal functioning of the mature protein and is
removed after the polypeptide has entered the lumen of RER. (2) The
* translocation process is a receptor-mediated event. It was 'postulated
that there is specific receptor on the RER mexbrane which recognized the

signal peptide. The interaction of the signal peptide with its receptor
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would lead to the formation of a hydrophilic channel for the growing

polypeptide to enter the lumen of the RER.

The signal hypothesis, at present, has been widely accepted with
compelling evidenmce. The N-terminal signal peptide was first identified
on the light chain of immunoglobulins (Milstein et al., 1972) and has
subsequently been found on all eukaryotic secretory proteins so far
examined (see review by Watson, 1984), with the possible ex\ception of
ovalbunin, whose signal resides in an internal sequenée of the
amino-half of the protein (Braell and Lodish, 1982). These peptides are
usually 15 to 30 amino acid residues in length, and can compete with one
another for sequestration into microscmal vesicles. However, no sequence
hamology is fourd among thelmown peptides (Inouye et al., 1977; Steiner
et al., 1980). From the compa:ison of the known signal peptides, four
cammon physical features are found and may play a role in the binding of
the growing polypeptide to the RER membranes: (1) the presence of one or
two charged amino acids in the initial segment of the peptide.(Inouye,
1982; Vlasuk, 1983). (2) The central region of the peptide is always
occupied by a stretch of at least nine- hydropﬁobic aminc acids (von
Heijne, 1981,1982; Bmr & Silhavy, 1983; Finkelstein, 1983). (3) There
is usﬁally an alpha helix in the central hydrophobic segment and a beta
turn near the cleavage site (Austen, 1979). (4) The cleavage site is
usually flanked on both sides-by a small uncharged amino acid (Inouye

and Halegona, 1979; von Heijne, 1983,1984).

3
Walter et al. (198la,b,c) and Meyer et al. (1982) provided
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“conclusive evidence for the hypothesis that the translocation‘process is
a receptor mediated event. Walter and Blobel (1980) purified a membrane
associated protein complex frca?n an ex‘ft;act of RER n‘;x:b;anes This
canplex, the signal recognition particle (SRP), is about 250,000 daltons
in size and consists of six distinct polypeptides and a 7S RNA molecule
(Walter and Blobel, 1982). In vitro experiments showed that the SRP
binds” speci,ficaliy to ribosames synthesizing secretory proteins (Walter
et al., 198la), and arrests the translation of the mRNAs of these
proteins in the absence of microsomal membranes (Walter and Blobel,
1981b) . Howevef., with tlme‘ addition of microsomal vesicles, it mediates
the binding of the SRP-ribosamal complex to the receptor on the
membranes with the resumption of protein Qnmsis and translocation of
the polypeptides ::.nto microscmal vesicles (Walter and Blobel, 1981c¢).
Using a SRP-affinity colum, Mever e:: al. (1982) 1isolated a 72,000
daltons integral manbrane protein fram .an extract of microsomal
membranes. This protein, named the SRP receptor or the docking protein,
interacts specificallf with .the SRP and releases the elongation arrest
caused by the particle. The release is followed bv the translocation of
the growing polypeptide across the microsamal membrane.

The yet unresolved question in the mechanism of D\.'ectorial
transfer is how the interaction of the SRP-ribosamal complex with the
docking protein results in the translocation of the polypetide across

the RER membranes. Is the interaction self-sufficient for the

T

translocation process as postulated by von Heijne (1981) or does i

(3]
Lo |

require other RER membrane proteins, such as ribophorins I and
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" (Kreibich -et al., 1978a,b; 1980), as proposed in the original 'signal
hypothesis (Blobel and Sabatini, 1971a,b)?

The Post-Translational sbrting Mechanisms

Many proteins, other than ‘T—secr-etory proteins, are also
synthesized on membrane-bound polysomes and co—translationaily
translocated into or across the RER membranes. These include_ proteins
destined for plasma membranes (Rotl‘man:nd Lodish, 1977; Dobberstein'g_t
al., 1979; Ploegh et al., 1979), lysosames (Hasilik et al., 1980}, and
—RER memdranes (Swank and Paigen, 1973). However, the fact that the RER
is an initial comon pathway for ‘the transport of precursor proteins to
several cellular compartments necessitates the presence of additional

signals for sorting these proteins into their final locations after the

\ - Pl
translocation process. 4

~

Studies on the biosynthesis of the heavy chain of
inmlmoglobulin:s’ showed how transmembrane proteiﬁs swnthesized on bc-:und
polvsames can be anchored in the RER menbranes. and be transfered
subsequently to the plasma membranes via the Golgli apparatus. This
‘protein has secreted and membrane-bound forms .(Melche:"and Cone, 1973).
Both are encoded by the same structural gené. Bowever,, because of a
difference in mRMA splicing, the polypeptide of the mambrane bound fdrm
has an additional secment of hvdrophobic amino acids at its carboxyl
terminus (Alt et al., 1980; Early et al., 1980; Xehry et al., 1980;

Roger et al., 1980). This segpent serves as a halt signal for the
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transfer of the polyéeptide across the membrane. A similar hydrophobic
transmembrane domain has also been identified in the primary sequence of
the well studzed G protein of vesicular stomatitis virus (Chatis -and
Morrison, 1970; Chosh, 1980; Rose and Gallione, 1981; Rose and Bergman,
19¢2,1983) . Recently, Guan and Rose (1984) showed that a hybrid protein
of growth hormone with this hydrophobic peptlde resulted in the
anchorage of the protem in the Golgi apparatus.

The G.protein of vesicular stomatitis virus -traverm the plasma
marbrane only once, However, many membrane protems, such as the
erythrocyte anion transport protein (Drickamer, 1976), span the plasma
merbrane several times. It was\ postulated that the transmembrane

peptides of these proteins, due to their hydrophobic nature, are

) co-translationally inserted into the RER membranes (Blobel, 1980;

Sabatini et al., 1982). \

For lysosamal -enzy:ﬁes, evidence has indicated that the
post-translational addition of mannose-6-phosphate to the
oligosaccharide chain of the nascent polypeptides is essential in their
proper--localization. Lysosomal enzymes lacking the recognition signal,
mannose-6-phosphate, ere functional but 4are misdirected out of cells
(Hickman et al., 1974; Raplan et al., 1977; Fischer et al., 1980).
Furthermore, extra—-cellular lysosamal enzymes can be internalized by
rhrman fibroblasts and Chinese hamster ovary cells through receptors that
recognize the 6-phosphomannosyl residve (Rome et al., 1979; Hasilik and

Neufeld, 1980a,b). The intermalized lysosamal enzymes are channelled to



“the Golgi canplex via clarithin coated vesicles (Willingham et al.,
198la,b) and subsequently into lysosocmes via the Golg:.—endoplasnuc
reticulun-lysoscmal reg:on {Novikoff, 1980). Thus, different mechanlsms

are used to segregate precursor protems in the RER to various cellular
‘Qompar tments.

The Transfer of Proteins from the RER to Plasma Membrane

\ .

After localization in the RER, newly synthesized secretory'and
pl\asma membrane proteins are transported', ‘via the Golgi apparatus, to
the_ plasma nenbrané (see reviews by Sabatini et al., 1982; Silhavy et
al., 1983). Vesicles are used to transport these proteins from the RER
to the Golgi. appa_r:a:us, and from the Golgi to the plasma membranes
(Palade, 1975). Little is known about the mechanism that regulates this
intra—cellular protein transportation, and whether the tranport ves;icles

are clarithin coated remains controversial (Rothman et al., 1980;

Wehland et al., 1982).

Initially, it was hypothesized that secretory ﬁroteins are
non-selectively t:}ansported to the cell surface at the same rate
(Sturgess et al., 1978). However, recent evidence indicates that some
secretory proteins are shuttled between the organelles at different-,
rates arﬁ7,é.ze not secreted extra—cellularly with the same kinetics -
(Ledford “and Davis 1983; Lodish et al., 1983; Fries et al., 1984).

¢

Furthermore, Fitting and Kabatt (1982) showed that two viral membrane

glycoproteins are transported to the cell surface at different rates.

b



These results st:ongly suggested that the transfer of secretory and
membrane proteins from RER to tbe plasma membrane is a specific,
probably receptor-mediated, process.

