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ABSTBACT 

The mechanism of prote in translocation into 

mitochondria has been investigated by studying properties 

of precursor proteins destined for the mitochondrial 

matrix. Characterization of the amphiphilic properties of 

the signal sequence for pre-ornithine carbamyltransferase 

has led to the conclusion that precursors can not 

translocate across the inner membrane via a lipid route 

alone (i. e. in the absence of proteins). A correlation 

was established between the rate of precursor import and 

the deqree of hydrophobici ty of a short region in the 

presequence, suqgestinq that precursor bindinq to the two­

dimensional phospholipid surface of the outer membrane may 

enhance the rate of diffusion to the translocation 

apparatus. 

The conformations of the mature portions of two 

hybrid proteins, pOCAT and pODHFR, were examined at 

various steps on the import pathway. The bulk population 

of these precursor~ remained in a near-native conformation 

prior to precursor enqaqement of the import apparatus. 

Unfolded polypeptide translocation intermediates, the 

formation of which requires ATP, an intact signal 

sequence, and a protease-sensitive component of the outer 

mitochondrial membrane, have been detected in association 

with submitochondrial fractions containinq sites of 

contact between the inner and outer mitochondrial 

membranes. 
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Résumé 

Le mécanisme de tra~slocation protéique dans la 

mitochondrie a été étudié en examinant les propriétés de 

précurseurs destinés à la matrice mitochondriale. La 

caractérisation des propriétés amphiphil iques de la pré­

séquence de ornithine carbamyle transférase a mené à la 

conclusion que les précurseurs ne peuvent traverser la membrane 

mitochondriale interne en utilisant une voie lipidique seule 

(Le. en l'absence de protéines). Uni! corrélation a été établi 

entre la vitesse à laquelle le précurseur est importé et le 

degré d'hydroph~bicité d'une courte région dans la pré­

séquence. Ceci suggère la possibilité que le précurseur 

s'attache à la surface lipidique de la membrane mitochondriale 

externe, ce qui augmenterait la vitesse de diffusion à travers 

l'appareil translocationnel. La conformation de deux protéines 

hybrides, pOCAT et pODHFR, a été étudié à diverses étapes du 

processus de leur transport et 

partie de la population de ces 

translocation. La majeure 

précurseurs retiennent une 

conformation semblable à celle de la protéine active, jusqu'à 

ce qu'ils s'engagent dans l'appareil de translocation. Un 

jntermédiaire de conformation différente a été détecté, associé 

avec une f""action sub-mitochondriale contenant les sites de 

contact entre la membrane externe et interne. La formation de 

cette intermédiaire nécessite ATP, une pré-Séquence intacte, et 

un élément, protéase-sensible, présent sur la surface externe 

de la mitochondrie. 
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PREFACE 

In accordance with the Guidelines Concerning Thesis 

preparation of the Faculty of Graduate Studies and 

Research of McGill University, the following regulations 

are cited in full: 

" The candidate has the option, subject to the approval of 
the Oepartment, of including as part of the thesis the 
text, or duplicated published text (see below), of an 
original paper, or papers. In this case the thesis must 
still conform to aIl other requirements explained in 
Guidelines Concerning Thesis Preparation. Additional 
material (procedural and design data as well as 
descriptions of equipment) must be provided in sufficient 
detail (e. g. in appendices) to allow a clear and precise 
judgement to be made of the importance and originality of 
the research reported. The thesis should be more than d 

mere collection of manuscripts published or to be 
published. It must include a general abstract, a full 
in't.roduction and literature review and a final overall 
conclusion. Connectinq texts which provide logical 
bridges between different manuscripts are usually 
desirable in the interests of cohesion. 

It is acceptable for theses to include as chapters 
authentic copies of papers already published, providing 
these are duplicated clearly on requlation thesis 
stationery and bound as an integral part of the thesis. 
Photographs or other published materials which do not 
duplicate well must be included in their original forme 
In such instances, connecting texts are mandatory and 
supplementary explanatory material is almost always 
necessary. 

