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ABSTRACT

Q;& . Although mitochondria have their own genetic system,
| théir DNA codes for less than 10% of their protein mass. The
bulg of mitochondrial protein is coded for by the nmcleus;
synthesized in the cytopiasm and imported. Much attention
has recently been focussed on the question of how these
proteins are specifically directed to the mitochondrion.

It has been found that many mitochondrial proteins
are synthesized as higher molecular weight precursors, which
might suggest a role in directing their uptake by mitochondria
- thus it was decided to determine if rat liver mitochondrial

malate dehydrogenase (mMDH) is also first synthesized as a

_higher molecular weight precursor.
» / . - ‘\
f .- '-Rat liver mMDH was purified by a rapid procedure
\ 1

‘developed here and antibodies to the denatured rat liver and

\
AY

Eeef;heaft (commerciai) enzyme were raised in white rébbits.
These antisera were shown to cross-react with denatured
rat and Beef mﬁDH and‘ﬁere highly specific for these antigens.
.To;al RNA and fr é‘polysomes isolated from rat liver wére
tfanslated in a micrococcal,nucléase-treated reticulocyte .

/y\\ " lysate cell free p;oteiA synthesizing system in the presence
‘of [353jmethionine. The translation products were denatured
and incubated with antiserum after which antigen-antibody

. ‘ iv |
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complexes were removed u51ng Protein A Sepharose The )

complexes were subsequently strlpped from ‘the Protexn A

-

then examined by SDS polya;rylamide gel electrophbr651s and

L]

fluofography. , ’ .
. It was found that a protein 1,500-2,000 daltons

larger than mature rat liver mMDH (34,500 d%ltons) was-i%muno-

\

precipitated using either g;ee polysomes or total RNA to prime synthe-%

with excess unlabelled mMDH. This suggests that this

sis. The recovery of this protein could be prevented by compe-
fitionf

36,060 ddlton protein is a higher molecular weight.precursor
of rat liver mMDH. It was also.found that ten times more of
this protein could be immunop;ecipitated using free polysomes
rather than total RNA suggesting fhat the free polysome fraction

is involved in the synthesis of this enzyme.
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I. INTRODUCTION

As knleedge of the intricate structure of eukaryotié
organelles has develogéd and the sites of synthesis of their
components were determined, a most intriguing aspect of
cellular biogenesis became apparent: the sequestration of
proteins synthesized in the cytosol into many distinct sites
in the cell. In the large and varied volyme of intra-
cellular protein "traffic' many proteins must be localizea
in a particulatﬂorganelle. The challenge is to elucidate
How informatio;;contained in the protein and the organelle
conveys this specificity.

The biogenesis of highly compartmentalized organelles
such as mitochondria and ﬁhioroplasts (Fig. 1) may be quite
compléx. Some mitochondrial proteins must traverse up to-

" two mémbranes éﬁd some chloroplast proteins up to three
memhranes before Teaching their final destination (Chua and
Schmidt, 1979). There may he anzmsymétricél integration
into one of the mémbranes or transport may he completely
~across, if the final residence is to be an intermembrane

or matrix space. This variety of destinations within a
single organelle serves to illustrate that many separate
questions can be raised if one is to adequately describe
the mechanism by which organelles import proteins: 1) in

what form do the newly synthesized proteins travel to the.

1
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Fig. 1: Structure of mitochondria and chloroplasts.
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organelle? .2) How is the specific organelle recognized?

3) How is the actual transport achieved (transport here
refers simply to movemént) given that certiIH/Zhermodynamic
"problems arise? 4) What conveys irreversibility to the
process? Much attention has recgn?ly b:gn focussed on these
aspects of the import process ana it has been the subject of
several recent reviews (Blobelegg al., 1979; Wickner, 1979,

1980; Chua and Schmidt, 1979; Waksman et al., 1980; Neupert

and Schatz, 198la; Kreil, 1981). . ;

Secretion of Protein from Cells

Before attention was directed at the problem of the

}

intracellular localization of protein, the problem of how

P

proteins are secreted from cells was examined. Here similar ‘ %
proélems are involved. 1In particular, how are protéins destined

for export selected and how is export achieved? Advances made

‘in gnderstanding how these proteins are directed to-and trans- -

ferred across the endoplasmic reticulum as the first step in

'secretion from cells was a great stimulus fof research in

organelle biogenesis. The development of the '"signal hyp-

thesis" for secretion by Blobel and hiS'colleagueé (Blobel and-
Dobberstein,'1971,'197Sa,b; Blobel et al., 1979) has beeh a

useful unifying hypothesis against which to exémiﬁe ;$sembly .

of organeiles: The hypthesis will be outlined briefly.

It has Jbeen observed that many proteins destined for

export were synthesized on ribosomes bound to endoplasmic



reticulum (reviewed by Palade, 1975). Subsequently it was
demonstrated that proteins synthesized on these membrane
bound polysomes were vectorially transferred during syntheéis
into the lumen of the endoplasmic reticulum (Redman et al.,
1966; Redman and Sabatini, 196%} Sabatini and Blobel, 1970;
Adelman et al., 1973). Milstein et al. (1972) discovered
that the light chain of Ig6 which is secreted from mouse
myeloma tumor cells, is synthesized in a highef molecular
weight precursor'form. 'This finding was subsequently con-
firmed by several laboratories (e.g. Swan et al., 1975, Mach
et al., 1973; Schechter et al., 1974). The "signa® hypo-
thesis'" proposed by Blobel and Dobberstein in 1975 postulated
that all proteins destined for exbort would be synthesized
with an amino-terminal e&teﬁsion. This sequence would serve
as alsignal."The mRNA coding for these proteins would first
- assocfate w1gﬁ“£¢bosomes free in the cytosol Wben the signal <
was s nthe51zed\1t could specifically initiate binding to
the endoplasm;c reticulum where the ribosome signal complex
would recraﬁx membrane proteins to form a translocatlon com-
plex. A pore would be formed in the membrane through which
the growing polypeptide chain would be extruded into the
lumen ef the endoplasmic retieulum. Transport would be
passive in thae it would be driven by polypeptide chain
elongatlon and the signal sequence would be cleaved by a -

specific peptldase located on the cisternal $1de of the
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membrane. Irreversibilf%y would be provided by this -

cleavage, conformational changes and synthesis on one side
s .

of the membrané.:&The'evidence for this mechanism is com-

pelling and has been reviewed many times (Blobel et al., .

\r

1979; Chua and Schmidt, 1979; Wickner, 1979, 1980). Recently,
a membrane-associated protein complex has been purified from
dog pancreas microsomes which is required for protein trans-

(IR
location across the endoplé?ﬁ}cA;gziculum (Walter and Blobel,

1980). A
| ) |
The primary structure of the signal saquences exam- -

il

ined so far have revealed a highiy hydrophobic central region

” a

flanked by polar and often basic }Rsidues, b@f no other

obvious sequeﬁce homologies e&ist (Blobel et dl., 1975;'Kreil,

1981). The physical*basis fo} theigignal function is not

clear except that there may be a requirement for a certain
minimum hydrophgiicity. if ra#“preprg;actin or human piacental
prelactogen (which contain leucine-rich signad sequences) are

synthesized in vitro in the presence of a polar leucine ana-

logue, translocation into micfoéomal vesicles is prevented
(Hortin and Boime, 1980). Studies on the hydrophobicities
of signal sequences have led von Heijne (1981) to suggest
that the sequences partitiondirectly into the membrane
interior. “

Palmiter (1978, ref. add.) discovered that the secreted

bro;ein chicken ovalbumin is not synthesized as a higher



{

,

motecular weight pfé ursor,'indicafing that the signal need

)

Q -
not be an amino-terminal extension which is@Subseqﬁ%ntly

[y

cleaved. The location of the signal peptide of ovalbumin

has not been established (Kreil, 1981). - ' :
After segregafion of the secretory proteins into

the lumen of the endoplasmic reticulum, several more steﬁs

of the export process follow. The proteins are transferred

. to the Golgi apparatus where further covalent modifications

such as glycosylation can occur and then to condensing Qacuoles”

where they are concentrated and stored to awaitﬁexport. Ex-

port is achieved by exocytosis (Palade, 1975).

Intracellular Localization of frotein to the Plasma Membrane
The description of plasma ﬁembrane assembly proyided
the first example of how some intracellular prgteins may be
localized. Research in this area was-gomplementary to énd a
natural extension to the work on secretory proteins as both
types of protein reach their final destinatign via the endo--
plaémic reticulum (Blobel and Dobberstein, I§7Sa,b; Blobel
et al., 1979). It was fcund that the initial events in the
synthesis of certain plasma membraég profeins and secrétory
proteins were probably identical. ‘Mugh of the evidence has
been obtained using assembly of prof;ins into the viral mem-
brane in virus-infected animal cells as a model. 'Studies by
Ghosh; Lodish and others (Rothman and Lodish, 1977; Toneguzio‘

and Ghogh, 1978; ref. add.) showed that the glycoproteins of

s Rl e g e TemmNan e
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vesicular stomatitis Xirus was synthesized with an amino-

terminal extension on .ribosomes bound to the endoplasmic

- reticulum. %nstead‘ofyvectorial transfer completély into

the lumen o6f the endoplasmic reticulum, the prétein remains
gmbeddedgin the membrane near the carboxy-terminﬁs. The
protein;is\partially glycosylated in the endoplasmic reticu-
lum, then transferred to the Golgi apparatus where ther
régzlning éugars are adﬁgd. Fusion of granules containiné 7
glycoprotein with»the plasma membrane allows the asymmetry
achieved &ﬁring synthesis to be maintained.

Seqﬁencing of the signal peptidés from plasma membrane

proteins has revealed the same pattern of amino acid residues

‘

that is found in pre-secretory proteins (Blodbel et al., 1979;

von ‘Heijne, 1981; Kreil, 1981). This similarity most likely

reflect the similar (possibly identical) roles of recognizinﬁ

the endoplasmic reticulum ‘and initiation of translocatien.
‘It is thus’clear that the iocélizgtion of cértain,
plasma membrénq proteins closely follows the route-estabiished-
. )
fo; secretory proteins, however it has become .apparent that
different mechanisms of insdrtion must exist for other
proteirns. "Several membrane proteins such as cytochroﬁe

<

P-450 and epoxide hydratase, which have been shown to be

q'aii;,

terminal embedded,in~thé \

synthesized )

as erythrocyte
L4

bard III
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Furthermore, cytochrome bg and NADH cytochrome,ks reductase
are synthesized on free polysomes (reviewed by Wickner, 1580;
Kreil, 1981). The inability to reconcile these variations
with the "signal hypothesis'" has led to the proposal of
alternative models of assembly (Wickner, 1979; 1980; Blobel,
1980). B

Localization of Protein Into Bacterial Membranes

The study of bacteria, particularlf Esherichia coli,

has provided insight into mechanisms of specific protein trans-

location and possible roles of. the signal seq;enée. This
bacterium is surrounded by an envelope consisting of an inner
and outer membrane. Between these lie the periplasmic space
containing the peptidogl?can cell wall (Osborne et al., 1972).
Proteins destined for the periplasmic¢ space or outer membrane
must £irst traverse the inner membr?ne.- The translocation

of several major envelope proteins across the inner memb;ahe
has been shown‘gg occur by a mechanism gimilar to secretion
(Inouye and Hélegoua, 1980; Kfeil 1981) These proteins arem
synthe51zed ;s hlgher molecular weight precursors on ribosomes
bound to the inntr membrane and vectorially transferred ,
across the membrane.' The compésition of the amino terminal
éxten51ons regardless of the final location (periplasmié\\
_space, inner or outer membrane) are remarkably 51m11ar and
resqmble fhe signal peptides of eukaryotic gecretory.and

¢

plasma membrane proteins (Inouye and Hélegoua; 1980; von Heijne, -
£ 'Y . : >
’ Voo N

v "



> |
1981): It has been shggesfed that the similarities\among
envelope proteins reflect thé common function of specific.
recognition and initiation of transfer acrbss the inner
membrane (Inouye and Halegoua, 1980). ' This is supported by
evidence of_ﬁalegoua and Inouye (1979) that }he E. coli outer
membrane protein tol G has its signal sequence cleaved
before -insertion into the outer membrane.
' The. use of bacterial mﬁtants containing hybrid
proteins has yielded interesting information regarding the

role of the signal sequence. When part of the gene coding for

the amino-terminus of the E. coli outer membrane protein lamB

was fused to the amino-terminus of the gene for the cytoplasmic
enzyme/g galactosidase, the enzyme was relocated to the outer
membrane However, the presence of the signal sequence alone
fused'toxf-galactosidase was not sufficient to cause re-
location (Emr et al., 1980). '

It is clear that all bacterial epvelope proteins Zre
not assembled in a manner similar to eukaryotic proteiﬁ
seéretion Deletion mutants of the periplasmic pfoteih
B- lactamse in Salmonella have been made. These proteins-
lack varying amounts of the carboxy- term;nus of the proté&h
and cannot-be exported to the periplasm (Koshland and
Botstein, 1980). There. isyéVidencg for post-translational

transport for several bacterial envelope proteins (Kreil, !

