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Abstract

Protein import into the mitochondria is a result of a series of sequenti.al

binding interactions between a mitochondrial targeting signal and the

translocation machinery of both mitochondrial membranes. The targeting signais

contained within protein of the outer membrane dre distinct fram those which target

proteins to other subcompartments. The transmembrane domain of the yeast outer

membrane receptor protein yTom70 is capable of both targeting and inserting the

protein into the outer membrane. The efficiency of this process is increased by the

addition of a positively-charged region preceding the transmembrane region.

These two structural domains co-operate to form a signal-anchor sequence

selective for the outer membrane, since this is the first membrane ene,luntered by

the targeting signai.

Consistent with this model, the signal-anchor sequence of the outer

membrane protein yTom70 is also capable of importing into the inner membrane

of mitochondria when the outer membrane is selectively removed. Import into the

inner membrane requires the presence of an electrachemical potential across the
Iipid bilayer. 1mport proceeds in the ab!3ence of /'>1j1 only when constructs are used

which lack the positively-charged amino terminal region of the signal-anchor

sequence. These results suggest that the positively-charged presequence leads
the transmembrane domain into the import machinery and that /'>1j1 is required to

clear this region in order that the distal transmembrane region can enter the

translocation pathway.

The charged N-terminal 10 residues of yTom70 are incapable of directing

import into intact mammalian mitochondria, however, are able 10 efficiently direct

import into the matrix of yeast mitochondria or mammalian mitoplasts. This

potentially cryptic signal is excluded from intact mammalian mitochondria due to

the presence of the receptor protein Tom20, since replacement of yeast Tom20

with mammalian Tom20 confers the mammalian phenotype onto yeast. These

results suggest that receptor proteins may also have the ability to screen

potentially cryptic signais from distal components of the outer and inner membrane

translocation machinery.
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Résumé

L'importation de protéines dans la mitochondrie est un méchanisme

résultant d'une série séquentielle d'intéractions entre le signal mitochondrien ciblé

et l'appareil de translocation des deux membrane mitochondriales,

Le signal ciblé des protéines de la membrane mitochondrienne externe

sont distinct de ceux qui dirigent les protéines vers d'autres compartiments

mitochondriales, Chez la levure, le domaine transmembranaire de la protéine

yTom70, une protéine-récepteur qui se retrouve que dans la membrane

mitochondrienne externe, est capable de diriger et d'insérer cetle dernière dans la

membrane externe de la mitochondrie, L'éfficacité avec laquelle ce domaine

transmembranair'3 remplie ses functions est augmentée par l'addition d'une

région riche en charges positives précédant ce dernier, Ces deux structures

coopèrent, formant ainsi un signal ancré sélectif à la première membrane

mitochondrienne rencontrée, 1. e. la membrane externe.

Ce signal ancré est aussi capable de diriger et de négocier l'insertion de la

protéine yTom70 dans la membrane mitochondrienne interne lorsque la

membrane externe a été préalablement détruite. L'importation de protéines dans

cetle membrane interne est dépendante de la présence d'un potentiel
électrochimique (t.'P). La disruption de ce potentiel électrochimique prévient

l'importation de protéines seulement si celles-ci ont tOIJjours le domaine de

charges-positives précedant le domaine transmembranaire.

Ces résultats suggèrent que le domaine de charges positives amène le

domaine transmembranaire vers l'appareil de translocation et que le potentiel
électrochimique (t.'P) est nécessaire pour détruire la nuisance que le domaine de

charges positives crée envers l'insertion du domaine transmembranaire dans

l'appareil de translocation.

Les dix premières acides aminées de la protéine yTom70 sont chargées

positivement et sont incapables de diriger l'importation dans des mitochondries

mammifères. Néanmoins, ces mêmes acides aminées sont capables de diriger

l'importation dans des matrices de mitochondries de levures ou dans des

mitoplasmes mammifères. Ce signal potentiellement cryptique et spécifique à la

levure est exclus du system mammifère du à la présence de la protéine-récepteur

Tom20. Ainsi, l'intégration de la protéine mammifère Tom20 chez la levure bloque

l'importation de yTom70. Ces résultats suggèrent que des protéines-récepteurs

tels que Tom20, ont aussi l'abilité de cribler les signaux potentiellement cryptique

des autres composantes de l'appareil mitor.hondrien de translocation.
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1. Introductjon.

1.1. A new understandlng of an old organelle

lt is genera!ly accepted that mitochondria once existed as an

autonomous eubacteria and has since entered into a symbiotic relationship with

the eukaryotic cell. In order to maintain this relationship, the eukaryotic cell

trapped much of the mitochondria's genome within its own nucleus. The

successful acquisition of the eubacteria granted the eukaryote the special ability

to recycle its energy in a process called oxidative phosphorylation.

Mitochondria are now left with an intron·less, circular DNA encoding 13

proteins, as weil as two classes of structural RNA's, the large and small

ribosomal RNA's and 23 tRNA's (Wallace 1986, 1994). The remaining

approximately 1000 mitochondrial proteins are encoded in the nucleus and

they must be translated on free polyribosomes before subsequent translocation

into mitochondria. The symbiotic existence of mitochondria within the

eukaryotic cell has resulted in the ability to evolve multi-cellular organisms and

mitochondria have since become an essential component of every functional

eukaryotic cell.

An enormous amount of research in last decade has increased our

understanding of this essential organelle far beyond its previously ascribed

function as the "energy powerhouse" of the cell. The tissue specific expression

of proteins has allowed the development of mitochondria as an essential

component in many unique cell functions. In the Iiver, for example,

mitochondria house important enzymes responsible for steps along the

tricarboxylic acid cycle. The fact that mitochondria store a large amount of

cellular calcium intricately links this organelle with the regulation of cell

signaling (Gunter et al., 1994). Brown adipose tissue of hibernating animais
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(and human infants) expresses the uncoupling protein (UCP) responsible for

releasing the potential energy stored in the mitochondria (in the form of a proton

electrical gradient) as heat in a process called non-shivering thermogenesis

(Ricquier et al., 1991). Other unique functions include the synthesis of heme,

amine acids, lipids, steroids, the ~-oxidation of fatty acids and the list is

growing. The localization of the anti-apoptotic protein Bcl-2 to the outer

membrane of mitochondria has implicated the involvement of this organelle in

programmed cell death (Nguyen et al., 1993, 1994). This, coupled with the fact

that the mitochondrion is the primary producer of oxygen free radical species

(also thought to play a role in initiating programmed cell death), is another

reason for this new splash of excitement in the mitochondrial field (Korsmeyer et

al., 1995).

These new insights have also had an impact in the clinical perspective of

mitochondria. Since the mitochondrion plays such an important role in every

cell, clinicians assumed that mitochondrial deficiencies could not support Iife

and therefore did not consider this organelle as a direct cause of any diseases.

Unfortunately, clinicians have now identified a number of mitochondrially

inherited diseases and genetic myopathies whose phenotypes and time of

onset vary greatly (Luft 1994, Beai 1995). Constant exposure of mitochondna to

free radicals produced by the organelle results in time-dependent degeneration

and the onset of a condition commonly referred to as "growing old".

Mitochondria are also important for researchers in the archeological fields who

routinely sequence mitochondrial DNA in arder ta determine the phylogenetic

origins of human existence as weil as the migratory patterns responsible for the

development of races and cultures around the world.

However, there are many basic questions which need ta be answered in

arder ta fully understand how this organelle functions within the cell' For
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example, it remains a mystery how mitochondrial division is initiated and the

mechanism by which division occurs. Also, although it is known that

mitochondria are responsible for calcium homeostasis, no molecules have

been lound which are responsible for signaling between the nucleus and

mitochondria. Now that the true importance of this exceptional organelle is

beginning to be recognized, the emphasis in the future will undoubtedly involve

the identification of signaling molecules which allow the mitochondria to

communicate with the cellular environment.

1.2. An essentlal cellular function, mitochondrlal proteln Import.

One of the most obvious mechanisms by which the nucleus could

communicate with mitochondria is by regulation of protein synthesis of

mitochondrial precursors. Interestingly, ail of the mitochondrial proteins

essential for cell viability are also involved in the import of nuclear-encoded

precursors into the organelle (Baker and Schatz, 1991, Lithgow et al, 1994).

The essential nature of components of the import machinery have been

identified by screening yeast mutants with growth defects. Alternatively, mLich

of the import machinery has been identified both in yeast Saccharomyces

cerivisiae and Neurospora crassa by arresting precursors during import and

then cross-Iinking the precursor to neighboring proteins of the translocation

machinery (Sollner et al., 1992, Kubrich et al., 1995). The genetic approach

coupled with the biochemical identification of import machinery has allowed

great advan.:es in understanding the components of the import machinery.

However, since the mitochondrion contains two Iipid bilayers, an outer and an

inner membrane, the mechanism of protein import becomes intricately Iinked

with the problems of protein sorting. As most precursors are destined for only

one final destination, the import machinery must be able to recognize
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precursors as mitochondrial, and import them to either the outer membrane,

intermembrane space, inner membrane or matrix.

The study of protein translocation across any lipid bilayer begins by

addressing the following questions: a) what are the mechanisms by which

proteins are directed to the surface of the organelle, b) what constitlJtes the

translocation competence of the polypeptide, c) what is the identity and general

properties of the translocation channel or pore, d) what are the energetics

required for both initial and complete polypeptide translocation across the Iipid

bilayer and e) what are the requirements for proper final assembly of the

protein. As these questions apply also to the mitochondria, this introduction will

take the reader through each of these steps of protein translocation. The first

section explains the nature of mitochondrial targeting signais, followed by a

discussion of the factors which assist in maintaining polypeptides in an import

competent state. Both outer and inner membrane translocation machineries are

described with a discussion of the transfer of polypeptides from the~ to 1raD.a

side of each bilayer. The final section describes sorting pathways taken by

proteins destined to the different mitochondrial subcompartments. Figure 1

illustrates the various stages of mitochondrial protein import (page 10a).

2. $orUng signaIs

2.1 General features of a sortlng signai.

An fundamental criterion for protein targeting to any organelle or

targeting system is that the protein contain sorting information within either the

primary amino acid sequence or in some structural feature of the protein.

Therefore, each targeting system has evolved unique signais for proper sorting

of ail proteins within the cell. Targeting signais are characterized by theïr ability

to direct the import of a cytosolic reporter protein to a given organelle.
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Recombinant studies employing such strategies have allowed generalizations

to be made which help identify signais within many proteins, however there

remain many whose signais are not yet identified.

Proteins destined for the ER, chloroplasts, mitochondria and bacterial

export employ structural signais rather than primary amino acid sequences (von

Heijne, 1988). A common structural feature found in most targeting signais is

the propensity to form an alpha-helix. The usefulness of this structure is

highlighted when one considers the plethora of protein-protein interaction

throughout the cell which are mediated through the faces of each helix. As the

amino acids wind into a coil, the physical properties of each residue combine

with those of its neighbours which results in an additive hydrophobicity or

charge (Chothia et al., 1981). These properties are capable of directing specifie

protein-protein interactions without a dependence on primary sequence.

Targeting sequences are generally amino-terminal extensions from the matura

protein which are responsible for targeting and, once translocation is initiated,

are cleaved by proteases within the various organelles.

Most proteins of the ER contain a 15-30 amino acid sequence located at

the amino terminus which contains a hydrophobie region (with the propensity to

form alpha helices) flanked by positive charges (Rapoport, 1991). The

hydrophobie region contams the requisite information to target the protein to the

ER and effect lateral release into the Iipid bilayer (termed a signal-anchor

sequence). For soluble lumenal ER proteins, the hydrophobie signal-anchor is

cleaved during transit by signal peptidases which releases the mature domain

into the lumen.

Bacterial proteins destined for the inner membrane or for export also

contain an amino terminus targeting region 15-30 amino acids in length (the

leader sequence) which is a composite of three features, a positively charged
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amino terminus region lollowed by a hydrophobie sequence and a hydrophilic

carboxyl terminal (Arkowitz and Bassiliana, 1994). The carboxyl terminal region

al50 may contain a cleavage consensus lor essential peptidases in the

periplasmic space responsible lor the ~inal release 01 soluble precursors.

Chloroplasts and peroxisomal type 2 (PTS2) signal sequences contain

cleavable transit sequences which resemble mitochondrial matrix targeting

signais (Douwe de Boer and Weisbeek, 1991, Purdue et al., 19911.

Unlike most organelle signais, 50me peroxisomal and nu... lear proteins

contain targeting signais encoded at the primary sequence javel. The

peroxisomal type 1 signal sequences or PTS1 generally consist 01 a three

amino acid consensus sequence "SKL", located at the extr&me carboxyl

terminal (Subramani, 1993, Rachubinski and Subramani, 1995). Nuclear

localization signais (NLS) are located at the amino terminus 01 the protein and

contain a loose consensus sequence "PKKKRKV" (Silver, 1991), which was

originally observed as the polyoma Large-T antigen NLS.

2.2. Matrlx signa/s.

Mitochondrial matrix presequences are generally described as

positively-charged ami no terminus regions with an increased number 01

hydroxylated residues and are predicted to lorm amphipathic alpha helices

(Attardi and Schatz, 1990, Planner and Neupert, 1990). They contain no

negatively charged amine acids and most have consensus cleavage sites lor

essential matrix peptidases. Some chloroplast proteins can be imported into

mitochondrial matrix compartment and visa versa, which demonstrates

structural similarities between these signais (Brink et al., 1994). In the case 01

the peroxisomal enzyme alanine:glyoxylate aminotranslerp.se, a single amino

acid substitution in the PTS2 signal results in mis-sorting to the mitochondria
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(Purdue et al., 1991, Danpure, 1993), which demonstrates the similarity in these

types of signais.

2.3 Outer membrane signaIs.

Proteins destined for the outer membrane do not contain cleavable pre­

sequences and are of two types: those with transmembrane segments which

form alpha-helixes, and beta-barrel proteins. Signais residing within a beta­

barrel protein such as porin have not been identified to date. The alpha-helical

transmembrane domains of a bitopic receptor protein Tom70 has been

characterized in detail and is the subject of Chapter 2 of this thesis. It has been

shown that, like proteins of the ER, insertion into the outer membrane of

mitochondria is directed by th3 hydrophobie transmembrane region. The

overail efficiency oi import is greaUy enhanced by the presence of a positively­

charged ami no-terminal helix (McBride et al, 1992). Since this is highly

homologous to signal-anchor sequences found in the ER., the terminology has

been maintained and signal-anchor sequences are now accepted as bone 'ide

mitochondrial outer membrane signais.

2.4. Inner membrane sIgnais.

ln contrast to signal-anchor sequences of Ihe outer membrane, some

bitopic inner membrane proteins contain a cleavable matrix targeting signal

followed by a hydrophobic stretch which functions as a stop-transfer to arrest

translocation at the level of the inner membrane (Nguyen and Shore, 1987,

Glaser et al., 1990). It is predicted that the downstream stop-transfer region

does not insert into the outer membrane because the matrix targeting signal is

engaged in the machinery of the inner ~embrane (Nguyen et al., 1988).

Polytopic inner membrane proteins such as the uncoupling protein (UCP) and
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the ATP/ADP carrier (AAC) span the inner membrane 6 limes. with the

transmembrane regions forming paired domains. UCP and AAC do not contain

cleavable presequences and the first transmembrane segment is at the

immediate N-terminal. The targeting signais located within such polytopic

proteins are predicted to be either within the amino acids between the paired

transmembrane domain or perhaps the paired domains alone represent import

signais. The mechanism by which such hydrophobic regions escape insertion

into the outer membrane is unknown and the signais directing inner membrane

biogenesis remain the subject of current investigation.

2.5. Intermembrane space signais.

Signais directing proteins to the intermembrane space are believed to be

a combination of positively-charged amphipathic alpha helices and

hydrophobic stop-transfer regions. Some intermembrane space proteins also

contain an apolar sorting signal responsible for arresting translocation at the

level of the inner membrane. This pause in transport allows signal peptidases

of the inner membrane and matrix to cleave the polypeptide on either side of the

membrane resulting in a released. soluble protein (Glick et al., 1992b).

3. Translocation competence - the role of cytosolic

.Q.haperones

Protein import into mitochondria is known to occur primarily after

translation on free polyribosomes in the cytosol. A number of early studies

demonstrated the requirement for cytosolic factors of various masses which

could stimulate mitochondrial protein import (Ohta and Schatz, 1984, Argan and

Shore, 1985). The first of these factors was identified as a member of the heat·

shock protein family, hsp70 (Deshaies et al, 1988, Murakami et al.• 1988,) .
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Early experiments also Indicated the involvement of an NEM-sensitive cytosolic

factor which has since been cloned and termed the mitochondrial import

stimulating factor (MSF) (Hachiya et al., 1993). The present understanding of

cytosolic factors in mitochondrial protein import is that their role is three-fold: a)

to assist in bringing the protein directly to the proper organelle and present the

signal sequence for interaction with the surface, b) prevent hydrophobic

regions of the protein from aggregating or misfulding before it has been

properly sorted to the final destination and c) retain the polypeptide in an

unfolded state in order that it be capable of translocating across the lipid bilayer

in an extended polypeptide chain (Hachiya et al., 1993, Lithgow et al., 1993,

Hohfeld and Hartl, 1994, Hachiya et al., 1994, Lithgow et al., 1995, Mihara and

Omura, 1996).

Ssa1 p and Ssa2p are the major hsp70 heat shock proteins of yeast

involved in maintaining translocation competence (Craig et al.. 1993, Ellis and

van der Vies, 1991). Hsp70 is also involved in many cellular functions including

the ATP-dependent uncoating of clathrin-coated vesicles (Chappell et al., 1986,

Prasad et al., 1994) and the complex formation with the cytosolic chaperone

Hsp90 is responsible for numerous cellular functions (Pratt, 1993). Members of

the hsp70 family generally require the presence of co-factors, which have been

most extensively characterized in bacterial homologues. Hsp70 is a

homologue of the bacterial DnaK protein which functions with the aid of two co­

chaperones. The bacterial DnaJ protein stimulates the ATP hydrolyzing activity

of DnaK, thereby triggering the release of bound polypeptides. Precursor

release is facilitated by another co-factor, GrpE (Hartl et al., 1994). The yeast

DnaJ homologue, Ydj1, has been identified and functions as a chaperone and

regulator of the hsp70 (Capian and Douglas, 1991, Atencio and Yaffe, 1992,

Hartl et al., 1994). Ydj1 is post-translationally modified through the addition of a
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Figure 1. Mitochondrial protein import. Presequence interaction with cytosolic

chaperones Hsp70IYdj1 and the mitochondrial import stimulating factor (MSF)

are shown. These chaperones facilitate interactions between the presequence

and receptor components of the outer membrane Tom70/Tom37 and

Tom20/Tom22. Tom22 hands off the presequence to the general insertion pore

(GIP), which is comprised of Tom40, TomS, Tom7 and Toma. Passage through

the innor membrane is mediated by the inner membrane machinery,

Tim44,Tim23 and Tim17, and depends on the electrochemical potential (/l'V).

Tim44 and mtHsp70 function together as an "import motor" and drive

unidirectional transport of the presequence into the matrix in a manner

dependent on ATP. Mge1 and Mdj1 function as co-factors of mtHsp70.

Hsp60/Hsp10 complexes facilitate proper ATP·dependent folding and

oligomerization of incoming proteins.

•
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carboxyl terminal farnesyl group which has been proposed as the mechanism

by which it interacts with the mitochondrial surface (Capian et al, 1992). A

eukaryotic homologue of GrpE in the cy1osol has not yet been identified.

Although the involvement of cytosolic chaperones in mediating protein

import into mitochondria was weil established, there was confusion concerning

the mechanism by which chaperone involvement resulted in specifie targeting

to the proper organelle. However, the identification of chaperones which bind

specifically to mitochondrial precursors, such as M8F (mitochondrial import

stimulating factor) (Hachiya et al., 1993) and PBF (mitochondrial presequence

binding factor) (Murakami et al., 1992), has resulted in new speculations that

chaperones can function to direct precursors specifically to a single organelle

(Lithgow et al., 1993). Much progress has been made in recent years on the

precise mechanism by which cy1osolic chaperone proteins specifically mediate

precursor interactions with the mitochondrial surface. It was demonstrated that

M8F can bind directly to the amino-terminal presequence and actively disperse

mitochondrial protein aggregates in an ATP-dependent reaction (Hachiya et al.,

1993, 1994, Komiya et al., 1996) thereby rendering the precursor competent for

import. Hsp70 on the other hand, binds to mature regions of polypeptides and

probably co-operates with M8F in the ATP-dependent maintenance of import

competence (Fourie et al., 1994, Komiya et al., 1994).

The next important function of the chaperones is the presentation of the

presequence to the mitochondrial surface. Mitochondrial-specific M8F was

shown to bind to the surface of mitochondria only when complexed with

presequence. This binding could be competed for by the addition of specifie

antibodies against individual components of the OIJter membrane receptor

complex (discussed below). In contrast, the non-specifie chaperone, hsp70,

continued to facilitate presequence binding to mitochondria even in the
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presence of the same receptor antibodies (Hachiya et al., 1995). Fuithermore, it

was shJwn that the receptor complex to which the MSF-presequence bound

was distinct from lhat which the hsp7D-presequence bound, suggesting the

possible existence of an MSF specifie receptor on the surface of the

mitochondria. Although interactions between the presequence anc specifie

outer membrane receplor molecules has been docurr:ented through binding

studies, a direct interaction between the chaperones and a receptor component

has not been shown. However, the proposed existence of such a docking

receptor similar to that observed in SRP-mediated sorting to the endoplasmic

reticulum is tantalizing. The mechanisms and specificity through which

chaperone molecules bind and release precursors is an active area of research

in which advances will benefit the understanding of protein folding in general.

~he outer membrane.

4.1 Outer membrane Impart machlnery

Early experiments demonstrated that import into the matrix compartment

was inhibited upon pre-treating the mitochondria with protease, which indicated

the requirement for proteinaceous components on the surface of the organelle

required for impor! (Argan et al., 1983, Zwizinski et al., 1984, Pfaller et al.,

1988). Furthermore, Fab fragments purified against a 45 kDa outer membrane

protein inhibited impor! of various precursors (Ohba and Schatz, 1987a,

Vestweber et al., 1989). Since that time, a number of experiments using both

yeast genetics and chemical cross-Iinking to incoming polypeptides have

identified a number of proteins which make up the translocation apparatus of

the outer membrane.