The inclusion of manuscripts co-authored by the candidate 
and others is acceptable but the can~idate is required to 
make an explicit statement on who contributed to such work 
and to what extent, and supervisors must attest to the 
accuracy of the claims, e. g. before the Oral Commi ttee . 
since the task of the Examiners is made more difficult in 
the se cases, it is in the candidate's interest to make the 
responsibilities of the authors perfectly clear. 
Candidates following this option must inform the 
Department before it submits the thesis for review. 1t 

As approved by the Department of Biochemistry, two 
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papers that have already been published have been 

incorporated into this thesis: 

Chapter 2 Skerjanc, l.S., Shore, G.e., and Silvius, 

J.R. (l987) EMBO J. 6: 3117-3123. 

Chapter 3 Skerjanc, l.S., Sheffiel.d, W.P., Silvius, 

J.R., and Shore, G.e. (1988) J. Biol. Chem. 

263: 17233-l7236. 

The work described in Chapter 4 is beinq prepared for 

publication. 
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of the synthetic peptide used in Chapter 2. Bill 

Sheffield prepared the mitochondrial matrix extract used 

in Cnapter 3 and the constructs of pOCAT and pODHFR used 
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used in Chapter 3 and Chapter 4. tiith these exceptions, 

the work described is entirely my own. 
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1.1 Import of Proteins into Mitochondria 

Mitochondria are not created de novo but are derived 

from the qrowth and division of pre-existing organelles 

(Palade 1983; Storrie and Attardi 1973 t Luck 1963). 

Al thou.qh some proteins are encoded by mi tochondrial DNA 

and synthesized in the matrix (Tzagoloff et al. 1979), the 

majority of mitochondrial proteins are encoded by nuclear 

genes and synthesized as precursors in the cytoplasm of 

the cell (Maccecchini et al. 1979; Shore et al. 1979; Hay 

et al. 1984). Some precursors conta in amino-terminal 

extensions, termed signal sequences, and are imported into 

either the intermembrane space, the inner me~rane, or the 

matrix. Outer membrane proteins do not seeTl1 to be 

synthesized as higher molecular weight precursors (Hay et 

al. 1984; Hartl et al. 1989). Translocation in vivo is 

post-translational (reviewed in Nicholson and Neupert 

1988) and translocation across the inner membrane requires 

an electrochemical potential (Kolansky et al. 1982; Gasser 

et al. 1982; Schleyer et al. 1982). The signal sequence 

is c1eaved upon insertion into the matrix by a processing 

peptidase, which has recently been purified and cloned 

(Witte et al. 1988, Hawlitschek et al. 1988; Yang et 

al. 1988; Jensen and Yaffe 1988). Subsequent assembly of 

matrix proteins into oliqomeric complexes requires a 

nuclear encoded mitochondrial heat-shock protein, hsp60 
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(Cheng et al. 19891 Reading et al. 1989). 

Al though a great deal has been learned about the 

overall import pathway in the last few years, the maj or 

components of the mitochondrial translocation apparatus 

remain unknown. This thesis focuses on what has been 

learned about mechanisms of import by examining properties 

of mitochondrial precursor proteins. Specifically, l 

examine how properties of the signal sequence, as well as 

sequence and conformation of the mature portion of the 

protein, influence the import efticiency of natul:al and 

artificial mitochondrial precursors. 

Topics not covered in this introduct~.on include the 

extensive mutagenesis studies performed un signal 

sequences, import of precursors to the outer membrane, 

intermembrane space, and the inner membrane, sorting and 

stop transfer signals, analysis of distinct steps on the 

import pathway of various precursors, and details of 

precursor processing. Information on these topics may be 

obtained from several recent review articles (Attardi and 

Schatz 19881 Verner and Schatz 1988: Pfanner et al. 1988a: 

Eilers and Schatz 1988: Roise and Schatz 1988: Hartl et 

al. 1989). 