Many secretory proteins and plasma mexbrane proteins, unlike
cytoplasmic proteins, are glyéosylated after their synthesis. It was
shown that tunicamycin, an antibiotic that inhibits the N—glycosylatlon
of nascent polypeptides, prevents the secretion of inmupoglbbul_ins A ard
E from plasma cells (Hickman et al., 1977). Furthermre, the reqular
transport of‘the G protein of vesicular stamatitis V;L-IUS from the RER to
cell surface requires the N-addition of the carbohydrate moiety (Gib_son
et al., 1978). However, mot all secretory proteins are gylcosylated,

such as albumin (Peters, 1971), and Struck et al. (1978) showed that the

secretion of four serum glycoproteins by cultured bepatocytes was not
interfered with by thé presence of tunicamycin. These results sugg_est'
that although post—&anslational glycosylation may be important in the
secretiop of immuncglobulins, its role in the intra-cellular &transport

of secretory and membrane proteins cannot be generalized.

It has been demonstrated that certain viral glycoproteins
undergo post-translational fatty acid acylation (Schmidt, 1982). The G
protein of vesicular stomatitis .viruse is one of the examples.
Zilbestéin et al. (1980) reported that the G-protein of a
temperature-sensitive mutant of the virus did not reach the cell
surface, but instead, accumulated in the Golgi complex. The defectivé G

protein lacks the fatty acid residue, suggesting that pos‘&—translational
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\’_acylation may play a role in the transport of the G protein to the

plasma Qenbrane. Bowever, subsequent studies ‘showed that the defective G

i

protein could be detected on the cell surface of infected cells (Lodish
and Kong, 1983). Furthermore, Schlesinger and Malfer (1982) showed that
although blockage of acylation by cerulenin would inhibit t.he formation
and release of viral particles from cells infected with vesicular
stamatitis virus and Sindbis ‘virus, the non-acylated viral membrane
proteiné were transported to the cell surface. These results- indicate

that fatty acid acylation 1is mnot essential in the intra-cellular

.transport of these viral proteins.

Recently, Adams and Rose (1985) found that G protein which' has
its transmembrane peptide trimmed fram 20 amino acids to less than 12
residves was accumilated in the Golgi complex and' did not reach the
plasma membrane. This result indicates that the primary structure of G

protein plays a role in regulating the intra-cellular transport of the

protein.

1.2.2 - Protein Localization with Post-translational Translocation

Localization of proteins into specific organelles in eukaryotic
cells do not always beg.in with co-translational t.ranslocation of the
pr_oteins into or across the RER membranes. Many proteins bind to and are
translocated across specific organellar membranes 'éfter synthesis

| (Kreil, 1981). These include cytochrame b, and its reductase of the RER

_5
membranes (Borgese anci Gaetani, 1980; Rachubinski et al., 1980), uricase



and catalase of the peroxisames (Goldman and Blobel, 1978; Miura et al.,
1984; Rachubinski et al., 1984), and proteins destined for - the
semi-autonamous organeiles, such as chloroplasts (Highfield and Ellis,
1978; Chua et al:, 1980; Schmidt et al., 1981) and mitochondrja (Neupert
s Schatz, 1981; Schatz &‘_Butow, 1983; Hay et al., 1984). The mechanisms
of post-translational translocat;ion are sfill relatively: ‘xmknown, and
several hypothesis have been p:oéoéed.

The Model of Spontaneous Insertion

Integral membrane proteins, such as cytochrome 25 and
NPfDH-cytochrme }35 reductase, have a multi-compartment distribution,
including the RER, mitochondria and the Golgi apparatus (Oshino, 1978).
Bo‘l';h lproteins also share the common feature that there are several
segments of hydrophobic sequences at the carboxyl terminus of the
polypepide .chains (0zoli. and Gerard, 1977). These proteins are
synthesized on free polysomes without an extension peptide, and
imorpofated into the membranes post-translationally (Rachubinski et
al., ;980). In vivo pulse—labeling experiments showed that
NADH-~cytochrame 25 reductase is mserted mto the wvarious menbranes
simultaneously, eliminating the pOSSJ.blllty that the multl-catpaxtnent
distribution is due to segregation frcm a common origin. Furthermore,
trypsinization of the mnbramus fractlon did not interfere with the
integfation of these p:otems into the lipid bilayer. Based on these
studies, it was postulated that the hydrophobic segment at the

C-terminus may act, as a post-translational insertion sequence for the
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__ spontaneous incorporation-of-the two proteins into the various membranes
without the mediation of a proteinaceous receptor.

Tkt

The Membrane Trigger Hypothesis

Studies on the major coat protein of the coliphage M3 led
Wickner (1979, 1980) to propose- the membrane trigger -hypothesis‘ as an
alternative nechaniag by which proteins with a signal peptide-could be
inserted into hydrophobic membranes. -This protein is an integral
membrane protein and is synthesized .with a 23-amino acid extension
| peptide at its N-terminus. However, the precursor protein is integrated

into the inner membrane of Escherichia. coli post-translationally

(Wickner et al., 1978). According to. the hypothesis, the function of
the N-terminal extension peptide is to trigger conformai:ional ‘changes of
the precursor protein when a hydrophobic surface is encountered,
resulting in the insertion of the polypeptide into the ,membréne. The
subSequent removal of the extension peptide renders the process
irreversible. However, }_:;roteins with signal peptides that are
post—translationally translocated across the RER merbranes have not yet

been identified in eukaryotic cells

Import of Proteins into Semi-Autonamous Organelles

There is evidence to suggest that proteins destined for
chloroplasts and mitochondria are imported into the organelles

post-translationally (Nélson and Schatz, 1979). For instance, the small
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subunit of ribulose-1,5-bisphosphate carboxylase in cﬁloroplasts is

synthesized on membrane-free polysahes with an amino-terminal extension

‘peptide, and is incoporated into the orgamelle after the campletion of

its synthesis (Highfield and Ellis, 1978).

Mitqchormdria have their ' own protein synthesizing system.

W

However, ﬁore than 90% of mitochondrial proteins are encoded _ in the
nuclear;' genane ({Schatz éhd Mason, 1974). There is ,so far, no. evidence
that there is: exchange of mRNAs between the nuclear-cytoplasmic and
mitochondrial compartments. This indicates that most of the
mitochondrial prétéins are synthesized on cytoplasmic riboscmes, and
then incoporated into the.'organelle.- In vivo pulse-labeled experiments
showed that the p-r:ecursors fo}:‘ the Oé and ﬁ subunits of the A‘I‘Pase.
canplex in yeasts were ,zmported’ into mitochondria after a lag (Schatz,'
1979) . Furthemore, in vitro experiments showed that the uptake of the
precursor proteins into mitochondria is not inhibited by cycloheximide.
'I‘h.ese observations cleariy showed that the import process is inc-iepgndent
of protein synthesis, suggesting a post-translational mechanism.

1.2.3 Immor: of Proteins into Mitochondria

The mechanism by which a -subset of nuclear-coded proteins are
specifically imported into mitochendria hés been a major focus in the
study of mitochondrial bicgenesis during the last few -years. Research
effort has been concentrated in the following three areas: (1)

identifying the physical features of the precursor proteins ané the



canponents on the mitochqf;drial membranes that are responsible for the
specificity of the import process, (2) the details of‘the translocation
process and (3) the mechanisms by which imported proteins are sorted
into their respective sub-mitochondrial cdnpartments. " Extensive

research has been done’ in Saccharomyces cerevisiae, Neurospora crassa

ard, recently, in the mammalian éystem (see reviews by Schatz and'Butcw,
1981; Neupert and Schatz, '1983; Hay 'et al., 1984). Studies mainly on the
former two organisms wills be reviewed in the following, with appropiate’

papers after the beginning of 1985 being included in the Conclusion.
(A) The Specificity of The Import Process

Phvsical Features of the Nascent Polypeptides—Most of the

mitochondrial precursor proteins, which are synthesized on cytoplasmic
ribosames and dest‘:ined for thé three inner mitochondrial compartments,
have an apparent molecular mass larger than their corresponding mature
proteins. In cases where the primary structures of the nascent

polypeptides are known, such as the proteolipid subunit of the

Neurosoora ATPase (Viebrock et 2l.,1982), the additional peptides are

located at the amino terminus. It.is likely that the extension peptides

of the other precursor proteins are located at the same position.