We now know that the recognition of precursors at the surface of the

mitochondrion is the responsibility of receptor proteins whose bulk is exposed
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to the cytosol and is accessible to externally added proteases and antibodies.

To date, 4 receptor proteins have been identified in Saccharomyces cerivisiae,

Neurospora crassa and one mammalian homologue, and are universally called

Torn's (translocase of the outer mitochondrial membrane (Pfanner et al., 1996,

Lill and Neupert, 1996)). These receptor proteins are, Tom70 (Hines et al.,

1990, Sollner et al., 1990), Tom37 (Gratzer et al, 1995), Tom20 (Ramage et al.,

1993, Moczko et al., 1994, Goping et al., 1995) and Tom22 (Kiebler et al, 1993,

Lithgow et al., 1994, Nakai and Endo, 1995a). Tom22 is thJ}'only receptor

molecule which is essential for yeast cell viability (Lithg~ et al., 1994,

Honlinger et al, 1995). Components which comprise the translocation pore

itself, also referred to as the general insertion pore (GIP), have been identified

in yeast and Neurospora crassa and are termed Tom40 (Vestweber et al., 1989,

Baker et al., 1990, Kiebler et al., 1990), Tom6 (Kassenbrock et al., 1993), Tom7

and Tom8 (Sollner et al., 1992)

4.2 Structure and assembly of outer membrane proteIns

The receptor components of the outer membrane import machinery are

oriented in the membrane such that the bulk of the polypeptides are exposed to

the cytosol where they are capable of facilitating productive interactions with'

incoming polypeptides. Tom70, Tom20 and Tom37 are inserted into the

membrane in an Nin-Cout orientation, whereas Tom22 is inserted in a Cin-Nout

orientation with approximately 45 residues with an overall negative charge

exposed to the intermembrane space. The negatively charged intermembrane

space region of Tom22 was shown to be required for efficient import of sorne

precursors (Bolliger et al., 1995) but not ail (Nakai et al., 1995b). Structural

information on the cytosolic portion of these molecules is limited However

Tom70, Tom20 and Tom37 ail contain a number of tetratricopeptide repeats
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(TPR) known to mediate protein-protein interactions between a number of

cellular proteins including that of actin and spectrin (Goebl and Yanagida, 1991,

Lamb et al, 1995). The lunction of TPR domains within the mitochondrial

receptor molecules has not yet been investigated. For example, it is unknown

whether these domains are responsible for receptor-receptor, receptor­

chaperone or for receptor-precursor interactions.

A picture is emerging based on cross-Iinking experiments and receptor

requirements that most likely Tom70/Tom37 and Tom20/Tom22 form

heterodimers, (Gratzer et al., 1995, Hachiya et al., 1995, Mayer et al., 1995c).

ln a reconstituted yeast import system, a Tom701T0m37 heterodimer could bind

precursors via the liver specific cytosolic chaperone, MSF. In such a model,

lollowing hydrolysis of ATP by MSF, the precursor would be released from

Tom701T0m37 and translerred to Tom201T0m22 (Hachiya et al., 1995). It was

also shown that not ail precursors required an initial interaction with

Tom701T0m37 and are instead capable of direct interaction with Tom201T0m22

(Ryan and Jensen, 1995). The latter complex is responsible for the transfer of

the polypeptide to the translocation machinery itself (Kiebler et al., 1993, Mayer

et al., 1995c).

It has also been demonstrated that Tom70 is capable of forming

homodimers through a proposed alanine face of the alpha-helical

transmembrane reglon lollowing insertion into the Iipid bilayer (Millar and

Shore, 1993, 1994). This linding does not rule out potential interactions with

other receptor molecules through the cytosolic domains. There is evidence that

both the mechanism 01 assembly as weil as the partners within the import

complex may be somewhat species dependent. For example, in yeast, the

correct assembly 01 yTom70 into the receptor complex was shown to require the

presence of 37 kDa protein (probably yTom37) whereas in Neurospora crassa,
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nTom70 assembly did not require the 37 kDa protein and was instead found in

proximity to nTom22 (Schlossmann and Neupert, 1995).

The components of the GIP do not contain large portions exposed to

either the cytosol or the intermembrane space region and are mostly embedded

in the Iipid bilayer. Tom40 is predicted to form a multi-membrane spanning

beta-barrel structure with protease accessible residues exposed to the

intermembrane space (Court et al., 1995). Tom6 was identilied as a high-copy

suppresser of the Tom40 yeast mutant and is now known to lunctionally interact

with Tom40 and together constitute the translocation channel with a single

transmembrane spanning region and a short amino terminus region exposed to

the cytosol (Kassenbrock etai., 1993, Cao and Douglas, 1995, Alconada etai.,

1995). Two other components 01 the translocation pore, Tom7 and TomS, have

been crosslinked biochemically to incoming polypeptides in Neurospora crassa

and have not yet been cloned therelore structural inlormation is unknown

(Sollner et al., 1992). Thus, although many of the components of the import

machinery have been identilied, the mechanism by which they assemble in the

bilayer and interact with each other remains a subject of further investigation.

4.3. Topogenlc determlnants of outer membrane proteins.

An important consideration in the biogenesis 01 membrane proteins is the

determinants of polypeptide orientation. The amino terminus signal anchor

sequence of Tom70 is known to insert the protein in an Nin-Cout orientation

(McBride et al., 1992, Li and Shore, 1992b). The orientation was reversed by

replacing the amino terminus 10 hydrophilic residues 01 the signal-anchor with

a highly charged matrix targeting signal (Li and Shore, 1992b). These studies

have led to a model whereby the matrix targeting signal is functioning as a

retention signal to hold the amino terminus at the ~ side cf the machinery.
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The hydrophobie signal anchor would then engage the translocation machinery

prior to insertion of the remainder of the molecule into the intermembrane

space. The mechanism by which the matrix-targeting signal is retained is

uncertain. However protease treatment of the mitochondrial surface had no

effect on the orientation, which Indicates that the determination of protein

orientation may be a result of Iipid interaction with the matrix signal rather than a

specifie receptor binding event (Steenaart et al., 1996). Consistent with this,

protein-free liposomes were shown to bind the matrix presequence, but did not

bind the 11 amino acid N-termi'1al region of the Tom70 signal anchor

(Steenaart et al., 1996).

The topogenic features of beta-barrel proteins such as porin, Tom40 and

monamine oxidase are far less understood, if at ail. Recent experiments using

porin indicate that the insertion into the outer membrane may be due to

conserved tracts of lysine residues at the C-terminal of the protein (Smith et al.,

1995), however a complete understanding of the biogenesis of such proteins is

awaited.

4.4 Energetlcs of translocation across the outer membrane

Import experiments using isolated outer membrane vesicles have

demonstrated that outer membrane proteins can be imported in the absence of

the inner membrane machinery (Mayer et al., 1993, 1995a, Iwahashi et al.,

1994). Moreover, matrix signais can be transiently inserted into the

translocation machinery, but not completely translocated. These experiments

demonstrated that the outer membrane translocation machinery can function

independently in the recognition, insertion and translocation of some

mitochondrial proteins. The mechanism of precursor translocation from the ~

to 1J:alla side of the outer membrane is proposed to be the result of a series of
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binding and release steps based primarily on proposed electrostatic

interactions between the positively charged signal sequence and "acid bristles"

located on the cytosolic domain of receptor proteins (Sollner et al., 1989,

Honlinger et al., 1995, Bolliger et al., 1995). However, whether a productive

binding event is determined by the length of time such an electrostatic

interaction is maintained or whether a direct "Iock-and-key" correct match is

requir!:ld for productive binding is unknown. The model of sequential binding

through the receptor complex on the surface of the outer membrane accounts

for the mechanism by which the precursor reaches the GIf', but not how the

presequence travels across the GIP. Recent data indicates that the acidic

intermembrane space domain of Tom22 is capable of binding to positively

charged presequences en route across thE! outer membrane (Bollinger et al.,

1995). This suggests that the binding of incoming presequences to regions on

the intermernbrane space side of the outer membrane may be a driving force for

translocation across the GIP. The presence of such a traM binding site was

predicted previously when outer membrane vesicles prepared with the matrix­

processing peptidase (MPP) enclosed in the lumen to monitor the appearance

of the signal on the trans side of the vesicle (Mayer et al., 1995a). Binding to a

~ site accommodatad Iimited unfolding on the ~ side however the exact

mechanism of this unfolding remains speculative (Mayer et al., 1995a).

Cytochrome c heme Iyases in the intermembrane space have been

shown to be imported through the GIP in a manner independent of the

electrochemical potential (~'V) across the inner membrane or ATP (Lill et al.,

1992, Steiner et al., 1995). A folded domain of this protein was found to occur

at the same time as import, and also did not require ATP or any chaperones of

the peptidylprolyl ~-~ isomerases (Steiner et al, 1995). The authors

suggest that the machinery of the GIP such as Tom40, rather than Tom22, may
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function not only in translocating the polypeptide across the Iipid bilayer, but

also may hold regions of the protein in order to facilitate proper folding during

import. Therefore, a driving force of the import of cy1ochrome c heme Iyase may

be intricately associated with binding to a site on the trans side of the

translocation machinery which facilitates folding. This again supports the notion

that protein translocation across the outer membrane is a result of a series of

binding and release interactions initiated by cy1osolic chaperones which lead to

interactions with the receptor components on the surface and passage through

the GIP. In the case of molecules Iike cy1ochrome c heme Iyase, such a t.ma.a

site on the membrane may facilitate folding which wou id constitute the driving

force for further unidirectional translocation of the molecule across the Iipid

bilayer. In other cases, interaction of the precursor with components of the inner

membrane translocation machinery would initiate downstream interactions

(discussed later) resulting in complete translocation across the outer

membrane. The nature of binding interactions with various components along

the import pathway and the requirements for unidirectional transport remains

the subject of further investigation.

The unique example of apocy1ochrome c demonstrates that perhaps not

ail proteins require the import machinery and instead can spontaneously and

reversibly insert across the Iipid bilayer (Mayer et al., 1995b). Upon initial

appearance of the apocy1ochrome c at the ~-side of the outer membrane. it

interacts with its partner molecule, cy1ochrome c heme-Iyase, and the formation

of an oligomeric complex drives complete, unidirectional translocation. The

formation of oligomeric complexes may be a unidirectional driving force for

many other proteins as weil.

Although ATP is required for release of precursors from cytosolic

chaperones (Hohfeld and Hartl, 1994), it has been difficult to determine whether
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or not energy in the form of hydrolyzable nucleotide triphosphates (NTP) is

required for the transfer of the polypeptide from site ta site within the

translocation machinery. The importance of GTP as an energy and regulator of

import in protein transport has been aptly demonstrated in a number of import

pathways. For example, protein trallic through the Golgi and endosomes

(Balch, 1990) requires a number of proteins in the "ras" family of GDP/GTP

exchange factors. In chloroplasts, at least two components of the machinery

has been shawn ta bind GTP (Kessler et al., 1994) and GTP hydrolysis is

required for protsin import (Kessler et al., 1994, Schnell et al, 1994). However,

ta date, there has been no evidence of a GTP requirement in mitochondrial

protein import. Another important potential energy source (other than ATP or

GTP) possibly affecting passage of proteins through the outer membrane

machinery is the thermodynamic "pull" into the lipid bilayer due ta the

hydrophobicity of a transmembrane region (Shore et al., 1995). Whether or not

these domains physically encountF.lr Iipids while within the pore is unknown,

although the recent discovery that incoming precursors could be directly cross·

Iinked ta Iipid molecules within the translocation pore of the endoplasmic

reticulum lends credence ta such a hypothesis (Martoglio et al., 1995).

4.5. Do Receptors screen out cryptlc slgna/s1

The receptor components of the import machinery are responsible not

only for recognizing mitochondrial signais, but also ta screen out non·

mitochondrial proteins (McBride et al., submitted). Early studies demonstrated a

rather loose signal specificity in vitro of yeast mitochondria, which resulted in

yeast mitochondria misinterpreting false or cryptic signais as matrix targeting

signais when placed at the amino terminus of passenger proteins (Allison and

Schatz, 1986, Baker and Schatz, 1987, Hurt and Schatz, 1987, Roise et al.,
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1988). Data presented in Chapter 4 demonstrate that for some cryptic matrix­

targeting signais, such promiscuous behavior is Iimited in the mammalian

systems. The human receptor Tom20 can functionally complement a yeast

mutant (Goping et al., 1995), demonstrating that the mechanism of import is

more similar than it is different between species. However, interestingly, the

greatest divergence in sequence between receptors of different species is

observed within the cytosolic domain (Goping et al., 1995). With the increased

complexity of a mammalian cell relative to yeast, it is tempting to speculate that

the import machinery may have evolved a more stringent mechanism for

scrE'ening out potentially harmful foreign proteins. In humans, there are

examples of mis-sorting aberrations in which, most commonly, peroxisomal

proteins become sorted to the mitochondria (Danpure 1993). In the case of

alanine:glyoxylate aminotransferase, a single amino acid substitution generates

an efficient matrix-targeting signal and the protein is thereby re-routed to the

mitochondria (Purdue et al., 1991). This single amino acid substitution is

predicted not to alter the proposed helical structure of the sequence. Thus the

wild type peroxisomal precursor contains a targeting signal that differs only

slightly from a mitochondrial signal and is, perhaps suprisingly, nottargeted to

the mitochondria. The mechanisms by which yeast and mammalian

mitochondria receptor molecules exclude cryptic proteins is unknown (McBride

et al., submitted). One could envision a model whereby the precursors bind to a

region of the cytosolic domain of receptor molecules distinct from the binding

sites for bone fide signais. This would result in a dead-end interaction whereby

each receptor could not hand off the precursor protein to the next component

along the import pathway.

5. The contact site.
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Translocation of proteins into the matrix or inner membrane requires that

the polypeptide engage the machinery of the inner membrane. By arresting a

polypeptide "in transit" across the mitochondrial membrane, researchers were

able to determine that a) incoming polypeptides were translocated in a highly

unfolded state and b) that translocation cou Id occur through both membranes

simultaneously (Schleyer et al., 1985, Schwaiger et al.. 1987, Pfanner et al..

1990, Glick and Schatz, 1991). This suggests that there is a site of contact

between the two membranes and/or membrane machineries. Whether or not

contact sites were stable or dynamic structures was a question of debate.

However, upon inactivation of the yeast outer membrane machinery by

protease treatment, import cou Id be restored by selectively rupturing the outer

membrane with osmolic shock (Ohba and Schatz, 1987b, Hwang et al., 198Q).

Furthermore. it was subsequently shown that a lusion product 01 the matrix

targeting signal of the F1-ATPase b-subunit lollowed by cytochrome c heme

Iyase could be efficiently imported into the intermembrane space 01

mitochondria whose electrochemical potential was uncoupled. This

intermembrane space intermediate could then be chased into the matrix

compartment by re-energizing the mitochondria. This demonstrated that the

inner membrane machinery is capable of lunclioning independently of the outer

membrane. moreover, that the lormation of a contact site was not required lor

translocation across the inner membrane (Segui-Real et al., 1993). The

lunctional independence 01 the inner membrane machinery was further proven

in rat heart, rat Iiver and Neurospora crassa mitochondria in a number 01

experimental systems (Hwang et al., 1991, Rassow and Planner, 1991, Li and

Shore, 1992a, McBride et al., 1995). Experiments using yeast mitochondria

have since shown that components of the inner membrane import machinery

can not be co-immunoprecipitated using an outer membrane antibody against
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Tom40. However, upon the addition of precursor protein and initiation of import,

components of the inner membrane translocation machinery (see below) can

then be immunoprecipitated using the anti-Tom40 antibody (Horst et al, 1995).

This experiment suggests that the inner membrane is not in direct contact with

the outer membrane until the appearance of the incoming polypeptide at the

~ side of the outer membrane. It is now generally accepted that contact sites

are dynamic in nature and are formed upon appearance of a precursor at the

1La.D..s. side of the outer membrane. However, it is unknown whether the

components of the translocation machineries interact directly or if the

translocating polypeptide is the only component that bridges the two

membranes.

6. Ibe inner membrane.

6.1 /nner membrane trans/ocatlon mach/nery

The inner membrane has evolved unique machinery in order to

translocate proteins across the Iipid bilayer (Pfanner et al., 1994). The fact that

this apparatus is capable of functioning in the absence of the outer membrane

indicates that the inner membrane machinery contains the requisite

components in order to recognize specifie signais and translocate proteins

without the outer membrane.

To date, three proteins of the inner membrane translocation machinery

have been identified genetically and are essential in yeast (Pfanner et al, 1994,

Kubrich et al.. 1995). At least two others have been identified biochemically in

cross-linking experiments using incoming precursors (Berthold et al., 1995).

Tim44 (lranslocase of the lnner mitochondrial membrane of 44 kDa) was th'3

first genetically identified protein in yeast (Maarse et al., 1992, Emtage and

Jensen, 1993, Blom et al., 1993, Horst et al., 1993, Pfanner et al., 1996, Ryan
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and Jensen, 1993, Rassow et al., 1994, Berthold et al., 1995). Tim44 is

responsible for transferring the incoming presequence by directly interacting

with the matrix hsp70 chaperone protein (Rassow et al., 1994, Schneider et al,

1994, Berthold et al., 1995). The two molecules together act as a translocation

motor to pull the precursor into the matrix compartmenl. The translocation pore

itself is known to contain 2 cloned .. roteins identified as Tim23 and Tim17

(Kubrich et al., 1994), and other cross-linked products called Tim14 and Tim33

(Berthold et al., 1995). Tim23 is thought to span the lipid bilayer twice and

contains a large, acidic region exposed to the intermembrane space (Dekker et

al., 1993). Tim17 is thought to be mostly membrane-embedded, and is also an

essential component of the pore (Maarse et al., 1994). Until the cross-Iinked
4 ••, ••~....

proteins Tim14 and Tim33, are conclusively shown to be components 01 the.
translocation pore and not neighboring members 01 the respiration co'mplex,

their involvement in protein import will remain unknown. The mechanism by

which the channel proteins recognize precursors and actively transport them

through the pore is unknown. However, it has been shown that once the

presequence has been presented to the matrix, the proteins of the channel itself

apparently do not to interact with the incoming precursor and lunctions as a

passageway (Ungermann et al., 1994). Although the import channel may not

directly interact with the incoming protein, it must retain a very tight seal such

that the tight ionic barrier of the inner membrane not be compromised during

import.

6.2 Energy for transport: The electrochemlcal potentlal .

Cellular ADP must enter into the matrix of the mitochondria in order to be

regenerated into a useful energy lorm, ATP. This "Iecycling" process occurs at

the inner membrane and relies on oxidation evants resulting from oxidative
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phosphorylation (reviewed in Hatefi, 1985). Energy resulting from the transfer

of electrons (accepted by oxygen) through the electron transport chain allows

protons to be pumped out of the matrix. This creates an energy potential in the

forms of chemical and electrical gradients. The electrochemical potential (~\jI)

is a gradient of about 220mV, inside negative, and is drawn upon by ATP

synthase which pumps a proton back into the matrix to release phosphorylated

ADP (ATP) from the enzyme complex. The ATP/ADP carrier (AAC) then

exchanges a new ATP from the matrix for an ADP from the intermembrane

space in a new round of recycling. Not only is the electrochemical potential

essential for the phosphorylation of ADP, it is also essential for protein import

into or across the inner membrane (Martin et al., 1991). More specifically, it has

been demonstrated that ~\jI is required to initiate translocation across the inner

membrane but can then can be uncoupled and translocation will proceed

(Schleyer and Neupert, 1985, Pfanner and Neupert, 1987, Hwang et al., 1991).

This is in contrast with the requirement for the proton-motive force across the

inner membrane of bacteria in the initiation of translocation and throughout

translocation (Driessen, 1992). The reason for this requirement in import acrciss

the inner, but not outer membrane of mitochondria is unknown. There are two

models to account for this difference: a) that ~\jI is required to open/close what

would be voltage-gated import machinery, or b) that the positively-charged

presequences require ~\jI to exert an electrophoretic pull in order to cross the

Iipid bi-layer. In Chapter 3 of this thesis 1 address this problem using fusion

constructs to study the dependence for ~\jI during import into mitoplasts. It is

shown that ~\jI is required only in the presence of a presequence which

contains positive charges. which suggests that the negative-inside

electrochemical gradient exerts an electrophoretic pull in order to clear
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positively-charged presequences Irom the import machinery (McBride et al.,

1995).

6.3 Energy for transport: Matrlx Chaperones and ATP.

Complete translocation 01 a polypeptide across the inner membrane is

known to require ATP hydrolyzing activity 01 the matrix chaperone. mtHsp70

(Beasley et al., 1992, Gambill et al., 1993, Voos et al., 1993, Stuart et al., 1994).

mtHsp70 has a dual role in protein import in which it both lacilitates complete

unfolding of the cytosolic portion of the polypeptide chain for translocation and

drives the actual prolvin movement across the membrane. mtHsp70 is a

member of the Hsp70 family which includes bacterial DnaK and lumenal Bip in

the ER (Sanders and Schekman, 1992) and, Iike these family members, is

bound to a cu-chaperone homologous to bacterial GrpE, termed Mge1 p or

Yge1 (Voos ot al, 1994, Ikeda et al, 1994) and the DnaJ homologue Mdj1 p

(Rowley et al., 1994). mtHsp70 is now considered a genuine component of the

translocation machinery since it was found in direct interactions with the inner

membrane protein Tim44. mtHsp70 and Tim44 function together as an ATp·

dependent "import motor" which pulls the precursor into the matrix in multiple

binding and release cycles (Rassow et al., 1994, Schneider et al, 1994,

Berthold et al., 1995).