1981).
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Localization of Protein Into Mitochondria

Mitochondria are semi-autonomous organelles, the
1 .

biogenesis of which requires‘co-operation between the

{
(S

nucleo-cytoplasmic éenetic system and that of the mito-
chondria. ."Mitochondria actualiy code.for less than 10% of
their own prdtein mass, the restbeing coded by the nucleus,
synthesized in the cytoplasm and soméhow imported into
various 1ocatibﬁs in the organelle (Mason and Schatz, 1974;
Milner, 1976; Tzagoloff and Macino, 1979). Proteins*destined
for mitochondria will rﬁside in one of four sites: outer
membrane (e.g. NADH-cytocﬁrome ¢ reductase), intermgybrane
space (e.g. cytochrome c peroxidase), inner membrane (e.g.

ADP/ATP translocator) or matrix (e.g. malate dehydrogenase).

Specificity of proteins for excretion or localization i -

to the plasma membrane depends in large part on the informatio
in their amino-terminal extension and its interaction with

the endoplasmic reticulum. It is not surprising that mito- _

/

chondrial proteins have been examined for similar exten&ions/

in their newly synthesized form. The latter are isolated |

: /
by immunological techniques from pulse-labelled cells or /

;
¥

from cell-free protein synthesizing systems. Most work I

has been done with Neurospora crassa and the yeast Saccharp-

myces cerevisiae, but recently attention has been turned

to mammalian cells.

All mitochondrial proteins examined so far except

R
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for cytochrome ¢ from yeast, Neurospora and

rat liver and the ADP/ATP translocator of yeast and Neurospora

have been shown to be synthesized as precursors 2,000 to

6,000 daltons larger than the mature protein (Table 1). This

is a larger variation in size than is seen in the preéursdrs

of secretory or plasma membrane'proteizs. Little is known

about the nature of the amino-terminal extensions of mito-
chondrial proteins. In cells, three unidentified mitochondrial
precursor proteins have higher pI values than the mature
products indicating that the extra peptides are highly basic
(Anderson, 1981). This is a significantly different composition
from phé signal peptides disﬁﬁssed earlier (Blobel et. al., |
19%9; Anderson, 1981). It is intereéting“to note that the
precursor‘to the pea chloroplast protein ribulose-1,5-biphos-
phate carbaxylase is synthesized with an amino-terminal‘ex— \
tension which is acidic in nature (Highfield and Ellis, i97é).
These differences might suggest the'role of organelle
recognition for the extra peptides. "

Followiﬁg from tﬁe "'signal hypothesis' it would be
expected that the exfension would interact with the mito-
chondrial membrane during protein synthesis. That 1is, trans-
fer to mitoéhbndria would be a co-translational event. How-

ever, most.evidence indicates that import is a post-trans-

lational event in Neurospora and mammalian cells. In yeast

the situation might be more complex. Ifrtransport was co-

- oW

»
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EE} ) transliﬁigggzj it ishould be dependent on concurrent protein

“synthesis and the c¢ytosol shouid not contain any pools of
\
mitochondrial proteins or their precursors. However, this

is not the’caSe. Hallermeyer et gi., (1977) and H;rmey et al.,
(1977) found.that in pulse-labelled Neurospora there ;as a lag
- in the labelﬁing of mitochondrial protein compared to other
- subcellular fractions, and protein continued to accumulate
in the mitochéndria even after inhibition of cytosolic protein
synthesis with cycloheximide.
‘ éﬁ Further evidence that import was post-translational
followed the identifica;ion of high molecular weight pre-

A}

‘ cursors to.a number of mitochondrial proteins. Using pulse-

£

\
labelled rat liver cells ‘it has beerpspossible to demonstrate

cytoplasmic pools of the precursor to carbamyl phosphate
synthetase (Raymond 'and Shore, 1979), pre- 4 -aminolevulinate

synthetase (Yamauchi et al., 1980Q) and pre-ornithine trans-'

L=

carb%mylase (Morita et 3&.,‘1981)., By.pulse-labelling Neuro-

. spora Harmey ¢t al., (1980) were able to immunoprecipitate
cytochrome c, the ADP/ATP translocator and citrate sythetase
from a post-ribosomal supernatant. Citrate synthetase is the

only protein of these three that islsyﬁthesized as a higher
A}

molecular weight' preqursor. - .

Ao o In contrast, no higher molecular weight ‘precursors

“~
-y

! E . 1
‘tg mitochondrial proteins-have begen identified in the cyto-" -

> plasm of yeast. Schat:z ana co-workers (Schatz, 1979) could

«
N,
-
?

DIV
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immunoprecipitate the three large subunits of the Fj-ATPase
in their mature form from a post'mitoéhondrial fractioq of
pulse-labelled yeast. The subunits from this fraction were
much more heavilyllabelled than the corresponding subunits
from the mitochondria at the early time points. The high
molecular weight precursors to these subunits could be
detected in vivo only by mixing the pulse-labelled sphero-
plasts with several protease inhibitors and dropping the
suspension directly into a 20% SDS solution at 100°C (Schatz,
1979). 1Its subcellular location is not known.
If synthesis and uptake of mitochondrial proteins
'\\\are separate events in cells, it follows that one should be "
2ble to show the uptake éf the precursér form by isolated
mitochondria. Using heterologous proiein synthesizing systems

and isolated mitochondria the uptake and processing of pre-

-

cursors to their mature form hgs.beed demonstrated, aftex
protein synthesis was inhibited by cycloheximide. This has
been shown for the three large subunits: of yeast Fi-ATPase

(Maccheccini et al., 1979a), yeast cytochrome c peroxidase

(Maccheccinitgg al., 1979b), rat liver carbamyl phosphate
synthetase (Marita et ‘al., 1979) and rat liver ornithine trans-
carbamylase (Conboy ana Rosenbezg, 1981). The mature form

is protegse resistant indicating‘its location within a mem-

brane. However, this uptake process in vitro is inefficient

compared to that in whole cells. -
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A protease involved in the ptocesging of pre-

ornithine transcarbamylase has been £Qentified in the matrix -
of rat liver mitochondria (Morita et al., 1980) and a pro- '
tease from yeast and rat liver mitochondridl matrix has been
shown to process several matrix proteins to their mature form
(Neupert and Schatz, 198la). These proteases are insensitive
to most serine protease inhibitors, but are strongly inhibited
by EDTA. Energy is required for the transport of several
mitochondrial proteins Into yeast and Neurospora (Nelson an?»

Schatz, 1979; Neupert and Scha%z, 1981a).

An interesting correlate of post translational uptake
is the demonstration that several mitochondrial matrix
proteins (carbamyl phosphate synthetase (Shére et al., 1979);(
d -§min61evu1inate synfhetase (Yamauchi et al., 1980) and ’
ornithine transcarbamylase (Morita et al., 1981)) and cyto-
chrome ¢ (CoT ova.gg al., 1980), all from rat liver, are ‘
syn§hesiied on free ribosomes. This was shown by incubating
free and bound polysomes in a reticulocyte cell-free protein
synthesizing systemig'ln contrast, glutamate dehydrogenase
synthesis may deviate from this pattern. This enzyme could
be immunoprecipitated from rat liver microsomes sedimenting
at 105,000 g,, that were isolated from pulse labelled rat

liver cells (Godinot and Laydy, 1973). Kawajiri et al., 7

(1977) showed -that nascent polypeptide chains released from"

kS
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rough microsomes by EDTA and non-ionic detergents could be
immunoprecipitated by antibodies against glutamate dehydrogenase.
Free polydomes on the other hand, contaiﬁed no glutamate
dehydrogenése antigehic determinants. However, this protein
by virtue of its accessibility to antibody, susceptibility
to proteases and release from the microsomes By high 1onic
strength buffers (Kawajiri et al., 1977) is not segregated
into the lumen of the endoplasmic reticulum. The nature of
its association is not known.

In the Fungi, the situation is different. Neurospora
has little endopla;mic reticulum so it is likely that mito-
choﬁdrial proteins}are syhthesized on free polysomes. This
has been demonstrated for the ADP/ATP translocator (Zimmerman
et al., 1979a) and cytochrome ¢ (Zimmerman et al., 1979b).

There is evidence that synthesis of‘yeast mitochondrial
proteins occurs on ribosomes bound to the mitochondrial mem-
brane. Cytoplasmic-type 80 S ribosomes have bDeen shﬁwn to
be associated with yeast mitochondria (Kellgms and Butow, 1972;
Kellems et al., 13974, Kelléms and Butow, 19f4;1xe11ems et gl.;
1975). Thesé mitochondria—associated polysomes are enriched
fn mRNA which codes for mitochondrial proteins (Ades and
Butow, 1980a; Neupert and Schatz, 19813. In studies by
Ades and Butow (1980b) using pulse and pulse-chase experiments
in the presence of cycloheximide and aurintricarboxylic

acid, the labelling‘kinetics'of mitochondrial protein

4
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indicated that both co- and post-translational transport

N s

may be present. It has yet to be demonstrated if this co-

*
translational mechanism is analagous to that involved in
secretion. Evidence for post-translational transport comes
from the work of Maccheccini et al., (1979a) who showed that
the precursors of yeast Fj-ATPase subunits could be taken -
up into isolated mitochondria and processed in the absence
of protein syRthesis.

It is clear that the mechanism of specific import of
mitochondrial proteins will'be different from that of the
localization of plasma membrane proteins. For éxample,
the amino-terminal extension need not fulfill an identical
role. .Moreover, there 1s evidence that the mature enzymes

(or their subunits) aspartate aminotransferase (Marra et al.,

1977, 1978, 1979, 1980), d-aminolevulinate synthetase (Ohashi

and Sinohara, 1978) and malate dehydrogenase (Passerella et al.

1981, ref. add) from rat liver can be taken up into isolated
mitochondria. However, the relevance of these results to
the in vivo 'process has been questioned due to the high con-

centrations of mature enzymes required to observe uptake

(Neupert and Schatz, 1981b). Furthermore, chicken liver aspartate

aminotransferase and rat liver o -aminolevulinate synthe-
tase are synthesized as higher molecular weight precursors

(Table 1).

Cleavage of the signal seqhence may‘§ontribute to the

-
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irreversibility7%f transport into mitochondria, but so might

-

several other processes. . -

The interaction of the imported protéin with mito-
chondrially synthesized 3ubunits,of the same enzyme complex, ~
such as occurs with cytochrome olidase 1s a situation unique ﬁ
to semi-autonomous organelles (Thalenfeld ana Tzagoloff, 1980)
and may play a role. Many mitochondrial proteins are oligomers
so that polymerization may be required for irreversibility.