1.1.1 Mitochondrial Targetinq Sequences Direct Import 

The first indication that the signal peptides of 

mitochondrial precursors carry important targeting 

information came from the observt. ... .Lon that mature Fl-
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ATPase a - , B-, and 'Y -subuni ts, could not be imported into 

isolated mitochondria, as opposed to their corresponding 

precursors (Maccecchini et al. 1979) . Subsequent gene 

fusion studies created various hybrids of signal sequences 

fused to nonmitochondrial proteins and demonstrated that 

an N-terminal signal sequence is sufficient to direct 

these "passenger" proteins to the organelle (Hurt et 

al.1984; Horwich et al.1985; Nquyen et al.1986). Thus, it 

was concluded that signal sequences contain the necessary 

information required to target proteins to mitochondria. 

The observation that chemically synthesized signal 

peptides inhibit precursor import (Gillespie et al.1985 ~ 

Chu et al. 1989), indicates that these pep-cides retain 

important features of the signal sequence in the native 

precursor and are capable of interacting wi th essential 

components of the import apparatus. These peptides were 

found to inhibi t the import of precuJ:'sors destined for 

either the matrix or the inner membrane, suqqestinq that 

proteins destined for dif~erent intramitochondrial 

compartments may share, at least in part, a co~~on import 

pathway. This type of degeneracy in the import pathway 

has also been documented by the demonstration that an 

excess of one precursor can effectively compete for both 

import and specifie binding of other precursors, even 

those that are destined for different intrami tochondrial 

compartments (Mori et al. 1985; Pfaller and Neupert 1987~ 
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Pfaller et al. 1988). These findinqs sugqest that it is 

highly unlikely for each precursor to have its own 

specialized translocation apparatus and thus there must be 

a siqnificant deqree of similarity between siqnal 

sequences which target proteins to various compartments. 

Approximately 85 mi tochondrial precursors have been 

cloned and sequenced to date (Hartl et al. 1989). 

surprisinqly, comparison ot the signal sequences of these 

precursors has revealed no consensus in primary structure, 

altho~qh they are qenerally enriched in basic, 

hydroxylated, and hydrophobie residues, evenly distributed 

along the lenqth of the signal peptide. S ince various 

signal peptides appear to direct precursor import via the 

same pathway, it is reasonable to postulate that these 

signals must have similar three-dimensional conformations 

in order to recoqnize and interact with the translocation 

apparatus. 

1.1.2 Mitochondrial Signêl Sequences are Amphiphilic 

A common secondary structure of signal peptides may 

involve the formation of an amphiphilic Ci -helix, a 

structure which has also been postu1ated for the signal 

sequences of various bacterial secretory proteins (Brigqs 

and Gierasch 1984; Briggs et al. ~985; Tamm et al. 1989; 

see section 1.2.1). Amphiphilic structures tend to bind 

to the lipid surface of membranes, because hydrophobie 

residues can easily associate with the phospholipid acyl 
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chains while hydrophilic residues remain in an aqueous 

environment. Further, the basic residues of the signal 

peptides may form electrostatic interactions with the 

negative charges on the phosphate head groups. 

The first evidence that the signal peptides of 

mi tochondrial precursor proteine interact wi th membranes 

was provided by the observatioTi that relatively low 

concentrations of synthetic signal peptides can cause 

uncoupling of oxidative phosphorylation and leakage of 

enzymes from mitochondria (Ito et al. 1985: Gillespie et 

Ù. 1985). These results suggest that the peptides ean 

bind membrane~ in such a way as to perturb the bilayer 

structure. Circular dichroism studies have shown 'chat the 

pCox IV and pO CT signal peptides have little ex -helieal 

content in aqueous solution but undergo a significant 

induction into an Ci -helical conformation in membrane-l ike 

environments (Epand et al. 1986; Roise et al. 1986, 1988). 

When these signal peptides are folded into a model Ci­

helix, i t is found that the hydrophobie and hydrophilic 

residues are clustered on opposite faces. Theoretiea1 

calculations by von Heijne (1986) have shown that the 

majority of 23 mitochondrial signal sequences examined 

were capable of folding into amphiphilic a -helices. 

However, it has been shown reeently that functional 

presequences Llay be amphiphilic wi thout being Ci -helieal 

(Roise et al. 1988, discussed below) • 
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Signal peptides have been shown to insert 

spontaneously into phospholipid monolayers (Roise et al. 