The size of the extension peptide varies widely among the knewn
precursor proteins, It ranges from 0.5 kDa in subunits I and II of the
_ ., -

cytochrome e, camplex of yeast (Cote et al., 1979) to 10 kDa in

S—aminolevulinate synthase of chicken (2es and Harpe, 198l).
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Furthexmore, except for éroteins of the outer membrane, no appareﬁt
' correlation has been observed between the size of the extension peptides
and the final locaticns of the mature proteins (Hay et al., 1984). Even
- * " f .
subunits of the same enzyme.coamplex, such-as the cytochrame El canplex

of Neurospora crassa (Teintze et al., 1982) or cytochrame ¢ oxidase of

yeast '(Gaéser et al., 1982b), have extension peptides of different
sizes. Inter-species variation in the size of the extension peptide have
also been _repozted. for the *matri'xr enzyme, car.:bamoyl phosphate
synthetase. In ra;:-, the precursor of the enzyme is about. 5 kDa larger
than the mature form (Mori et al., 198l; Rawmond and Shore, 1981;
Campbell et al., 1982). However, the pr-ecursor of the enzyme in frog has
-the same size as the mature protein (Mori at al., 1979).

Not all mitochondrial proteins imported from the cytoplasm are
synthesized with an extension peptide. Virtually all precursors of outer
membrane proteins studi.ed, wiﬁh one possible exception (Shore et al.,
1981l), have the same apparent molecu.:l_ar mass as -the mature proteins
(Freitag et al., 1982;° Sagara et al.,l 1982; Gasser and Schatz, 1983).
Although it is uncammon, precursors without an extension peptide have
also been observed in proteins located in the other three mitochendrial
canpartments. These include inner membrane proteins, the adenine
nuc_:leotide translocator of Neurcspora (Zimmermann et al., 1980) .and the
uncoupling protein of the rat brown adipose _tissue (Freeman et 2l.,
- 1983; Ricguier et al., 1983), inter-membrane space proteins, cytochromg
¢ of Neurospora ar}ci rat_(zirrqiemann" et al., 1979a; “Matsuura et al.,

1981) arnd adenylate kinase of yeast (Watanabe and Kubo, 1982), andé a
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rﬁatrix_ enzyme, 2-isopropyl malate synthase of yeast (Gasser et al.,
1982b, Hampsey et al.,1983). -

The diversity in the sizes of the extension peptides prompted a
search for other camon features among the known nascent polypeptides.
Canpa.ring the two f_ﬂ;mensional electrophoretic patterns of polypeptides
from human lj(mpﬁoid cells in the presence or absence of
anti-mitochondrial agents, Anderson (198l1) identified a -group of
mitochondrial nascent polypeptides that have higher isoelectric points
than their mature counterparts. He concluded that the increased basicity
is dve to the presence of 4 to 8 additionmal lysine or argining residues
in the precurs;:r proteins. This physical feature was later found in the

first three cases where the camplete amino acid sequences of the nascent
polypeptides were determined, These include an inner membrane protein,
the proteolipid subunit of the Neurospora ATPase (Viebrock et al.,
1982); an inter-membrane space protein, cytochrame ¢ pe:"oxidase of yeast
(Raput et al., 1982), and a matrix protein, ornmithine transcarbamylase
~of humans (Horwich et al., 1984). The amino-temminal extension of all
three nascent polypeptides have at least four lysine or arginine
residues. The residues have 2 tendency to appear in groups of two, which
are separated by three amin¢ acids at the most. The fact that these
three proteins are from three different mitochondrial campar tments
suggests that this physical. feature plays a definite role in the import
'procesé. On the other hand, 1t was reported tﬁat the precursor of
aspartate afninotransfe.rase has a‘ lower isoelectric poi_r;t than its mature

protein (Kamisaki et al., 1982).



The fact that the extension peptide is removed after the
precursor protein is translocated into _mitochondria (see below)
indicates that its function is limited to the import process. It may
serve  as recognition signal for the receptor on the mitochondrial
membranes, maintain a confommation favourable for ‘the translocation of
nascent polypeptide across the mitochondrial membrane, or facilitate the .
solubility of hydrophobic pi:ecursor protein in the cytoplasm. Judging
fram the diversity in the size as well as the physic/:al properties, it is
pogsible that an extension peptide may have more than one of the above
functions, depending on the physical nature, such as hydrophcbicity and
size, of the nascent polypeptide and the final location of the mature
_protein. Furthermore, the size of an extension peptide may be
proportional to the mmbér of functions it perfoms. During the
preparation of this thesis, several studies éhovad that extension
‘peptide is essential in targeting sevéral- mitochondrial proteins into

mitochondria. This will be discussed in more detail in the Conclusion.

'As mentioned previously, some imported proteins, including
almost all cuter membrane proteins, are not made as larger precursor.
Whether these proteins have permanent ta.rgeting signals that reside in
their primary structures remains to be _c.-":lucidated. Recently, the gene
coding for a 70 kDa outer membrane protein of yeast has been cloned
(Hase et al., 1983). Its sequence showed there is a stretch of
hydrophobic amino acids. pear the amino temiﬂus, which is flanked on

A Y

both sides by several basic residues. This segment of peptide may serve
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as a membrane anchorage for the protein in the mitochondrial outer ’
merbrane (Ri_eimari et al., 1983a). lmrthermore, a shortened fomm of this
protein, which has only the amino- half of the whole polypeptide, can
still be inserted into the outer membrane (Riezman et al., 1983b). This
result. suggests that the targeting signal of this protein is located in

a specific region 'qf its primary structure. -

s

Receptors on the Mitochondrial - Membranes: Import of proteins

into mitochondria is a very specific process. Only nascent polypeptides
destined for mitochondria are translocated into Or across the organellar
membranes, and these polypeptides do not integrate into: other
subcellular membranes (Matsurra et al., 198l; Gasser and Schatz, 1983).
This stringent specificity ‘requires the presence of specific components
on the mitochondrial outer.surface for recogniz_ing these mitochondrially
targeted polypeptides.

The most 'conviﬁcing evidence indicating the presence of
receptors on’ mitochondrial memiararﬁes cames from the stu;iies on
apocytochr&ne ¢ of Neurospora. Apocytochrame ¢ is the precursor of
cytochreme ¢, a protein which is located on the cytoplasmic side of the
mitochondrial inner membrane. The precursor has the same apparent size
as the mature protein, and the conversion to holocytochrame ¢ is
accanplished with the covalent attachment of the heme group (Zirmermann
et al., 1979b; Xorb and Neupert, 1981). Hennig and Neupert (1381)
observed that radiolabeled, in vitro synthesized apocytochrome - bound

tightly to isolated mitochondria when the conversion to holoenzyﬁne was
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inhibited by deﬁuterohemin, a competitive inhibitor of th.e
heme-attachment step. The_binding is reversible and highiy specific. It
can be competitively decréésed by an excess of cold apocytochrame ¢, but
not the ma-ﬁure enzyme. lE‘urthex:more, there is a limited number of these
bindin-g sites on mitochondria, being approximately S0 mmmol/mg ©of
mitochondrial protein (Hening et-al., 1983). Mitoplas-ts, which lack the
mitochont;lrial outer” membr‘ane, .were also incapable of binding the
. precursor’ protein. Thése results showed definitively the presence ef a

specific type of receptor on the mitochondrial outer membrane for

apqcytochfcme_‘c_:_._

Similar approaches have alsQ been used to identify the-binding -
sites for apocytochrcme ¢ on rat; liver mitochendrial membranes.
Matsurra et al. (198l1) showed that the pbst—t:anslationél uétake of in
vitre synthesized 'rat liver apocytochrame ¢ into isclated mitochondria -
coulé be inhibited by an excess of horse heart apocytochrome ¢, but not
the maguré heme-containing enzvme. More importantly, thgy showed that
the binding of the newly synthesized precursor can be inhibitec‘. bv a
peptidé fragment of the horse heart apocytochrame ¢, indicating that the
uptake of apocytochrome ¢ into. mitoechondria is mediated through

receptors that recognize a specific structural feature on the nascent

polypeptide.