This could be important for proteins such as the ADP/ATP trans-
locator which is not synthesized as a higher molecular weight

precursor in Neurospora and yeast (Harmey et al., 1980; Neupert

ana Schatz, 198la). There is evidence that the covalent attach-

ment of heme to apo-cytochrome c in Neurospora and yeast plays’
a role in the sequestration (Korb énd Neupert, 1978; Ziﬁmerman '
et al., 1979b).

Post-translational transport present special thermo-
dynamic problems. Unlike co-translational transporf, entire
integral membrane proteins must first be transported through

the aquaeous compar%ments. Neupert et al., (1980) have presented

evidence that in Neurospora the ADP/ATP translocator of the

mitochondrial inner membrane occurs in a large aggregate

in the cytogol. The nature of this aggregate is not known. / ;
On the other hand completed hydrophilic proteins must somé-

how pass fhrough'the hydrophobic membrane barrier.

In 1light of the several differences'between aspects
v ’
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of specific localization of protein in mitochondria and the

selection of protein for plasma membrane assembly or secretion,

14

'several alternative models to the "signal hypothesis' have

been proposed for the import of mitochondrial pr5teins.

Theése models emphasize the importance of conformational change
in' the migratiné protein (Wickner, 1979, 1980; Webster et al.,
1979; Waksman et al., 1980; Blobel, 1980). There is no
comprehensive evidence to support any one of these models.
Thus, the question of how proteins aré localized in the mito-

chondria remains unanswered though some steps of the import

process have been determined. .

Rationale

As previously diggus§ed, the role of the amino-terminal

‘ R . .

extension of mitochondrial ﬁrecurso% proteins in the import
process 1is unknown."It has yet to be established whether ﬁany
mitochondrial proteins are synthe€sized as high molecular
weigﬁt precursors and whether the large variation in the size
of the éxtra pdptides is important to the spécific 16ca1i;a¢iop.
Mitochondrial matrix enzyﬁes might be a particular enigma
as the mature rat liver enzymes (or their subunits) aspartate
aminotransferase, d-aminolevulinate synthetase and malate
dehydrogenase can be taken up into isolated mitochondria.
Furthermore, rat liver mitochondrial aspartate aminotrans-

ferasé (reviewed by Braunstein, 1973) and mitochondrial

malate dehydrogenase (reviewed by Banaszak and Bradsh%w,

N
N

L v



1975) have cytosolic counterparts, and these‘fgnctionally
equival?nt, but structurally different isozymes are excluded
from the mitochondria under the same conditions (Marra et al.,
1977; Passeralla et al., 1980). it has been suggested by
Waksman and his colleagues (Waksman and Rendon, 1974; Waksman
et al., 197f; Hubert et al., 1979) that these two mitochondrial
enzymes can shift their intramitochondrial location iﬁ response
to changing 1évels of substrates. These characteristics of

the m;ture enzyme§ may provide insight into the possible role
of an amino-terminal extension. Aspartate aminotransferase,

as well as other matrix enzymes (see Table 1) have been shown
to be synthesized as higher molecular weight precursors.

It was deciaed to establish if rat liver mifochondria} malate
dehydrogenase is also synthesized in a higher molecular
Weight‘form. ‘ .

The detection of precursors has been greatly facili-
tated by the use of heterologous systems for c€ll-free protein
synthe51s The unfractloqated reticulocyte lysate;ﬁ@s been
%artlcularly helpful. The method of prgparation (Villa-
Komaroff et al. ) 1974) a110w5'rapid removal of mitochondria,
minimizing the risk of contamination of the lysate with
mitochondrial '"signal' peptidase. The lysate, treated with
micrococcal nuclease by the method of Pelham and Jackson

(1976) efficiently translates exogenous mRNA. Precursors

can be immunoprecipitated from the translation proddcts using

\("‘?
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\
antibody raised dgainst highly purified, mature énzyme.,
Mitochondrial malate dehydrogenase is a Himer

A

(subunit molecular weight 33,000 to 35,000 in mammals) &yd~
accounts for less than 0.3% of mitochondrial protein maés_
(Strasberg EEJEL" 1979). This has made the isolation of
large quantitie; of high purity, active enzyme difficult.
The use of affinity chromatography on S-AMP Sepharose has

greatly facilitated the isolation of otﬁér dehydrogenase

enzymég/(Kaplan et gl:, 1974; Walk and Hock, 1976) and might

be applied to the isolation of mitochondrial malate dehydrogenase.
. LA B
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1. MATERIALS

Protein A Sepharose and S5'AMP Sepharose were purchased
from Pharmacia Fine Chemiéals. Ultra pure_sﬁcrose was from
Schwartz Mann. [l4c]formaldehyde and [35SImethionine, each

»at the highest specific activity availdble were purchased from
New England Nucléar, Canada. Bovine heart mitochondrial
malate dehydrogenase was from Sigma Chemical Co. and porcine
heart soluble malate dehydfogena§é was.from Research Plus
Laboratories. Micrococcal nuclease and qreatinelkinase and
c;éﬁtine phosphate were from Boehringer Mannheim. Amino
acids were all of the L-configufgtion and were purchased fréﬁ
Sigma Ch?mical Co. ATP and GTP were from Sigma Chemical Co.

Most other chemicals were of analytical grade and were.

purchased from either Sigma Chemical Co. or Fisher Scientific.

o
e
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III. METHODS

1. Isolation of Enzymes for Antibody Production and Cross-
Reactivity Studies. {
A. Rat Livef Mitochondrial Malate Dehydrogenase (mMDH)
A frocedure was developed for the rapid isolation’
of rat liver mMDH using affinity chromatography on NO-amino-
hexyl 5-AMP sgpharose CL 4B. The procedure involves an initial
~ammonium sulphate fractionation sfép followed by affinity
chrdmgtggfaphy and Sephadex G-100 chromatography. All sgeps'

were carried cut at 0-4°C.° -

o
Ammonium Sulphate Fractionation of Rat Liver Mitochondrial

Protein’

Livers from 150-250 g male‘Sprague-Dawlex rats were
homogenizedﬁsinga loose fitting Potter-Edvehjem homogenizer
“in 0.3 M sucrose, 2.0 mM Tris-HC1l, pH 7.4, 2 mMEDTA, (medium
B) with-3 vol/g rat liver. The homoéénate was centrifuged
at 500 g5, for 5 min, the pellet discarded and the super-

natant centrifuged at 12,000 g,, for 10 min. After/decantigg

th sug@rnataﬁt, the surface of the mitochondri#l peilet '’

was washed 3 times with a small volume of medium B. ‘The

mitochondria were-not further washed in order to keep® the . -
oy
loss of mMDH due to leakage from the mitochondria to a ,
* minimum. The pellet was resuspended in hypotonic medium
. 23 .
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i\ Chromatography on 5-AMP Sepharose -
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"containing 20 mM sodium phosphate, 2 mM EDTA, 4 mM 2-

mercaptoethanol (MSH), pH 7.0 (PEM 7.0) at 25 ml per 30-40
g of.rat liver. The mitochondria were sonicated using either
a bath or probe sonicator for three 2 min intervals taking
care that the temperature did not rise more than 4 to S°Cl
Sonication in the bath sonicator was done using 3 ml volumes,
whereas the entire sample (approx. 25 ml) could be done at
once using a 2 cm probe sonicator. Sonicated mitochondria

were centrifuged at 12,000 g4y for 30 min and the super-

. natant saved. The pellets were re-extracted and the super-

natants pooled. The protein concentration was then adjusted
to 10*2 mg/ml with PEM 7.0. Solid (NH4);SO, was added
slowly with stirring over a period of i hour to 30% satu-
ration. '

After stirring for a further hour, the précipitate
was recovered by centrifugation at 12,000 gy for 30 min.
The same procedure was followed to collect the 31-50%, 51-
70%, and 71-95% fractions. The pH of the ammonium sulphate
suspensions was monitored periodically and adjusted to pH 7.0
when necessary using 1 N NaOH. Thq precipitated protein from
each fraction was”resuspeude& in PEM 7.0 and dialysed

against this buffer. Dialysis was considered complete when

the pH”an& conductivity of the dialysis buffer did not change.

v

i

¢
The (NH4),S04 fraction which containéd the most
: - }
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mMDH activity and which also always had the highest specific ..
activity was applied to a 0.9 x 30 cm column of 5'_AMP Sepharose
equilibrated with PEM 7.0. (The capacity of the column to

bind ;MDH from the (NH4) 2S04 fraction was determined ig
separate experiments by applying sample until MDH -activity
could be detected in the eluent. These indicated that it

was necessary to use a high protein concentration fér

maximal binding.) \The column waé rinsed with'S to 4 column
volumes Qf PEM 7.0 and.then bound mMDH was eluted using a

5@0 ml, linear gradient of 0 to 100 uM NADH in PEM 7.0. After

each Aégiiiﬂigt the column was stripped of any remaipfing
prdtein with solution of 0.5 M NaCl and 300 uM NADH in
PEM 7.0 and: equ/z'llibrated in PEM 7.0. .

Sephadex G-100 Chfomatography

-

Fractions éontaining high specific activity mMDH from
the affinity chromatography step were pooled and dialysed
against 100%.(NH4)ZSO4 in 100 mM sodium phosphate, 1 mM EDTA,
2 mM MSH, pH 7.5 (PEM 7.5). The precipitated protein was ‘

centrifuged at 12,000 g, for 45 min - and the pelle?t\ was re-

"suspended in PEM 7.5. The sample was applied to a 1).5.x

90 cm column Sephadex G-100 equilibrated in PEM 7.5 contain-
ing 100 uM NADH. NADH is known to stabilize dilute solutions -
of the mMDH dimer of certain species (Glatthaar et al., 1974).

Fractions containing mMDH activity were pooled and concen-

-trated by dialysis against 100% (NH4)ZSO4 in PEM 7.5, and

s
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stored in this form at 4°C. The purit& of the protein was

determined by SDS PAGE and starch gel electrophofesis.
B. Beef Heart mMDH

Beef heart mMDH from Sigmadthemical Co. was freed %f
contaminating protein by chromatography on $'-AMP Sepharose.
Up to 10 mg of protein was applied at a time to the column.

The purity of the protein was determined by SDS-PAGE.
C. Cytoplasmic (Soluble) Malate Dehydrogenase (sMDH)

~ The enzyme was partially purified from raf liver
by the procedure of Glatthaar et al., (1974) except that
the last G-100 chromatography step was not .done. Purity
was determined by §DS—PAGE. The pig heart enzyme was

purchased from Research Plus Laboratories.

2. Rabbit Anti-mMDH Antisera -
. 2

A. Immunization

Antibodies wére induced in New Zealéhd white rabbits
agdinst denatured beef heart mMDH aﬁd denatured rat liver
‘mMDﬁ. The enzymes were denatured essentially by the method
of Goldman and Blobel (1978). Purified protein was~dis§olved
to a final con%entration of b.S to 1.0 mg per ml of déhatu?ing
solution which contained 0.5% SDS, 140 mM NaCl and 10 mM MSH
and boiled for 2 min;: After cooling to room temperature

' ‘ _ .

50 ‘ﬁmol of iodoacetamide was added and the mixture was -

incubated-at 37°C for 1 hour. For the first injection,
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the antigen was mixed 1:1 (v/v) with Freund's complete
adjuvant, dnd the subsequent injéttions were made at, 2 week
to 1 month inte%vale with.antigenxalone. Injeotions were
made into the thigh muscles andfsubcutaneously at the nape
of ‘the ‘meck using 200 to 300 pg of ras liver enzyme and 400
to 500 pg{of oeef heart enzyme per‘rabbit. Blood samples
were taken by bleeding from the ear vein 8 to 9 oaf% after
the third and subsequent injections. The blood oas allowed
to clot:for 2 té 3 hours at room tempereture and then it was
centrifuged at 12,000 g,y for 20 min‘at 0°C to colleét?the
serum. * Serum from a.non-immune'rabbit was-collected‘to use

/ ' . . . .
as a control for immunoprecipitation experiments. Sera

was stored at -20°C or below.