1986, 1988; Tamm 1986) and bind to liposomes containing 

anionic phospholipids (Skerjanc et al. 1987; Myers et al. 

1987) . Also, such peptides have been found to cause 

disruption of unilamellar liposomes (Roise et al. 1986, 

198R; Skerjanc e't al. 1987; Chapter 2 of this thesis). 

More recent1y, several full length proteins were shown to 

bind acidic liposomes, including the precursors of 

adrenodoxin, cytochrome P-450(SCC), malate dehydrogenase, 

pOCT, and pCoxIV-OHFR (Skerjanc et al. 1988; Chapter 3 of 

this thesis: Ou et al. 1988; Endo and Schatz 1988). Thus, 

it is clear that the ability to bind to membranes is a 

common feature of all the mitochondrial presequences 

examined to date. 

Even artificial presequences, which behave like 

natural presequences, have been shown to be amphiphilic 

(Ito et al. 1985; Allison and Schatz 1986). For example, 

artificial sequElnces fused to su}::)unit IV of cytochrome 

oxidase were able to be imported into mitochondria 

(Allison and Schatz 1986), and synthetic signal peptides 

corresponding to these functional artificial preseq~ences 

were found to insert into phospholipid monolayers and to 

disrupt vesicles wi th similar efficiencies as the wild 

type Cox IV signal (Roise et al. 1988). Although one of 

the artificial signal peptides examined was found by 
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circular dichroism measurements not to be a-helical in the 

presence of detergent micelles, it was still found to be 

amphiphilic, as measured by its ability to insert into 

phospholipid monolayers and to disrupt phospholipid 

vesicles. Based on these studies, it May be concluded 

that the amphiphjlicity of the signal sequence is 

essential and May be achieved either through an a-helical 

or an alternative conformation. 

1.1.3 Possible Roles for Signal Sequence Amphiphilicity 

How is the amphiphilicity of targeting sequences 

important in the overall mechanism of mitochondrial 

import? One possible hypothesis, originally postulated by 

Roise et al. (1986) and von Heijne (1986), involves 

membrane translocation via a lipid pathway. In this 

model, the signal sequence initially binds to the 

membrane, senses ~he potential across the inner membrane, 

and is effectively pulled across the bilayer by the 

electrochemical potential. Since signal peptides are 

positively charged and the electrochemical potential 

across the inner mitochondrial membrane is negative 

inside, the energy gained by the peptide passing down the 

gradient would be substantial and could compensate for any 

unfavorable polar/apolar interactions that would occur in 

the process (von Heijne 1986). The ability to respond to 

a membrane potential applied to lipid vesicles has been 

demonstrated for melittin (Kempf et al. 1982) and for 

" 
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hydrophobie model peptides, consistinq of 5 or 6 amino 

acids with a net positive charge at the amino terminus (de 

Kroon et al. 1989). 

Roise et al. (1986) found that a synthetic peptide, 

corresponding to the COX IV presequence, caused leakage of 

a self-quenching fluorescent dye, carboxyfluoreseein, from 

lipid vesicles. In the presence of a transbilayer 

potential (inside neqative) the peptide was found to 

induee an enhaneed rate of leakaga. A similar result was 

also shown using the signal peptide to pOCT (Skerjanc ~ 

Al. 1987; Chapter 2 of this thesis). Howevar, trom this 

type ot experiment, it was unclear as to whether the dye 

leaks out of the vesicles at a faster rate because the 

peptide has a higher affinity for vesieles in the presence 

of a potential, or simply because the dye i tself is 

negatively eharqed and would mov. at a faster rate through 

the bilayer defeets created by the peptide. 