Once mtHsp70 has pulied in the imported protein, the chaperone

complex acts in concert with the oligomeric mitochondrial matrix chaperonin

hsp60, a member of a family of chaperones including the bacterial GroEL and

chloroplast RUBISCO chaperones (Reading et al., 1989, Cheng et al., 1989,

Hartl et al., 1994). This second class of molecular chaperones is essential in

order to facilitate oligomeric assembly and refolding of monomeric proteins

(Cheng et al., 1989. Ostermann et al., 1989, Manning-Krieg et al., 1991, Stuart
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et al., 1994). Ali members of this family consist of two stacked rings containing 7

subunits of identical 60 kDa proteins which form a toroid structure with a large

central cavity (Hutchinson et al., 1989, Braig et al., 1994). Like bacterial GroEL,

mitochondrial hsp60 also requires the regulatory function of a co-chaperone

homologue of GroES, called hsp10 (Rospert et al., 1993a, 1993b). Together,

hsp60 and hsp10 form a molecular scaffold which assists in ATP dependent

folding and sorting of incoming polypeptides whose precise mechanism, like

that of ail chaperones, remains unclear.

Although hsp70 and hsp60 chaperone involvement in the matrix is weil

established, there are other chaperone-Iike proteins which have also been

identified in the matrix whose functions may be more specific. For example, a

Clp homologue, hsp78, has been identified in yeast and can partially substitute

for mt-hsp70 function (Schmitt et al., 1995). Matrix cyclophilin Cpr3p in both

yeast and Neurospora crassa is also involved in folding probably as a proline

isomerase (Matouschek et al., 1995, Rassow et al., 1995).

7. Sorting eaJhwavs.

~ 1. Intermembcsae space sort/ag,

To transport nuclear encoded proteins to the matrix, a signal sequence is

required which directs transport across both Iipid bilayers. Intermembrane

space proteins can be sorted in one of two ways: either directly across the outer

membrane to the intermembrane space ("unidirectional", Glick et al., 1992a), or

a longer route through the matrix via a matrix signais which becomes cleaved

upon entrance into the matrix thereby revealing a "conserved" signal which

drives export via conserved eubacterial export machinery (the "conservative

sorting pathway", Hartl and Neupert, 1990). It was considered that the

unidirectional pathway would facilitate newly evolved mitochondrial precursors
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and the conservative sorting pathwaï was reserved for evolutionarily conserved

proteins (Hartl and Neupert, 1990).

The first example of conservative sorting to the intermembrane space

was the Reiske iron-sulfur protein (FeS) (Hartl et al., 1986). Import of the FeS

protein was shown to require hydrolysis of matrix ATP by mt-hsp70 and hsp60

and could be stalled as an intermediate in the matrix compartment (Hartl et al.,

1986, Hartl and Neupert, 1990, Kang et al., 1990). There are two other

examples, however, in which it is not clear if the precursors are traveling a

conservative or non-conservative route. Cytochrome c, and cytochrome b2

contain a bi-partite signal sequence consisting of a matrix-targeting signal

followed by an apolar region postulated to comprise the intermembrane space

export signal (Sadler et al., 1984, Guiard, 1985, van Loon and Schatz, 1987). It

has also been suggested that these proteins follow a unidirectional pathway

whereby the apolar region arrests translocation at the level of the inner

membrane (stop transfer model, Blobel, 1980, Glick et al., 1992a.). Once

arrested (but not inserted into) the inner membrane, signal peptidases on both

sides of the membrane cleave the signais resulting in a soluble intermembrane

space enzyme (Glick et al., 1992b). Although the conservative sorting pathway

would require mt-hsp70 for translocation into the matrix, a requirement for

mtHsp70 in cytochrome b2 import seemed to depend on the construct used.

Fortunately, this discrepancy has recently ended with a unifying model (Gartner

et al., 1995). In this study, a construct whereby the apolar region was deleted,

resulted in complete translocation into the matrix. However, if the heme-binding

domain was placed at the C-term of the protein, mtHsp70 was unable to unfold

it and the protein was incompletely translocated. It was reasoned that the

apolar sorting signal arrests translocation at the inner mambrane resulting in an

early divergence from the matrix sorting pathway. According to theïr model, the
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tightly folded heme-binding domain located on the carboxyl terminal of the

apolar region required the co-operation of mtHsp70 to unfold this region in the

cytosol.

A critical element missing in the conservative pathway story has been the

identification of the conserved protein export machinery. Fusing an Neurospora

crassa Su9 matrix targeting signal to the cytosolic reporter protein DHFR targets

it to the matrix of yeast mitochondria where it is subsequently re-exported (Rojo

et al., 1995). In this study, the authors were able to stail the precursor in the

matrix prior to export and demonstrated that export required the proton gradient

component of the electrcchemical potential and ATP (Rojo et al., 1995).

Subsequently, it was demonstrated that the export machinery is capable of

translocating mitochondrial encoded cytochrome oxidase Il fused to passenger

proteins such as DHFR (Herrmann et al., 1995). Therefore it can potentially

export many nuclear-encoded precursors. The nature of the mitochondrial

export machinery will certainly be of great interest to the field, especially since

one wouId predict a system evolutionarily conserved from bacterial export

machinery.

7.2. Inner membrane sortlng.

An ongoing problem with membrane sorting in the mitochondria

concerns the ability of inner membrane proteins to escape detection by the

outer membrane such that transmembrane domains pass freely across this Iipid

bilayer. An obvious differencs between inner and outer membrane insertion is

the requirement for L1'1' as a form of energy, however, it is uncertain what creates

the driving force for lateral release into the Iipid bilayer. There are two types of

proteins destined for insertion into the inner membrane, single-spanning

proteins such as the small subunit of cytochrome c-oxidase, COX Va, and
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pol~'topic proteins such as the uncoupling proteir., UCP. Proteins such as COX

Va are imported via a cleavable N-terminal matrix targeting signal (Glaser et al.,

1990) and are unidirectionally inserted into the inner membrane via a stop­

transfer domain of high hydrophobicity located in the C-terminal third of the

molecule (Miller and Cumsky, 1993). It is generally considered thal this

hydrophobie region escapes detection by the outer membrane since its N­

terminus has already engaged the inner memb;'ane machinery. This machinery

may require ATP hydrolysis. however this' has not yet been addressed.

Polytopic protein import into the inner membrane is poorly understood, as is the

energetics of insertion.

8. e.ers.pecÜJ!U.

The last 5 years have been witness to an explosion in knowledge

concerning the mechanisms of protein translocation across the mitochondrial

lipid bilayers. The identity of the translocation machineries of both membranes

has advanced the field, and the search for mammalian homologuel> continues.

We have learned much about mitochondrial import pathways and, as divergent

as they can be, common themes are emerging as their signais become

decoded. Yet to be understood in the mitochondrial and other translocation

systems is the nature of the driving force for protein unfolding and early steps

which commit the polypeptide to unidirectional translocation across the lipid

bilayers. The work presented in this thesis addresses these questions in three

ways. First. the identity of fi transmembrane domain which can act as a signal

to direct both initiation of translocation across the Iipid bilayer, a'i weil as ihe

abrogation of translocation resulting in the lateral release into the Iipid bilayer,

suggests that not ail productive binding interactions are based on the presence

of positively charged helical N-terminal regions. Furthermore, the lateral
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release of such a signal-anchor sequence into the lipid bilayer may present a

st,-ong driving force for directional import. Secondly, the precise mechanism by

which the electrochemical potential across the inner membrane drives initial

insertion ta the~ side of the inner membrane is investigated, and found ta

be a function of an electrophoretic effect responsible for clearing positively

charged signais from the translocation machinery. Finally, data presented in

Chapter 4 suggest that the sequential binding interactions responsible for

initiating translocation at the level of outer membrane receptor molecules are

also r'equired ta discriminate against any productive binding of potentially

cryptic mitochondrial signais. This finding emphasizes early binding events as

a requirement for directional import.

Note: References included in the Introduction and General discussion (Chapter

5) are combined at the end of the thesis, beginning on page 65.
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Abstract. pOMD29 is a hybrid protein conlaining the
NH,-Ierminal topogenic sequence of u biiopic, inlcgral
protein of lhe oulcr milochondrial mcmbrane in yeasl,
OMM70, fused la dihydrofolate reduclase. The topo­
gcnic sequence consisu of Iwo struclural dom,ins: an
NH,-termina! basic region (amino acids 1-10) and an
apolar region which is lhe predicled lransmembrane
segment (amino adds 11-29). The transmembrane seg­
ment alone was capable of largeting and inserting the
hybrid protein into the outer membrane of intact mi­
tochondria from rat heart in vitro. The presence of
amino acids 1-10 enhanced the raie of import, and this
incrcased rate depended, in part, 00 Ihe basic amino

TUE mechanism ofprotrin insertion iolo mitochondrial
membranes is nol weil underslood, other than the ob­
servations that deletion of predicled transmembrane

segments in a Iimilcd number of such proleins can lcao la
relocalion of lhe protein ta soluble milochondrial compart­
ments (Liu et al.. 1988; Glaser et al., 1990) and, conversely,
thal inlroduction of a heterologous transmembrane Slop­
trnnsfer segment can rcsu1t in membrane insertion of an
otherwise soluble malrix protein (Nguyen and Shore, 1987;
Nguyen et al., 1988). Siudies in this arca have been compli­
caled by a number ofissues. For example. the milochondrion
conlains two translocalion-compelenl membranes; the prob­
lem of membrane insertion, therefore, is also a problem of
prolein sorting. Also, two pathwafs may have evolvcd for
prolein sorting la milochondrial membranes: the conserva­
live soning pathway, in which CYloplasmically-synthesilcd
precursor proleillS may be routed first ta the matrix and then
exported ta the inner membrane (Hartl el al.. 1986; Hartl
and Neupert, 1990; Mahlke et al., 1990), and the slop-trans­
fer sorting pathway. in which proleins are ,nserted into either
Ihe oaler or inner membrane daring unidirectional import
imo the organelle (Blobel, 1980; Liu et al., 1990; Mahlke
et al., 1990; Glick and Schall, 1991). Finally, progress has
been Iimited by Ihe fact that sorne of the besl-Sludied exam­
pies of milochondrial membrane proteins exhibi! relatively
complex struclures. For example, the major protein of the
outer membrune, porin, is devoid of uniformly hydrophobie
transmembrane segments bUl, Iike the baclerial porins, may
imerealate into the membrane as a {3 barrel (lap, 1989).

Th avoid many of these complications, wc have focused on
a simple bitopie inlegral prolein of the ouler mitochondrial

C The RlXkdcller Unlvenll)' Preu. 0021·9525192/12/145In 52.00
ThcJoumalorCcIlBloloJ)'. Volume 119. Numbcr6. Deccmber 19921451-1451

acids localed at positions 2, 7, and 9. Deletion of a
large portion of the transmembrane segment (amino
acids 16-29) resulted in a protein thal exhibited negli­
gible import in vitro. Insertion of pOMD29 into the
outer membrane was not Cor.lpeied by import of excess
precursor protein deslined for the mitochondrial ma­
trix, indicaling that the two proteins muy have differ­
ent rate-Iimiting sleps during import. We propose that
the structural domains within amino acids 1-29 of
pOMD29 cooperate ta form a signal-anehor sequence,
the eharaeteristies of which suggest a model for proper
sorting ta the mitochondrial outer membrane.

membrane in ycast, OMM70 (Hase et al.. 1984) (also called
MAS70, Hines el al., 1990). The topogenie information in
OMM70 resides within a slretch of 29 amino acids al the
NH, lerminus, resulling in a prolein thal is anchorcd in the
outer membrane via a predictoo 19 amine acid transmcm·
brane segment (amino acids 11-29) in the N.-C"", orienla­
lion. leaving a large COOH-terminal fragment exposcd ta
the cytosol (Hase et al., 1984; Nakai et al.. 1989). Evidence
has been obtained that the Neurospora homolog ofOMM70,
MOM72 , emplnys the same import receplor as proteins des­
tined for the matrix compartment (SOllner et al.. 1990).
However, proleins that are insertcd inlo the mitochondrial
oUler membrane do not require an electrochemical polential
across the inner membrane (Freilag et al., 1982; Mihara et
al.. 1982), indicating that rouling to the outer membrane
does not occur via a conservative sorting pathway.

Earlier studies s"ggested a model in which OMM70 is
direcled to mitochondria by a matrix-targeting signallocaled
at the extreme NH,-Ierminus (amino acids 1-12), with
translocation 10 the matrix being arrested at the outer mem­
brane by a stop-transfer sequence (amino acids 11-29) (Hurt
el al., 1985). The efficiency of import to the matrix of
reporter proleins carrying amino acids 1-12 of OMM70,
however, was very weak and, as emphasilcd by Glick ana
Schatl (1991), such findings might arise indirectly from the
fact that a high percenlage of random, positively-charged se­
quences Can function as weak matrix-targeting signals. Also,
this region of OMM70 is replaccd by a very different un­
charged, proline-rich sequence in MOM72 (SIeger et al..
1990).

Here, we present evidence that the basic NH,-tenninus of
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Figurr 1. Ikl"Ol1\binanl pnl1ein5. The NH:'lenninut sequenl'es uf
the prolc:ins encudC'd by the \'l1rious fC('llmbinunl pla~",ids describâl
in MlIterials and Melhoos arr shown. using Ihe singte-leuer code
ror nmino adds. The predktoo trlln5mcmbrane s:gment (aminu
acids 11-29. Hase et al.. 1984; Nakai el al.. 1989) is underlined:
•. alanine suhstilution for threonine at residue 15 of OM~t70;
(l1flSht's) delelions; (dslC'risksl SuhSlitutions (lf 1)'Sine und urginine
b)' glUlumine: (DHFR) murine dih)\lrofuhne rC'ducIU!iC (sec Ma·
lerials and Melhods),

pOMD2.KR2.7.• Q
Iol· " ç-..,-,
~'aSFITaNQ~Ait A'AAtGTAIGmY~GPlNClQljffiJ

Previous anides describc Ihe rouline procedurts emplO)'ed ror recombinant
DNA manipulations (Skerjanc et al.. 1990; Sheffield et al .. 1990). tran·
scription or pSP64 conslrucü (Nguyen and Short. 1987). lransll1tilln or
pSP64-derived mRNA in 11 rnbbit rtticulOl.")"te cell·rree S)'11em in the pres­
ence or (l'S]methionine. and isolation or mitochondria rrom rat hean
(Argan et al .. 1983), Additional details IIrt pn:r.·ided in the lit;urt legends,

Materials and Methods

Genera/

OMM70 coopcrJt\:s wilh th~ lr"nsmembrane segment la
famt th~ rcquisite tapogenic sequence for s~lcctian of the
mitochandrial outer membrane. which wc temt a signal­
ar.char sequence. Camparisans ta the functianally anala­
gous signal-anchor ,cquences of type nand type III proleins
(von Heijne, 1988) that are insened int" t~e membrane of
the endoplasmic reticulum (Blohel, 1980: Wickner and Lod·
ish. 1985) suggesl amcchanism for carrecl sarting la the mi­
tochandrial outer membrane.

Recombinant Proteins
A 650·bp 'Taql·Bgnl rragment wu!' clcisro rrom pSV:DHFR and in~ned

bc:t...."Cen the Arcl and &tmHI sites or pSP64 (Skerjanc el al .. 1990). The
rtsulting plasmid .....as digesled with llindltl and PsII, and 1.....0 ad3pton con·
laining llindlll and Pstl overlumgs .....ert inscned bc:t ...."Cen these sito:s (adap­
.or 1: S'·AC.cTATGMGAOC1TCAlTACAAGGAACAAGACACATITI·
GGCTGCA and 3'·TAClTCTCGAAGTAATGlTCCITGlTCTGTCGGT·
AAAACCG, adaplor U: S'·GlTGCTGCTACAGGTACTGCCATCGGTOC·
CTACTAlTAlTACGCTGCA and 3'·ACGTCMCGACGATGTCCATGACG·
Or"OCCACOOATOATAATAATGCO). Pan or the Psd site ....'15 rttnO\'ed
by slandard PCR techniques, This created the pla~mid pSP (pOMD29)
which encodes amino acids 1-29 Or)'ell51 OMM70 (Hase el al.. 1984) con·
necled via a glycine (position 30) to amino acids 4-186 or dihydrorolAle
reductase (DHFR)I. and in .....hich amino acid 15 ...."150 changed rrom thm>­
nine 10 alanine, The plasmid pSP(pOMD2901l6-29) \\'lIS crcated b)' cmplO)'­
ing onl)' ad&plor 1in the manipulations described abovc. pSP(pOMD29A2­
10) ....-as rormed b)' deleting adaptor 1 rrom pSP(pOMD29) and replacing
il with an adaptor (S'-AOCTATOOCCATlTI'OOCTOCA and 3'·TACCOO­
TAAAACCO) Ihat encooes amino acids. 1and II-IS or pOMD29. Finall)'.
adaplor 1of pSP(pOMD29) ....-as replaced with the adaptor. 5·AOCTTA·
TGCAGAGClTCAlTCACAGAACC,\GACAGCCAlTTTGGCTGCA and
3"ATACGTCTCGAAGTAATGTGTCTTGGTCTGTCGGTAAAACCG, '0
yicld pSP(pOMD29KR2.7.9Q). in .....hich :unino adds 2. 7. and 9 or pOMD29
\\'Cre rtplaced by glutamine,

Mitochondria/Import
Reaction mixtures contained 10~ (v/V) rabbit reticulOC)'le Iysnte tran­
scription·translation prodUCIS labcled with tHSlmethionine. mitochondria
(0,5 mg protein/ml). 0.12S M sucros.e. 40 mM KCI. 1.0 mM MgAcJ, 10.0
mM Hepc:s. pH 7.S. 0.5 mM dithiolhrcitol. 0.5 mM ATP. 2.S mM sodium
succinale. 0.04 mM ADP. and 0,1 mM pol:mium phosphate. pH 7.S, Afler
incubalion al 30·C. 11liquots (50 pl) "'''Cre removed and layered over SOO pl
025 mM sucrose. la mM Hepc:s. pH 7,S. 1.0 mM dithiothreilol.and mito­
chondria \\'Cre collec:ted by centrirugalion ror 2 min al 12.000 g,

A/kali Extraction
Arter impor1. milochondria .....ert rtcovered by centrirugation. su~pended in
freshly prcparcd 0.1 M Na:C01. pH 11.5.10 a final protein concentration
or 0,25 mg/ml. and incubated on ice ror JO min ...... ith pc:riodic vonexing,
Membranes \\'Cre collected b)' centrirugalion al 30 psi. ror 10 min at 4·C
in a Beckman Airruge (Beckman Instruments. Carlsbad. CA).

Results and Discussion
A hybrid protein, pOMD29, WlIS crealed by fusing amino
acids 1-29 of YOllst OMM70 (Hase el al., 1984) through a

~;alion wrd ln ,Ms paptr: DHFR. dihydrorolate reduClase.

glycine (residue 30) to amino acids 4-186 of dihydrofolate
redUclasc (DHFR). The NH, tenuinal sequence of pOMD29
und ilS mutont derivati"es are shown in Fig. 1. A.r:, documenled
elsewhere (Li and Shnre, 1992u), pOMD29 \\,lS imponed
inta the outer membrane of intact rat heurt mitochondrill in
"itro by Il process depcndent on ATP und protease-sensitive
mitochondrial surface camponents, and in which the orien­
tation of the native OMM70 prolein WlIS relaincd (N.·Cq ..).