W

B. Efficaey and Cross-Reactivity of Antise
: . ) s T

The anﬁ%-rat liver and anti-beef heart mMDH antisera

were tested for their abiliEy to immunoprecipitate, a) puri-

»

fled rat 11Vér WMDH ‘in the natlve and denatured forms, b)

’purlfled beef hedrt mMDH in the native and denatured forms

<

* ) partlally purlfled sMDH from porcine heart in the denatured

form and d) gartlally purlfled sMDH from rat liver in the de-
4

natuged form The, enzymes were labelged with [19c]formaldehyde

B P
by the redhctlve methylatlon proceduge of Rlce and Means (1971),

and dendtured as described for 1mmunlzat10n when;necessary

N

ﬂAnt1gen antlbody complexes were recovered u51ng protein A

. : &epharose (Schaffhausen EE al., 1978) whﬁch was swollen in
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140 mM NaCl, 50 mM Tris HCl1l, 5 mM EDTA, pH 7.6. Native en-

zymes were dissolved in 50 mM Tris-HC1, 140 mM NaCl, 1mM EDTA,

2 mM MSH, pH 7.6 for immunoprecipitation.

A number of preliminary experiments were necessary
to find optimal conditions for immunoprecipitation..of de-
natured enzymes. In particular It was necessary to denature

the enzyme with SDS (having sufficient SDS to protein) and

then remove SDS in triton micelles and exchange SDS bound to\
protein for triton (using an appropriate ratio of triton X-100

~ Cr
to SDS) (Tanford and Reynolds, 1976). Assuming approximately

1.4 g SDS can be bound to 1.0 g of protein, (Tanford and

Reynolds. 1976) the amount of SDS present in these experiments

was always in excess of the amount required to effect de-
naturation. The molar ratgo of Triton X-iOO to SDS was
varied from 0 to 24. \\

Ea}ly experiments were attemped using high salt
concentrations ( = 500 mM) and high pH ( Z 8.5) to reduce
non- spec1f1c assoc1at10n of protean (Schaffhausen et al.
1978) but the reéovery of mMDH was greatly reduced. SuBse-
quent experiments were performed using phy31010g1;a1 pH and
salt concentrations. ?he final immunoprecipitétion curves
were done using antigen denatured as described for immuni-
zation in the absence of iodoacetaminde, to which was added

one half volume of a buffer containing 50 mM Tris-HCl, 5 mM

' EDTA, 140 mM NaCl, 10 mM MSH, 3% Triton X-100, pH 7.5

e

—
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(3% TENT) .

The efficacy and cross- reactivity of the antisera
for various antigens was determined with 5.5 pg of nati&e or
denatured beef or rat mMDH with 25 to 175 ul of anti-beef
mMDH antiserum or 3.5 ug of the antigens with 25 to 175 ul
and the anti-rat mMDH antiserum. A lower quantity of antigen
was used with the anti-rat antiserum as preliminary experi-
ments suggested that the titre was lower. The antisera were
also tested against denatured soluble (cytoplasmic) MDH from
rat and pig using approximately 10 ug of enzyme and 50 ul of
antiserum. All experiments were performed using non-immune
serum as control. The mixtures wére allowed to incubate for
1 hr at 3%°q°then for 12 to 16 hr at 4°C. A Voiume of settled
Protein A Sepharose equal‘to the volume of antiserum present
was then adéed and the mixture was rotated at room temperature
for 3 to 4 hours. The bound immune complexes were Qashed 4
times 'with 500 ul of a buffer containing 125 mM NaCl, 50 mM
Tris-HC1, 5 mM EDTA, 10 mM MSH, pH 7.6 (1X wash buffer). One
further wash was done with this buffer at 250 mM NaCl (2X
wash buffer). In preliminary experiments, changing the pH .
f;om 7.6 to either 6.0 or 9.0, or increasing the salt con-
centration to 500 mM NaCl in the wash buffer resulted in a
decreased recovery of antigen. The washed immune complexes
were then stripped from the Protein A Sepharose by heating

to 95°C for 5 min in two consecutive washes with a volume
<
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of stripping buffer equal to the volume of antiserum originally
added. The stripping buffer contained 6% (w/v) SDS, 10% (w/v) .
MSH, 125 mM Tris-HCl, pH 8.8. The two washes were pooled and
radioactivity determined directly in 10 ml of ACS scintillant

and counted in a Beckman LS200 B scintillation counter.
C. Specificity of Antisera

The above experiments demonstrated that the antisera
reacted with denatured mMDH (results section) but it was
necessary to show that they were specific for the enzyme.

This was demonstrated in two ways. 1) Mftqchondrial MDH was
immunoprecipitated from [35SImethionine-labelled mitochondrial
protein from bovine MDBK cells labelled in suspension and 2)
(1%cImMDH was added to and then iﬁmunoprecipitated from protein ;
synthesized in vitro by a reticulocyte lysate-in the presence

of [3% Jmethionine (to be discussed below).

Immunoprecipitation of mMDH from MDBK Mitochondrial Protein

MDBK cells were grown in ponoiéyer éulture to con-
fluence in J&-MEM supplemented with 10% new born calf serum.
The medium was decanted and the surface of the cells was —
washed once with PBS (96 mM Na/K phosphate, 140 mM NaCl,
pH 7.4). After decanting the PBS, 2 ml of 5 mg trypsin pert
ml PBS containing 3 mM EDTA was added and allowed to cover
the surface of the cells for 5 to 10 min until they de-

tached from the flask. Approximately 108 cells were diluted

N -
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into 200 ml of &-MEM then pelleted by centrifugation for 2
min at room témperature at 1000 rpm in the Intetrnational
centrifuge. The cells were resuspended in 50 ml of .« -MEM
minus methionine with 10% new born calf serum. After adding

1 mCi of 35[S]methionine, the cells were incubated for 1 to

2 hours. They were washed and mitochondria isolated accord-
ing to Freeman (1965). The mitochondrial pellet was dissolved
in 2% SDS, 140 mM NaCl and 10 mM MSH and the acid precipitable
radioacfivity determined. The sample was stored frozen at
-209C for less than 1 week before use. For each immuno-
precipitation 5X103 cpm (approximatély 1 mg) of mitochondrial
protein was mixed with ;\;51 of 3% TENT and 75 pl of anti-
serum. After incubation with Protein X:;the complexes were
washed 5 times with 500 ul of 1X wash buffer at 5 mM EDTA

and 20 mM methionine, then 2 times with 500 ul of 2X wash
buffer at 20 mM methionine and 5 mM EDTA. After stripping

part of the sample was counted in ACS and the rest was

saved for analfsis_by SDS PAGE and fluorography.

Immunoprecipitation of Added [1*cImMDH from Protein Synthesized

In Vitro in the Presence of [33sJMethionine

For these experiments it was necessary to ‘first
determine fhe optimal conditions for immunoprecipitation
. using [l4cImMDH and cold reticulocyte lysate. In a first
group of experiménts the effects of lysate and SDS con-’

centration were examined by adding 104 cpm of previously

{
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denatured [l“%cImMDH to 20 ul lysate which had been denatured

at 0%, 2% and 6% SDS, and exchanged with 4 volumes of TENT
at 0%, 3% and 9% Triton X-100 respectively to keep a constant

Triton:SDS ratio. After the addition of 75 ul of antiserun,
the samples were treated as described for the cross-reactivity
studies. In a second group of experiments 104 cpm of the
native enzyme was added to 20 ul of the native lysate, and

they were denatured and exchanged together under the conditions

described above. Denatured mMDH was immunoprecipitated in
the absence of lysate as control. In a third experiment
using the same protocol with lysate in 6% SDS the effect

of Triton X-100 in’the exchange buffer at 0%, 3%, 9% and
15% was determined. Finally, denaturftion was done at room
temperaturé because heating the lysate yielded a fine
precipitate that was difficult to remove. As a result of
.these experiments, subsequent immunoprecipitations were
performed with the lysate denatured in 6% SDS and exchanged
with 4 vol of 9% TENT.

Preliminary experiments showed that [l%cImMDH could
be precipitated from the protein synthesizing system but
the presence of highly [35s]-labelled protein and free
[3%sImethionine necessi§ated ex;ﬁining the procedure for
washing the Protein A-bound immune complexes. About 104

cpm of {%ichMDH was added to 5§ x 10° acid-precipitable

-

;J/
counts of protein synthesized in vitro primed with rat liver



polysomes (to be described below). The mixture was denatured
/in the presence of 6% SDS, exchanged using 4 volumes of 9%
’?ENT, and incubated with 75 ul of antiserum. The basic wash
Bpffer (1X wash buffer) contained 125 mM NaCl, 50 mM Tris-
%tl, 10 mM MSH, pH 7.6 to which was added a) nothing, b)

20 mM. cold methionine, ¢) 5 mM EDTA, d) 20 mM cold methionine

plus 5 mM EDTA and e) 0.1% SDS. The complexes were washed \\v_//
six times with 400 ul of the appropriate buffer, then each

was washed four times with 400 ul of basic wash buffer Q\
before stripping the bound immune complexes and counting

the radioactivity.. From these experiments it was deter- :)

mined that the 1X wash buffer should include 20 mM methionipe
and 5 mM EDTA to help reduce hackground radioactivity.

With these two types of control experiments as back-
ground, it was possible to clearly demonstrate the precipi-
tation of [1%CcImMDH from [35SImethionine-labelled reticulo-
cyte lysate primed with rat liver polysomes. The lysate
was denatured with 6% SDS, 6 mM EDTA and 10 mM MSH, e#ehanged
with 4 vol of 9% TENT and centrifuged for 5 min on an
Eppendorf microfuge. For eacﬂ immunoprecipitation, 106
acid precipitable cpm were mixed with approximately 5X105
cpm ( 2 pg) of previously denatured [l4c]beef heart mMDH.

In this experimeént 150 ul of antiserum was used and ﬁhe

volume of wash buffer was increased to 750 ul. The immuno-

precipitates were examined by SDS PAGE and fluorography.



&

v

34

3. Isolation and Characterization of Free Polysomes from

Rat Liver

In all work involving polysomes and the reticulocyte
lysate precautions were taken against contamination by
RNase. Glas;ware was baked for several hours at 175°C and
acid washed prior to baking—where feasible. Apparati that
could not be baked were either autoclaved or soaked in 1%
SDS at 37°C then rinsed in sterile water. Sucrose solutions
were prepared by adding RNase-free sucrose to sterile 2X
concentrated stock solutions. After adjusting the volume
and pH, the:solutions were filter sterilized using 0.22 um
pore size filters. Similar precautions were taken with
other solutions which could not be autoclaved. Unless other-

wise indicated, work was done at 0 to 4°C.