In contrast to the studies on apocytochrame ¢, there is only
indirect evidence indicating that import of proteins inte the three

imner mitochondrial compartments is also mediated throuch specific
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receptors. In Neurospora, mild trypsin treatment of isolated

mitochondria abolished the binding and uptake of the adenine mucleotide
carrier precursor and the import of the precursors of subunits 2 and 9
of ATPase into the organelles (Zwizinski et al., 1984). Furthemmore,
there 1is speculation that diffgrent receptors may be present on the
outer membrane - for importing different protéins' because excess
apocytochrame ¢ would not inhibit the import of the adenine nucleotide
carrier or subun.it 9 of ATPase-into mitochondria (Zimmermann et al.,
1981). However, detailed analysis of these receptors has not been
feasible because of the difficulty fn obtaining large quantities of cold
precursor proteins. Apocytochrame ¢ is a unique case, because the
nascent polypeptide can be prepared from the mature enzyme by chemical

renovai of the heme group.

In veast, it was shown that the in vitro import of cytochrame
22 (Gasser et al., 1982a) and the /5 subunit of the F,-ATPase (Riezman
et al., 1983b) require a protease sensitive component on the
mitochondrial outer membrane. However, high affinity binding sit‘es for
mitochondrial precursor proteins have vet to be identified in yeast. '
Subunit 2 of ATPase and cytochrame 92 have been shown to bind to
mitochondrial membranes but the binding is very poor when import is
inhibited by an uncoupler (Riezman et al., 1983b). Similar results have
also been cbserved for subunits VI and VII of the Neurospora cytochrame
c oxidase camplex (Tenitze et al., 1982), and there is a postulate thakx
the binding may be linked to the presence of the membrane potentjal

across the mitochondrial inmer membrane (Zwizinski et al., 1984). In
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‘mitochondria’ or v&qicles of *mitochondrial outer mexbranes, but not. other’

mammals, - a protemaceous campenent on the mltochondnal outer membrane
is a}.so requ:.red for the import of rat 11ver ormthme t:anscarbamylase
(A:gan et al., 1983) .
_ At present, it is not.clear whether the inport' of outer membrane

proteins is mediated through proteinaceous receptors. In yeast, mild

. pfotéolyt_ic treatment did not interfere with the subsequent uptake of

'

thesg proteins into. u_xitochdrﬂria (Hay et al., 13984). However, the

igport process is very specific. These precursors only integrate ir;to

-

‘subcellular 'mnbrades {Gasder and Schatz, 1983). In Neurospora, there is

évidence_" théi: the import of a major. outer membrane protein, porin, is

mern'ated; throuwgh a recept;or because its dmport is impaired if |
mitochondria ‘are pretreated with mild trypsin or elastase (Zwizinski et
al., 1984).

4 In secretory proteins, the binding of the growing peptide to the
RER membranes is : ediated through the signal recognition camplex {Walter
and 'éiobel, 1980). The finding that .imp.ort of some mitochondrial
proteins is.a receptor-mediated event raised the question whether there
is a. mediator in the i‘.nteraction" between mi‘toéhondrially‘ destine;i
nascent polypeptides and their receptors" Recently, 1t has been shown
that the in vitro import of rat orn:.thme t:ranscarbamylase mto isolated
mitochondria requires the presence of a cytosolic factor (Argan et al.,
1983, Miura et al., 1983). Similarly, Ohta and Schatz (1984) found that

the uptake of the préteolipi'd subunit of veast ATPase requires a ‘
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cytosolic protein factor. At preéent, the function of these cytosolic
factors is not mm. However, it is possible that they may play a role

_in the binding or the transport of mitochondrial precursors to receptors

on the mitochondrial outer mefmbrane.

(B) The Mechan\lsns of Importing ' Proteins into Specific

Sub-Mitochondrial Compartments

Al though there is evidence indicating that nuclear-coded
ﬁitochondrial proteins are synthesized cSn rqartbrane—fzee polysomes ard -
transported into mitochondria after their synthesis, there is still much
to learn about how they are imported into their specific mitochondrial
caniparmxents. An in 'v_ii:r_o uptake system is used to investigate the
import El:arocess. In these expérinents, radiolabeled in vitro synthesized®
precursor proﬁeins are incﬁbated' with fresr;ly isolated mitochcndr'ia

.

_under various conditions. Translocation of polypeptides across
mitochondrial membranes would be indicarted by the inacce;sibiliﬁy of the
nascent polypeptides to externally added protease. "In cases where the
precursor proteins are larger than the mature proteins, proper
proteolytic pﬁocessing_ of the precursbrs to the mature ‘size is another
criterion. - Results obtained from these experiments sﬁggest that

differences exist in the import of mitochondrial nascent polvpeptides

into respective sub—mitoch%tial compartments.

'I‘rahslocation of Proteins into Matrix and Mitochondrial Inner Membranes



Requirement 'of an electrochemical potential—Import of 'protei'r;s"
into the mitochondrial innér membrane and the matrix requires the
inser*_cion or the translocation of nascent polype_ptidés into or across
the mitochondrial inﬁer membrane. Earlier stx:dies in yeast spheroplasts
showed that the mport and processmg of the precursors to the o{ ﬁ ‘
and X subum.ts of E‘l—ATPase was mhlbl\ged in the presence of the
uncoupler, CCCP (Nelson and Schatz, 1979). In vivo studies showed that
most mitochondrial precursors have very short half-lives and small
cytoplaénic pools (Jaussi et al., 1981; Mori et al., 1981). E‘or'
instance’,_ the half-life of the precm:sﬁr of ﬁhe ﬁ-subunit of E‘l-ATPase
is less than one minute. However, Reid and Schatz (1982) showed that, in
the presence of CCCP, precursors to qrtoch::cmg € , the OC and /159 )
subunits of F,-ATPase and superoxide disxnuﬁase accumulated in the
- éytoplasm of 'a yeast i:etite mutant. These results. indicate that an
energized ma.rlibrane is requireé¢ for translocating precu.rsoﬁ prbteins

d . .
across the mitochondrial inner membrane.

With _an=£l vitro uptake system, Gasser et al. (1982b) showed
that it is the electrochemical potential across the mitochondrial inner
membrane, but not ATP, that is required for the translocation of the
)ﬁ—subumt of Fl—ATPase into mitechondria. Slm:.lar results have also
been found in the in v1tro import of subunit 9 of Neurosoora ATPase
(Schleyer et al., 1982). Thus, the post-translational translocation of
.proteins into the two innermost mit:ochqrﬁrial compartments is dependent
on the presence of an ‘ electrochemical potential acress the inner

membrane.
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Proteolytic processing of larger precursors-~Most, but not all,

pggcursor proteins destined for the mitochondrial inner membrane and the

L]

matrix are synthesiied with an extension peptide. Translocation or

insertion of these nascent polypeptides across or into the inner

“membrane is usually accompanied by the proteolytic processing to the

corresponding mature size. In vyeast and Neurospora, the protease

responsible for the cleavage is located in the matrix, and requires a

r

metallic divalent cation as a cofactor (Bohni et al., 1980 ; Teintze et

al., 1982). The enzyme is specific for mitechondrial precursor proteins.
Tt does not act against other proteins in the cytcplasm, or denatured
mitoghondrial precursors. Its activity is strongly inhibited by
chelators, such as l,lO-g—p?Enanthroliﬁe. - Recently, the yeast enzyme

has been pari:ially purified, and has a molecular mass of about 59 kPa

(Mc2da and Doﬁglas, 1982; Bohni et al., 1983). A similar endopeptidase

has also been identified in the matrix of rat liver mitochondria (Miura

et al., 1982).