In comman wilh ail ather outer membrane proteins cxam­
ined ta date, insertion of pOMD29 did not require Ihe mita·
ehondrial el«trochemical potenlial and the protein WlIS nol
proleolytically processed (Li und Shore, 1992a).

lnsenion of pOMD29 into the lipid bilayer of the mito·
chondrial ouler membrane WlIS assuyed by ils acquisition of
resislance to ..traclion at pH 11.5, a property that is cam·
mon 10 integral membrane proleins (Fujiki et nI., 1982), Fig.
2 A demonstrales lhal recovery of Ihe ulkali·resislunt form
of pOMD29 WlIS dependent on the presence of mitochundria
during impon (compare lancs 2 and 4), However, appear·
ance of Ihe alkali·resistant forOl of pOMD29 occurred aner
binding oftheprolein 10 mitochondriaat 30· (Fig. 2 A, com·
parc lanes 3 and 4) bUI mueh less sa al 4· (Fig, 2 A, compare
lanes 5 and 6), suggesting lhat alkali eXlraetion can distin·
guish helween pOMD29 that is merely bound la the surface
of the organelle (4·, Fig. 2 A) and that whieh is insened into
the bilayer (30·, Fig, 2 A). As expecled, aner impon ofa hy.
brid protein containing the malrix·targeling signal of preor·
.ithinc earbantyl transferase fuscd 10 DHFR (i.e., pO.
DHFR, Skerjanc el al .. 1990), both the full·length precursur
that WlIS reeovered with Ihe organelle and the processed
produel, previously shown ta be localed exclusively in the
matrix companment (Skerjanc el al.. 1990), were COOl'

pletely extraeted al pH 11.5 (Fig, 3A, top). As shown ln Fig.
2 B, insertion of pOMD29 into the ouler membrane and up·
tak. of pO·DHFR to the matrix wcre both significantly te·
duccd by pretrOlltment of the intact mitochondtia with Iryp·
sin (see also Li and Shore, 19920),

Targeting and Membrane-Anchor Doma/ns
ofpOMD29
Deletions wcre intraducod into pOMD29 10 remove either
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Figu" 2. TCl11peraturc-dcpendcn! and proleasc-scnsitive insenion
of pOM029. (A) pSP(pOM029) ""s lranscribcd and lraoslaled in
the presence of p'S)mcthionine. and impon of pOMD29 into
purified rat hean mitochondria (MITa) was carried out at either
3D or 4°C. Aliquots from the reaction mi",tures were removed and
laycred over acushion of SUCM!ti: .::nd ci:ntrifuged to recover mito·
chondria. Pellets were subjecled 10 sodium dodecyl sulfate poly­
auylamide gel electrophoresis (SOS·PAGE) either direclly (Ianes
2. J. and 5) or after e",traction with 0.1 M Na:COh pH Il.5
(ALKAU) (Ianes 4 and 6). and lhe prodUCIS visualiled by nuo­
rography. (Lane 1) 10% of input l''S)pOM029; (lane 2) l''S)·
pOMD29 that sedimcnted in the absence of mitochondria. (B) Be·
fore import. mitochondria wcre In:ated wi!h Irypsin (PRE-TRYPSIN)
in the presence (Ianes Jand J) or absence (lanes 2 and 4) of e"'cess
soybean uypsin inhibitor. exactly as described (Li and Shore.
19920). Import was carried ouI for P.'SlpOM029 and l''SlpO­
OHFR as described in A and Fig. 3 A. n:spcctivtly. and mitochon~

drioll were recovcred and olInalyzed either directly (lanes J and 4) or
lifter extraction with allaH (Ianes 1and 2) (ALKAU). The positions
of pOM 029 and of Ihe precursor and mature (m) forras uf pO­
OHFR are indicollted.

the hydrophilic. positively charged NH,·terminus of the
protein (amino acids 2-10. Fig. 1) or a large ponion of the
predicled (Hase et al.. 1984; Glick and Schatz. 1991) trans­
membrane segmenl (amino acids 16-29. Fig. 1). As shown
in Fig. 3 A, pOMD29A2·lo. which conlains only th, trans·
membrane segment at its NH,·terminus. was capable of
binding 10 inlael mhoehondria in vilro (compare lanes 2 and
3) and. of the bound fraction. a significant amount was
alkali·insoluble (Iane 4). Like pOMD29. pOMD29.12·10 re­
quired ATP for impon (not sl:own) and was inserted in the
NIlI-Cr)1CI uricntation, i.e.• the btllk of the protein was acces­
sible 10 exlernally·added trypsin (Fig. 3 B). Aiso. neither
prolein was imported into or across pancrealic ER miero­
somal membranes when mitoehondria were replaced with
these membranes in the impon assay (Fig. 3 Cl. as judged
by resistance to external trypsin (Iane 4) or resistance to ex­
traction by alkali (Iane 5). These microsomes efficiently
transloeated and pmeessed a major histoeompatibility class
1protein. HLA-2A; the predicted 3 kD cytoplasmie COOH-

Effeets ofa Boeterial-expressed Mitoehondrial Matrix
Preeursor Protein on Import and Insertion ofpOMD29
into the Outer Membrone
As reponed carlier (Sheffield et al .. 1990), the hybrid pro·
tein pO·DHFR (Fig. 3 A.lop) has becn expressed in bacteria
and purified in a form that is efficientiy imponed into the ma­
trix comparlmenl of mitoehondria in vilro. When the
purificd bacterial expression product was added to reticulo­
cyte Iysate containing l''S]pO-DHFR produced by in vitro
transcription·translation of the recombinant plasmid. pSP
(pODHFR) (Skerjanc et al.. 1990; Fig. 3 A). import of the
radioactive preeursor was clfectively eompeted by bacterial
pO·DHFR al concentrations of 1-6 /lM (Fig. 7). This con­
centration range is very similar to !he amount of a synthetic

lerrninallail of the polypeptide (Ennis et al.. 1990) ",.. ac­
cessible 10 e.ternal protcase wher.as lhe bulk of the poly­
peplide in Ihe lumen ",.. protected (Fig. 4. lane 2). C.cepl
in Ihe presence of detergent (Fig. 4. lane 3). In contrast
to pOMD29.12-10. remO\'31 of a largc portion of Ihe trans·
membrane segm.nl of pOMD29 r.sulted in a protein
(pOMD29A 16-19. Fig. 1) whose import "'3S below the le\'els
ofdelection in the helerologous system deseribcd here (mito­
chondria from rBl hcart) (data nol shown). Taken logelher.
therefore. these findings suggest that the transmembrane seg­
ment ofpOMD29 makes an important contribution to targel­
ing. as weil as to membrane insenion.

Raie ofthe Positivel>~Charged NH, Terminus
ofpOMD29
Despite Ihe fael that amino acids 1-15 of pOMD29
(OMM70) on their own cannot suppon import of DHFR into
rat heart mitoehondria in vitro. the possibility that the
hydrophilie NH,.terrninus of pOMD29 cooperates with lhe
membrane-aochor segment to give optimal impon ~'Os ex­
amined. A helical wheel projection of Ihe NH, terminus of
pOMD29 prediclS that such a helix ""uld be amphiphilic.
with the basic residues at positions 2. 7. and 9 c1uslered on
the hydrophilic face (Fig. 5). As a funher consideration.
therefore. the lysine residues al positions 2 and 9 and the ar­
ginine at position 7 were mutated to glutamine (Figs. 1 and
5). Like lysine and arginine. gluiamine is compatible with
an a-helix (Chou and Fasman. 1974). bUI its side chain amide
is uncharged. The mutant "'35 designated pOMD29KR2.7.9Q
and was found tobe compelent for impon (Fig. 3 A. bottom).

ln Fig. 6. the rates of impon and acquisilion of alkali­
insolubility for pOMD29. pOMD29.12-10. and pOMD29­
KR2.7.9Q were analyzed by SDS-PAGE. and the results
quantified by detennining the radioactive eonlent of gel sl:ees
containing the ["Sl·labcled proteins. The data show that
!he NH, terminus of pOMD29 makes a significant contri­
bution to impon. to the extent that pOMD29.12-10 was im­
poned at a ratethat was approximately five times slower Ihan
the raie of import of pOMD29. pOMD29KR2.7.9Q. on the
other hand, exhibited a rate of insenion iota the ouler mem­
brane that was approximalely threefold lower than that of
pOMD29 (Fig. 6). Thus. the positive charges at positions 2.
7. and 9 of pOMD29 contribule significantiy. !hough not com­
pletely. 10 the optimal rate of import that is conferred by the
hydrophilic NH, terminus of the protein. Like pOMD29 and
pOMD29A2·10. pOMD29KR2.7.9Q was insened into thc
outer membrane in the No-Coo orientation (Fig. 3 B).
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Figu" 3. Import of pO·DHFR and nonnal and mutant fonns of
pOMD29. (A) Translation produets containing ("S]pO-OflFR
(amino acids 1-36 of p...mithine carbamyl transrerase fused 10
DHFR, Skeljanc el al., 1990), l''S)pOM029, ["SjpOM029,u-1O,
and l''S)pOMD29KR2,7,9Q won: incubaled with Oan.. 3 and 4)
or without Oane 2) milochondria (Mao) under standan! import
conditions. Recovery of mitochondril, extraction with 0.1 M
Na,Co" pH 11.5 Oane 4) (ALKAU), and ana1ysis by SOS-PAGE
and ftuorography won: as described in Fig. 2 and Malerials and
Methods. (Lano 1) \0% of input ("S]pn:cursor prolein; 0... 2)
("S]pn:cursor protein that sedimented in the absence of milochon·
dria. (B) As in AI ex.cept thac, after impon, reaetion mixtures werc
tn:ated either with Oanes 2, 4, 6, and 8) or withoUI Oan.. l, 3, S,
and 7) lrypSin (POsr:rRYPSIN) (Li and Shon:, 1992a). Milochon·
dria won: n:cOYerod and ana1yzed by SOS,PAGE and ftuorography.
(C) As in A ..cepl thal milochondria won: substiluted with dog

p:plide corresponding to the preomithine carbamy! transrer.
ase signal sequence of pO·DHFR thal is required to block
import of proleins 10 the matri. under similar condilions
(Gillespie et al .. 1985). Control experimenlS (data nol
shown) reYcalO<! that mitochondrial li.'" \\1IS unalfecled by
the baclerial preeursor, as judged by the li.'"-dependent up.
toke of ['H)triphenylmethylphosphonium (iadine salt) (Bak.
ker, 1978) inlo mitochondria in the import reaction. In con·
trast to the competition of import of pO·DHFR by ilSelf,
import and insertion of pOMD29 into the ouler membrane
\\1IS relatiyely unalfected by concenlrations of bacterial pO.
DHFR up to 6 l'M, the highesl concenlration lested (Fig. 7).
This \\1IS the case for import al 3D' (Fig. 7), and as weil for
import arler combining the IWo proleins with mitochondria
al4' for 10 min, followed by a chase al 30' (nol shown). Al
higher leYels, pO·DHFR tended 10 aggregale and, therefore,
\\1IS not examined for ilS ability 10 compete for import of
pOMD29.

Bccause thetwo proteins, pO-DHFR and pOMD29, dilfer
only in their NH,·terminal topo8enic sequence (either 36
amino acids from pre-ornithine carbamyl transferase or 29
amino acids from OMM70 fused 10 DHFR, respecliyely),
il is presumably thes. topogenic sequences alone that ac·
counl for the dilfcrences in the compelilion profiles seen in
Fig. 7. Il is importanl to note, howcyer, that the N.uro.pom
homolog of OMM,70 (MOM72) may employ the same mas·
1er import receplor on the surface ofmitochondria as do pro·
teins thal are importcd 10 the matri. (SOllner el al., 1990).
We conclude, therefore, thal baclerial pO·DHFR at the con·
cenlralions examincd compeles for import of ilSelf bUI nol
for pOMD29 because the rale-limiting step for import ofpO·
DHFR is at a poinl on the import path\\1lY lhat is distal 10
translocation across the OUler membrane. Such a dislal raIe·
Iimiling slep may explain why translocation intermediales in
transit to the matri. can be delected that simullaneously span
both the outer and inner mitochondrial membranes al trans·
looalion conlact sites (Schlcyer and Neupert 1985; Vestwe·
ber and Schau, 1988). pOMD29. on theother hand, may in·
sert inlo the ouler membrane withoUI penetrating into
contact siles, a Yiew thal is compatible with the recent eYi·
dence thal the translocalion machineries of the two mem·
branes are nol permanently couplcd (Glick el al., 1991;
pranner el al., 1992).

Concludlng Remarks
Our reSUllS indicate thal the positiyely-chargcd NH, lermi·
nus of pOMD29 (OMM70) cooperales with the transmem·
brane segment 10 create the requisile topogenic domain fur
insertion of pOMD29 into the ouler membrane. By analogy
to the lopogenie sequences of type Il and type III proleins
(yon Heijne, 1989) insertcd into the endoplasmic reticulum
(Wickner and Lodish, 1985), we term this domain a signal·
anchor sequence, in which the largeting Jomain is coinci-

pancroas microsomes (Waller and Blobel, 1981) in import n:actions
conlaining pOM029 and pOM029,u·10 and the n:action ml.tun:,
subsequentiy subjecled to Il)'JlSin tlO8unenl u in (A) Oane 4) or ..•
lraction with aIkali (Materials and Methods) Oane S). The amount
of ER membrane protein and mitochondrial outer membrane pru­
lein in A and C won: the same (40 pslml).

MITO.
ALKALI

POST·TRYPSIN

•
•

3 4

• ALKAU

• POST·TRYPSIN

• • MICROSOMES

--

•

-
-- --.

-

10\ - +

pOMD29l1.2-1O. -

pOMD29

2

pO-DHFR. ""-

10' -

f.,'•. ''':.
pOMD29KR2, 7,9Q.....

t.~

pOMD2962.10 -

c

A

B
~ llllI!lJ2l2 êl:IlI

-- - ~ë;-_-- • \., 0".-' •, 3 • , •

1bc JournIJ of CcU 810101)'. Volume 119. 1992 1454



pOMD29
1-12

• pOM029

.. pOM029KR2.7.90

• pCWD29.12·IO

100

l;: ao
0
Il.

~ 60

UJ
> 40
i=
:5
UJ
a:

1455

5 10 15 20 25 30 35 40

TIME (min,)
Figu" 6. Rates of impon and membrane insenion of pOMD29.
pGM029A2-IO,.nd pGMD29KR2,7,9Q.lmpon .....lion. conlain·
ing the \-'Brious p~S]·labeled prec:ursor proleins ~'Cre c:arried out
fOi 4, 8. 16. 20. 25. 30. and 40 min.. al which limes rnilochondria
wcre TCCovcred by centrifugation lhrough a sucrose cushion. and
alkali·insoluble prolein obtained and subjected 10 SOS-PAGE and
fluorogruphy as described in Fig. 2 and Malcrials and MeÛlods.
Radioactive precursor proteins were locuted on lhe dried gel by
aligning with an exposed x-ray film, and the bands were excised,
dissol\'e1.I in H:O: and 0.7 M NH"OH, and rudioaclÎ\'Îty deler­
rnined by scintillai ion counling. The inpui arnounts or the lhree
P~Slprecursor proteins were nonnalized, and lhe results for cach
lime point expressedas apercenlage orlhe maximal impon Ihat was
observcd for pGMD29 (sel .1 100).

process and results in relcas,:: of the segment into the sur·
rounding Iipid bilayer (BloOOI, 1980; Singer, 1990). Uthese
principles extend to mitochondrial membranes, the presence
ofasignal-anchor sequence may result in selection of the mi­
lochondrial outer membrane for insenion, simply OOcause
this is the first membrane encountered bY the incomins
precursor protein. Similarly, the combination of a matri.·
targeting signal followcd immediately by a stop·transfer do·
main may also select the outer membrane for insertion if,
again, the stop-transfer segment enlers the ouler membrane
translocation machinery and abrogales translocalion OOfore
the protein is committed for impon inlo the interior of the
organelle (Nguyen et al., 1988; Singer and Yatre, 1990). Il
is inte,esting in this regard th'l the Neurospora homolog of
OMM70, MOM72, may employ lhe same import receptor
as do matri.·destinOO proteins (SOllner et al., 1990). Whal
we have dClOonstrated. howcvcr, is that the transmembrane
segment of pOMD29 specifies targeting and insenion,
whereas the posilively-eharged NH,·terminus atrects only
the elliciency of this process. When amino acids 1-10 of
pOMD29 were replaced with a slronS matri.-targelins sig·
nal (l'rom preomithine carbamyl transferase), the protein
was insertcd into the ouler membrane, but in an invcncd
orienlation compared to pOMD29 (Li and Shore, 1992b).
Both MOM72 (Steser et al., 1990) and MOMI9 (Schneider
et al., 1991), which a'e inserted into the ouler membrane
of Neurospora mitochondria wilh the same topology as
pOMD29 (OMM70), lack a basic ,egion upstream of the
predicted transmembrane segment. It remains to 00 deler·
mined if the prOOicted transmembrane segments in these pro·
leins, which are locatcd al (MOMI9) or loward (MOM72)
the NH, terminus, funclion as signal·anchor sequences. Fi·
nally, cenain proteins deslinOO for the milochondrial inter-
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Figurd. H.lic.1 whecl projeclion ofamino acids 1-12 of pGMD29
(OMM70). Aslerisks denole residues mUlaled to glulamine in
pGMD29KR2,7.9Q. H)'lIrophol>i. amino acid. are circlcd. Amino
acids arc designated by Ihc single letlcr code.

dent with. or overlaps, the membrane nochor demain. An
important consequence ofasignal·anchor function is that the
domain that specifies ta,geting and inilial lranslocation
across the membrane is also the domain lhal abrosates this

Figutl' 4. Insc:nion of HLA·2A inlO microsomaJ membrane. Human
HLA·A2 cDNA tEnnis cl al .. 1990) \\o'ilS transcribcd and Iransluled
in the pre'ience of p~Slmclhionine and dog pancreas strippcd mi­
t'rosames (Waller and Ulobel. 1981). Microsomcs wcre reco\'cred.
Irtaled with (lanes 2 and 3) or without (lane 1) 100 pg prolcinasc
Kper ml in the presence (lane J) or absence (Ianes 1and 2) of 1%
(w/v) Triton x-Ioa. and subjeclcd 10 immunoprccipilation with
W32 anlibody (Barnstahle el al .. 1978). Immunoprccipiuues \\-'Cre
.n.lyz.d bY SOS,PAGE .nd ftuorography.
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membrane space contain an apolar segment localed lo.....ard
Lhe NH1-lerminus. immediately do.....nstream of a matrix­
largeting signal. However, whereas th.se sequences contrib·
Ule ta soning, thcy probably do not funclion as membrane
anchor sequences. i.e., these proleins do not appear 10 be·
come embedded, even transiently, inlo the Iipid bilayer
(Glick et al., 1992; Kali et al., 1992). Characteristics olher
than simple hydrophobicily alone, thercCore, comribule la
the signais that spccify soning ta the oUler membrane and
intermembrane spacc.
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pO-DHFR CONCENTRATION (PM)

Fig"" 7. Insenion of pOMD29 ioto the mitochondrial outer mem·
brome in the presence ofbactcrial-cxprcssed pO.DHFR. pO-DHFR
\l.'DS expressed in batteria. purilied. and kept in 10 mM Hepes. pH
7.4. 7 M urea, and 1.0 mM dithiothn:itol URlil use (Sheffield el al .•
1990). Various concentrations of pO.DHFR in Ihis mixture ......cre
rapidly diluled SO·rald inla standard impon reactions containing
("SlpO-DHFR or l''SlpOMD29 oblaincd by transcriplion-lrans­
talion in reliculocylC lYSlte. and miuxhondria "''ere added 10 ini·
tiale imp.>n. After la min.• reaclions contoining P'SIpOMD29
.....cre subjecled 10 alkali exlructicn (Matcrials and MClhods) Dnd
thase conlaining P'S)pO.DHFR ""'ere treated with Il)'psin (Li and
Shore, 19920). The produclS ',"re rec",ered, unalyzed by SDS­
PAGE and nuorography. and the relative amounts ofalkali·resislanl
pOMD29 and trypsin-resistanl. processed pO-DHFR ....oere quanti­
fied by laser densilomelrY (LKB2202 UllroScan) oC bands on
exposed x-ray film. Values obtained in the absence or bacu:rilll
pO·DHFP were arbitrarily set at 100. _, l''SlpO-DHFR; ...
l''S)pOMD29.
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Insertion of an uncharged polypeptide into the mitochondrial inner
membrane does not require a trans-bilayer electrochemical potential:

effects of positive charges

Heidi M. McBride. John R. Silvius. Gordon C. Shore
Drl'arlnrt"nt ,,!BI'k"lltmiJu,'. Mclnr)'rt M,.diffJI SC'itn~·ts Building. MC"GiIl Unil'usil)', Monrrtal. HJG IY6, Canada

Rcccivcd JO No\'ember 1994: acccplcd 27 FcbrolU)' 1995

Abstrad

Mhochondria with a rupturcd outcr membrane exhibilcd impaircd import iota Ihis membrune of an outer membrnne fusion protein
conlDining the signal·aRchor sequence of Mas7Op. Howc\'cr. the Mns70p sign:J.I·anchor efficiently largeted and insened the prolein
directly iota exposed regions of the ioner membrane. Impon into the ioner membrnne WBS dependent on .:1t/J and Ihis dependence was due
10 the presence of the posilively.charged amino acids localed al positions 2. 7. and 9 of the signal·anchor. In contrasl to wild·typc
signal·anchor. mulanlS lacking the posili\'Cly.charged residues mediated impon inlo the inner membrane in bath the presence and absence
of Al/J. The resu1ts suggest IWO conclusions: (1) Jc/l-depcndent impon of Itle signal·anchor sequence was due exclusively 10 an effeee of
Jl/J on the posilively·charged domain of the signal·:mchor. ralher than 10 an cffCCl of Jl/J on a propeny of the inner membrane impon
machinery: (2) in Ibc absence of .11/1. the po.'iitivcly·charged damain of Ihe signal·anchar prtl'tnttd the otherwise impon-campctenl
signal·anchar (rom insening into the membrane. This suggesls mat Ihe positively.charged damain leads impon acrass the inner
membrane. and Ihal JI/I is required 10 veclorially clear this domain in order 10 al10w the distal regian of Ihe signal.anchor to enler the
Iranslocation pathway. The implic:uions of Ihese findings on the mechanism of impon into the ônitochondrial inner membrane and matrix
are discussed.

Kt)..... ,ords.· POI)'pcplide: Impon meehnnl,m: Milochondrilll inner membrane: Eleetrochemic:nl potentinl, transbilnyer
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1. Introdu<tlon

The 'lep on the mitochondrial protein impol1 pathway
Ihat involve, tran,location of the polypeptide chain inlo or
ocross the inner membrane has been shown to require two
prima!)' 'OUlrc, of enelgy: malrix ATP (1-31 and the
cran,membrane eleetrochemi<al polential [4-61. ATP ;<

employed by mtH,p70 in Ihe matrix to fuel a binding and
1<lease cyde thal enables Ihe chaper,,"e to drive impol1 of
lhe incoming polypeptide from the Irans side of the mem­
blanc [7-91. Thc elcclrochemical polential. on the other
hand. is rcquircd 10 inilialc translocation of Ihe polypep-

Abbrevillions: CCCP. c:arbonyl eYKnide m·ehlorophenylhydrazonc:
pOCT. prc-omilhinc enrbamyl transferuc: DHFR, dihydrofolllC redut:·
lalC: PACE, polyac:rylamldc Ici elcclrophorcsis: RO-mÎloc:hondri.. milo­
chondrin wilh a Nplurcd ouler membrane: 11'MP. lriphcnylmcthylphos­
phorium.

• Com:.pondlna .othor. Fax' +1(514) 3987384.

0005·2736/95/509.500 1!I'l5 Else.ier Scl.nce D.V. Ali riahu ",se",cd
SSOI0005-2736(95)00088-7

tide. bUI is no longer essential once the polypeptide .,tab­
Iishes interaclion with mtHsp70 [6.7). Several sludies have
demonscrated thal it is the positively-charged matrix-target­
ing signal of the plecursol protein that first moves across
the inner membrane [6.10,111. and thal it does so by
responding to the electrical component. "'!/J (inside nega­
tive). of the total cransmembrane prolon motive force
[12.13]. An obvious role for "'!/J. therefore, is 10 impose a
voltage-driven electrophoretic motive force on the posi­
tively-charged signal sequence, thereby driving vectorial
translocation of this domain across the membrane to the
neXI slep of the impol1 pathway. which is the binding of
the precursor polypeplide to mtHsp70. Consistent with this
'electrophorcsis model' arc the findings that differcnt pre·
sequences ..hibit diffelenl thresholds for inhibition of
cranslocation by the uncoupler, carbonyl cY311ide m-chloro­
phenylhydrazone (CCCP), i.e.. "'!/J did not have an ail or
nothing effect which mighl have been expeeled, for exam­
pIe. if "'!/J conlroUed a l'ollage-galcd impol1 channel inde-
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pcndently of ils elcclrophorctic eITeel on the signal se­
quence [13}. These twn possihililies. Ihat J~I acts either
on the suhstrJte or on the mcmbr.me machincl')'. howc\'cr.
arc nol mutually exclusive since Jl/, could conlribulc 10
the fll~clion of one or more comp(lr.ents of the ioncr
memba.me impon muchincry. but at a lhrcshold which is
helow Ihe level of J~I lhal drives lhe movement of the
signal sequence.