A. 1Isolation of Polysomes from Rat:Liver

’

The free polysome fraction of rat liver was isolated
by the procedure of Sﬁoré et al.~ (1979). Livers (10 to 15 g)
from 150 to 200 g maie~Sprague—Dawley rats which hdd been
starved for 16 hours were homogenized in 8 vol of 0.35 M
sucrose, 200 mM Tris-HCl, S0 mM KC1, 10 mM Mg(CHzCO0O),, pH‘
8.5 (0:355, T200K50M10 8.5). The homogenization was done
using a Potter-Elvehjem type homogenizer with 5 strokes of
a medium tightness pestle. The homogenate was centrifuged at
520 gy for 2 min in the SW27 rotor of the Beckman ultra- |

'centrifuge, after which the force was increased to 52,200

(‘l
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gay ‘for 16 minutes. Thé top three—quarferé of the super-
’natan? was aspirated using a 50 ml glass syringe with a

large bore needle, avoiding the layer of lipid on top. After
making the supernatant 1% in Triton X-100, 9 ml was!lafered

over 3 ml of 1.5 M sucrose in T200K50M10,8.S and the samples

were centrifuged in the SW41l rotor (Beckman) at 110,000 g,

for 105 minutes. The solutions above the pellet were aspirated

and the tubes were immediateiy inverted. The top ;h?ee—
quarters of the centrifuge tube was cut away and the surface
of the polysome pellet was washed three times with resuspen-
sion buffer containing 10 mM Tris-HC1, 20 mM KC1, 5 mM Mg-
(CH3C00),, pH 7.6. The pellets were transferred to a Dounce
homogenizer using a ;terile spatula and resuspended in a
minimum volume of thé/resuspension buffer using 3 strokes of

the homogenizer at 3 one-half hour intervals. Polysomes

were either used fresh or stored at -700C until use.
.B. Sucrose Gradient Analysis of Polysomes

N\ Polysoﬁés (0.5 to 1.0 OD2¢0 units) were layered over
12 ml of a 15 to 30% (w/v) sucroée gradient in T2,K75Mg,pH
7.6, prepared by ﬁ§ing a'PhEEmacia gradient mixer (single
chamber capacity 40 ml). The polysomes were centrifuged

through the gradients at 110,000 gy for 90 min ﬁh the SW41

1 - \\

rotor. Gradients were fractiondted by pumping 45% sucrose
through the bottom of the tube, and the absorption was

—menitored continwusly at 254 nm using an ISCO UV analysing

L P
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C. Preparation of 80 S Ribosomal Marker for Sucrose Gradients

Free polysomes were used to prepare\mRNA-fragment
ribosomes. A polysome suspension was made I mM in CaCl,
and 10 Ag/ml in micrococcal nuclease. After,incubation at
room temperature for 20 min, the sample was made 2 mM in EGTA,
pH 7.0 ana,layered over 5 ml of 25% sucrose in T20K75Ms, pH 7.6.
Centrifugation was for 2 h. at 160,000 g4y in the Beckman
type 65 rotor. The ribosomes in the pellet were charact?rized
by sucrose gradient analysis as described ih the previous
section, except that the centrifugation time was increased
to 3 hours. The sedimentation co-efficient corresponding to
the major peak was calculated according to McEwan (1967).

The opticalldensity of polysomes was determined using ‘a

Zelss spectrophotometer.
4. Preparation of Total RNA-from Rat Liver

Total RNA from rat liver was prepared by S.M. Chien

using the method of Haffner et al. (1978).

ﬂﬁ\x\\\ﬁzptein Synthesis In Vitro Using Reticulocyte Lysates and

Immunoprecipitation of Translation Products*x\

H
A. Induction of Reticulocytes and Preparation of Lysate

The procedure of'Villé—Komaroff et al. (1974) was

followed exactly. Four to six 1b. New Zealand white rabbits
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were injecteé with 1.2% acetylphenylhydrazine (buffered to

pH 7.0 using 1.0 M HEPES, pH 7.5) on 5 éonsecutive days.
Injection was subcutaneous using 2.0, 1.6, 1.2, 1.6 and 2.0
\ml on successive days. if the hematocrit was found to be
less than 25 on day 6, the rabbit was cannulated on day 7.
The blood (approximately 100 ml) was collected into an equal
volume of chilled saline containing 140 mM NaCl, 5 mM KCI,
1.5 mM Mg(CHzC00),, and 0.001% heparin, then filtered through
cheesecloth to remove any clots. The filtrate was centri-
fuged at 500 g,,, for 5 min and thé supernatant discarded.

The pellets were washed 3 times with the saline solution with
the final centrifugation at 600 g,y. The cells in the final

pellet were lysed by resuspension in an equal volume of sterile-

dist{11ed water, and mixing for 1 minute. Cell debris was

removed by centrifugation at 12,000 g;V for 20 min and the

supernatant (lysate) was stored in liquid nitrogen. ~
B. Cell-Free Protein Synthesis

The components for cell-f}ee p?otein synthesis were
thoge described by Villa-Komaroff et al. (1974) using both
endo%Fnous and exogenous polysomes. However, the lysate was
optiﬁized for hemin, Mg2*, and K' concentrations for synthe-
sis with rat liver polysomes. The lysate was treated with
micrococcal nuclease by the method of Pelham and Jackson

(1976) when exogenéus polysbmes were used.

For ease of optimization of .the reticulocyte lysate
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programmed with rat liver polysomes, the protocol was set
up in the followiﬁg manner. The thawed lysate was immediately
suplemented with hemin and creatine kinase at the final
concentrations in Table 2. The lysate was adjusted to 1 mM
CaCly and 10 pug micrococcal nuclease. per ml and incubated at
room temperature for 15 minutes. Nuclease activity was
stopped by adding 100 mM EGTA, pH 7.0 to 4 mM. In a 100 ul
final assay system the prgporpion of the components was:
75 pl of untreated or nuclease tréated'lysate, 5 ul of master
mix (components listed in Table 2), 5 ul of KC1 solution; 5 ul
of [3°SImethionine solution; 10 ul of water or polysomes.
The assay was started hy thé additioﬁ/of [35SImethionine. If
exogenous polysomes were used, they were added just prior to
this. ) <1
ATP, GTP, creatine kinase, hemin, creafine phospHate,
amino acids and tRNA were from stock solutions stored frozen
at -200C. HEPES, KC1, Mg(CH3C00),; CaCl;, and EGTA were from |
stock solutions stored at 4°C. MSH was freshly diluted for
addition to,tHe master mix.i The master mix was s;ored at
-20°C for less than one mdﬁ?ﬁ before use and once fhawed

4

4

was never &eused.

Optimization of Hemin, Mg2+ and K* Concentrations

X .
Using the assay system described above, the-final

concentration of hemin was varied from 0 to 180 M in the

presence of 1.0 M Mg2+, 50 mM KC1, 0.02 ODjgg units polysomes
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TABLE 2: Final concentration of components for cell-free
protein synthesis. Concentrations do not take

endogenous levels into consideration.
P

Component Final Concentration
creatine Kinase : 150 pg/ml
hemins - ° 150 uM or varied 0 to 180 pM',
kc1,. " 50 mM or varied 0 to 130 mM
[35sImethionine 0.15 to 1.0 uCi/ul '

master mix:

ATP (pH 7.0) © 900 M
GTP (pH 7.0) - 175 it \
crea%ine phosphate C ( 11 mM
MSH : f S mM
" HEPES (pH 7.6) 12 mM
" 21 amino acids-methionine =~ 120 M ,

(includes homoserine)
calf liver tRNA | 50 ug/ml
" Mg(CH3C00), . .1 mM or varied 0 to 40 mM

fhod

S s, AT

L e



40

per ul’and OJ; p Ci (355 Imethionine per Hl‘ The mixture was
incubated and 2 pl samples were taken at 0, X0, 20, 30, 60

and 9b‘min and spotted on filéér paper discs for the determina-
tion of radioactive amino acid incorporation inéo protein.

In a similar manner, the KCl concentration was varied from

0 to 130 mM in the presence of 1 mM Mg2* and 150 pM hemin.
Mgl* was varied from 0 to 4.6 mM in the presence of 150

uM hemin and 60 mM KC1. According to Palmiter (1973), 50

mM KC1 and 1.0 mM Mg2* represents the enddgenous concenFratiqn

©of these components in the lysate.

Satuyration of Lysate with Polysomes -

Polysomes prepared by the method of Blggel and Potter
(1967) by S.M. Chien in our laboratory were used in these
experiments as -these polysomes were highly concentrated. The
volume of added polysomes.was 10% of the total incubation
volume. Polysomes from -a 400 ODygg units/ml stock solution
were ailuted in TlOKZOMS» pH 7.6 and added to the assay
system to give final concentrations from 13 to 34 OD¢,
units/ml (0.97 to 2.54 mg/ml). 1In the final mixture the
Mg2*, K*, hemin and 35f{sImethionine were 2 mM, 100 mM, -150

pM and 0.15 to 1.0 uCi respectively. ' ‘ J

6. Immunoprecipitation of mMDH from Products of Cell-Free
. Protein Synthesis

A. Translation of Free Polysomes »



!
A

. o In a final incubation volume of 500 ul, 10 to 12
' } v . ( € - < “ . -
0D364 ynits@f ra& liver free polysomes were incubated in the

presence of 2.0 mM Mg?*, 100 mM KC1, 150 pM hemin, and 1.0

RS

MCi 355 Imethionine per ;l. After 60 min the 1ysafe was made

6% in SDS, 6mM in EDTA and 10 mM in MSH.

After thorough

IS

mifiné, the lysate was allowed to stapd for 45 min “at room
temperature during which time the gmount of radiocactivity -

incorporafed into protein was determined. Then 4 vol of TENT

Pal

.at 9% Triton X-100 was added and after thorougzxmixing 50 ul |

of antiserum was added to 107 cpm. The immunopk¥ecipitation

-

.procedure has been described above. The bound immune complexes

were examined by flﬂorogfaphy of SDS polyacrylamgdefgels.

B. Translation of Total RNA ' - -

%

Total RNA was trénslatéd as for free polysomes at a’,

concentration of 40 ODZBO units/ml. Fifty ul of antiserum

was used to immunoprecipiiate 6X106 cpm pf'prdtein.
C. Competition for Immunoprecipitation by Unlabelled mMDH

To demonstrate that the specific product of immuno-
precigitation by anti-mMDH antiserum 1is a'form of mMDH, excess
unlabelled mMDH from beef heart (200 ug) was added to.the in

T vitro translation products énd the mixture denatured together.
Immunoprécipitation Qas then carried -out as‘deécribed,above
using control serum and anti-beef mMDH antiserum. ‘Disappeér-

r

ance qf the band would indicate competition by cold enzyme for
<o - - M - [ \

+



specific antibody binding sites.

7. Miscellaneous Procedures

A

A. Assay of MDH Activity

The enzyme was assayed in 100 mM sodium phosphate,
pH 7.5 containing 160 uM NADH and 120 uM oxaloacetate. Ten
ul of appropriately diluted enzyme was added to 3 ml of assay
mixture and the decrease in optical density at 340 nm was
monitorea using a Cary spectrophotometer. One unit of |
enzyme activity is defined as the amount of enzyme that will

catalyse the oxidation of 1 umol of NADH in 1 minute.
B. Assay of Protein

. Protein was determined by a modification of the

method of Lowry et al. (1951).
! 12
C.  Starch Gel Electrophoresis

Starch gel electrophoresis was done according to

Poulik (1957).

D. SDS-PAGE -and Plirorography

" SDS -PAGE was done essentially by the method of :Laemmli
(1970) and fluorograph} was done according to Bonner and

Laskey (1974).