A more direct way to test the above hypothesis is to 

measure the affinity of the signal peptide for lipid 

vesicles in the presence and absence of a membrane 

potential. If the peptide can translocate across the 

bilayer, one would expect to see a substantial inerease in 

lipid affinity in the presence of a potential. Usinq two 

different measurements of bindinq affini ty , Skerj anc et 

al. (1987: Chapter 2 of this thesis) found no effect of a 

trl'\l'lsbilayer potent ial on the affini ty of the pOCT signal 
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peptide for liposomes. Thus, it seems unlikely that the 

siqnal sequence of pOCT can llndergo transfer into or 

acrass the lipid bilayer even in the presence of a stronq 

transmembrane potential. The peptide probably interacts 

with the membrane in such a way that no positively charged 

residue can insert into the hydrophobie core of the 

bilayer and sense the electrochemical potential, although 

hiqh concentrations of the peptide can insert into and 

disrupt the vesicle bilayer, perhaps cooperatively, in a 

potential-independent manner. A major conclusion from 

these results is that translocation of the signal sequence 

across the inner membrane probably requires the presence 

of specifie translocation proteins. 

In contra st , translocation of apocytochrome c acress 

the outer membrane may occur throuqh the 1ipid phase. It 
• 

has been shown that apocytochrome ~ can be digested by 

proteases encapsulated inside pure lipid vesicles 

(Rietveld and de Kruij ff 1984; Dumont and Richards 1984; 

Riatveld et al. 1985). However, apocytochrome ç seems te 

be the only mi tochondria1 precursor capable of crossing 

lipid bilayers in this manner. 

While membrane translocation of the presequence via, a 

lipid route seems unlike1y, the lipid-associating 

properties of mitochondrial presequences May still play an 

important role in the import process. Given the 

moderately hiqh affinity of the signal peptides for 
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liposomes and the reversibility of the interaction 

(Skerjanc et al. 1987: Chapter 2 of this thesis), we 

proposed a model in which the precursor binds to the 

lipids of the outer membrane and uses this 2-dimensional 

surface to enhance diffusion to a putative receptor, as 

postulated for other surface-seekinq entities (Sarqent and 

Schwyzer 1986). Evidence in support of this model has 

been shown by Skerj anc et al. (1988; Chapter 3 of this • 

thesis) in which a pOeT preseguenc. mutation produces both 

a 4-5 fold slower rate ot import and a correspondinqly 

lower affinity for anionic liposomes, when compared to the 

wild-type precursor. This suqqests that reqions of the 

siqna1 sequence may contril::lute to the overall rate of 

import by tunctioninq as membrane surface-seeking 

entities. This model is consistent wi th all the data 

obtained to date. 
\, 

Another possible role for the amphiphilic signal 

sequence might involve the facilitation of direct 

interactions between the precursor and proteinaceous 

components of the translocation apparatus. Identification 

and purification of these components will be required 

before this possibility may be further assessed. 

1.1.4 Precursor Interactions with Mitochondrial Proteins 

The first evidence suqqesting the existence of an 

import receptor came from the observation that import was 

sensitive to pretreatment of mitochondria with low 
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concentrations of proteases (Gasser et al.1982 ~ Arqan et 

li. 1983: Riezman et al. 1983~ Zwizinski et al. 1984). 

Subsequently, the bindinq of several precursors to 

mitochondria has been shown to be specifie and sensitive 

to proteases (Riezman et al. 1983; Zwizinski et al. 1984; 

Pfaller and Neupert 1987). Further, high affinity bindinq 

sites have bean solubilized in an impure form from both 

whole mitoehondria and purified outer membrane 

preparations and subsequently reconstituted into liposomes 

(Riezman et al. 1983; Ono and Tuboi 1985; Pfaller and 

Neupert 1987). 

The finding that mitochondrial translocation 

intermediates remain· accessible to prote in denaturants 

such as urea, suqqests that import occurs throuqh a 

hydrophilic membrane environment, probably mediated by 

proteinaceous structures (Pfanner et al. 1987b). possible 

components of the translocation apparatus have been 

identified. For example, the signal peptide of pOCT has 

been found to bind specifically to mitochondria and to 

cross-link to a 30 kDa inteqral membrane protein 

(Gillespie 1987). Cross-linking has been shown to inhibit 

subsequent import of pOCT and the 30 kDa prote in has been 

purified (Liu, X. and Shore, G.e. 1989, manuscript in 

preparation) • Import into yeast mitochondria has been 

shown to be inhibited, relative to controls, by Fab 

fragments aqainst a hiqhly purified 45 kDa protein of the 
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outer membrane (Ohba and Schatz 1987). Further analysis 