Ta fnnher address the role of Jl/J in protein impon. wc
have taken advantage of the earlier findings in yeasl lhal
cxposcd rcgions of the ioncr membrane in mitopiasis ure
capable of direct and efficient impon of proteins la lhe
malrix [14.15). This has also been observed in mammalian
mitochondria. whcre il has bec" cxtcndcd as weil 10 direct
insenion of inlegral proleins into lhe inner membrane [16).
Panial disruption of the outer rnitochondril.ll mcmbr.mc.
therefore. allows for delivery ta the inner membrane of u
precursor protcin which othcrwisc would not cncountcr the
ioncr membrane during "annal impon iota the intact or­
ganelle. One snch prolein is a fusion prolein in which
OHFR is Iinked la the signal-anchnr sequence of the yenst
o"ler milochondriol membrane protein Mos70p. This la­
pogenic domain is normally responsible for mrgeling and
inscrting Mas70p iota the outer membrane in the Nin-Cqltl

orientation. leaving Iho bulk of the polypeptide facing the
cytosol [16.18). The three posilively-charged omino ocids
which arc localed in the hydrophilic NH ,-lerminal region
of Ihe signol-onebor arc nol required for impon. bUI ralher
they cooperale with the transmombrune panion (amino
ncids 11-29) of the signol-anchor la enhunce lhe overall
raie of impon [191. Here. wc demonstrate thot milo­
chondria Wilh n ruptured outer membrnne lose Ihe obilily
la integrale lbe Mos70p signal-onchor inlo the ouler mom­
brane. Rother. the outer membrane is bypassed ond lhis
damain efficiently inserts inta the inner membrane. Inser­
lion is dependenl on i1l/J and this dependence is duc la the
positively-eharged amina ocids wilhin the NH ,-lerminal
hydrophilie domain of the signal-anchor. rather Ihnn ta an
effcct of i1l/J on lhe inner membrane impon machinery.
Wc present evidenee thot lhe positively-cbnrged residucs
prevent the i1l/J-illdepetldelll insenion of lhe lransmom­
brane domain. suggesting that lhe posilively-charged
residues must otherwise he vectorinlly c1eored from Ihe
impon mocbinery by i1l/J ta nllow subsequentlranslocntion
of lhe distol ponion of the signal-nnchor.

2. Experimental procedures

2.1. Gelleral

Previous anieles deseribe the stnndard procedures used
in this study. These include in vitro lranscriplion of recom·
binont plosmids [20]. tronslation of the resulting mRNA in
n rabbit reticulocyte Iysote system in the presence of
["Slmelhionine [20]. impon of radiolnbelled recombinanl

l''mlcins imo milnchonc.Jrill (21]. imd iJmtlysis of imllt'n
praducls by SOS·PAGE und nuon1graphl' (21). Addition.1
dctOlils m\~ l''m\'ic.Jcd in the ligure legcnds.

2.2. Mitoc/.mre/rit.

For isolation of int;acl milnchondria. li\'cr.\ fmm 20(}­
250 g male SprJguc-Dawlcy mIs wcre minccd and washcd
in ice-cold HlM (220 mM Illllnniloi. 70 mM suor{lSe, 10
mM Hepes. pH 7.5.1 mM elhl'Iellegll'col bis( ,6·uminoclhl'l
ether)-N.N·-telruucelic acid. and 2 mg/ml de-lipidllied
hovine scrum alhumin). 1l1C l11inced li\'cd3 g wet wcight)
wns genlly homogelliled in 9 ml HlM in 0 Whellien
Dounce glass homugcnilcr using Iwo complele up and
down cycles of n glass 'B'-type pcstle. The hornngenute
wus diluted 2·fold wilh IIIM and ccntrifuged 11\ 4"C fur 10
min at 600 Xg in a Sorval SS3", rotor. The sU(lCmlllanl
wus recovered. centrifuged al 7000 X g for 15 min. nnd
the pellet resuspcndcd to Ihe originnl homogcllulc volume
in HlM minus nlhumin. After ccntrifuging nI 600 Xg.
mitochondrin were rccavered from the supcnmlant hy cen­
trifuging ni 7000 X g for 15 min. The milochondriu we,o
uniformly suspended in 0.5 ml MRM (250 mM sucrose. 10
mM Hepes. pH 7.4. 1 mM ATP.5 mM No succinUie. O.OS
mM AOP. 1 mM dilhiothreilol. IInd 2 mM K,IIPO•• pH
7.4). Altemnlively. milochondria Wilh 0 mplured ouler
membrane were prcpnrcd ns uhave. exccpt Ihat ulhumin
wns excluded nt nll stages t!,ld livc:r tissue wos hOlnage­
nized in a motorizcd Poiler Elvchjcm homogenilcr using
four up ond down cl'c1es Wilh Il tigbl·fiuing tenon pcstle
operoting al 400 rpm.

2.3. Li/JOso/llc,f

Liposomes were prcpllred bl' eXlmsion (3S.39) from
40:45: 12.5:2 (molur proponions. bused on phosphoms)
bovine bean phosphulidycholine. phosphlliidylethnnol­
umine nnd cnrdiolipin plus N.(biolinylnminocnproyilphos­
pbatidylethnnolumine (Avunli Polur Lipids. Alobnster. AL).
For impon. tiposomes were diluled 1000·fnld inlo MRM
(10 !LM phospholipid finnl concenlrntion) nnd udded ta 0

Slondard impon renction. ufter whicb the liposomes were
oggregoted by addition of nvidin <0.20 nmol/nmol biolinyl
groups) and incubolion for 30 min on ice. The reoclion
mixture was diluted S-fold in SO mM KCI. 10 mM Hepes.
pH 7.4. ond 2 mM Mg ncetote and Ibe cross-linked lipo­
somes recovered by centrifugnlion ot 12000 X 8 for 10
min.

3. Results

As descrihed in Experimenlal procedures. milochondrin
from rat Iiver were isoluted either with nn intact outer
membrane or with an outer membrane lhal was ruptured.
The lauer were designulcd RO-mitochondria (mitochnndrin



",ith il Ruptun.·lf Uutcr l1Il."mhnlT1d. In cuntra'" tu milO­
pla.\t\. in which thc uutl'r IIlCmhr.lllc h;as hlr~.cIy hl'cn
"lrippcc.J frnllllhc nrglmclll' (2.'\]. RO-milnchul\llri" rClll:ncd
60-Hll'ii uf Ihl' uuter rnl'l11hnll1e. 11\ judged h)" irnmulluhioi
11ll.lly,is 1'IIlpinying an ilOtihmly agilin...t Ihe ouler me01­
hm"e O1arker. O1nno:uninc uxid.l!..c A (mll ..huwl1). Elcelron
microseopy rC\'l'uled thill the rl'll111ining oUler memhnll1e
wu.. similar in morphnlngy to Ih:tI of inl:ICI rnitnehundrin
(j.e.. a right·sic.Jl' nut shccl). hut cunl:lincd p<lp... lhal Idt
regions of the inncr memhrane expml'c.J to the cxterinr of
Ihe organelle (nnt shawn).

When analyzcd for import of :.1 111:1trix prccursor prolein.
!iule diffcrcnce wus obscrveu hCl\\'Cen inlllei milochondriOi
und RO-mitochondri3. If anylhing. the bitter werc morc
erfcctive than Ihe iotllct org.mcllc (Fig. O. The prccursor
protcin lhat was uscd in this .mal)·sis. pODHFR. cOlllnined
Ihe rn:l1rix-tnrgl'ling sigllôll of pnN1rnilhioc curh.unyl mms­
ferasc (pOCT) fased la DIIFR (Fig. 1). Fur hulh inlact and
RO·mitochondria. uplake and proccssing of pODHFR (Fig.
1. lanes 3 and 9) was ahalished hy CCCP Uanes 4 ,md 10)

duc lu thc ul'pcndcllcc of this malrix prc,,·ur..nr prutcin on
JIl, fur impurt tlcros:o. thc inlll'r l11emhnmc. 10 ,,·lll1tr.JSt to
the full-Ienglh pn:l·ur:o.nr oUlsidc the nrgiml'1le. Ihe pro·
c,,·........cLl pruduet W:IS pTllll'CICU lIg:linst exogl'nnus prutcin:l!'c
(nal ,hu"n) (scc Rof. [19]). Impon ur pODHFR was
l'Irgcly prc\'cnlcd hy lowcring Ihe teOlpcrature of Ihe im­
purt rcaction to -l°C (hllll's 5 'llld Il) or h)' pretn.·.uing the
organelle \Vith trypsill prim to imllUrt (I.mcs 6 :lOd 12),
Trypsinizution of int.let and RO·mitochondria h:ld no cf­
l'cet on the clcctrochcOlic'll plllel1lial. as judgcd by the
aplnke of ["Hrn'MP (nuI sho"n. Ref. [14.15]). Although
Ihe roale of impon of pODHFR into RO·milochondria wns
001 cxumincd in lhis sludy. c;lrlicr sllJdies cmploying ml
hcart OlÎlocilOndriu rc\'c:llcd th;u pOCT \Vas cOlpnhle of
heing impor'cd dircel1y \'ia cxposcd rcgions of the ioncr
memhrane (16).

10 ,,'ootmst lu the rcsu1ts nhtiliocd for pODHFR. Inujnr
diffcrcnccs bClwcell inltlct lmd RO-mitochllndria \Vcre oh·
sen'cd wheo examined for i1nport of an intcgml prolein of
the aulcr mcmhrane. This proteio ""tlS construclcd hy
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FiS, 1. In"enl, n uf Ihe uUler rncmllnme rrolcin. rOM02l}. inttllhe inner mcmllrJne i" dep:ndcnl on Jlb. IlIlpon re'll.:lion!> included cÎlher I l 'SlpODHFR
(upper rancis) ur 1"'S)rOMD29 (lu\\cr ranel,,) and ","cre carricd OUI in thc prc!>cnc" '!f intllCI mitnchnndria Uanc!> 2-fl) tir mil(~h(lndriuc{llllainins a
IlIplured lIul..• mcmllr.lOC' (RO-mituchllOdria) (Jane 8-I:n al a cllOcentrulitlO of 0.5 ms mgancllar rrolcin/ml. !"tn 30 min al 4"C or 30·C. in Ihe Ine!>cn~c

(Iancs'" and lOI or ahM:llce (Jancs 2. 3. 5. () and lancs 8. 9. II. 12) or 1 J1M caroon)'1 c)'anidc 1II.t'hlnrnplll..'n)·lh)drJ10nC (CCCPI, ln ccr1ain casC'!>.lhc
or,anellts ""'cre fir!>llrcnltd wilh O,12:'l mg/mllr)'r"in ror 20 min. un kt. ni which limC' 1.25 mg/ml "o)'hcan Ir)'p..in inhihilllr 119) was uddcd. and impor1
rcrfllnncd (Prc·ll)'p"in. lanc!> () und 12). Mtcr imJKlr1. rc:aclillll mi'turcs (~O ,.,,1) ""'cre lu)'C'rcd O\'cr O.:'l ml 250 mr..1 "ucrose: in a 1.5 ml cprcndurf lulle. thC'
mllunclles reco\'crcd by CCntrirUSalion and anal)'lCd h)' SOS·P,\GE und nuorography. eithtr diretll)' (rOOHFR) ur follo""'ing e,;,lraclion in 0.1 M Na!CO,.
rH II.S 116.19) (pOMD29). Lanes 1and 7. Ior:; of inrUI rJdiolallel1cd pTtlll:in. Arru"",s dcnolc pO~tD::!9 and Ihc rrecur!>or (p) and pn'ICC',,!>cd (1/1) foon!> (Ir
pODHFR. Allhc bollon! ur lhe Iisurc art l'ho""'n IhC' l'cqucn\'cl' binglc Icllcr umino acid code) of the Nil :.lcnninlilloroJ;cnk damain!> of rODHFR (urper)
and pOM029 (lu\\Icr). fusC'd 10 Ilminll acids 01-186 or mou~c dihydrofolalc reduclasc (OUFR). Arro",". rroce.~.~ins ... ite ur rOOHFR: underlinc. prtdklcd
lr3nl'lncrnhrunc !iet:mcnl ur pOMD29~ plu... si~ns. (KI...ilivcly-charsed urnino ncids.
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fl,.·plm:ing the pOCT m:lIrh.-tarl:l:ting signal of pOJ)HFR
with Ihe NH :-tcnninlll :!9 :unÎnu ,lcid sigllOlI·.mdU'f sc­
qUl'ncc uf )'c;asl ~1as70p (Fig. 1l. T:lrgcling .ml! insl'r1inll
nf the rcsulting fusion (lruldn. pOI\tD:!9 (J6) inln the miter
nh:mhnmc of intact mitnchundrhl in vitru h:1S h,,'cl1 c\hm·
sively char.lclerized (16.19.26-28). Lik<' Mas71lp [17.29).
pOMD29 is inscncd inlo the tHUer I11l'mhranc in the- Nm ­

C,'\1" orientation \'hl the prcdiclcd Ir:ms' ,l('mhr.me dnmôlill
u(thc sigmll-:mchor (mnino Oll.·ids 11-21). Fig. Il. 1~i1\'il1g

lh~ hulk of the prot~in ~xpus~d 10 lh~ c)·tosnl. Impnrt nI'
pOMD21) was 'lSSlly~d by the ôIl:quisilion of rcsist,lI1ce to
~xtrnclinn of th~ protcin from Ihe urg.melle :H ,llk,lline pl-I
[16.19]. For both intnct and RO-mitnchnndrhl. r~sist ..ncc tn
.11kOlHne extraction W,IS dcpelldent un the presence nf the
orgmlcll~ in the import re,lctinn (Fig, 1. compilre I..nes :\
and 2. and hmcs 9 ,md 8l ,md was tCl1lpermurc·sensiti\'c
(lunes 5 ,lI1d 1Il. Ho\\'c\'cr. where:ls impurt of pOMD2LJ
inlo the outer membrane of intllcl mitnchnndrÎi:l \\lm•.•IS

e'pceled. unaffeeled by Ihe collapse of j~1 by CCCI'
(compare lanes 3 ,md 4. sec also Refs. (16.19.2(1]). impon
illlO RO-miloebondria wa, redueed bl' CCCI' 10 baek­
~round levels (Ianes 8-10. sec also Ref. (16]). Morenver.
pretreatment of RO·rnitochondria wilh trypsin se\'erely
inhibiled subsequenl impon of pOMD29 (Ianes 9 and 12).
whereas tre:Hment of inlact mitochondria .It this concentra·
lion of Irl'psin had very Iiule effeel (Ianes 4 and 6). This
suggests that different receplors. exhihiting diffcrcnt a\'uil­
nhilitics 10 cxogenous proteimlsc. werc rccognized by
pOMD29 nt the outer and inner memhrnl1c. resp~ctively,

Likc import (lf pOMD29 into the outer melllhrnne of intact
milochondria. however. pOMD29 was insened inlo RO·
milochondria in the N.n-Cqhl orient.uion (not shown).

Based on Ihe finding Ihal CCCI' prevenled impon of
pOMD29 inlo RO·miloehondria. wc eonclude Ihal Ihe
ouler membrane wus largely by-p'lsscd during import und
Ihat pOMD29 WOlS inserted into the inner membrane. 101­
port into the inner membrane is derïned hcrc opcmtiomilly
as .:1l/,.dependent acquisilion of rcsislancc to cXlr.lction by
alkali. since ail proteins exumincd 10 d.lte tlmt enter or
cross the inner membrane icquirc Jl/' for import whcreas
....!, is not rcquired for protein insertiun into the outcr
membmne [30.31). The fael Ihal RO-miloehondria eonlain
areas in which the outer membnll1e is inluci. )'et is largely
incapable of imponin~ pOMD29 inlo Ihis membrane. su~­

gcsts Ihat the import cupucity of the outcr mcmbmnc has
becn sevcrcly compromised in RO-mitochondria. Simi1nr
observations have been m~lde for imp:aircd import of porin
into ruptured outer membrane of yeast mitochondrin. Fuil­
ure 10 import into the rupturcd outer mcmbrune nmy have
been due 10 loss of inlcrmembrune space protcins during
isolalion of Ihe or~anelle (32).

3.1. Import ("01111'('/;/;011 ofpOMD29

The J.p.dependenl impon of pOMD29 inlo Ihe inner
membmno of RO-miloehondria was e,amined for eompeli-
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tion by li S)'1llhClic peptide currespunding ln mninu llcids
1-27 of Ihe pOCT n"'lri'·lar~eling signal (25) (Fig. 2l.
TIlis peptide fllllciions in il 11101nner very similur 10 hucteri­
1II1y-c,pressed pODIlFR in cnlllpeling fnr illlpon uf bulh
pOCT and 'In inle~ml pmtcin of Ihe inl1cr I1\clllhrnne.
UCP, in il1lact mitochomlriu 133], 'I11e mle·limiting slep of
hnpon thut is cumpctcd h)' IIHltrix-lurgcting siglllii pep·
tides. howc\'cr. likely residc~ .11 the Ic\'cl of the inl1er
memhmne (34]. As shown in Fi~. 2. Ihe profile ur cOlllpeli­
tion of pOMD29 iUln RO·miluchondriu was vcry simillir ln
Ihal e,hihiled by UCP and. Ihe,.,fore. Ihe Iwo proiein,
slmrcd li commun or o\'crl:lpping pathwuy irno thc inncr
memhrane, Compcliliun fur import of pODI-lFR wus lcss
Iimn Ihlll observcd fur pOMD29 and ucr ul rehuively low
coneenlmlion, of Ihe ,ylllhelie pOCT signal peplide (Fig.
2). pcrhllps rcnecling diffcrent Iranslocutiun efficicncics
for Ihe dirfcrent impurted pruteins. The c1cclrochemicnl
potential in RO·mitochondrill WilS unafrcclCd uver Ihe
cnnccrllmlion mngc of peptide thui WliS employcd (0.2-2.0
l'Ml.

3.2. MllftlllfS of pOMIJ29

ln Fig. :>. Ihe effccl of modifying charged aminu ncid,
in Ihe pOMD29 ,i~nlli-anehur ,equen« on J~/·dependenl

import of the protein into RO·mitochondria was exumincd.
The chargcd rcsiducs wcrc removed cilhcr hy dcleling
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Fig, 3, Import of pCMD29J2-ID and rOMD29KR2.7.9Q into the inncr
melllhrune dOl:s nol rrquire JI/J. Trolnslalion Illixtures COnluining
1'~SlpOMD29J2-1O (arrow, upper panel) or ('~SlroMD29KR2.7.9Q

{urrow. luwer panel; were incuhllted wilh (lunes 3-S) or wilhoul (lune 2)
RO.millJchondriu. in the presence (Ianc 4) ur llhl>ence (lunes 2. 3. 5) of
cccr. under slllndant illlrun condilions for 30 min al Ihe indicllted
lemperalure. Analysis wus liS del>Crihcd in Fig. 1. Lane 1. IOll of inrui
rudioluhclled prolein.

amino acids 2-10 (pOMD29j2- 1O) or by converting
residues al positions 2, 7. und 9 la glulumine
(pOMD29KR2.7.9Q) [19] (sec Fig. I). Earlier sludies us­
ing intuel milochondriu reveuled thut the positively·churged
residues in Ihe signal-nnchor ore not cssential for protein
targcting and insertion into the outcr membrane. but rather
Ihul Ihey cooperale with the transmembrane domuin ta
enhunce Ihe overall raie of import [19]. For RO-milo­
chondriu. import of pOMD29.:12-IO und pOMD29·
KR2.7.9Q wus dependenl on Ihe presence of the organelle
(Fig. 3. lanes 2 and 3) and wus temperalure·sensilive
(Janes 4 and 5). However. in conlraS! la the wild-IYpe
signal·unchor (Fig. Il. Ihe mutanls forms of pOMD29
exhibiled largeting and insertion that was no longer depen·
dent on the eleclrochemical pOlential (Fig. 3. lunes 3 and

_ ~ - _pOMD29KR2,7,9C

., ..

..~. +- UCP
t· +- pOMD29KR2.7,9C

4}. Afler import inlO RO·milochondriu. bath mutanl pro·
leins were accessible la exogenous proteinase following
import inlo RO-milochondria (nol shawn). indicoting IhOl
they hnd been inscrted in the N1n·Cc)'1II orientalion (nol
shawn).

Ta examine the membrone locolion(s} of
pOMD29KR2.7.9Q in RO·milcchondria. fraclions en­
riched in outer or inn~r membranes wcrc obtained by
sonication of RO-mitochondria. and resolution by sucrose
densilY gradienl centrifugOlion (16). As shawn in Fig. 4.
"OMD29KR2.7.9Q wos recovered predominanlly in Ihe
inner membrane fraction. together with the innrr mema

brane marker. UCP. Conversely. pOMD29KR2.7.9Q und

Fig. ~. Sucrase dcnsit)' gradienl sedimentalion. Reticuloc)'le Iysale con'
Illining hoIh ("~slUCP and ["SlrDM029KR2.7.9Q was combined with
RO·milochondria. and a slllndurd irr.pon r'tUclion was conducted. The
RC-mitochondria were rcco\'ered. suhjecled 10 soniculion in hYJ'IO"osmmie
medium. and oUler (OMM) and inncr UMM) fraclions ohtained followinG
seraralion in a ~ucror.c density gradienl. ell.aclly as deserihed in Ref. 116).
Aliquots of the fraclions were l>ul:tlectcd to SOS-PAGE and the sels
anul)'zed either by immunoblollin~ wilh monospecific anlihod)' acuinsl
monoomine Oll.idal'C B (upper paneld. or b)' nuorogruphy Uower panelsl.
OMM and IMM conlllininc fruclions lire shown. and position5 of
monoarr.ine oxida.~ A (MAO). ucr. und pOMD29KR2.7.9Q lire indi­
caled b)' urrows.