E. Labelling of Protein with [1%c]Formaldehyde for Immuno-

‘precipitation Studies

i

The procedure of Rice and Means (1971) was followed
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exactly. Protein was dissolved to a concentration of
approximately S5 mg/ml in 0.2 M borate buffer, pH 8.0. Ten
pl of 33 mM [l%c]formaldehyde (50 mCi/mmol) was added per
500 ug of protein. This was followed after 30 sec by four
sequential additions of 2 ul NaBH4 (5 mg/ml freshly made)
and 10 ul 1 min later. The protein was then dialysed
against the appropriate buffer to remove excess formalde-

hyde and to prepare the protein for the pertinent experiment.
F. Determination of Radioactivity Protein (L

The amount of [33SImethionine incorporated into
protein in Xigzg, and the degree of labelling by\ eductive
methylation with [1%C]formaldehyde were determined by the
procedure of M;ns and Novelli (1961). Two ul samples of
radioactive protein were spotted on 3 MM Whatman filter
paper discs and dried. The discs were washed once in boiling
5% TCA (containing 1 mg cold methioqine per ml for the
protein synthesized in vitro) using at 1ea$t 5 ml per disc.
They were then washed once at 0°C with the same solution,

once with ethanol:ethyl ether, 1:1 at 3 ml per disc and two

times with ethyl ether at 3 ml per disc. The discs were then

air dried, placed at jhe bottom of a vial and counted with

R
toluene-omnif}uor scintillant.

e . ) | ~



IV. RESULTS

1. Isolation of Rat Liver mMDH

In order to produce antibodies specifically against

rat liver mMDH it® was necessary to immunize the animals
with highly purified enzyme. Mitochondrial MDH had been
isolated from various sources in the past (Wolfe and Neilands
1953; Ochoa, 1955; Thorne, 1960; Gregory et al., 1971;
Mathewson et al., 19?3; Glatthaar et al., 1974), but these
procedures aré time consuming. Thus a  rapid procedure was
dgveloped for the isolation of the rat liver enzyme.
‘ -From the experiments on (NH4) ;S04 fractionation of
the mitochondrial protein it was found that at a protein
concentration of 10%/-2 mg/ﬁl (approximately 60 enzyme units
per ml), 75% of the enzyme activity recovered was found in
the 51 to 95% (NH4) ,S04 fraction. This was thé f%action
used in the final isolation procedure to be applied to the
affinity column. Fig. 2 illustrates the elution profile
from the affinity column.

| For pig heart MDH, Walk and Hock (1976) found that
the mitochondrial but not the cytoplasmic iso;yme was bound
to é'-AMP Sepharose when the column was. equilibrated at 20
- mM sodium phosphate, pH 7.0. The enzyme could then be eluted

with NADH at a concentration of 36 uM. The average concentra-

44
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tion at which the rat liver enzyme was eluted ;n these
. experiments was 32i5 uM under the same conditions.  Raising
the pH t&7.5 allowed the enzyme to be eluted at a much lower
concentration of NADH (6 uM) confirming the observations of
Kaplan et al. (1974) who showed khat the ¥Beef heart md to-
chondrial enzyme was only weakly bound to the resin ai this
pH. Lowering the pH to 6.8 apeared to have no effect on the
concentration of NADH:at which the rat liver enzyme eluted.
Thus the capg;ity of the affinity column for rat liver mMDH
from the (NHy),SO,; step was determined using 20 mM sodium
phosphate pH 7.0. If the protein concentration was approxi-
mately 6 mg/ml, 250 units of enzyme could be bound per ml of
5'-AMP Sepharose. Since the specific activity of~thé puri-
fied enzyme was 650 units/mg and the subunit molecular weight
is 35,000 this represents 0.38 mg enzyme or 1.2X10°2 umol
bound per ml. As the concentration of ligand is 2 umol /ml
and there is only one coenzyme binding site per subunit, it
can be seen that only a small fraction of ligand is actually
occupiéd by enzyme.

The elution profile from the final Sephadex G-100
chromatography step is shown in Fig. 3. After this step,
the enzyme was shown to be free of contaminatingAE;btein
by starch gel electrophoresis (not shown) and by SDS PAGE

(Fig. 15, lane 6). A flow chart of the final isolation

procedure is illustrated on Fig. 4.
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Fig., 4: Flow Chart for the Isolation of Rat Liver mMDH

Homogenize, 5-6 Strokes
in 3 vol. medium

Centrifuge 5 min 500 g

Discard Pellet Collect Supernatant )
Centrifuge 10 min 12,000 g

Wash Pellet Discard Supernatanf
then Resuspend

éf///,///

\ Sonicate, then
Céntrifuge 12,000 g, 30 min

Resuspend Pellet Save Supernatant
Resonicate
Centrifuge 12,000 g 30 min

4

-

Discard Pellet Save Supernatant

- Pool Supernatants
Take 55-95% Ammonium
Sulphate Fraction

5' -AMP Sepharose
Chromatography

o Sephadex G-100
: ‘ Chromatography
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X The.details of the isolation and purification are
givén in Table 3. A comparison with the results of others is
given in Table 4. Since assay procedures vary widely, it is
difficult to compare the specific act&vity of the purified
enzyme to all others reported in the literature. The per-
centage yields of enzyme also vary greatly with the pro-
cedure used and the animal source.

The greatest advantage of the procedure developed here
is that pure rat liver enzyme can be obtained in three days
where{iaifocedures reported prior to this require a minimum
of six da

ys. The greatest disadvantage is that the amount of

starting material is limited by the quantity of.§'-AMP.

Sepharose used. ‘ . v

Subsequent to the development of this précedure,
Kuan et al. (1979) developed arapid procedure for the iso-
lation of the rat liver enzyme as well. Their procedure
utilizes Sephadex-Blue Dextran pseudo-affinity chromatography .
and ion-exchange chromatogrgphy on CM cellulose. It is
claimed that the‘procedure can be done in 2 days, and the

precentage yield of enzyme is 38 percent.

" B. Beef Heart mMDH

This enzyme, purchased from Sigma Chemical Co., was
shown to have several contaminating proteins by SDS.PAGE.

These were removed by chromatography on 5'-AMP Sep&grosé
\ . LA . "
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TABLE 4: Summary of specific activity and yield of mMDH

from published procedures.

\
\

Specific*
Author .Source Activity Yield
(U/mg) O

Ochoa, (1955) beef heart 750

Wolfe and Neilands, (19563 pig heart 10
Siegal and England, (1960) pig heart 330 20
Gregory et al., (1971) pig heart 40
Mathewson et al., F1973) pig heart 50
Glatthaar et al., (1974) pig heart 21
Kuan et al., (1979)° rat liver 38
Kuan et al., (1979) rat heart 52
Aziz, (1979) rat liver 658 27

*MDH assayed in the direction of oxaloacetate reduction.

-t

. L gt o et o o
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(Fig. 7, lane 2). Greater than 0.8 mg MDH per 'ml of sepha-
rose could be applied because the enzyme was already highly

purified and concentrated.
C. ,Soluble MDH*

kA partial purification of, this enzyme from rat liver
was sachieved. Although there were several“contdminating |
bands, the brocedure was not completed due to low yields of
enzyme: However, greater than 50% of the protein present
appéared to be MDH on SDS PAGE (data not shown). The pig
heart sMPH from Research Plus Laboratories was also shown to
contain several contaminating proteins, but to a mﬁch lesser

degree than the rat enzyme.
#

2. Preparation of Rabbit Anti-mMDH Antisera
A. Immunization

Although several rabbits were injected, only the
antiserum from the two rabbits which gave the highest titre

were used in all, experiments.

B. Efficacy and Cross-Reactivity of Antisera .~

The ability of antisera to immunoprecipitate mMDH ‘
and cross-reactivity was determined using Protein A Sepha-
rose to bind radio-labelled éptibody—antigen complexes. The 3 ﬁ
te;hnique has the advagtage that titres of antibbd& too low

to be detected by precipitin reacti%ns, such as Ouchterlon

double diffusion, can be determined. This technique also

~ '3
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~ .
greatly facilitated determination of conditions of\}mmunc-h
precipitation.‘ After denaturing the enzyme in the denatura-
tion buffer containing 0.5% SDS, one-half volume of exchahge
buffer (TENT) with Vﬁrying amounts of Triton X-100 was added.
The ﬁolar ratio of Triton X-100 to SDS used 'and the effect
oﬁ‘immunoprecipitation of antigen is shown in Table 5. 'It
can be seen’ that optiﬁal immunoprecipitation occurs at a
molar ratio of 2:1. In a separate egperiment, it was
aﬁpa}ent that adding iodoacetamide dia\not increase the
amount. of enzyﬁe immunoprecipitated (data not shown).
The immunoprecipitation curves for anti-beef and anti-rat

MDH aktisera are illustrated in Fig. S5 and Fig. 6 respectively.
It wa: found that in order to get a linear increase in the
quantitiy of antigen immunoprecipitated with increasing

amoumts of antiéerum, the antigen had to be ‘resuspended in

50 to 100 ul of the denaturing and exchange buffer per 100

ﬁl of antiserum. ‘The reason for this is not’ known.

A summary of the amount of antigen that could be
immunoprecipitated is given in Table 6. Neither antisera . .
would immunoprecipitate the native mitochondrial enzymes
or the denatured sMDH. The rat liver and beef heart en- .
'}ymes were found to be immunolog%%flly cross-reactive with
each antiserum mofe effectively immunoprecipitating the

immunogen with which it was raised. The antisera were also

found to be similar in titre so that &ither sera could be



TABLE §:

Effeét of Triton X-100 concentration on the
immunoprécigitatiqn of antigen. Approximately

5 ug of Elucabeefﬁhear£ mMDH denatured at 0.5%

SDé, followed by the addition of one-half volume

of exchange buffér with varying concentrations of
Triton X-100% was incubated with 50 ul of anti-
beef heért mMDH antiserum. The immunoprecipitation
procedure is described “in the text. A separate

experiment gave similar results.

-

Triton X-1Q0: SDS

Counts Immunéprecipitated

(molar ratio) _ (%)
0.1 46 i
L2t 51
/
9:1 . 13
- ~
18:1 - 6
24:1 a
\

CdD-
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used to immunoprecipitate the rat liver mMDH synthesized in
vitro. Anti-beef antisera were used in washing experiments
and to find optimal conditions for immunoprecipitation

from reticulocyte lysate.

C. Specificity of Antisera £akb

Since the purpose d®f this work was to find if a single
protein, mMDH, is synthesized in a higher molecular weight
form, it was necessary to demonstrate that the antiséra
.used were highly specific for mMDH. With lysates this was

o

done after optimizing conditions of immunoprecipitation.

Immunoprecipitation of mMDH from MDBK Mitochondrial Protein

Mitochondrial protein from MDBK cells labelled with
35[{sJmethionine, was denatured and 5x10° cpm (approx. 1 mg
protein) were mixed with anti-mMDH antiserum to examine
speéific immunoprecipitation of mMDH. The products of immuno-
precipitation by both antisera are illustrated in Fig. 7.
Both anti-beef (lane 4) and anti-rat (lane 5) antisera but
not controi‘serum (lane 3) precipitated a protein corres-
ponding in molecular we{;ht to that of the marker beef
enzyme. Any of the other protein bands pregent with the
anti-MDH antisera were also present in the control serum,
indica;ing that they may be non-specifically associated
witﬁﬁg serum protein or the Pfofein A Sepharose. The

faintness of the mMDH band in this experiment is:due to
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Fig. 7: Immunoprecipitation of mMDH from MDBK protein laEelled
with [35s)methionine in suspension. Approximately 5 x 10

cpm of mitochondrial protein was denatured and mixed with 75

pl of antiserum and the immune complexes that were bound to
Protein A Sepharose were examined by fluorography of SDS
polyacrylamide gels. Lanes 1 and 7: total MDBK mitochondrial
protein; lanes 2 and 6: [ Clbeef heart mMDH; lane 3: immuno-
precipitation using non-immune sSerum; lane 4: immunoprecipi- e
tation using " anti-beef mMDH antiserum; lane 5:
immunoprecipitatlgh using anti-rat mMDH antiserum. The de-
tails of immunoprecipitation are outlined in the text, and

the results of this experiment were reproducible.



the low quantities of endogenous mMDH.

Immunoprecipitation of [14¢cImMDH from Protein Synthesized

- In Vitro in the Presence of [335$]Imethionine

From the cross-reactivit; studies it was clear that
.the antisera did not immunoprecipitate the native enzyme,
30 that it was essential that enough SDS was added to the
lysate - to denature the nmuﬁﬁ ‘Using denatured antigen
immunoprecipitated in the absence of lysate as control,
the effects of lysate and SDS was examined. The results are
illustrated in Table 7. As expected, little mMDH was pre-
cipitated if the enzyme was not denatured (condition c).
When denatured mMDH was added to lysate denatured at 2% (a)
and 6% (b) SDS, 51% and 67% of the enzyme was immuno-
precipitated, respectively, compared to control. Further-
more, when the antigen was denatured in the presence of
lysate, only 37% was immunoprecipitated at 2% SDS (d) where; A
as 66% was immunoprecipitatea at 6% SDS (e), similar to the
result with previously denatured antigen. It is not known
why there is incomplete recovery of mMDH. In all subseq&ént
experiments. the lysate was deqatured at 6% SDS.