will be required to determine the exaet nature of these 

components and their role in importe 

Pfaller et al. (1988) have shown that althouqh 

preeursors are capable ot competing for the import of 

proteins tarqeted to difterent compartments, different 

classes of precursors seem to have different 

characteristic receptor sites. competition studies 

together with studies of the protease sensitivity of both 

import and mitochondrial bindinq of difterent precursors, 

has led to the proposal that there are at least three 

distinct import receptors, which converge at a common 

membrane insertion site, termed qeneral insertion prote in 

(Pfaller et al. 1988: Hartl et al. 1989). Conclusive 

evidence for this model remains to be obtained via 

identification and purification of these proteins. 

1.1.5 ~onformational Regyirements of Precursors: 

a) Precursors Must at Least Partially Unfold to be 

Imported 

The observation that pCPS, a 165 kDa precursor, 

failed to be imported in vitro, while a 33 kOa hybrid 

protein of the CPS siqnal sequence fused to mature OCT 

succeeded in being imported efficiently, sugqests that the 

mature portion of preeursors can influence import 

efficiency (Nquyen et al. 1986). This effect of the 

mature portion could be due to specifie conformational 
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requirements for import. A great deal of evidence has 

accumulated suggestinq that these requirements invo1ve at 

least partial unfolding of the precursor. The first 

indication of this possibility came from the isolation of 

precursor polypeptide translocation intermediates which 

span the outer and inner membranes in such a way that the 

signal sequence is cleaved by the matrix peptidase but the 

carboxy-terminal portions of the precursor remain 

accessible to exogenous proteases (Sch1eyer and Neupert 

1985) • Since the distance across the two membranes at 

contact sites is larqer th an the diameter of the properly 

fo1ded precursor, it wou1d seem that the precursor protein 

must at least partially unfold to form this intermediate. 

Further, Eilers and Schatz (1986) have found that the 

import of a pCoxIV-DHFR fusion protein was inhibited in 

the presence of methotrexate, a hiqh affinity inhibitor of 
\ 

DHFR which stabi1izes its tertiary structure. Simi1ar 

resul ts were obtain:~d by Chen and Douglas (1987b) using a 

hybrid protein of F1-ATPase 8-subunit precursor fused to 

yeast copper metallothionein. Further, the import te the 

intermembrane space of a natural precursor, cytochreme c 

peroxidase, has been found to be inhibited by the bindinq 

of its herne group (Kaput et al. 1989). 

Recently, direct evidence for an unfolded 

translocation intermediate has been obtained using an 

artificial hybrid protein, pOCAT, which is composed of the 
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chloramphenicol 

Randall, S. K. , 

siqnal sequence of pOCT fused to 

acetyltransferase (Skerjanc, I.S., 

Sheffield, W.P., Silvius, J.R., 

manuscript in preparation; Chapter 

and Shore, G.C;, 

4 of this thesis). 

This precursor has a measurable enzyme activity when 

translated in reticulocyte lysate and thu5 a 10s5 of 

specifie enzyme activity can ce correlated to 

conformational changes that involve at least partial 

unfolding of the precursor. When pOCAT translation 

products were imported into isolated mitochondria and the 

mitochondria were subsequently sonicated and 

subfractionated on a sucrose density gradient, a small 

amount of the precursor was found to enter the gradient 

and co-miqrate with vesicles of an intermediate density 

between the outer and inner membranes. This fraction of 

precursor had about a 16 lold lower specifie enzymatic 

activity than did either the soluble pOCAT or a fraction 

of the precursor that co-migrated with the outer membrane­

deri ved vesicles. This at least partially unfolded 

precursor is believed to be a bona fide translocation 

intermediate because i ts formation requires an intact 

signal sequence, a trypsin-sensitive component of 

mitochondria, and ATP. Taken all together, the results of 

several workers strongly suggest that precursors must pass 

through an unfolded intermediate durinq the import 

process. 



16 

Unfoldinq seems to be a rate limitinq step for the 

import of pCoxIV-OHFR sinee the efficiency of import was 

qreatly increased by denaturing the precursor with urea 

(Eilers et al.1988) or by destabi1izing its tertiary 

structure via site-directed mutaqenesis (Vestweber and 

Schatz 1988c). 

b) How Extensive is Precursor Unfolding? 