Translocation, but not proteolvtic processing, reguires the

presence of an electrochemical potential—In an in vitro uptake system,

the translocation of larger precursoré across the inner membrane is
concamitant with the conversion of the precus'br to its matﬁre size. It
is not clear whether the two steps are necessarily coupled, and which
étep requires an energized membrane. Mcada and Douglas (1982) showed

that the precursor to the ﬁ—subunit of yeast E‘l—ATPase can be cleaved

" to the mature size by the partially purified enzyme, in the absence of



m.i_tochondria. In Neurospora, Zwizinski and Neupert (1983) ‘showed that
- the —intng':ation of the precursors of the’ ﬁ-subunit of E‘l-ATPasé énd
subunit 9 of the F,F,-ATPase into isolated mitochondria was not mpeded
by the presence of a c_:helato.r. _Furthermore, precursors which have’ the
same size as the mature proteins, such as the adenine nucleotide carrier
of Neurospora and 2-isopropvl-malate synthase of yeast, also require a
mesmbrane potential . for insertion into ‘or translocation ac::ross the
mitochondrial inner membrane (Schleyer et al., 1982; Hampsey et al.,
1983). These results led to the conclusion that translocation can occur
ir-xdependent of th;a proteclytic process, and the electrochemical

potential is only needed for the fommer process.

Transleocation of precursors across two unit membranes—As
-

discussed previously, receptors for import are located on the
mitochorélzial cuter membrane. Thus, precurs_.orsf destined for the inner
membrane and the 'matrix have to traverse both the inner and outer
mitochondrial membranes. It is not clear how ‘::his is achieved. Schatz
- .
(1979) suggested that these precursofs- are translocated into their
.sub-_-mito_chondrial comparments at sites where the two membranes are in
close contact-. However, at present, no co;'_lcrete evidence is available to
suppozét this hypothesis.

—

by

Import of Proteins into the Inter-membrane Space

Different mechanisms exist for the uptake of nascent

polypeptldes mto the mter—membrane space of mltochondrla. Precursors

—



, 30

which—hate the same size as the mature proteins can be imported into the -

compartment in the absence of an electrochemical sioter;tial. These
include cytodhru:ne ¢ and adenylate kiﬁase of yeast (Zimmermann et al.,
197%a; Matsuura et al., 1981; Watanabe and Rubo, 1982).

. On the other hand, an energized membrane is necessary for the
import of precm:éors with extension peptides, such as cytochrame }32 ané
cytochrame ¢, of yeast (Daum et al., 1982; Gasser et al., 1982a). These
pféc;msors are processed to their .mature -siz;_- by two proteolytic steps.
The first cleavage occurs in the matrix - by the dlelator—sen;',itive
protease. This suggests that at least part of the N-terminal éxtension
of the precursor protein penetrates into the matrix before localizing in
the 'inter-membrane space. The first érotéolytic cleavage results iq a
membrane-bound intermediate form, which is subsequently converted to the
mature sj.ze by an enzyme located in the inter-membrane space. This
inter-membrane space enzyme is not sensitive to chelators and can easily
be removed by detergents. It is postulated that the final location of
the protein, whether bound to the outer surface of the inne‘x:. membrane
{cytochrome Sy) or within the inter-membrane space (c.ytochrcme‘ b,) .
. depends on whether a portion of the mature protein is inserted into the
inner mé:ﬁrane (Hay et al., 1984). More information was obtained £fram
the nuclecotide sequence of cytochrare ¢ peroxidaseﬁof yeast. The
precursor of this inter-membrane space protein.is also converted to its
mature size by two proteolytic steps (Reid and Schatz, 1982). The
N-terminal extension peptide of this protein consists of 68 amino acid

. ~
residues, with a stretch of 23 apolar residuves fram the 19 to 42

'S



positions (Kaput et al., 1982). It is postulated that the translocation
of the precursor protein across the mitochondrial inner membrane is
halted by the hydrophobic segment of the extension peptide. Thus, only
the first 18 amino .acids penetrate into the matrix where the first
"cleavage occurs. The cleavage results in the'formation of a
merbrane-bound intermediate f;:m, consisting of the remainder of the pre
and mature sequence. Apart fran the hydrophobic portion of the extension
peptide, all the ranéining sequence is exposed in the intermerbrane

space, where the second” proteolytic cleavage occurs.

Import of Proteins into the Mitochondrial Outer Membrane
o
Aside fram the information that most outer membrane proteins are
synthesized without an extension peptide, virtually nothing is known
about how these polypeptides are integrated specifically into the
mitochondrial outer membrane. In yeast, the process does not require a

membrane potential, a trypsin sensitive component on the outer membrane,

or proteolytic cleavage of the precursor. At present, the possibility

that all outer membrane proteins share a common insertion sequence in
their primary structures cannot be overlooked. However, how is the
_specificity of the integration conferred? In future, it. will be
essential to investigate whether the phospholipid composition of the
mitl:odmndrial outer membrane plays a role in the recognition process. It
should be noted that in Neurospora, the uptake of porin is mediated
through' a protease sensitive ccxﬁponent on the outer membrane (Zwizinski
et al.,: 1984). .
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1.3 OBJECTIVES AND APPROACH

As evident from the previous section, research in Saccharamyces

cerevisiae and Neurospora crassa have - provided ‘much ins;ight on how

proteins are imported into mitochordria. However, progress in the
mammalian system has not been as rapid as with the Fungi, and differences
could well exist between the two systems as exemplified by the difference

. /o —

 between the mitochondrial genome of mammals and that ‘of yeast and

/J- Neur@ra' (see review by Duijon, '1983_) .

Progress in the mammalian system has been greatly hampered by many
unsuccessful attempts to demonstrate import of in vitro synthesized
precursor proteins, including malate ';iehydroge_nase, by isolated rat liver
mitochondria (Shore et al., 1979; Mihara et al., 1982). At the beginning

Af _‘this g;roject, in vitro uptake of mammalian mitochondrial precursor
proteins into mitochondria had not been danonstx.:ated. During the course of
this study (up to the publication of ocur results), in vitro import of ‘only
a few precursors of mammalian matrix proteins were reported. These include
precursors of ornithine transcarbamylase (Mori et al., 1980a,b; Conboy &
Rosenberg, 1981; Argan et al., 1983; Fenton et al., 1984), car.'bamoyl
chosphate synthase (Camgbell et al., 1982), the ﬁ-submit of propionyl
coenzyme A carboxylase (Kraus et al., 1983), glutamate dehydrogenase
(Miralles et al., 1983), and the uncoupling protein of brown adipose
tissue (Freeman et al., 1983). However, only the import of the precursor
of ornithine transcarbamylase has been well characterized, and the

intermediate steps in the import process are poorly understood.: In



addition, in viwve p:'.ocessing of the precursor of carbamoyl. phosphate
synthase was demonstrated by Raymond and Shore (1979, 1%81).

" In this project, two cytoplasmically synthesized rat liver
mitochondrial. proteins, malate dehydrogenase and the aéenine nucleotide
carrier, were chosen to study the mechanism of importing proteins into
mitochondria. Malate dehydrogenase is a matrix enzyme, oxidizing malate to
oxaloacetate in the tricarboxylic ac1d c:ycle (see review by Banaszak &
Bradshaw, 1975). The other protein, the adenine nucleoca::rler, is an inner
membrane protein. It is responsible for the exchange of one q.rtoplasmlc

ADP with one matrix ATP (Klingenberg, 1979a).

In earlier studies, several laboratories used purified enzymes or
enzyme subunits to examine the import of mitochondrial proteins, Marra et

al. (1978) demonstrated the uptake of mature forms of mitochondrial

~
-

aspartate aminotransferase and malate dehydrogenase into isolated
mitochondria. Our laboratory has examined the binding of mi tochondrial
malate dehydrogenase to phospholipid vesicles (Webster et al., 1979) and
mitoplasts (Strasberg et al., 1979). we have also developed a procedure to
purify the enzyme to hanogeneity and - reported that the enzyme is
synthesized as a precursor of larger molecular mass (Aziz et al., 1981).
It was, therefore, logical 'to extend the investigation by probing the

molecular aspect of the import of. this protein.

The adenine nucleotide carrier is a major mitochondrial protein.