The need for adequate Triton X-100 to exchange with
SDS in the presenée of lysate is illustrated in Table 8.
The difference 'in the améunt of antigen precipitated using

3%, 9% and 15% Triton X-100 all were considerably higher
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TABLE 7: Effect of SDS concentration and lysate on the
immunoprecipitation of [}”C]beef heart mMDH. 104 cpm of
previously denatured antigen was added to 20 pl of lysate

\

which had been treated with 2% (a) or 6% (b) SDS and exchanged

with 4 vol of TENT at 0%, 3% or 9% Triton X-100 respectively
to keep a molar ratio of Triton:SDS of 2:1. Next 10% cpm
of the native enzyme was added to 20 ul of the native lysate,

and they were denatured and exchanged together under the

conditions described above. Immunoprecipitation of mMDH in
the absence of lysate at a molar ratio of Triton X-100:SDS
of 2:1 was used as control. Separate éxperimenfs gave similar

results,

Condition % of Control
Immunoprecipitated

a) mMDH and lysate denatured separately;
each at 2% SDS 51

b) mMDH and lysate denatured separately;
mMDH denatured at 2% and lysate de-
natured at 6% SDS ) 67

c) lysate and mMDH mixed together at i
0% SDS , 6

d) lysate and mMDH denatured together at :
2% SDS : 37

e) lysate and mMDH denatured together at
6% SDS . 66
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TABLE 8: Effect of Triton X-100 concentration in the exchange
buffer on-the immunoprecipitation of mMDH denatured in the
lysate at 6% SDS. 104 cpm of native mMDH was added to 20 it

of native lysate and they were denatured together at 6% SDS.

Four volumes of exchange buffer at 0%, 3% 9% or 15% Triton
X-100 were added. Immunoprecipitation of mMDH in the absence
of lysate at a molar ratio of Triton X-100:SDS of 2:1 was

used- as control. Separate experiments gave similar results.

Concentration of

Triton X-100 in Triton X-100:SDS Amount of Control
Exchange Buffer (%) (molar ratio) Immunoprecipitated (%)
0 0 33
3 2:3 60
9 2.1 72
15 - 10.3 64

b1
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than when Triton was not added. - Subsequent experiments were
done using 9% Triton X-100 in the exchange buffer (molag@
ratio of Triton: SDS of 2:1).

When immunoprecipitat;ng from the protein synthesi;ing
system, the presence of many different [35SImethionine-1label-
led proteins as well as free [353]méthionine necessitated
increasing the number and volume of washes of the Proteiﬂ A
Sepharose-bbund immune complexes. In.addition, the effect
of cold me?hionine and EDTA in the wash solution was examined
(Table 9). In this experiment 104 cpm of [1*C]beef mMDH
was added to §X105 acid precipitablé cbm of protein synthe-
sized in vitro. Using the basic wash buffer alone, more than
1Q4 cpm Qere recovered compared to'an expected 7X105. This
indicated non-specific association of label. The presence
of methionine alone or with EDTA lowered the recovery of
counts to about thé\expected level. EDTA, while decreasihg

\ . .
the counts recovered, did not remove all contaminatien. The

presence of 0.1% SDS resulted in almost all radioactivity

. bein} washed out. The composition of the washing buffer

used 1in éubsequent experiments was 125 to ESO mM NaCl, 50

mM Tris-HC1l, 10mM MSH, 20 mM methionine, 5 mM EDTA, pH 7.6..
Having determined conditions for immunoprecipitation

and Géshing the specificity of-the antisera for mMDH in

the lysate was determined. Beef heart enzyme was labelled

with [l%cJlformaldehyde and 5X103\Epm were mixed with 10° cpm

-
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of protein syntheéized in vitro aq} immunoprecipitated.

As in the experiment with MDBK gy%tein, the anti-mMDH anti-
sera, but not control serum immunoprecipitated a protein
corresponding in molecular weight to the marker beef heart
enzyme (Fig. 8, lanes 4 and é compared to 3). Again, all
other bands that were present with anti-mMDH sera were also
present, with the control serum. The results of both ex-
periments indicated that the anti-mMDH antisera are hjghly

specific for mMDH.

3. Isolation and Characterization of Free Polysomes from

Rat Liver

The mRNA which codes for carbamoyl phosphate synthe-
tase (a mitochondrial matrix pro£ein, like mMDH) waé fduqd
to be a;sociated with the freé3polysome fraction of rat
liver by Shore et al. (1979). For.this reason, this fraction
was also used in these experiments for in vitro translation.
Thé fgee polysome fraction was isolated by the method
of Ramsay and Steel, (1976) as modified by Shore et al. (1979).
‘This procedure was chosen over the much used procedure of
Blobel and Potfer (1967) which utilizes a discontinuous
sucrose gradient to effect the separation of free and mem-
brane-bound polysomes. The former method uses a differ-

ential centrifugation step to separate the free and mem-

brane-hound fractions which avdids the long centrifugatioﬁ
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Fig. 8: Immunoprecipitation of [l%clbeef heart mMPH from
protein labelled in vitro with [35S]Imethionine by free
polysomes in a reticulocyte lysate. Details of the incu-
bation are outlined in the text. Immune complexes bound to
Protein A Sepharose were examined by SDS PAGE and fluoro-
graphy, (lanes 1 and 6: total translation products of rat
liver free polysomes; lane 2: [1%cJbeef heart mMDH; lane 3:
immunoprecipitation with non-immune serum; lane 4: immuno-
precipitation with dnti-beef mMDH antiserum; lane. 5: immuno-
precipitation with anti-rat mMDH antiserum. Lanes 7 to 10:
immunoprecipitation in the absence of added [1"“cJbeef heart
mMDH; lane 7: [l%cJrat liver mMDH; lane 8: non-immune serum;
lane '9: immunoprecipitation with anti-beef mMDH antiserum;
lane 10: immunoprecipitation with anti-rat mMDH antiserum.
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times of the sucrose gradient method. ﬂThe use of high

ionic strength (200 mM Tris-HC1) and high pH of 8.5 in-
hibits any endogenous RNase activity which‘precludes the
addition of other RNase inhibitors such as héparin (Roth,
1953) or the high speed supernatant protein from rat liver
(Roth, 1956). The method resulted in high molecular weight
polysomes which were prepared in 4 to 5 hours. A sucrose
gradiént analysis of these.polysomes is illustrated inkFig. 9.
The disadvantages to this method are that the bound poly-
somes cannaot be isolated simultaneously without the availa-
bility of two ultracentifuges, and the amount‘of start%gg

- material is limited b¥cause of the large volume of gomo-
genization buffer used. A maximum of about 100\OD25Q unitgf
of polysomes could be obtained from 10 to 15 g of raé'kiver. é?\
This small quantity was technically difficult to {esuspénd

in less than 250 pl, resulting in maximum polysome concen-
trations of 175 to 240 OD,g, units/ml, - Polysomes prepared

by the method of Blobel and Potter by S-M..Chien were re-
suspended to greater than 40q 0D26p units/ml. The 0D260/

OD280 ratio of polysomes prepared by the method of Shore

et al. was routinely 1.6 to 1.8.
4. Preparation of Total RNA from Rat Liver

" The total RNA had an 0D;q0/ODygq Tatio of'2:0 o

indicating that there was very little protein contamination. =7
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5. Protein Synthesis In Vitro Using Reticulocyte Lysate

and Immunoprecipitation of Translation Products
A. Induction of Reticulotcytes and Preparation of Lysate

The endogenous protein synthetic activity of lysate
prepared from the blood of each rabbit was tested, and the
two lysates with highest acti&ity were used in subsequent
experiments. Incofp&iation of label into acid precipit;ble
counts was linear fofagreater than 30 minutes. Nuclease
treatment of the lysate resulted in a drastic decrease in
incorporation of label and abolishment of synthésis of

globin and other high molecular weigh protein as judged by

.SDS PAGE (data not shown).

B. Cell-Free Protein Synthesis with Exogenous mRNA

Optimization of Hemin, Mg2*, and KC1 Concentrations

The curvés illustrated in Fig. 10 show the incorpo-

ration of label into-protein with time at different hemin

concentrations. From the graph inget of the incorpora-

tion at 60 min versus hemin concenttation, it can be seen

- . . \-¢/* . s
that the optimal hemin concentration is from 120 to:iSO

“

pM. The optimal concentration reported in the literature

for protein synthesis by mammalian ribosomes varies from

*30_to 100 uM (Ranu and Longdon, 1979; Palmiter, 1973;

. Adamson et al., 1968). ‘Tgﬁ‘concentration of hemin (120

N
3
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10: Effect of hemin concentration on the incorporation
of [35S]methionine into acid-precipitable counts.
Free polysomes were incubated in the reticulocyte
lysate made 2 mM in Mg+, 50 mM KC1 and varjed:
hemin concentrations: (o) 0 uM, (x) 30 uM, f(e) 120
uM, .(4) 150 puM and (@) 180 uM. Graph-inset: acid
precipitable cph at 60 min with 0 to 180 uM hemin.
‘A separate experiment yielded similar results.-
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L)

to 150 uM) was overestimated due to some precipitation of

the reagent during preparation.

Figures 11 and 12 illustrate the effect of K* and
Mg2+ concentrations respectively on protein synthesis. The
optimal KCl concentration was between 70 and 100 mM and
optimal Mg2+* was between 1.5 and 2.5 mM. Both values are
similar to the optima (75 mM KCL and 2.0 mM MgZ*) found by
Sﬁore et al., (1979) for rat liver polysomes translated in

reticulocyte lysates.

Saturation of Lysate with Polysomes and the Time Course of

Incorporation Using Polysomeé and Total RNA

A linear increase in the amount of 33[SImethionine
incorporated into protein was dbtained with increasing con-
centration of polysomes in the lysate, but incﬁrporatioh
appeared to start levelling off at a concentration'of 2.5
mg/ml (Fig. 13). The reason for this levelling is most
likely due to one of the protein synthesis factors endo-
genous to the lysate being limited. '

The time course for incorporaiion is shown in Fig. l%.
Translation of free polysomes under optimal conditions re-
sulted in 3X10° acid precipitable cpm in 2 ul of lysate in |
60 min while under the same conditions translation of tota%
RNA'yiel'ded-()XlO4 cpm ih 2 pl. The reason for this difference

is unknown. The amount of total RNA had been.determined to
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Fig. 11: Effect of K* concentration on the incorporation of
[35SImethionine into acid-precipitable cpm. Free
polysomes were incubated in the reticulocyte lysate"
made-2 mM in Mg2+, 150 uM in hemin and varied K*
concentrations. Samples were taken at 30 (o) and

, 60 (e) min. Separate experiments yielded similar
/ results.
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Effect of Mg2+,conpentration on the incorporation

of [35sImethionine into acid-precipitable counts.

Free polysomes were incubated in tRe reticulocyte

lysate made 110 mM in KC1, 150 uM hemin and varied
in Mg2* concentrations. Samples were- taken at

30 (o) and 60 (e) min. Separate experiments yielded

similar results.
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Attempt to saturate lysate with polysomes, Free
polysomes from a 400 OD2gq units/ml stock 50lu-
tion were diluted in T10Ky0Ms,pH 7.6 and added

to the assay system to give final concentrations
from 13 to_34 0D7¢q units/ml (approx. 1 to 2.5,
mg/ml. .Mg2*, KC1 and hemin were at concentrations

of 2 mM, 100 mM and 150 uM respectively.