The above findings do not define to what extent 

mitochondrial precursors must unfold in the process of 

being imported. Recently, it has been shown that the 

precursor to aspartate aminotransferase is imported 

efficiently, even when bound to the coenzyme pyridoxal 5'­

phosphate (Nishi et al.1989; Altieri et al.1989). Perhaps 

this precursor exists in a conformation compatible with 

import, even when the ligand is bound, or perhaps the 

ligand does not inhibit the unfoldinq required for importe 

To test the tolerance of the import machinery towards 

precursors eXhibitinq chain branchinq or residual folded 

structure, pCoxIV-OHFR was coupled to various molecules in 

an attempt to block the precursor in the translocation 

apparatus. Interestinqly, it was found that couplinq the 

precursor to cytoehrome c (Vestweber and Schatz 1988a) or 

to a double-stranded 24-base pair piece of DNA (Vestweber 

and Schatz 1989) did not inhibit import whereas couplinq 

to bovine pancreatic trypsin inhibitor abolished import 

(Vestweber and Schatz 1988b). Examination of the 



( , 

17 

unfoldinq properties of cytochrome ~, which is about 12 

kOa and covalently linked to a protoheme group, as 

compared to trypsin inhibitor, which is 6 kOa and contains 

internal disulfide bonds, may lead to valuable information 

about the translocation apparatus. Thus, a clear picture 

of what is involved in precursor unfoldinq remains to be 

defined. For the purpose of this thesis, however, the 

term unfoldinq will be used to desiqnate any loss of the 

native folded conformation ot a precursor. 

c) possible Mechanisms ot Untoldinq: 

Where and how do mitochondrial protein precursors 

unfold? Several possible mechanisms exist to expl~in this 

process. First ot all, it is possible that the import 

apparatus itselt may mediate the unfoldinq of precursor 

proteins, either spontaneously or in an energy-dependent 

manner. Second, it is possible that a component of 

reticulocyte lysate actively unfolds the precursor, 

perhaps in an ATP-dependent manner. Finally, the lipids 

of the outer mitochondrial membrane could provide an 

amphiphilic surface upon which precursors miqht unfold. 

Althouqh there is evidence for the latter two 

possibilities, the exact mechanism of unfoldinq for all 

precursors remains controversial. 

d) Evidence for ATP-dependent Unfolding 

Several studies have demonstrated a requirement for 

reticulocyte lysate components in mitochondrial import 
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(Argan et al. 1983: Miura et al. 1983: Ohta and Schatz 

1984: Arqan and Shore 1985: Pfanner and Néupert 1987: Chen 

and' Douglas 1987a; Ono and Tuboi 1988; Murakami et al. 

1988b). Cytosolic factors could be required to actively 

unfold precursors, to maintain the precursor in an import 

competent conformation, or simply to tarqet precursors \~o 

mitochondrial receptors. Various degrees of purification 

of the import-stimulatory activity from reticulocyte 

lysate have been reported, identifyinq proteins of rather 

different molecular mass (Firgaira et al. 1984; Ohta and 

Schatz 1984; Arqan and Shore 1985; Ono and Tuboi 1988). 

Recently, Murakami et al. (1988a) have actually identified 

at least two distinct stimulatory activities in yeast 

post-ribosomal supernatants. These include an NEM­

sensitive proteines) and the recently purified Ssalp/Ssa2p 

(Chirico et al. 1988), which is a mixture of two hsp70-

related proteins of 98% homoloqy. An NEM-sensitive 

stimulatory activity has also been identified in 

reticulocyte lysate (Randall and Shore 1989). Further, 

depletion of a subset of 70kDa stress proteins in yeast 

mutants was found to cause accumulation of mitochondrial 

precursors in vivo (Deshaies et al. 1988). 