. In bovine heart mitochondria, it constitutes up to 5% of the total protein
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mass. Vignais et al. (1973) reported the use of a g'ﬁmerifin,
carboxyatractyloside (CAT), to >inhil_:it the activity of the protein. Onlike
most of the other mitochondrial p;:ot.eins, the CAT-carrier complex does not
bind to hydroxylapatite, and can be purified by a oné-step hydroxylapatite
chromatography (Riccio et al., 1975a, b). The simplicity of the
pur‘ification method  and the abindance ‘of the protein in mitochondria
constitute the major reasons for selecting the adenine mucleotide carrier
as a model protein\in studying. the import of mitochomdrial proteins.
Furthermore, the carrier is located in the mitochondrial inner membrane.
chup;aja’:ison of the information obtained from malate dehydrogenase and the
adenine nucleotide carrier may be very I;‘elpful in understanding how

proteins imported into mitochondria are sorted into their respective

* kK
intra-mitochondrial locations.

In this research pfoject, an in vitro approach was used to study
the in_'port of the rat liver mitochondrial proteins. The project began with
the following objectives: (1) idéntify the nascent trc;nslational products .
of the mRNAs for the ade_nine nucleotide carrier and malate dehydrogenase
and study the physical characteristics of ‘the ﬁascent polypeptides. (2)
Set up an in vitro uptake system, using isolated mitochondria, for
investigating the intermediate steps involved in the import of the two
proteins. The latter was the prime objectivs; of the project. Specifically,
the investigation involved stt;dying the mechanism of transporting the
nascent polypeétides of the two proteins frcm cytoplasm' to mitochorﬂria
and their binding to mitochondria, the details of their i'nse.\:tion' into or

" translocation across the mitochondrial immer membrane and their subsequent -

’
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cdnve;:si;:n into a functional protein or an enzyme. Furthermore, the
difference in the functional locations of the two proteins would allow the
examination of the diversity of the import mechaniams and, ‘possibly, how
mo&im are sorted into their respective sub-mitochondrial compartments.



METHODS AND MATERIALS
. 2.1 ISOLATION OF PROTEINS

Isoclation of the Rat liver Adenine Nucleotide Carrier

-

-

The adenine nucieofide carrier was | isolated as- a
carboxyatractyloside (CAT)-protein camplex fram Spagq&Day:ley rat liver
mitochondria by hydroxylapatite chrcm-atography (Riccio et al., 197Sa,b).
Mitochondria were isolated by differential centrifugation 'aﬁd washed
three o, fou; times with the Suspension seclution. After the final
washing, mitochondria were resuspended in 10 ml of the solution a_r.'nd
incubated with the inhibitor CAT (25.5 tmol/g of mitochondrial ?rotein) '
at 0°C for 30 min. Mitochondria were then recovered by céntrifugaticn at
5,000 x g for 15 min at 4°C and- solubilized with the Solubilization
solution con‘éaining 0.5 M NaCl and 5% Triton X-100. The Triton/protein
ratioc was always kept at 3 to 1. Solubilized mitochondria' were
centrifuged at 100,000 x g for 45 min at 4°C for removal of membrane
debris. The supernatant was loa-ded onto a hvdroxvlapatite column
pre—equilibrated with 2 to 3 bed volumes of the elution buffer. The size
of the column recuired, was determined by the amount of protein that
would be. loaded onto the column. The maximm capacity was 1 mg of
extracted mitochondrial’ protein/ml of bed volume. After loaéring the
sgmple, the colum was washed with the elution buffer and the adenine

nucleotide carrier came off at the void volume of the column.

36



Isolation of the Bovipe Hea:t Mitochondrial:Malate Dehydrogenase - - -

Mitochondrial malate dehydrogenase was purified according to the
method developed by Aziz et al. (198l). Partially purified bovine heart’
malate dehydrogenase obtained from Sigma _(specifi'c activity
Iapproximtely 3100 Units/mg protein) in an ammonium sulphate .suspension ‘
was furﬂxer purified to homogeneity with a 5'-AMP-Sepharqse 4B column.
The pn:ot;.ein suspension (1 to 2 ml oﬁ 0.9 nig/ml) was dialyzed overnight
in PEM solution, pH 7.0 and then applied onto a 5'-AMP-Sepharcse colum
{0.9 cm x 30 am) pre-equilibrated with the same solution. The column was
washed with 3 to 4 colum volumes of PEM and then bownd malate
dehydrogenase was eluted with a 500 ml linear gradient of -0 to 100 uM
NADH in the PEM. Fractions containing the. highest activity of malate
dehydrogenase heré pooled and dialyzed against satﬁrated. ammonium
sulphate in PEM. The precipitated protei_n was centrifuged at 12,000 Xg

for 45 min and the pellet was resuspended in 1 ml of PEM.

2.2 PREPARATION OF MONOSPECIFIC ANTISERA
Antigen Preparation

The Rat Liver Adenine Nucleotide Carrier—antibodies were raised

against the CAT-protein camplex (N-antiserum) as well as the protein
denatured by SDS and 2-mercaptoethanol (D-antiserum). For preparation of

the inhibitor bound antigen, protein fractions fram the hydroxylapatite
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: column weré concentrated to 0.5-1.0 mg protéin/&nl using a Speed Vac
Cbncéhtratgr_{;(s_a’vant)“. For the denatu;red' antigen, protein fram the
column was precipitated with -acetone overnight a£ -20°%, using 4 ml of
acetone for each ml of prr‘atein solut;ion. The precipitate was collected
by cehtr_ifugation at 8,000 x g for 30 min at 0°c. The pellet was
resuspended to 1 mg/ml in PBS and adjusted to 18 in SOS, 2% in
mercaptoethanol (MSH), and boiled for 2 min. The sclution was kept at

roam temperature for 1 h before injection.

Bovine Heart Mitochondrial Malate Dehydrogenase—antibodies were

raised against the denatured form of the enzyme. The purified enzvme
(0.5-1.0 mg/ml) fram the 5°'-AMP-Sepharose column was denatured in a

final concentration of 0.5% SDS, 10 mM MSH and 140 mM NaCl and boiled

for 2 min. The sclution was kept at room temperature for 30 min before

injection.
Immmization Procedure

Antibodies acainst the purified antigens were raised in New
Zealand white rabbits (aépro#ﬂmtely 2.3 kg in weight). Two rabbits were
used'. for each antigen preparation. Eiéfore injection, antigen was mixed
. with ccmpl-ete Freund's adjuvant in equal portions in the syringe. Cne mg
of protein was injected initially, followed by booster injections of 0.5
mg at weekly intervels for two to three weeks. Antisera were collected
one week after the second and subsequent booster injections and checked

for immunospecificity.

LS
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' Collection of Antisera . | ;

LS

Approxitately 20 to 30 ml of blood was colleéted fram  the
central arterv of the rabbit's ear. The blood was kept in an autoclaved
30 ml Corex tube at room temperature for.l h, and the;n in the cold’ rocm
(4°C} for 2 h.- After cocagulaticn, the serum was ciécénted into another
sterile 30 ml Corex tube, :a.r;d clarified by by centrifuéa}tion at 2,000

\ ,

rpm for 20 min at 4°c in a ss 34 rétor using a Sorvall centrifuge. The

clarified serum was divided into small aliguots and "kept frozen at

-20°C. Preimmune sera were collected from non—imnunizec_il abbits using

the same procedure before immunization.

2.3 IMMUNOSPECIFICITY OF THE ANTISERA ‘ v

o

The specificity of each antiserum against the .adenine nucleotide

c'gx:rier'\'cr malate dehydrogenase was tested by its ability to react with _

the radiolabeli_adApurifi.éii_;‘:rotein as well as to recognize, the protein

frem an extract of radiolabeled mitochendrial proteins.

-~

Radiolabeling of the Antigens -

Reductive Methylation of Malate Dehvdrogenase with

[MC]E‘onnaldehvdef—The purified bovine heart malate dehydrogenase was

radiclabeled by reduct}we methylation usi%lmcl formaldehyde according

“to the procedure of the Rice and-Mean (1971). The purified enzyme from
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the 5'-AMP colum was dialyzed overnight in. PEM, pH 7.0, and then

adjusted to pH 9.0 with a 1.0 M Tris-base solution in a 1.5 ml .

microtube. The solut‘ﬂ:;n was dilﬁ‘;ed ‘with 1/4 volume of a 1.0 M borate,
pH 9.0, to ‘give a final concentration of 0.2 M borate buffer. Ten ul of
33 mM_. [1401f6rmldehyde (50 mCi/mmol) per 506 ug of protgin was added.
This was followed within 30 sec by four sequential additions of 2 ul of
freshly prepared sodium borohydride (5 mg/ml). The tube was capped and
- shaken vigoroysly after each addition. An additional 20 ul xfz;s.added
after 1 min. -The solution was then_dialyzéd overnight against 4 L of
PEM, pH 7.0, to remove unreacted [Mleornﬁldehyde. The zadioactivity in
5 or 10Ul of the dialyzed protein solution was determined. The specific
activity’ of the lradiolabeled_ protein was approximately 15,000 cpm/ug

. protein.