- pOMD29~-10

5432
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1 2 3 4 5 6
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Fig. 5. J~dependenl formation of pOMD29 homodimers and pOMD29·pOMD29KR2.7.9Q heterodimers in RO·milochondria. Bactcrial·expreS5ed
pOMD29 WIls purified in 7 M urea. 10 mM Hepes. pH 7.4 (33) and dih:led 2S·fold inlo impon reuclions Uanes 2. 3. S, 6: rinal conccnll1l:ion - O.S Ilg
procein/ml) containing RO·milochondrialind either ["~S]pOMD29 (arrow. lane~ 1-3) or ('~SJpOMD29KR2.7,9Q (mow.lanes 4-6). Lanes 1and 4. urel
IOludon minus baclerial pOMD29: lanes 3 and 6, impen ln lhe presence of cecp. Aficr 30 min at 30"C. RO·mitochondria wcre recovered. suspcndcd und
sosbjtcled to chemical cross·linking wilh blsmaleimidoheune. as descrihed in Ref. (27). The prodUCLIli were analyzcd as descrihed in Fig. i. Oimcrs are
indicilled by anows.
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Fig. 6. Import iole RO·milochondrill \'CI'!iUS liposomes. Trun~lillion prad·
ucts conlaining [~~S)pOMD29 hop pancn. i·'~SJpOMD29.j2-10 (middlc
panel), or [·"S)pOMD29KR2.7.9Q (bouom pancn were incubalcd wilh·
out membranes (Iane 2), wilh RO·milochondriu (0.5 mg/ml prolein and
0.17 pM phospholipid) (hlnes 3 and 4), or wilh Liposomes (2.5 #-lM
phosphnlipid) Uane, 5 and 6). undcr slamJard import conditions for 3D
min 81 30"C. RO·milochondria and Iipo!iomcs wcn: recovcred and ana­
Iyzcd cilher directly (Il1nc~ 3 and 5) or following alkali c~traclion Clanes 4
and 6). as dC5Cribed in Fig. 1 Dnd cxperimenlal procedures. Lane 1. 10%
of input radiolnbcllcd prolcin. Arrows denote Ihe prec:ursor proleins,

UCP \Vcrc barely dctcclablc in the ouler mcmhrJnc fme­
lion. whcrcas the outer mcmhr:.mc "",rler. monmmtinc
ox.idasc. WOlS cnrichcd hcrc (Fig. ·n. The major loc:.llilln of
pOMD29KR2.7.9Q in RO-milnchnndria. Ihercfore. was
the ioncr mcmbnmc.

Earlicr siudies showcd Ihat pOMD29 is cilpablc of
fanning homodimers following insertion iota the outer
mcmbrnnc. mcdintcd by specifie hclical packing bcl",ccn
transmcmbr.mc segments [27.28]. Whcn rcdircctcd 10 the
inner m.mbmne [16]. pOMD29 is also capable of fnmling
homodimers. Sincc in«ninn of wild-type pOMD29 inlo
Ihe inner me",bmne of RO·milochondria depends on j~1

(Fig. Il. it follows that the fomlalion of helerodimers
between pOMD29 and pOMD29KR2.7.9Q in the inner
membmne will also depend on j~l. despite the facl Ihal
insertion of the mUUml is J~,.indcpcndent. 1'0 examine
Ihis possibilily. [·"SJpOMD29KR2.7.9Q was co-imponed
into RO-milochondria with non·radioaclive pOMD29 puri­
fied from bacteria. at conccntrJtions of the latter that
stimulate the fonnation of dimers bUI are below the level
required 10 compete for impon (for details. see Refs.
127.28]). The fonnation of pOMD29 and ["SJpOMD29
homodimers was seosilive 10 CCCP (Fig. 5. lanes 2 and 3).
as was the formation of pOM D29 aod
["SJpOMD29KR2.7.9Q helerodimers (lanes 5 and 6). This
suggested that pOMD29 and pOMD29KR2.7.9Q resided
within the same jt/J-dopenùent membrane companment of
RO-milochondria. Similor resulls were observed for
pOMD29j2-IO (not shown). Together with the resulls
from sucrose gmdient sedimentation (Fig. 4). Ihese find-

1.7

Wc ha\'e found mut n n1ptured outcr membranc severely
eompromiscd in5enion of Ihe Mns70p signul·nnchur intn
the region~ of lhis memhrJl1e thal rcmllined ussocilltcd
wilh the organelle and appeared olherwisc nonnul morpho·
logically. One explanalion for this is thnt cxpo5cd regiuns
of the inncr membT'Jne wcre far more efficient al imponing
pOMD29 than wus the available outer mel11bnlOc. A mure
Iikely possibility. however. may be Ihutlhe integrily of Ihe
outcr membrane impon UlOlchincry Was lost in nO-milo­
ehondria. perhap... duc to 1055 of a critieal componenl
during the isolation of Ihe RO-milllchundriu [Ill. This
interpretation is cansislcnl with the findings Ihut isollllcd
outer membrane \'csiclcs arc relutivcly inefficicnt in intc­
grating outer membl1mc proteins compared la the inlnct
organelle (Refs. [36.37J. and unpublished dalu). Nevcnhe·
less. propenies or the Mus70p signal-anchor Ihal rclule
both ta ilS Iran5mcmbrunc segment and ils po"itively~

charged hydrophilic domain allowed the signal-anchor to
by-pass Ihe outer membrane of RO·mitochondriu. and
effeclively targel Ihe inner membmne.

Insenion of Ihe Mas70p signal·anchor inlo Ihe inner
membrane of RO-milochondria followed Ihe same impon
pUlhwa)' as proteins nalive ta Ihe ioner membrane lInd
mutrix, indicating thui Ihis otherwisc outer membrane sig­
nal-anehar is reco{'nilcd by Ihc inner membrane transloca·
tion machinery....ilh a dependence on 11'" (jnside nega­
live). The charge-deficienl mulanls of the Mas70p signal­
anchor werc nlso intcgrated into the inner membrane, but

4. Discussion

ings d~mon!\tr.l1cd th:tt the: mut,mt pn1leins \\'cre im(lorte:d
into the: inner me:mhmne, c\"e:n thuugh thc)' Im:kell a re,
quircmcnl for JcJ"

Ta mlc out IhL' PllssihililY ,h;,u Ihe ohscrwd împon of
pOMD:~j:-lll "r pOMm9KR2.7.9Q inl" Ih< in n,"
l1lemhmnc of RO·milochundria \\'as Ihe rcsuh uf non·
specific inscrtion of the: polypeptides din.'ctly intll the tipi"
hil;,yer, the association of these mutmlt prllteins was C:\:\I\1·
ined \\'ith liposuml's "'hose phospholipid composition \\'as
similar to that of the inner m~mhnU1C 135]. As Ull4,'\IlUel1ll'lt
prc\'iousl)', the liposomes contl.lincd himinylilted phosphil"
tidylethanolaminc: \\'hkh f:.u:ililatcd qUilntitnlÎ\'e n'co\'cl)'
of the liposomes frum impun rcnclillns hy crllss·linki!lg
",ith a\'idin 122]. Liposomes werc induded i!\ slundllro
impon reaetions at a concentrnlÎon of lipid th:.tt "'us uhnut
l's·times gn:atl:r than thl.' tipid content of the KO·ll1iln·
chondria used in thesc assa)'s. Cotnpotrcd tn RO·milu,
choOl.Jria. the liposomes c,hibiled reduccd bimling uf huth
Ihe wild·lype and mulnnl pOMD29 prolcin (Fig. 6. Illnes 3
and 5). Morco\'cr, \'inuall)' ait of the protcin thut wus
rceovcrtd wilh the liposomes \\Ins eXlractcô with nlkali
(Fig. 6, lanes "' and 6), indicuting llmt it hud heen ussoci­
tlled pcriphemlty with the liposome surfilee mther lhlln
integrJting ioto the hilayer,
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"illlll111 ,1 dl'Jll.'lIdl'lu:c Ull JI/,. 'nll' fl'lJuirl'111~IH fur JI/l,
Ihl,.'ll'hHl.', ",il' a prupcrly nI' lhl' pn~ili\d),·dl:lr~l'd dtlll1;1in
ur IIll' ,i~lIal"lI1chnr 'cqUl'nl·1.' r:lllh.'r th,1ll ,III dlCl'1 nf Jl/I
un. for l',;nnpll.', ;a cUIl1PUIlcl11 nf Ihl' Ir:lIl..hll·;lliUIl l11i1l:hin·
cry. l'hi, Iindjl'I~ j, COI1\jslcnt with chI.' ~ug~I.'\lion thOlI JI"
c.\crl\ il!'> cflcct Il)' impU\i11g ail dl'l'lrnphnr~lil' llluti\'C
hm.:1.' lin plI\ith:cl)' ch;u~l'lI amino ;Il'ilh, rl,.'!'>ulting in \'l'cto·
rioll l'(lI1dUClilllCl' ur Ihl' dUlll;lin through Ihl' prl'dicll'd
Ir:II1!'>ltIC<.llitlll pl)rl' Il.'\J. Dm:l' Ihl' Ir.m\ltll·;lIing polypeplidl'
dlilin l'!'>whlhhl'\ cunlm:1 with 11llhsp70 unthc m",.'; ~idc uf
thl' inlll'r I11cl1lhralll'. ,uh\l'qucl1l dl'pcl1lJcncc un JIll is
nVl'rcmlll' [7].

I>cspilc Ihl' fact Iimi Ihc pmiliv,: dmrgl.' Jl'Iil'Ïcl1l mu·
1.1111\ uf lhc M<ls70p \ignal·anchur ",Cfl' c,lp;lhll' of il!sl'r·
ti(1lI int~l Ihl.' il1l1l'r mcmhral1l.' in thl' OIhscnl'l' uf J~/. thc
wild·l)'pt.' \ignal·anchur ""IS nul. Thus. the pnsitively­
dli.lrgl'd rcsidues ;11 positions 2, 7, ,ml! 'J of Ihl' .. igmll·
1ll1dlUr prf'l'l'III Jl/,·inl!l.'pcndl'nl impurt. lml! this illhihitiun
o\'crridl's Ihl' <lhility of Ihe rcsl of Ihe siglllll-:lllchor ln
int..ll'JlCl1lll.'lIlly inscr1 inlO the 111l,.'l11hflll\l'. Onc inh:rprl'Iation
nf Ihis IindinJ:!. is thal pusitivcly·c...harJ:!.l.'d residul's within
lloc SiJ:!.11:l1·:lI1chor scqucnce prl'cedc thl' :fll11\mcmhnme
segmcnt inlu the predicted Ifllnslocllliun pure uf Ihl' inner
1I11'll1hranl.', ;lI1d Ih:1I JI/I il' rl.'quircd lu \'l'cluri:llly c1eOlr
Ihcsc rcsidul.'s lu Ihl' nultrix. lhl'rchy illluwing Ihl' lldj:ll'ent
tmns111cII1hrune porliun uf thc signul'ill1chor tll I.'ntl'r Ihl'
Imnslm:.lliull pathwuy. This is COnSiMl'nl with the suggl's·
liolls lhal 1111 cssel1li,ll componl'OI or the inncr l11emhflmc
tmnsloc:ltinn l11uchinery, MIM44, rccogni7.cs posilivel)'­
dmrged l,,,geling ,ign;,I, ([401. re\'ie\\'ed in [41)). J~I-de'

pendent rclc:1Sl' of posilively-chllrged residues l'rom inler­
lleliulls with proteins such uS MIM44 wilhin the Imnsloca­
liun porc might constitule a mte·lil1liting slep during nor­
lIlul ÎlvP0rl into or across Ihc inner Il1l'l11bmne.
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~r 4: !he human mit2khondrial jmport receptor.

h.Tom20p. prevents a cryptic matrix targeting sequence

tram gajning access l2.Jhe prot~ranslocation machinery.
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Abstract

Veast Mas70p and NADH cytochrome bS reductase are bitopic integral

proteins of ti1e mitochondrial outer membrane, and are inserted into the lipid­

bilayer in an Nin ,Ccyto orientation via an NH2-terminal signal-anchor

sequence. The signal-anchor of both proteins is comprised of a short positively­

charged domain followed by the predicted transmembrane segment. The

positively-charged domain is capable of functioning independently as a matrix­

targeting l:;ignal in yeast mitochondria in vitro but does not support import into

mammalian mitochondria (rat or human). Rather, this domain represents a

cryptic signal that can direct import into mammalian mitochondria only if

proximal components of the outer membrane import machinery are removed.

This can be accompli shed either by treating the surface of the intact

mitochondria with trypsin or by generating mitoplasts. The import receptor

Tom20p (Mas20p/MOM19) is responsible for excluding the cryptic matrix­

targeting signal from mammalian mitochondria since replacement of yeast

Tom20p with the human receptor confers this property to the yeast organelle,

while at the same time maintaining import of other proteins. In addition to

contributing to positive recognition of precursor proteins, therefore, the results

suggest that hTom20p may also have the ability to screen potential matrix­

targeting sequences, and exclude certain proteins that would otherwise be

recognized and imported by distal components of the outer and inner

membrane protein translocation machinery. These findings also indicate,

however, that cryptic signais, if they exist within otherwise native precursor

proteins, may remain topogenically silent until the precursor successfully clears

hTom20p, at which time the activity of the cryptic signal is manifested and can

contribute to subsequent translocation and sorting of the polypeptide.
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Introduction

Biocherllical and genetic studies in yeast and Neurospora h:we identilied

a number 01 proteins within the mitochondrial outer membrane that are

responsible lor recognizing and translocating cytosolic precursor proteins into

the organ()Jle. Together, they lorm an import machine comprised 01 a dynamic

complex of receptor molecules that feed the incoming precursN protein to an

associated translocation pore (Lithgow et al., 1995, Kubrich et al., 1995, Ryan

and Jensen, 1995, Lill and Neupert, 1996). Subunits 01 the receptor complex

that have been identified to date include Tom20p (Ramage et al., 1993, Moczko

et al., 1994), Tom22p (Keibler et al., 1993, Lithgow et al., 1994), Tom37p

(Gratzer et al., 1995), and Tom70p (Hines et al., 1990, Sollner et al., 1990),

whereas Tom40p (Vestweber et al., 1989, Baker et al., 1990, Keibler et al.,

1990) and associated proteins (Tom6p, Kassenbrock et al., 1993; Tom7p and

Tom8p, Sollner et al., 1992) Iikely cooperate to lorm the translocation pore (Ior

current nomenclature, see Planner et al., Î 996). The existence 01 multiple

receptor subunits may reflect an exceptionally diverse array 01 cytosolic

precursor proteins whose delivery to the organelle is mediated by dillerent

types of signal sequences, with quite different properties. These include

positively-charged matrix-targeting signais (Attardi and Schatz, 1988, Hartl and

Neupert, 1990) and hydrophobic outer membrane signal-anchor sequences

(McBride et al., 1992, Schlossmann and Neupert, 1995, Shore et al., 1995),

both 01 which are usually located at the NH2-termini 01 precursor proteins, as

weil as a number of internai signais within polytopic proteins 01 the

mitochondrial outer and inner membranes whose character remains to be

determineti (tl.g., porin, Smith et al., 1995; uncoupling protein, Liu et al., 1988).

Additionally, the cytosolic signal recognition lactor, MSF (Hachiya et al., 1993),

contributes to the recognition 01 at least certain precursor proteins by the
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mitochondrion, in part via direct interactions of MSF with components of the

receptor complex (Hachiya et al., 1995). Not surprisingly, therefore, different

precursor proteins may exhibit differential dependencies on individual subunits

of the receptor complex for recognition by the import machinery.

Recent studies suggest that, following recognition by the receptor,

subsequent vectorial movement of precursor proteins from the proximal to distal

side of the outer membrane translocon may be mediated, in part, by a series of

binding reactions involving the signal sequence (Hachiya et al., 1995, Mayer et

al., 1995). Such findings raise important questions. For example, what is the

specificity of these distal binding reactions relative to the interaction with the

receptor complex? Also, with what degree of efficiency and specificity can an

individual precursor protein by-pass the receptor complex and still execute

productive downstream interactions and, therefore, translocation into the

organelle? Certainly, enforced protein import via a receptor by-pass mechanism

has been weil documented in lower eukaryotes (Pfanner et al., 1988).

Moreover, genetic studies have revealed that numerous genomic open reading

frames have the potential to encode sequences that can function as

promiscuous matrix-targeting signais when located at the NH2-terminus of a

passenger protein (Allison and Schatz, 1986, Baker and Schatz, 1987, Hurt and

Schatz, 1987, Roise et al., 1988). One mechanism to prevent unscheduled

import of proteins into mitochondria, therefore, might be a raceptor that on the

one hand contributes to the positive recognition of a bona fide precursor

protein, but on the other excludes foreign proteins that bear a cryptic signal

sequence from gaining access to downstream binding sites within the

translocation machinery, an event that might allow the protein to be functionally

imported.
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Here, we have gained insight into this problem as the result 01 linding

that a domain located at the NH2-termini 01 certain precursor proteins in yeast

can lunction independently as a matrix-targeting signal in yeast mitochondria

but not in mammalian mitochondria. Under normal conditions, mammalian

Tom20p (Goping et al., 1995, Seki et al., 1995, Hansen et al., 1996) denies this

domain access ta the protein translocation machinery, but once access is

achieved by physically removing the Tom20p barrier, this sequence is capable

01 mediatîng efficient import 01 attached proteins across bath the outer and inner

membranes. The physiological significance of these findings, and the possible

mechanisms whereby Tom20p prevents cryptic targetîng sequences from

gaining access ta the import machinery, are discussed.
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General

Previous articles (McBride et al., 1992, Li and Shore, 1992a, McBride et al.,

1995 and references therein) describe the routine procedures employed for

recombinant DNA manipulations, transcription of pSP64 constructs, translation

of the resulting mRNA in rabbit reticulocyte Iysate in the presence of

[35S)methionine, and import of radiolabelled precursor proteins into rat heart or

liver mitochondria and mitoplasts. Purification and impor! into yeast

mitochondria was performed according to Glick et al., 1992. Additional

information is provided in the figure legends.

38
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Recombinant Plasmlds

pSP(pOMD29D16-29) (McBride et al., 1992) encodes amino acids 1·15

of Mas70p fused to amino acids 4-186 of dihydrofolate reductase (DHFR) 1.

Following digestion with PsU and Hindlll to remove the MA57D sequence,

adapters were introduced that encode the following changes to wild-type

Mas70p. (1) Lysine at position 9 was mutated to an isoleucine and isoleucine at

position 12 was mutated to a lysine, and the protein designated Mas70p(1­

15)K~:112DHFR. The adapters were 5'·

AGCnATGAAGAGCTTCAnACAAGGAACATTACAGCCAAGn GGCTGCA-3'

and 5' ·GCCAACnGGCTGTAATGnCCTTGTAATGAAGCTCTTCATA-3'. (2)

The positively-charged amino acids at positions 2, 7, and 9 of wild-type Mas70p

were replaced with glutamine, employing the adapters 5'­

AGCnATGCAGAGCTTCAnACACAGAAC CAGACAGCCATITIGGCTGCA·3'

and 5'·GCCAAAATGGCTGTCTGGTTCTGTGTAAT GAAGCTCTGCATA·3'. This

new protein was designated Mas70p(1-15)KR2,7,9QDHFR. (3) Amino acids

1-15 of Mas70p were replaced with NCBR amino acids 1·12 using the adaptors
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5'·GCTTTTGAGTGAGATCTGGATAATCTGGAAAACATA·3' and 5'·

AGCTIATGTTTICCA GATTATCCAGATCTCACTCAAAAGCTGCA·3'. This new

protein was termed NCBR(1-12)DHFR. Finally, the DHFR sequence in

pSP(pOMD29D16-29) was replaced with DNA encoding amino acids 62-355 of

rat pOCT by replacing a Pstl-EcoRI fragment (Nguyen and Shore, 1987) with

the corresponding restriction fragment generated from pSP019 (Nguyen et al.,

1986), yielding the new protein Mas70p(1-15)OCT. Ali changes were verified

by nucleotide sequencing.

39
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Results and Discussion

Mas70(1-15)DHFR and NCBR(1~12)DHFR are Imported /"to Yeast

but not Rat Heart Mltochondrla ln vItro

The NH2-terminal signal-anchor sequences of yeast Mas70p and NADH

cytochrome b5 reductase (NCBR)1are responsible for targeting and inserting

these proteins into the mitochondrial outer membrane in the Nin-Ccyto

orientation, leaving the bulk of the protein facing the cytosol (Hase et al., 1984,

McBride et al., 1992, Hahne et al., 1994). Interestingly, the signal-anchor of

NCBR is bi-functional and delivers a portion of the NCBR molecules to the inter­

membrane space in yeast mitochondria (Hahne et al., 1994). The signal-anchor

of bath proteins is comprised of a short amphiphilic, pos~ively-charged region at

the extreme NH2-terminus followed by the predicted transmembrane segment

(Hase et al., 1984, Hahne et al., 1994). The NH2-terminal domain of Mas70p

can support matrix targeting of a fused passenger protain into mitochondria

from yeast (Hurt et al., 1985), but not mammals (rat heart) (McBride et al., 1992).

Fig.1 documents this fact and shows as weil that this disparity between

mammalian and yeast mitochondria extends to NCBR. Import of porin, on the

other hand, was observed for m~ochondria isolated fram e~her source.

Following import incubations ~h yeast mitochondria, Mas70(1-15)DHFR

and NCBR(1-12)DHFR were recol!ered with the organelle (Fig.1 B, lane 7) and a

significant -rraction WélS rasistant to subsequent treatment with trypsin (Iane 8).