%
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Effect of free polysomes and total "RNA on the
incorporation of [3S5gImethionine into acid-
precipitable counts in the nuclease-treated
lysate. Polysomes (e) and total RNA (x) were
incubated in the presence' of 1 muCi/pl [355]-
methionine, 2 mM mgl*, 100 mM KC1 apd 150 uM
hemin. The absence of RNA is represented by

(o).
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be optihal (data not shown, experiments done by S-M. Chien),

though ionic conditions had not been optimized for total

RNA. { -

M
6. immunopreciﬁ?tafion of mMDH from Products of Cell-Free

Protein Synthesis

' ! . .
The culmination of all prior experimental work was
r 4

the attempt to immunoprecipitate mMDH and/or a precursor

form of the enzyme from the products of cell-free protein

synthesis. Several preliminary experiments using protein

Lad

synthesized 13'31252 by free polysomes revealed that a single
protein could be specifically immunoprecipitated using the
anti-mMDH antisera. This‘protein appeared to have a higher
mdlecular weight than mature rat liver mMDH (Fig.8 , lanes

9 and 10 compared to lane 7). Preliminary evidence also
showed that the presence of excess cold mMDH during immuno-
precipitation caused this band to disappear. The molecular

weight was estimated

o be 1,500 to 2,000 higher than mature

mature rat liver mMDH. - ' . .

o

The final results of immﬁnOprecipitatioq’fromnthe
translation produéts‘df‘hbth polysomes‘and total RNA and
competition by unla elléé mMDH can be seen in Figl 15,
Anti-mMDH ahéiserum appears‘to immunoprec?pifhte a protein
of tﬁé/same molecular weigﬁt for both total RNA and.poly-
somes (lanes 3 and respectively). Addition.of cold mMDH

resulted in the abglition of the band in Both cqsés'
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(lanes 2 gnd‘7) so that the results are indistingﬁ;shable
from the immunoprecipitation using non-immune serum (lanes
1 and 8). Estimat}on of the molecular weight of this
protein from Fig. 16 shows it to be 36,000 or 1,500 higher

than mature rat liver mMDH (Fig. 15, lane 6).

£y
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Fig. 15: Analysis by SDS polyacrylamide gel electrophore51s
and fluorgraphy of protein synthesized in vitro by reticulo-
cyte lysate in the presence of free polysomes or total RNA,

and ‘the products of immunoprec¢ipitation.  Details of the incu-
bation are outlined in the text. Lanes 1-3 involve free
polysomes: Lane 1, non-immune serum; lane 2, anti-beef .
heart mMDH antiserum: competition by 200 ug unlabelled beef .
heart mMDH denatured with the lysate; lane 3, anti-beef

heart mMDH antiserum. Lanes 6-8 involve- total RNA: lane

6, anti-beef heart mMDH antiserum; lane 7, competition by
unlabelled beef heayt mMDH;- lane 8, non-immune serum.

Lane 4, Molecular weight markers. Lane 5, purified rat

liver ‘mMDH labelled with [14C]formaldehyde., Exposure time .

was longer for total RNA than for free polysomes.



40

30

MOLECULAR WEIGHT (x103)
S

10 —— .
0 0t 02 03 04 05 06 07 08 09 10
RELAT IVE MOBILITY

N

Fig. 16: Determination of the molecular weight of the major
product of immunoprecipitation from the fluoro- '
gram of Fig. 15. Marker proteins\(o): ~ molecular
weights 43,000, 34,000, 26,000, 17)000 and 12,500.

- Rat liver mitochondrial malate dehydrogenase (o):.
34,500, major product of immunoprecipitation (X):.
36,000. :




V. DISCUSSION

If the free polysome fraction from rat liver is in-
cubated in a cell-free protein synthesizing system derived
from a reticulocyte lysate, there is efficient translation
of exogenous mRNA. Total RNA containing a similar amount
of mRNA'which is translated in the same system yields less
than one-third of the acid-precipitable counts produced by
free polysomes (Fig. 14). Nontheless, translation of both
sources.of mRNA produces polypeptides of high molecﬁlar
weight (free polysomes:‘%ig. 7/, lane 1; toéal RNA: data not
shown), When the translation products from either source are
incubatqg with anti-mMDH antiserum, a protein of molecular
weight 36,000 is immunéprecipitated and this.protein is not
precipitated when non-immune serum is used (Fig. 15, lanes
' 3 and 6 compared é% lanes 1 and 8). As this antiserum was
deﬁonstrated to be highly specific for mMDH, it is probable
that the 36,000 dalton protein contains antigenic determinants
of mMDH and is possibly a higher molecular weight form of the
. enzyme. Mature rat liver mMDH has-a molecular weight at
3’A000;34,500 (Fig. 15, lane 6), being 1,500 to 2,000 smaller
th;n the product of_immunoprecipitatign. Further evidence .
that this 36,000 dalton protein might be a higher_ﬁolecula;

weight precursor comes from competition exp%riments. The

79
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addition of excess unlabelled beef heart mMﬁH completely
prevents the recovery of this protein (Fig. 15, lanes 2
and 7). The relationship could be confirmed by comparing
proteolytic .peptide maps of the two proteins as has been done
with carbamyl phosphate synthetase and ornithine transcar-
bamylase from rat liver (Morita et al, 1979; Conboy and
Rosenberg, 1981, respective%y) and £heir precursors. Further-
more, pulse and pulse-chase experiments in cells might be
used to demonstrate precursor-product kinetics. Carbamyl
phosﬁhaté synthetase is the only rat liver mitochondrial
protein for which these kinetics have been established
(Raymond'andehoge, 1979). Post-translational upfake and
processing by isolatgd rat liver mitochondria has been demon-
strated for pre-ornithine transcarbamylase (Conboy and Rosen-
berg, 1981) but simila; experiments were mot attempted here
for rat liver pfe—mMDH;

Three rat liver mi%ochonﬁ}ial matrix enzymes have
been shown previously to be synihesized by free rather than
membrane-bound polysomes (carbamyl phosphate syntﬁetase

(Shore et al., 1979); § -aminolevulinate synthetase (Yamauchi

et al., 1980); ornithine transcarbamylase (Morita et al., 1981)).

Evidence presented here wéulﬁ suggest that rat liver mMDH
is aléo/synthesized by the free polysome fraction. The in-
teﬁsity of the band at 36,000 daltoqs was fouﬁd to be 10
times érgatef vhen immundffécipita;ed from translation,
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products of free polysomes than when total RNA wes used to
prime synthesis. Conventionally? the separafion of free and
membrane bound polysomes (and a measurement of the degree
of cros¢ contamination) hae\been done in order to comgare

the translation/groducts of each (Shore et al., 1979).

Demonsttation that chicken liver aspartate amino-
transferase (éon regger et al., 1979) end-now here that rat
liver mMDH are syﬁtheSized as higher molecular weight pre-
cursors raises inferesting questions about the role of the
polypeptide extensions. Bothvof these enzymes from rat
liver, in their mature form can be taken up into isolated
mitochondria (Marra et al., 1980; Passerella et al., 1981):
Although“@he relevance of these experiments to the in vivo
.situation has been questioned by Neupert and Schatz (1981b)
‘due to the relatjvely large quantities of,enzymes used, it
"is pertinent to note that the soluble ieozymes of these
two enzymes are excluded from mitochondria under the same
conditions (Ma;;a gz_ﬁijzﬁi980§ Passerella et al., 1981).

In model studies, Furuya eﬁ'gl. (197§) have shown.that rat
}iver mitochondrial aspartate aminotransferase, but not the
soluble isozyme is protected from proteolysis‘when.incu—
.bated with phospholipid vesicles. Webster et al. (1979) have
demonstrated that porcxne heart mMDH was protected from '
inactivation by hQQ/\ and thiol reagents by the presence of

phospholipid vesicles, under conditions where the dimer 1is

RN
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dlssoc1ated lnto its subunits. fBinding of these subunits
was accompanled by a small copformational change These v
experlments with aspartate aminotransferase jand malate de-
hydrogenasé suggest ghat the mature mitochondrial proteins’
(or their sybunits) épntain the information;required for
interaction with membranes and yptake into mitochondria.
The abparent shift of these ehiymes between intr§mitochon-
drial compartments in response to changing substreﬁe con-
centrations (Waksman et al., 1980) further indicates an
inhe;ent ability to cross membranes.

If, then, the mature matrix enzymes can be}taken
up into isola£ed mitochondria; what is the role of the
polypeptide extension and what allows these water-soluble

»

- proteins to cross the hydrophobic membrane barrler? (§1m1—
3

larly, how do hydrophobic membrane proteins traveI th{gygh o~
aquaeous compartments?) Wickner.has proposed a model

(termed 'the mgmbrahe trigger hypothesis') which places
emphasis on membrane-triggered conformational chanée in

the migrating protein. In this model, interaction of the
_protein with the membrane causes spontaneous folding into
.‘dor acro§5 the membrane and the peptide extension, when
present, serves ‘to alter the foldlng pathway.| The relative .-

1neff1c1ency of uptake of mature proteins might be explalned

i

by such a mechanlsm. Similar models have been suogested By .

Webster et al. (1979) and Waksman et al (1980). Modgls of
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Blobel (1980).and Neupert and Schatz (1981) for uptake of

- mitochondrial protein favour a true "signal" - type role for
the extra peptide. In these models, after organelle selection
is made it is suggested that transport is achieveﬂ by a
linear-fype extrusion through a proteinaceous pore. There

is no concrete evidence however, for any of these.models.

Né generalizations on the physical characteris£ics
of thé peptide extensionsfgf mitochondrial precursors can
be made, except for the large variation in size (2000-6000
daltons). The differences are seen among maffix enzymes
(e.g. mMDH, 2000 and cf-aminolevulinafe synthetase, 6000,
Tébie 1), and among the subunits of aligomeric. enzymes (e.g.
'Fl ATPase, Table 1), so that the relevance of size to final
localization is nat clear. The variation among pre-secre-
tory and pre-plasma membrane proteins is not as large
(Blobel et al., 1979). ‘ .

Aécording to Anderson (1981) three‘mitochondrial"‘
precursor ﬁréteins have extra peptides that are highly basic.
This characteristic}is ai;tinctly different from the secre-
tory and plasma membrane proteins examined so far (Blobel
et al., 1979; Inouye and Halegoua, 1980) and the precursor
to the chloroplast protein ribulose-1,5-biphosphate carbbxy:
lase (Highfield and Ellis, 1978). It is interesting to

speculate that these differences denote a role in organelle

selection, but clearly, more sequence information is required

-
s o}

+
e aTE

o g A

B e e e

y
P - S

———e s

PO .

[PIORER



84

before any conclusion can be drawn.

Attempts have been made to locate the signal sequence

of ovalbumin. This approach used proteolytic fragments to
try to compete with nascent chains for membrane binding sites
(Lingappa et al., 1979 ). A similar strategy migﬂt be
applied for mifochondrial proteins. It might be determined
if similar peptides are present in proteins such as the
translocator and cytochrome ¢ which are not synthesized as

. precursors, and mature rat liver matrix enzymes..

It seems that it would be highly optimistic to ex-
pect a general mechanism for the import of proteins into
mitochondria. This is already obvious in yeast where both
co- and post-translational transpért have been demonstrated
(Aﬁes'and Butow, 1980a, b; Maccheccini et al., 1979a).
Mature mitochondrial matrix\proteins from rat liver exhibit
an unusual characteristic in their ability to be taken up
into isolated mitochondria; a phenomenon that could not

be demonstrated with the mature subunits of yeast Fj ATPase

(Maccheccini et al., 1979a). It would not be surprising if

more new and interesting variations are found in the mechan-
isms of import of mitochondrial protein to further complicate

the picture before it is finally clarified.
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