Radiolabeling of Total Mitochondrial Proteins with

i35siMethionine—Chinese hamster ovary (CHO) cells and rat XC cells were
grown in suspension culture in g -MEM with 10% fetal calf serum
(Stanners et al., 1971). Bbout 2.0 x 108 cells were labeled with
[BSSlmethionine. Briefly, ICHO cells in log phase we:re_.harvested by
cémzifugation at 500 x g for 5 min at 20°%C, and resuspended in 50 ml oﬁ _
metl'gion‘ine-frée - B-MEM with 108 fetal calf serum. After adding 1 mCi of
(35s)methionine (1,000 Ci/mol), the cells were labeled for two hours at
37°%C. The labeling was stopped by the addition of an eégual voluve of
jice—cold PBS. Cells were collected at 500 x g for 5 min and washed twice

with 50 ml PBS and once with i0 ml Medium B. After uashirxg, cells were

el
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d:.srupted in 10 ml of Med:.um B usmg an Ultra—'rurrax dzsmtegrator, arﬁ
mltochondna were 1solated by dlfferentlal centr:.fugatxon. Mitochondria
“were further purified on a sucrose step grad:.ent, consisting of 2 ml of
.1 M sucrose and 2 mt. of l 5 M sucrose in 2 mM EDTA and 10 mM Tns—-HCl,
oH 7. 5 Centnfugatlon was at 30, 000 rm for 30 min in a SW 50.1 rotor
.usmg a Bechnan LZ-GBB ultracent.nfuge. ‘Mitochondria were recovered fram
the mterface between the 1 M and 1.5 M sucrose solutlons by t:unctu::mg
the side of the tube wlth 2719 or 21 gauge needle fltted with a 1 ml
svringe. Thé collected mi ochondr:.al fract:Lon was dlluted w:u.h a ten

S

times volume of Medlum B nd centrlfuged at. 8,000 rgm in a 55.34 rotor

using a Sorvall centrlfuge. The radiolabeled mitochondria were u%d for *

testmg the umunospec1f1c1ty of antlsera as descr:.bed in the followmg

. section.
Immmnoreaction Mixture Preparation

Irmunoreaction using the Radiolabeled Antigen--The [14(:] labeled-

bevine hegrt malate dehfdrogenase was -denatured before’
immunoprecipitation. About 5-10 ug of the labeled protein in 0.3 ml of
PEM was denatured by adjusting the solution to 4% (w/v) SDS am 0.1 M
MSH in distilled water. The solution was bozled in a water bath for 5 th
10 min. After cooling to roam temperature, the solution wes adj:ste{d/to
1 ml with the Denaturmg Adjusting solution, containing O 15 M Nacl 1%
Triton X-100, 5_mM EDTA and 50 mM Tris-HCl, pH 7.2. The mixture was

left at room tenperature for at least 30 min before antiserum or control

sernum was added. ’ ,

#

”,
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Immunoreactions using Radiolabeled Mitochondrial Proteins--The

(3Smethionine labeled mitochondzial pellet was solubilized with
non-ionic éetergent or denatured with SDS and MSH for ium}nioreaction.
In the former case, _tﬁe mitochonirial pel-léﬁ was solqbi_liﬁed with the
Na{'.‘ive Adjusting sélut:i..on at a Tritoﬁ/plrotein ratio of: 3 to 1 at 0% for
30 ﬁin. Solubilized proteins were collected in the supernatant. after a
clarifying spin in an E.‘péendorf centrifuge for 30 min: The supernatant
was divided into aliquofs. Each aliquot was’ adjusted rto 1 ml with the
same solution. Five ul of séybean trypsin inhibitor fio mg/ml) was added

and the mixture was kept on ice before the addition of antiserum or

control serum.

In experiments: with denatured ‘mi_tochond'rial proteins, the
mitochondrial pellet was. Solubil;zed with 300 ul of a solution
containing 4% SDS and 10 mM MSH ir; distilled water and boiled for 5 min.
After _qoéling to ro&n temperature, the solution was divided into
aliqﬁots ard each aliquot was adjusted .to 1 mi with the Dén_atturing
Adjusting'solutif??ive_ ul of soybean trypsin inhibiter (10 mé/ml) u;a‘s

added to each reaction mixture, and the mixtures were left at room

temperature for at least 30 m.n before the addition of antiserum or
1 B . L)

control serum.
Inmuncprecipitation

Immunoreactions were initiated by the-addition of appropriate
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antiserum or control serum (usually 20 ul was used) to an immunoreaction
m:.xture. The :.rrmzmoreactmn was__carr:.ed out in a 1.5 ml m:Lcrotube for 12
h at 4°C with continuous rotation. This was followed by the addition of
.20 ul of protein A—S_ephargae_ CI:554B, which was pr&swollen in either
Native or penatu:ring Ad_:]usting soiution. After rotating for 3. more
hour.s, the ;'_Jrotein 2A-Sepharose was recovered us.ing an ;:ppendorf
centrifuge, and washed repeatedly with 1 ml of the appr.opriate adjusting
'solution@ Aft‘ér wash'ing,- the - ternary complexes of protein

A—Sepharose—antlbody-antlgen were dlssoc1ated in 100 ul of a solutlon

contammg 8% (w/v) SDS, 6.5% (v/v) ‘MSH and 20 mM Tns—hCl, pH 6. 8

2.4 IN VITRO SYNTHESIS OF THE PRECURSOR PROTEINS OF THE RAT LIVER

ADENINE NOUCLEOTIDE CARRIER AND MALATE DEHYDROGENASE

Peparation of mﬁbit Reticulocyte Lysate

Rabolt ret1culocyhe lysate was prepared according to
Villa-Komaroff et al. (1974). Ace‘;yl—phenylhydrazme (1.2 g} was
dissolved in 100 ml sterile distilled water and the pH was adjusted to
7.0 with 1.0 M Hepes, pH 7.5. Two 2.3 kg New Zealard ‘wbite rabI;its were
injected . subcutanecusly with the 1.2% acetyl-phenylhydrazine solution

according to the following schedule :
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Days __ Amount injected (ml)
1 2.0 -
2 1.8

9 3 1.5 | .

4 ’ 1.1
5 1.5

. 6 " 2.0.
7 hematocrit checked

About 1 to 2 ml of blood was collected frem the ear vein of each
rabbit on day 7 for checking the hematocrit value. The test was done in
a clinical labofz_:}tpry. If the hematocrit value was below 30%, temminal
bleeding was carried out on the jfollowiné day.‘o-therwise, injectioi:'
would be continued until the hematocrit value reached the desired level.
Blooé was collected fram the common carotid artery into a 50 ml sterilé
syringe containing 10 to 20 ml of chilled saline with 0.001% heparin,
Blood from eachz _rabbit was pooled ard filtered through a piece of
steriled cheese-cloth. The filtrate was centrifuged at 3,500 rpm in a S§S
. 34 rotor for 5 min at 4°C. The pelleted red blood cells were washed =
‘three times with saline solutic_:jn, containing 0.001% hepafin. After the
last wash, .cells were collected at 7,000 rmm for 5 min at 4°C in the
same rotor. Packeé célls were lysed with an equal volume (cell volume}
_.of cold sterile distilled water, and then centrifuged at 12,000 x g for
20 m.m The supernatant (lysate) was divided into small aliguots (1 ml),

frozen and stored immediately in licuid nitrogen.
Iselation of Rat Liver Total RNA

The method was that of Haffner et al. (1978). One Sprague-Dawley
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rat (100-150 g) was fasted for 12 h and killed by a blow to the head.
Excised liver (approximately 6.0 g) was frozen immediately in liquid'
nitrogen, crushed into small pieceé on dry ice within 3-0 sec and then
blended by five 4 sec bursts in an emulsion prepared by mixing 70 ml 90%
(v/v) phenol with .70 ml 0.1 M Tris-BECl, pH 9.0, at room te:nperatﬁre.-
Redistilled phenol was used and the 90% phenol solution was made by
adding sterile water just before use. The Tris-HCl1 solution was
precooled in the cold recm. o _