Acquisition of protease-resistence was dependent on the presence of

mitochondria (Iane 2), on ~'" (Le., it was abolished by CCCP, lane 9) and

physiological temperature (Iane 10), and the protein extractable at alkaline pH

(not shown), ail of which are consist6nt with import to the matrix cornpartment. In

marked contrast, negligible protease-resistant precursor was recovered with rat

heart mitochondria (Fig.1 B, compare lane 4 with lanes 5 and 6) or mitochondria
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Figure 1. Mas70(1-15) and NCBR(1-12) direct protein import into yeast, but not

rat heart, mitochondria . A, Residues 1-15 of Mas70p (/eft pane~ and 1-1201

NCBR (right pane~ are shown as predicted o.-helices, with amino acids

indicated in the single letter code. Positively charged amino acids are circled in

bold and indicated by a plus sign. B, [35S]porin (top pane~, [35S]Mas70(1­

15)OHFR (middle pane~ and [35S]NCBR(1-12)OHFR (bottom pane~ were

generated by transcription-translation of recombinant plasmids and the

resulting reticulocyte Iysate incubated with mitochondria (0.5 mg/ml protein)

purified either from rat heart (Ianes 3-6) (Li and Shore, 1992b) or Irom yeast

strain 0273-1 OB (Ianes 7-10) (Glick et al., 1992), in the presence (Ianes 5 and

9) or absence (Ianes 2-4, 6-8, and 10) of 1.0 !lM CCCP, and incubated under

standard import conditions for 30 minutes either at 30° (Ianes 2-5 and 7-9) or 4°

(Ianes 6 and 10). Organelles were recovered from reaction mixtures by

centrifugation either directly (Ianes 3 and 7) or following treatment with 0.125

mg/ml trypsin for 20 minutes at 4° followed by a 10 mif'lutè incubation with 1.25

mg/ml sùybean trypsin inhibitor (Ianes 4-6 and 8-10) (McBride et al., 1992).

They were subjected to SOS-PAGE and fluorography. Lane 1, 10% input

translation product; lane 2, no mitochondria added to import reactions.

•
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from human cells (not shown), despite the fact that, like yeast mitochondria

(FiS.1, lanes 7-10), the heart mitochondria supported robust import of porin

(Ianes 3-6), as weil as the entire Mas70p signal-anchor (McBride et al., 1992)

and many other proteins. Import and insertion of porin into the outer membrane

of yeast and hElart mitochondria was measured by assaying temperature­

sensitive and !l'V-independent acquisition of resistance to trypsin (Mihara et al.,

1982, Gasser and Schatz, 1983) ~Fig.1B).

Activation of Import of Mas70(1-15)DHFR and NCBR(1-12)DHFR

Into Heart and Liver Mltochondr/s

Because the NH2-termini of Mas70(1-15)DHFR and NCBR(1-12)DHFR

have the potential to form positively-charged amphiphilic helices typical of

matrix-targeting signais (Fig.1 A), it was predicted that these domains might in

fact constitute cryptic signais that are denied entrance to heart mitochondria due

to a screening mechanism located on the surface of the organelle. Consistent

with this possibility, Fig.2 demonstrates that pre-treatment of intact rat heart

mitochondria with trypsin permilted subsequent uptake of Mas70(1-15)DHFR

and NCBR(1-12)DHFR, resulting in the acquisition of protease protection for

both proteins (compare lane 4 with lanes 6 and 8). Interestingly, NCBR(1­

12)DHFR required a higher concentration of trypsin in the pre-treatment period

than did Mas70(1-15)DHFR (Fig.2). In both cases, how9ver, trypsin

pretreatment reduced the a,llount of total precursor that was subsequently

recovered with the surface of the organelle (Fig.2, compare lane 3 with lanes 5

and 7), but had no effect on the level of a marker protein in the inter-membrane

space, sulfite oxidase (not shown, see Nguyen et al., 1993), indicating that

trjpsin had not broached the outer membrane. When exposed, sulfite oxidase is

otherwise highly sensitive to trypsin (Nguyen et al., 1993, Ono and Ito, 1984). It
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Figure 2. Activation of import of Mas70(1-15)OHFR and NCBR(1-12)OHFR by

pretreatment of heart mitochondria with protease. Mitochondria purified from

rat heart (0.5 mg/ml protein) were incubated with 0.2 mg/ml (Ianes 5 and 6) or

0.4 mg/ml (Ianes 7 and 8) trypsin for 45 minutes at 4° at which time soybean

trypsin inhibitor (SBTI) was added in 50 fold excess for a further 20 minute

incubation at 4°. As a mock control (m) (Ianes 3 and 4), incubation with 0.8

mg/ml trypsin was carned out in ~he presence of SBTI. The mitochondria were

recovered by centrifugation and incubated with [35S]Mas70(1-15)OHFR (top

panel) or [35S]NCBR(1-12)OHFR (bottom panel) under standart import

conditions for 30 minutes at 30° (Ianes 3-8). Following the import reaction, the

mitochondria were centrifuged through a 0.5 ml 250mM sucrose/10mM Hepes,

pH 7.5 cU3hion, and either resuspended directly in SOS sample buffer (Ianes 3,

5 and 7) or resuspended in import medium to 0.5 mg/ml protein and incubated

with 0.125 mg/ml trypsin for 20 minutes at 4°, followed by 10 minutes in the

presence of SBTI. Mitochondria were recovered, subjected to SOS-PAGE, and

analyzed !Il' fluorography. Lane 1, 10% of input [35S]precursor protein; lane 2,

import in the absence of organelles.

•
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would appear, therefore, that one or more proteins on the surface of heart

mitochondria promote binding of these precursor proteins to the surface of the

organelle. However, a surface-exposed protein(s) also prevents these

precursors from subsequently passing across the outer membrane. Under the

conditions employed, trypsin presumably removed this barrier, while leaving

other components of the import machinery (e.g., Tom40p) at least partially

functional.

The inability of Mas70(1-15) (Fig.3) and NCBR(1-12) (not shown) to

support import of a passenger protein into intact mitochondria was also

observed for rat Iiver mitochondria and was observed when the passenger

protein, DHFR, was replaced by the mature portion of pOCT, a mitochondrial

matrix protein which is efficiently imported in vitro (Fig.3). The inability of these

precursors to import into Intact mammalian mitochondria, therefore, is a property

of the cryptic targeting signai rather than due to the type of passenger protein

employed.

ln addition to trypsin pre-treatment of mammalia.n mitochondria as a

means of activating protein import directed by Mas70(1-15) or NCBR(1-12),

Figs. 3 and 4 also show that mitoplasts, in place of intact r.litochondria, permit

efficient import mediated by these sequences. Whereas intact mitochondria and

mitoplasts were equivalent in their ability to import pOCT (Fig.3, upper panel),

only the mitoplasts sustained import under the direction of Mas70(1-15) (Fig.3,

lower panel) or NCBR(1-12) (Fig.4, bottom panel). Again, import into mitoplasts

was assayed by the acquisition of protease protection that was dependent on

the presence of the organelle (Fig.4, compare lanes 2 and 4), on an intact

electrical chemical potential (Fig.4, compare lanes 4 and 5), and on

physiological temperature (compare lanes 4 and 6). As expected, import

direct~d by Mas70(1-15) into mitoplasts was ablated when the positively-
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Figure 3. Amino acids 1-15 of Mas70p mediate import of a reporter protein Î11to

mitoplasts but not into intact mitochondria. [35S)pOCT and [35S)Mas70( 1­

15)OCT were incubated with intact mitochondria or mitoplasts purilic3d Irom rat

Iiver (McBride et. al, 1995) (0.5 mg protein/ml) under standard import conditions

for 30 min. at 300 (Ianes 3-6), in the presence (Ianes 4 and 6) or absence (Ianes

3 and 5) 01 1.0 /lM CCGP. Organelles were recovered Irom reaction mixtures by

centrifugation either directly (upper pane~ or lollowing treatment with 0.125

mg/ml trypsin for 20 minutes at 4°, lollowed by a 10 minute incu(jation with 1.25

mg/ml soybean trypsin inhibitor (bottom panel, lane.; 3-6). They were subjected

to SOS-PAGE and Iluorography. Lane 1, 10% 01 input [35S]precursor protein;

lane 2, import in the absence 01 organelles. m, processed pOCT.
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charged amino acids at positions 2, 7, and 9 were converted to uncharged

glutamine residues (Fig.4, compare first and third panels), a finding consistent

with the evidence that import across the inner membrane is initiated by an

electrophoretic force that is imposed by t.1jI on a positively-charged signal

sequence (Martin et al., 1991, McBride et al., 1995). Import, however, was

sustained following a rearrangement of the positively-charged amine acids

within Mas70(1-15) (Fig.4, second panel). Finally, import of Mas70(1-15)DHFR

into mitoplasts w!'\s competed by a sequence corresponding to the matrix

targeting sequence of paCT, either in the form of a synthetic signal peptide

(Gillespie et al., 1985) (Fig.5, left panel) or in the form of a bacterial expression

product, pODHFR (Sheffield et al.,1990), in which the paCT signal sequence

has been fused :0 DHFR (Fig.5, right panel). The extent and pattern of

competitiùr. Tor import of the transcription-translation products of Mas70(1­

15)DHFR and pODHFR were very similar (Fig.5), strongly suggesting that the

two proteins were imported into mitoplasts by a common mechanism.

Substitution of yTom20p wlth hTom20p ln Yeast M/tochondrla

Prevenès Import of Mas70(1-15)DHFR and NCBR(1-12)DHFR

We previously cloned and partially characterized the human homolog of

Tom20p and demonstrated that hTOM20 complemented the respiratory defect

of tHom20 in yeast (Goping et al., 1995), indicating that :~Tom20p can

functionally substitute for the yeast receptor and sustain import of yeast

precursor proteins in vivo. As shown in Fig.6 (upper panel), mitochondria

isolated from the hTOM20 strain of yeast supported import of porin into the

mitoc,;nondrial outer membrane in vitro, with characteristics very similar to import

of porin into wt yeast mitochondria. In both cases, most of the porin that was

recovered with the wt or hTom20p yeast mitochondria was resistant to protease
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Figure 4. Import of Mas70(1-15)DHFR and NCBR(1-12)DHFR into mitoplasts.

[35S]-labeled Mas70p(1-15)DHFR (top panel), Mas70p(1-15)K9:112DHFR

(second panel), Mas70p(1-15)KR2,7,9QDHFR (third panel) and NCBR(1­

12)DHFR (bottom panel) were obtained by transcription-translation and their

import into rat Iiver mitoplasts assayed. Conditions and manipulations are

described in Fig. 3. Lane 1,10% of input precursor protein; lane 2, import in the

absence of mitoplasts; lanes 3-6, import in the presence of mitoplasts; lanes 4­

6, treatment with trypsin following the import reaction; lane 5, import in the

presence of 1.0 IlM CCCP; lane 6, import at 4°.
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treatment fullowing impor! at 30° but no', at 4°. In contrast, temperature-sensitive

impor! of Mas70(1-1S)DHFR was observed for wt yeast mitochondria (Fig.6,

lower panel, lanes 3-S), but not for hTom20p yeas! mitochondria (Ianes 6-8).

Most of the ~~as70(1-1S)DHFR that was recovered with wt yeast mitochondria

following impor! at 30° was resistant to protease (compare lanes 3 and 4),

whereas this acquisition of protease-resistance was significantly reduced

following impor! at 4° (Iane S). Following impor! into hTom20p yeast

mitochondria at 30°, however, acquisition of protease-resistance of Mas70(1­

1S)DHFR was low (cl'lmpare lanes 6 and 7) and, in fact, was near the level of

the 4° contre; (Iane 8). Similar results were also obtained with NCBR(1­

12)DHFR (not shown). Thus, hTom20p yeast mitochondria exhibit similar

characteristics to rat hear! ami liver mitochondria with respect to the lack of

protein impor! under the direction of Mas70(1-1S) and NCBR(1-12) signal

sequences (Figs.1 and 3). Also, mitochondria from .1tom20 yeast (Ramage et

al., 1993) failed to impor! Mas70(1-15)DHFR and NCBR(1-12)DHFR (not

shown). However, it is not known if this means lI·,at yTom20p directly contributes

to positive recognition of these precursors or if deletion of yTom20p indirectly

results in disruption of components that otherwise interact with yTom20p and

are required for impor!.
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Figure 5. Synthetic matrix-targeting signal peptide and bacterial-expressed

matrix precursor protein compete for import of Mas70p(1-15)DHFR into

mitoplasts. Solutions containing 7M urea, 10mM Hepes, pH 7.4, and various

concentrations of either the peptide, pO(1-27)cys (Gillespie et a/., 1985). or

purified pODHFR (amino acids 1-36 of pOCT fused to amino acids 4-186 of

DHFR) obtained from expressing bacteria (Sheffield et a/., 1990), were flash

diluted 25-fold into a standard import reaction lacking translation product, and

incubated for 10 minutes at 4°. Reactions contained a final concentration of

0.28 M urea and the indicated concentration of pO(1-27)cys (0-2 J,lM, /eft pane~

or pODHFR (0-6 J,lM, right pane~. Import into mitoplasts was initiated upon

addition of reticulocy1e Iysate containing [35S]pODHFR or [35S]Mas70p( 1­

15)DHFR, and the mixture incubated at 30° for 15 min. Trypsin (0.125 mg/ml)

was added and the incubation continued for 20 min. at 4°, followed by a further

incubation with 1.25 mg/ml SBTI for 10 min. Mitoplasts were recovered by

centrifugation and analyzed by SDS-PAGE and fluorography. Bands

corresponding to trypsin protected Mas70p(1-15)DHFR and processed

pODHFR were quantified using a FUJI BAS 2000 Bioimager, with the products

obtained in the presence of CCCP (see Figs. 1 and 3) employed as baseline.

Imported products obtained in the absence of competitor peptide or bacterial

pODHFR were arbitrarily set at 100%.
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Figure 6. hTom20p prevents impor! of Mas70(1-15)DHFR into yeast mitochondria. A,

[35S1porin (top pane~ or [35S1Mas70(1-15)DHFR (bottom pane~ were incubated with

mitochondria purified either from wild-type yeast (Ianes 3-5) or from L1mas20 yeast

complemented with the hTom20 receptor (Goping et al., 1995). Incubation was

performed for 30 minutes at either 30° (Ianes 3,4,6 and 7) or 4° (Ianes 5 and 8) under

standard impor! conditions. Mitochondria were collected either directly (Ianes 3 and 6)

or following trypsin treastment (Ianes 4,5,7 and 8). Lane 1, 10% of input

[35S1precursor protein; lane 2, impor! in the absence of organelles. B, Autoradiograms

in A were quantified by laser densitometry and analyzed using NIH Image v.1.57

image analysis software. The radioactive bands in panel A, lanes 3 and 6 were

arbitrarily set at 100. Porin, hatched bars; Mas70(1-15)DHFR; solid bars.
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Conclusions

We have shown that a sequence which can function as an active matrix­

targeting signal in yeast mitochondria, is a cryptic signal in mammalian

mitochondria, and is denied access to the translocation machinery of the

mammalian organelle by Tom20p. Thus Tom20p has two functions: it

contributes to positive recognition of precursor proteins and, as weil, constitutes

a barrier, or guardian, against sequences that otherwise can be recognized by

distal components of the import machinery and be functionally imported into the

organelle. While the underlying mechanism of such screening by Tom20p is not

known, there are two obvious explanations. Tom20p might be situated within

the receptor complex in such a way that it shields the translocation pore and

physically prevents cryptic targeting sequences from by-pas~:ing the receptor

complex and gaining direct access to downstream compone,'ts within the

import machinery with which the cryptic signal can lunctionally interacl.

Alternatively, Tom20p, perhaps in cooperation with other components 01 the

import machinery, may recognize both specilic and related cryptic signais but

vectorially ralease into the translocation pore only those proteins bearing the

correct sequence. This is consistent with the linding that binding 01 Mas70(1­

15)DHFR and NCBR(1-12)DHFR to rat mitochondria was reduced lollowing

pretreatment of the organelle surface with protease (Fig.2). Such discrirr.ination

between different ligands is common during signal transduction events

controlled by GTP binding proteins, including the release of ER-targeted

proteins from SRP to the translocon following binding of the SRP-signal

sequence complex to SRP receptor (Miller and Walter, 1993). An analogous

ATP-dependent transfer of precursor proteins between components 01 the

mitochondrial receptor complex has been documented for precursors that are

complexed with MSF (Hachiya et al., 1995, Komiya et al" 1996, Mihara and
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amura, 1996). Whatever the mechanism, however, screening of potentially

cryptic targeting sequences by Tom20p may play an important role in

preventing mis-sorting of proteins to mitochondria in the eukaryotic cell.

Finally, our results may be relevant to post-receptor sorting of precursor

proteins within the mitochondrion. For example, cryptic matrix-targeting

sequences would be expected to remain topogl:lnically silent until they pass

beyond Tom20p and, therefore, would not Interfere or compete with other

topogenic sequences within the polypeptide that are recognized by this

receptor. One class of proteins for which this may be relevant are polytopic

Integral proteins of the inner membrane, where it has been .observed that

positively-charged domains within the polypeptide ara preferentially located on

the matrix side of the inner membrane (Gavel and von Heijne, 1992).

Recognition of these domains as cryptic matrix-targeting signais at the inner

membrane during impCirt could represent an important determinant for proper

transmembrane topology, by driving paired transmembrane helices into the

bil~yer (L;u et al., 1988). Conversely, the lack of recognition of these sequences

at the outer membrane may allow the polypeptide to adopt a conformation

which is incompatible wilh integration into the Iipid-bilayer of the outer

membrane, thereby resulting in proper sorting to the inner membrane.
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1The abbreviations are: OHFR, dihydr%late reductase: NCBR, NAOH

cytochrome bS reduetase: pOCT, pre-ornithine carbamyl trans/erase: CCCP,

carbonyl cyanide; m-chlorophenylhydrazone: SOS PAGE, sodium dodecyl

sul/ate polyacrylamide gel electrophoresis: SBTI, soybean trypsin inhibitor.



•

•

48

References

AlIison, D. S., and G. Schatz. 1986. Artificial mitochondrial presequences. Prae.

Nat!. Aead. Sei. USA. 83, 9011-9015.

Attardi, G., and G.Schatz. 1988. The biogenesis of mitochondria. Annu. Rev.

Cell Biol. 4: 289-333.

Baker,l{. P., A. Schaniel, D.Vestweber, and G. Schatz, 1990. A yeast

mitochondrial outer membrane protein essential for protein import and cell

viability. Nature 348: 605-609

Baker, A., and G. Schatz. i987. Sequences from a prokaryotic genome or the

mouse dihydrofolate reductase gene can restore the import of a truncated

precursor protein into yeast. Proe. Nat!. Aead. Sei. USA. 84, 3117-3121.

Gasser, S. M., and G. Schatz. 1983. Import of proteins into mitochondria. In vitro

studies on the biogenesis of the outer membrane. J. Biol. Chem. 258: 3427­

3430.

Gavel, Y., and G. von Heijne. 1992. The distrubution of charged amino acids in

mitochonc:rial inner membrane proteins suggests different modes of membrane

integration IVI nuclearly and mitochondrially encoded proteins. E!Jr. J. Bioehem.

205: 1207-1215.

Gillespie, L. L., C. Argan, A. T. Taneja, R. S. Hodges, K. B. Freeman and G. C.

Shore. 1985. A synthetic signal peptide blocks import of precursor proteins

destined for the mitochondrial inner membrane or matrix. J. Biol. Chem.260:

16045-16048.

G1ick, B. S., A. Brandt, K. Cunningham, S. Muller, R. L. Hallberg, and G. Schatz.

1992. Cytochromes c1 and b2 are sorted to the intermembrane space of yeast

mitochondria by a stop-transfer mochanism. Cell. 69: 809-822.



•

•

49

Goping, 1.5., D. G. Millar, and G.C. Shore. 1995. Identification of the human

mitochondrial protein import receptor, huMas20p. Complementation of Dmas20

in yeast. FEBS Lett. 373: 45·50.

Gratzer, 5., T. Lithgow, R. E. Bauer, E. Lamping, F. Paltauf, 5. D. Kohlwein, V.

Haucke, T. Junne, G. Schatz, and M. Horst. 1995. Mas37p, a novel receptor

subunit for protein import into mitochondria. J. Cell Biol. 129: 25·34.

Hachiya, N., T.Alam, Y. 5akasegawa, M. 5akaguchi, K. Mihara, and T.

Omura.1993. A mitochondrial import factor purified from rat Iiver cytosol is an

ATP-dependent conformational modulator for precursor proteins. EMBD J. 12:

1579-1586.

Hachiya, N., K. Mihara, K. 5uda, M. Horst, G. 5chatz, and T. Lithgow. 1995.

Reconstitution of the initial steps of mitochondrial protein import. Nature 376:

705-709.

Hahne, K., R. Haucke, L. Ramage, and G. Schatz. 1994. Incomplete arreSI in the

outer" 'membrane sorts NADH-Cytochrome b5 reductase to two different

submitochondrial compartments. Ce1l79: 829-839.

Hartl, F.-U., and W. Neupert. 1990. Protein sorting to mitochondria. Evolutionary

conservation of folding and assembly. Science 247: 930-938.

Hanson, B., 5. Nuttal, and N. Hoogenraad. 1996. A receptor for the import of

proteins into human mito~~ -ndiia. Eur. J. Biochem. 235: 750-753.

Hase, T., U. Muller, H. Reizman, and G. 5chatz. 1984. A 70 kDa protein of the

mitochondrial outer membrane is targeted and anchored via its extreme amine

terminus. EMBD J. 3: 3157·3164.

Hurt, E. C., U. Muller, and G. 5chatz. 1985. The first twelve amine acids of a

yeast outer mitochondrial membrane protein can direct a nuclear-encoded

cytochrome oxidase subunit to the mitochondrial inner membrane. EMBD J. 4,

3509-3518.



•

•

50

Hurt, E. C., and G. Schatz. 1987. A cytosolic protein contains a cryptic

mitochondrial targeting signal. Nature. 325: 499-503.

Kassenbrock, C. K., W. Cao, and M. G. Douglas. 1993. Genetic and biochemical

characterization 01 ISP6, a small mitochondrial outer membrane protein

associated with the protein translocation complex. EMBD J. 12: 3023-3034.

Kiebler, M., R. Plaller, T. Sollner, G. Grilliths, H. Horstmann, N. Planner, and W.

Neupert. 1990. Identilication 01 a mitochondrial receptor complex required lor

recognition and membrane insertion 01 precusor proteins. Nature 348: 610­

616.

Komiya, T., M. Sakaguchi, and K. Mihara. 1996. Cytoplasmic chaperones

determine the targeting pathway 01 precursor proteins to mitochondria. EMBD J.