The emlsion was centrifuged at 1,800 rpm in a SS-34 rotor. using
a Sorvall centrifuge for 5 min at 0°C. The aqueous phase (40 ml) was
collected, and the phenclic phase re-extracted with 70 ml of 0.1 M
‘ Tris-HCl, pH 9.0. 'I‘he'aqueous phase from the two extractions were pooled
{total 100 ml), and re-extracted tw;'.ce with an equal volume of 90%
phenol. PotaSsium acetate (2 M, 6.25 ml) was added to-each 50 ml of the
re-extracted aqueous phase, and then mixed with two volumes of 95%
ethanol. The? resulting suspension was left one hour at ~20°C.: ’I‘he
precipitate was jcollected by centrifugation at 1,800 rpm in a SS-34
rotor for 15 min‘ at 0°C. The pellet was dissolved in 20 ml sterile
distilléd water and made 2.5 M in NaCl by adding solid salt. After 18 h
at 0°C, a pellet of insoluble RNA (without i:RNA) was recovered by
centrifugation at 15,000 rpm in a SS-34 rotor for 15 min at 0°C. The
pellet was washed twice with 67% ethanol, twice with efhanol and twice -
with anhydrous ether. After the final wash, the pellet was air-dried to
‘a white powder. The powder was dissolved in 1 ml sterile distilled water
and divided into small aliquots which wefe frozen immediately in liquid
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nitrogen and stored at —770°C. The concentration of the RMA solution was

determined by its absorbance at 260 rin.

i
e

Isolation of Rat Liver Free and Bound Polysames

Free and bound polyscmes were isolated fram Sprague-Dawley rats
by the method of Blobel (1967). In this method, polysomes were prepared
in the presence of a high-speed supernatant fraction of rat liver, -which

contained a RMase inhibitor.

The high-speed supernatant (S3) fraction containing the RNase
inhibitor was p;:epared' as follows: Sprague-Dawley rats .were‘ fasted 12 h
before the expez_iment. The livers  were removed and chilled in ice-cold
0.2\.5 M ';ucrose—.m solution at pH 7.5, minced with scissors, and
hamogenized in .2 I;roltms of the same solution with‘lo strokes of a
Potter-Elvehjem hamogenizer with Telfon pestle. The - homogenate was
centrifuged at 12,000 rpm in a SS 34 rotor using a Sofvall centrifuge
for 10 min 4°C. The post-mitochondrial supernatant was centrifuged at
105,000 x g for 4 h at 0°C. Tbeq'\esi.zllting supernatant is the S3 fraction
containing the RNase inhibitor. It was used either fresh‘ or stored

frozen at -_20°C. :

-E‘or the preparation of free and bound polysomes, a
post=mitochondrial supernatant fraction was obtained as described above
except that the liver was l'nnogénized in a S3 fraction-containing

sucrose solution (9 parts of 0.25 M sucrose-TEM with 1 part of S3
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fraction). Six ml of the post-mitochondrial supernatant fréction was
layered over a two-layer discontinuous gradient with 3 ml of 2.0 M -
SUCTOSe-TKM-S3 solution and 3 ml of 1.38 M sucrose-TKM-S3 solution. The
latter sucrose containing solutions were prepared fram a stock solution
of 2.3 M sucrose-TKM, with appropriate dilution using the S3-high speed
supernatant fraction. The gradient was centrifoged for 24 h at 40,000
ram in a Ti 65 rotor in a Beckman L2-65B ul&acentrifuge. Free polysomes
were pelleted under this condition and r_esu-spended in approximately 500
‘ml of TRM. The 1.38 .M sucrose-S3. fraction layer of the discontinuous
gradient contained the bound polysames, which was collected in a. 10 ml
syringe by side puncture, using a 21 gauge needle: A detergent mixture
of 20% (w/v) Triton-X 100 and 5% {(w/v) sodium deoxycholate was added to -
give a final concentration of 4% Triton X-100 and 1% sodium
deoxycholate. The mixture was hamogenized with 10 strokes of a
Potter-Elvejhem homogenizer. The resultant homogenate was layered onto 3
ml of 2.0 M suciose—s3 fraction in a polyallomer tube and centrifuged at
105,000 x g for 24 h. The ribosomes that were originally bound  to
membranes were pelleted and resuspended in a minimum volume of TEM.

Concentrations of both free and bound polysames were determined by

measuring their absorbance at 260 mm using a Cary spectrometer.
In vitro Synthesis of Rat Liver Proteins
Rat liver proteins were synthesized in vitro in a rabbit

reticulocyte lysate primed with rat liver total RNA, or with free or

bound polysames, according to Pelham and Jackson (1976). The lys::}te used
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was treated with micrococcal muclease so that protein synthesis was -
dependent on the amount of exogenous mRNA added.

N .
N\:cliaase- Treatment—Lysate (960 ul) was thawed and immediately

:ﬁade-.up to {150 ug creatine kinase/ml and 150 uM in hemin with stock
solutions ofkg:r’eatine kinase (5 mg/mi) and hemin (5 mM). About 5% of the
resulting mixture was saved for estimation of the endogenous activity of
protein syr;thesis in the lysate. The rest of the lysate was sﬁpplemented h
with 10 ul of 0.1 ¥ CaCl, anq 10 ul of 2 solution of 1 mg micrococeal
ﬁuc.:lease/'ml. The mixt&e was .iné:ubated for ‘15 min at room temperature,
and the nuclease was then inactivated with a final ;concentzation of 0.1

M BEGTA. °

In vitro-Protein Synthesis—Total RNA, or free or bound polysomes

was translated in-the nuclease-treated rabbit reticulocyte lysatel. A
typical translation mixture contained.. approximateély -0.05-0.1 A260 units
of free or bound polyscx£1es/ml or 0.02-0.04 Aoeo units of total RNA/ul.
The translation was carried out in the presence of [3SS]methionine (1
uCi/ul) for 60 min at 25°C. The relative percentage of éach component in

the translation mixture is shown in the following table :



Translation Mixturé - Relative Percentage

~ Nuclease-treated lysate 70% .

Master mix (cf next table) 5%

Potassium chloride (1.5M) ' 5%
[7-Slmethionine 10%

Calf liver tRNA : 1%

Total RNA or

free or bourd polysmes ) 0-9%

Sterile distilled water 9-0%

Master mix , Final Concentration in .

the Translation Mixture

ATP (pH 7.0) 900 uM
GTP pH 7.0) 175 wM
Creatine Phosphate . 11 mM
2-Mercaptoethanol : 5 mM
Hepes (pH 7.6) 12 mM
Amino Acid mixture _

without methionine. -~ . - 120 uM
Magnesium acetate 2 mM

Translation was started by the addition of [3SS]methionine.
Incoporation was checked at 30 min intervals by hot trichlorcacetic

———— acid-precipitatable counts as described below.

Immmoprecipitation of the two Mitochondrial Precursor Proteins
Translation was stopped by transfering the translation mixture
from 25°C to 0°C. The mixturg was transfered into a 0.8 ml
ultracentrifuge tube, which was centrifuged at 37,500 rpm for 30 min at
2°C in a sw 50.1 rotor—using a 3. ml adaptor tube. The post-riboscmal
supernatant cbtained was divided into portions, usually of 100 to 200 ul

depending on the extent of incorporation of [3SS]methionine. For



immunecprecipitation  of. precursor éroteins without prior -p‘roteiﬁ
denaturation, each portion was adjusted to 1.0 ml with the Native
adjusting Solution. To prevépt proteclysis, 10 ul each of
phenylmethylsulfonyl fluoride ('é mg/ml) - and soybeéx;x trypsin inhibitor
(10 mg/ml) was added. This was followed by the addition of 20 ul of
apprbpriate antiserum or preimune ‘serur'n. For e’xéer' nts in which | in
vitro synthesized proteins were denf;\turred before immuroprecipitation, -
each alicquot of the -post-ribosam