407: 399-407.

Kubrich, M., K. Dietmeier, and N. Planner. 1995. Genetic and biochemical

dissection 01 the mitochondrial protein-import machinery. Curr. Genet. 27: 393­

403.

Li, J.-M., and G. C. Shore. 1992a. Reversai 01 the oriEintation 01 an integral

protein 01 the mitochondrial outer membrane. Science 256: 1815-1817.

Li, J.-M., and G. C. Shore. 1992b. Protein sorting between mitochondrial outer

and inner membranes. Insertion 01 an outer membrane protein into the inner

membrane. Biochim. Biophys. Acta. 1106: 233-241.

Lill, R., and W. Neupert. 1996. Mechanisms 01 protein import across the

mitochondrial outer membrane. Trends Cell Biol. 6: 56-61.

Lithgow, T., T. Junne, K. Suda, S. GIL\tzer, and G. Schatz. 1994. The

mitochondrial outer membrane protein Mas22p is essential lor protein import

and viability 01 yeast. Proc. Nat!. Acad. Sei. USA 91: 11973-11977.

Lithgow, T., B. S. Glick, and G. Schatz. 1995. The protein import receptor 01

mitochondria. Trends Biochem. Sei. 20: 98-101.



•

•

51

Liu, X., A. W. Bell, K. B. Freeman, and G. C. Shore. 1988. Topogenesis of

mitochondrial inner membrane uncoupling protein. Re-routing transmembrane

segments to the soluble matrix compartment. J. Cell Biol. 107: 503-509.

Martin, J., K. Mahlke, and N. Pfanner. 1991 Role of an energized inner
membrane potential in mitochondrial protein import. t.1jI drives the movement of

presequences. J. Biol. Chem. 266, 18051-18057.

Mayer, A., W. Neupert, and R. Lill. 1995. Mitochondrial protein import:

reversible binding of the presequence at the trans side of the outer membrane

drives partial translocation and unfolding. CeIlBO: 127-37.

McBride, H. M., O. G. Millar, J-M. Li, and G. C. Shore. 1992. A signal-anchor

sequence selective for the mitochondrial outer membrane. J. Cell Biol. 119:
1451-1457.

McBride, H., M., J. R. Silvius, and G. C. Shore. 1995. Insertion of an uncharged

polypeptide into the mitochodrial inner membrane does not require a trans­

bila'ler electrochemical potential: effects of positive charges. Biochim. Biophys.

Acta 1237: 162-168.

Mihara, K., and T. Omura. 1996. Cytoplasmic chaperones in precursor targeting

to mitochondria: the role of MSF and hsp70. Trends Cell Biol. 6: 104-108.

Mihara, K., G. Blobel, and R. Sato. 1982. In vitro synthesis and integration into

mitochondria of porin, a major protein of the outer mitochondrial membrane of

Saccharomyces cerecisfae. Proc. Natl. Acad. Sei. USA. 79, 7102-7106.

Miller, J. O., and P. Walter. 1993. A GTPase cycle in initiation of protein

translocation across the endoplasmic reticulum membrane. Ciba Foundation

Symposium 176: 147·159.

Moczko, M., B.Ehmann, F. Gartner, A. Honlinger, E. Schafer, and N. Pfanner.

1994. Oeletion of the receptor MOM19 strongly impairs import of cleavable



•

•

52

preproteins into saccharomyces cerevisiae mitochondria. J. Biol. Chem.259:

9045-9051.

Nakai. M., and T. Endo. 1995. Identification of yeast MAS 17 encoding the

functional counterpart of the mitochondrial receptor complex protein MOM22 of

Neurospora crassa.. FEBS LeU. 357: 202-206.

Nguyen, M., D. G. Millar, V. W. Yong, S. J. Korsmeyer, and G. C. Shore. 1993.

Targeting of Bcl-2 to the mitochodrial outer membrane by a COOH-terminal

signal-anchor sequence. J. Biol. Chem. 268: 25265-25268.

Nguyen, M. and G. C.Shore 1987 Import of hybrid vesicular stomatitis G protein

to the mitochondrial inner membrane. J. Biol. Chem. 262: 3929-3931.

Nguyen, M., C. Argan, C. J. Lusty, and G. C. Shore. 1986. Import and

processing of hybrid proteins by mammalian mitochondria in vitro. J. Biol.

Chem. 261 :800-805.

Ono, H., and A. Ito. 1984. Transport 01 the precursor for sulfite oxidase into

intermembrane space of Iiver mitochondria: characterization of import and

processing activities. J. Biochem. 95: 345-352.

Pfanner, N., R. Pfaller, and W. Neupert. 1988. How finicky is mitochondrial

protein import? Trends Biochem. Sei. 13: 165-7.

Planner, N., M. G. Douglas, T. Endo, N. J. Hoogenraad, R. E. Jensen, M. Meijer,

W. Neupert, G. Schatz, U. K. Schmitz, and G. C. Shore. 1996. Uniform

nomenclature for the protein tranport machinery of the mitochondrial

membranes. Trends Biochem. Sei. 21: 51-52

Ramage, L.,T. Junne, K. Hahne, T. Lithgow, and G. Schatz. 1993. Functional

cooperation of mitochondrial protein import receptors in yeast. EMBD J. 12:

4115-4123.

Roise, D., S. J. Horvath, J. M. Tomich, J. H. Richards, and G. Schatz 1986. A

chemically synthesized pre-sequence of an imported mitochondrial protein can



•

•

53

form an amphiphilic helix and perturb natural and artificial phospholipid

bilayers. EMBO J. 5: 1327-1334.

Ryan, K. R., and R. E. Jensen. 1995. Protein translocation across mitochondrial

membranes: What a long, strange trip it is. CeI/S3: 517-519.

Schlossmann, J., and W. Neupert. 1995. Assembly of the preprotein receptor

MOM72/MAS70 into thl:l protein import complex of the outer membrane of

mitochondria. J. Biol. Chem. 270: 27116-27121.

Seki, N., M. Moczko, T. Nagase, N. Zufall, B. Ehmann, K. Dietmeler, E. Schafer,

N. Nomura, and N. Pfanner. 1995. FEBS Lett. 375: 307-310.

Sheffield, W. P., G. C. Shore, and S. K. Randall. 1990. Mitochondrial precursor

protein. Effects of 70-kilodalton heat shock protein on polypeptide folding,

aggregation, and import competence. J. Biol. Chem. 265: 1t069-11 076.

Shore, G. C., H. M. McBride, D. G. Millar, N. A. E. Steenaart, and M. Nguyen.

1995. Import and insertion of proteins into the mitochondrial outer membrane.

Eur. J. Biochem. 227: 9-18.

Smith, M. D., M. Petrak, P. D. Boucher, K. N. Barton, L. Carter, G. Reddy, E.

Blachly-Dyson, M. Forte, J. Price, K Verner, and R. B. McCauley. 1995. Lysine

residues at positions 234 and 236 in yeast porin are involved in its assembly

into the mitochondrial outer membrane. J. Biol. Chem. 270: 28331-28336.

Soline", T., R. Pfaller, G. Griffiths, N. Pfanner, and W. Neupert. 1990. A

mitocnondrial import receptor for the ADP/ATP carrier. Ce1/62: 107-115.

Sollner, T., J. Rassow. M. Wiedmann, J. Schlossmann, P. Keil, W. Neupert, and

N. Pfanner. 1992. Mapping of the protein import machinery in the mitochondrial

outer membrane by crosslinking of translocation intermediates. Nature 355: 84­

87.



•

•

54

Vestweber, D., J. Brunner, A. Baker, and G. Schatz. 1989. A 42K outer­
membrane protein is a component of the yeast mitochondrial protein import

site. Nature 341: 205-209.



•

•

~hapter 5: General Discussion

55



•

,

•

56

The work described in this thesis can be divided into three main sections. a) the

identification of a functional signal-anchor sequence selective for the

mitochondrial outer membrane. b) the raie of \tle electrochemical potential as

an electrophoretic force in protein import into or across the inner membrane and

c) the elucidation of a new functional role for receptor proteins on the surface of

the mitochondria ta screen out cryptic mitochondrial signais. The general

discussion will focus on aspects and implications of each chapter not included

in the discussions and will place each chapter in the context of the field as it is

today, rather than when the experiments were performed.

The signa/-anchor sequence.

The amino terminal region of the yeast outer membrane receptor protein

yTom70 contains a hydrophobie sequence responsible for a number of distinct

interactions which target and insert the protein into the outer m9mbrane. Il can

target the protein ta the surface of the organelle, initiate translocation across the

Iipid bilayer and abrogate translocation resulting in the lateral release of the

domain into the surrounding membrane. This hydrophobie region has been

termed a signal-anchor sequence since similar topogenic sequences are found

in the endoplasmic reticulum. The signal-anchor domain is now accepted in the

field as a bone fide topogenic domain and can be found in a growing number of

outer membrane proteins. The presence of charged residues on the N- or C­

terminus of the hydrophobie signe.! anchor function ta enhance the rate of

import, but are not required for proper targeting. For example, yTom20 contains

a 28 amino acid region of hydrophobicity at the immediate N-terminus, without

an extended flanking region, and this hydrophobie region funetions as a signal­

anchor sequence (Goping et al., 1995). ThEl casa of Bcl-2 demonstrates that a

signal-anchor sequence is not limited ta the N-terminus, but that the 22 amino
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acid hydrophobie C-terminal domain can lunction alone at the C-terminus of the

passenger protein DHFR and target the protein to the mitochondrial outer

membrane (Nguyen et al., 1994). Tom6 contains two predicted transmembrane

domains, one at either end, and it has recently been shown that the signal­

anchor like C-terminal region 01 Tom6 can drive import of a passenger protein

(Cao and Douglas, 1995). Other proteins of the outer membrane, such as

Tom37 (Kassenbrock et al., 1995) contain regions resembling a signal-anchcr

sequence, although the definitive experiments have not been done. The

transmembrane region 01 the outer membrane receptor protein, Tom22 is

Jocated internally, a"d it is unknown whether such an internai region could

function as a signal-anchor sequence (Kiebler et al., 1993).

Another interesting leature of the signal-anchor sequence is the lact that

the transmembrane domain alone can lunctionally insert the protein into the

Iipid bilayer without the presence of any charged residues. This point is

relevant when one considers the present model of protein/receptor interactions,

which are based primarily on electrostatic interactions between the positively­

charged targeting signais and acidic regions located within the cytosolic

domain 01 receptors. Does this imply that without charged residues, the signal­

anchor sequence can bypass the receptors and interact directly with the

translocating machinery 01 the GIP? Interestingly, competition experiments

using bacterially expressed pODHFR against both a matrix lusion construct

pODHFR and the yTom70 lusion construM pOMD29, demonstrated that the rate

limiting step for import of pODHFR was distal to that of pOMD29 (McBride et al.,

1992). Whether or not this rate Iimiting step is at the level of the receptors is

unknown. It is Iikely that the enhancement of the rate of import due to the

charged amino terminal region is a direct result of increased binding ta the
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mitochondrial surface, to either lipid 01 orotein, thereby facilitating increased

interactions with downstream cornponents of the translocation machinery.

One of the critical consequences of a signal-anchor sequence is that this

domain sorts the protein into the first lipid-bilayer it encounters. This concept :s

further verified by the fact that upon direct eXfJosure to the inner membrane of

the mitochondria by incubating the construct with mitoplasts, pOMD29 is

efficiently imported into the inner membrane with a newly acquired dependence

on l11j1 (Li and Shore, 1992a, McBride et al., 1995). It is known that many

transmembrane regions destined for the inner membrane are not arrested at the

level of the outer membrane, so mere hydrophobicity cannot be the requirement

for lateral release into the outer membrane lipid bilayer. It is also known that the

primary sequence of the transmembrane domain follows no discernible

consensus which wou Id distinguish between outer vs. inner transmembrane

domains. An earlier model proposed !hat a membrane region would be

laterally released into the outer membrane unless the region N-terminal to it has

engaged the inner membrane (Nguyen et al., 1988, Shore et al., 1995). This

model continues to apply to bitopic outer membrane proteins containing signal­

anchor sequences since the number of residues t1anking the signal-anchor

could not merit irreversible interactions with the inner membrane. The case of

polytopic inner membrane proteins such as UCP or AAC are more complicated

since the first transmembrane region is at the N-terminus, but does not function

as a signal-anchor sequence. It will be interesting to learn how these regions

escape insertion into the outer membrane.

Funct/onal role of the electrochem/cal patent/al.

To date, ail but one protein imported into or across the inner membrane

require the presence of the lliectrochemicai potential across the membrane.
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The dependence on the electrochemical potential is shown in Chapter 3 to be a

result of positively-charged residues within the presequence, moreover, it is

suggested that the potential is required to vectorially clear these charged

residues from the translocation pore (McBride et al., '995). Il is interesting to

speculate on the nature of the interactions which would require such a force in

order to disengage them. Two Iines of evidence point to a model whereby the

positively charged presequence may interact with regions nf protein exposed to

the intermembrane space. The first is that import into protease pretreated

mitoplasts is inhibited for pODHFR, UCP and pOMD29, however, import is

unaffected for the charge-deficient mutants (data not shown). Furthermore,

although import of pODHFR. UCP and pOMD29 is competed for by the addition

of matrix signal-peptide, the import of the charge deficient mutants remains

unaffected (McBride et al., 1995). These data suggest that import of the wild

type signal anchor into mitoplasts requires the presence of protease accessible

components at the level of the inner membrane. Furthermore, the charge

deficient mutants do not require such components and are capable of direct

interaction with the translocation machinery of the inner membrane. The fact

that wild-type pOMD29 is competed for by matrix signal peptide and the mutants

are not also suggests that the presence of the charged residues result in a rate

Iimiting step distal from that used by the signal-anchor domain alone. Such a

rate-Iimiting step may be related to the protease accessible componen!. As

suggested in Chapter 3, Tim44 is predicted to bind positive presequences,

however, another candidate protein is Tim23, which contains a large acidic

region exposed to the inner membrane space. Subsequent work on the

mechanism of Tim44 has demonstrated that this protein functions in co­

operation with the matrix chaperone Hsp70 as an "import motor" to ~~11 in

translocating polypeptides. The motor activity is known to function downstream
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01 the requirement lor ~1jI. therelore a more likely candidate lor interactions with

charged presequences is Tim23. The predicted interaction between such a

component 01 the inner membrane machin"lry and the charged presequence is

necessarily much stronger than those encountered at the level 01 the outer

membrane since an electrochemical potential is not needed at the outer

membrane to release such binding steps.

Another interesting observation taken Irom these results is that positive

charges are not necessarily required to initiate translocation across the inner

membrane, and that a signal-anchor sequence can lunction at this stage. This

may be important in the sorting 01 downstream transmembrane domains of

polytopic inner membrane proteins.

Mammallan specificity, Inner membrane sartlng and NCBR.

Although the constructs used in Chapter 4 may be quite unique in

demonstrating a difference between yeast and mammalian mitochondria. it is

interesting to note that differences between mitochondrial species have been

observed previously. For example, the mitochondrial import stimulating lactor

M5F (Hachiya et al., 1993), which lunctions as a cytosolic chaperone prolein,

has been identified in rat hver but no homologues exist in yeast to date. An

increased requirement lor precursor specilicity may be due to the increased

complexity of the mammalian cell. For example, mammalian and yeast

mitochondria are faced with a tremendous number 01 cellular proteins which are

not destined for import. Mis-sorting aberrations are found in human disease

conditions where, most commonly, peroxisomal proteins become sorted to the

mitochondria (Purdue et al., 1991). In order to screen out peroxisClmal, and

other proteins, the mitochondria must have evolved a very precise mechanism

tl) discriminate against non-mitochondrial precursors. It remains unclear
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whether or not yeast have also evolved an ablity ta screen out cryptic signais.

ln a mammalian system, the receptor hTorr.20 is shawn ta have a pivotai raie in

a screening function, however the mechanism whe:reby it performs this function

is unknown. Il is probable that Tom20 functions within the receptor complex in

arder ta achieve proper fidelity. Il will be interesting ta learn if other constituents

of the import machinery have evolved screening functions and if yeast are

capable of discriminating against cryptic signais.

The fact that the import machineries of the outer and inner membrane

are dynamic structures, each with the potential ta tunction independently of the

other strongly implies thêt bath machineries have mechanisms to recognize

targeting signais. Data presented in Chapter 4 demonstrate the ability of

mammalian mitochondrial outer membrane ta recognize only very specific

targeting signais, however little is yet known about the signal-recognition

properties of the inner membrane import apparatus. The unexpected

observation that the relatively short sequences at the amino terminus of

yTom70 or NADH cytochrome b5-reductase can function as matrix-targeting

signais when presented directly to the exposed inner membrane or

mitochondria, but not when it encounters the outer membrane of the intact

organelle, suggests that the inner membrane machinery demonstrates a

distinct specificity for signais. Minimal structural requirements for recognition

by the innar membrane were investigated by constructing mutants to test the

role of positive charges vs. the hydrophobicity. The resulls suggest that

positive charges are required, however the loss of hydrophobicity does not

allect import efficiency.

The potential in vivo consequences of the inner membrane receptor

machinery possessing a more relaxed specificity for signais may be two-fold.

First, il may be of kinetic importance. It has been shown that contact sites are
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not formed until the appearance of the precursor at the 1raD..s. side of the outer

membrane. As the precursors are presented to the inner membrane, they

would become stalled until such time as the inner membrane machinery

contacts either the presequence in transit or the outer membrane machinery

itsell. Relaxed signal specificity would allow this ta occur at an increased rate.

The second consequence of relaxed specificity 01 the inner membrane

import machinery, as mentioned in Chapter 4, may be of importance lor protein

sorting between subcompartments. Proteins translocated across the outer

membrane may be recognized by the inner membrane receptor complex due to

a unique secondary structure previously concealed Irom the outer membrane

apparatus. This phenomenon would explain why proteins destined for the inner

membrane are not arrested in transit by the outer membrane. These results may

shed new Iight on previously elusive mechanisms of insertion of inner

membrane proteins such as the family of ion channels which include UCP and

AAC by considering their targeting and ins'3rtion signais in the context 01 each

membrane system separately.

Finally, with respect to Mas70p itself, it is evident that the cryptic mito~last

specific matrix-targeting sequence at its amino-terminus does not Interfere with

the signal-anchor function of the transmembrane segment, with the result that

Mas70p is imported exclusively into the outer membrane (McBride et al., 1992).

ln the case of NADH cytochrome-b5 reductase, however, the combination of the

mitoplast matrix-targeting signal with a weak signal-anchor function of the

transmembrane segment results in almost 60% of the molecules sorted to the

intermembrane space rather than into the outer membrane like Mas70p (Hahne

et al., 1994). This demonstrates the pivotai role the inner membrane machinery

plays in recognizing and sorting signais to proper sub-compartment within the

mitochondria. However, our results also demonstrate that the amino terminal
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regior. of NADH cytochrome b5-reductase is not responsible for the initiation of

translocation across the outer membrane, which further suggests that the

signal-anchor sequence engages the machil1ery which has been observed

previously in the case of yTom70 (McBride et al., 1992).

Unsnswered questions

The topogenic signal-anchor sequence is now though to be responsible

for most outer membrane protein sorting, however there ramain proteins whose

biogenesis is uncertain, such as beta-barrel containing proteins, Iike porin, and

others like the receptor Tom22. This receptor does not contain any

stereotypical mitochondrial targeting signais and the transmembrane region is

internaI. It has also never been tested wllether ur not transmembrane regions

of inner membrane proteins contain any targeting information, but has been

predicted that they function strictly as passive stop-transfer domains. A most

intriguing aspect of protein sorting has always been the mechanism by which

transmembrane ragions escape insertion into the outer membrane and studies

such as these will undoubtedly lead to the answers.

The recent identificatiol1 of the components of the inner membrane

machinery has resulted in a heightened understanding of the events at this

membrane, however, there remain many experiments to be done. For example,

precursor/receptor interactions and the nature of sequential binding events are

finally beginning to be addressed in isolated systems using both membranes cf

the mitochondria. It will be interesting to determine if Tim23 binds tightly to

incoming presequences. Furthermore, whether or not the contact site is formed

between the machineries of each membrane translocase machinery, or if it is

formed as a result of the bridging polypeptide. The future will also undoubtedly

hold the answers to the mechanism of how Tom20 functions within the receptor
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complex to systematically evaluate incoming proteins. Mutations withill the

cytosolic region of hTom20 are now being made and their ability to complement

the t.tom20 yeast strain will be tes'led as will their ability to import various

signais.

The last 5-10 years have seen the elucidation of the machinery which

translocates mitochondrial proteins into the organelle and new underslandings

of the pathways on which proteins are imported. We have identified receptor

proteins and now know that they are responsible for binding incoming

polypeptides and are indispensible for most mitochondrial proteins. However,

the mechanism whereby the cytosolic regions of these receptors is capable of

mediating protein-protein interactions remains a mystery. A detailed

undarstanding of the molecular interactions which mediate successful

translocation of large polypeptides is the next great challenge of the

mitochondrial impor! field.
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Original cQntrlbytions tQ knQwledge.

The following findings contained within this thesis constitute original

contributions to the field.

1. The import of a Tom70 fusion construct pOMD29 into the outer membrane

requires ATP. protease-sensitive components on the surface of the organelle

and physiological temperature.

2. The identification of a novel class of mitochondrial targeting signais, termed

the signal-anchor sequence, which are selective for the outer membrane.

3. The role of positively charged residues within a signal-anchor sequence

functions to enhance the rate of import.

4. The role of the electrochemical potential in protein import into the inner

membrane is due to an electrophoretic pull on positively-charged

presequences in order to clear them from the translocation machinery.

5. Veast mitochondria are capable of importing some signais which are not

admitted into mammaiian mitochondria.

6. The inner membrane translocation machinery demonstrates a distinct

specificity for matrix targeting signais relative to the outer membrane.

7. The human receptor Tom20 is capable of transferring the mammalian ability

to screen specifie cryptic mitochondrial signais to yeast mitochondria.

8. The GIP of the mitochondrial outer membra"e, when acting without receptor

proteins, does not contain the requisite ability to discriminate against cryptic

signais.