The findinq that heat shock proteins, which are 

ATPases, stimulate import supports the postulate of 

Rothman and Kornberq (1986) that ATP-dependent 

"unfoldases" are present in the cytosol. Further support 
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for this modal derives trom the requirement ot NTP 

hydrolysis for import of several mitoch~ndrial precursors, 

includinq the FI-ATPase S-subunit, ADP/ATP carrier, Fo­

ATPase subunit 9, porin, and for a hiqhly purified pCoxIV­

DHFR fusion protein (Pfanner et al. 1987a; Eilers et al. 

1987: Chen and Douqlas 1987c). 

Detailed analysis of the ATP requirement for several 

precursors also seems to support the unfoldase model. 

Verner and Schatz (1987) have found that the import of 

incomplete precursor chaina ot pCoxIV-OHFR, formed by 

interruptinq translation wi th cycloheximide, requires a 

potential across the inner membrane but does not require 

ATP. The nascent chains wera found to be incomplately 

folded and thus would not be expected to require enerqy-

dependent unfoldinq of precur130r proteins. Althouqh in 

vitro synthesized porin requiras ATP for import, a water­

soluble form ot porin, obtained by treatinq the membrane­

derived porin with acid and base, was found to be imported 

in the absence of NTPs and to be in a more unfolded 

conformation (Pfanner et al. 1988b). Pfanner et al. 

(1987a) found, by dissectinq out different steps of 

import, that translocation ot precursor domains from the 

cytoso1 onto or into the mi tochondrial outer membrane 

qenerally required NTPs. In addition, hybrid proteins 

compcsed of a common siqnal sequence fused to different 

mature protein parts, requirad different levels of NTPs 

• 
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Finally, the sensitivity of precursors in 

reticulocyte lysate to exogenous protease was decreased by 

removal of NTPs and increased by their readdition 

(although this could potentially be explaine~ by the 

presence of ATP-dependent proteases in reticulocyte 

lysate). In sum, a large number of indirect observations 

are consistent with the presence of an ATP-dependent 

"unfoldase" in reticulocyte lysate. 

A related observation suggests that an ATP-requiring 

activity in lysate may be important for preventing 

oligomerization of precursors prior to mitochondrial 

import: Chen and Douglas (1988) have found that a mutant 

of the Fl-ATPase B-subunit precursor which can no longer 

form tetramers, also does not require ATP for importe 

In an attempt to examine precursor unfolding in 

reticulocyte lysate, the protease sensitivity and 

enzymatic activity of two artificial precursors, pOCAT and 

pODHFR, were studied under various conditions (Skerjanc e~ 

Al., manuscript in preparation; Chapter 4 of this thesis). 

Treatment of reticulocyte lysate translation products with 

NEM and depletion of ATP were found to abolish import but 

had no effect on the enzymatic activity or protease 

sensitivity of the precursors. These findings argue that 

bulk unfoldinq of precursors in solution does not play an 

oblic;atory role in the acquisition of import competence. 

However, we also found that the formation of unfolded 
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translo~ation intermediates associated with intermediate­

density submitochondrial vesi~les requires ATP (as 

described in section 1.1.Sa) and therefore it is possible 

that cytosolic factors may be involved in unfoldinq 

precursors only after the translocation apparatus has been 

enqaqed. On the other hand, it is possible that a small 

undetectable fraction of the precursor population could he 

unfolded in reticulocyte lysate at a qiven time. 

e) F.vidence for precursor unfolding on Membrane Surfaces 

Eilers et al. (1987) found that a hiqhly purified 

fusion protein, pCoxIV-OHFR, can be imported in the 

absence of additional cytosolic factors but still requires 

ATP. This suqqests that for pCOXIV-DHFR, ATP hydrolysis 

ls required at a step other th an interaction with 

cytosolic factors, unless these factors are capable of 

bindinq tiqhtly to mitochondria. 

Examination of the interaction of pCoxIV-OHFR with 

mitochondria has shown that the precursor can unfold on 

the outer membrane in an ATP-independent manner (Eilers et 

al. 198tl). It was found that when the precursor was 

incubated wi th mi tochondria in the absence of ATP, a 

putatively unfolded intermediate on the import pathway was 

formed, which showed enhanced sensitivity to trypsin 

diqestion and could no lonqer bind methotrexate. 

Subsequent studies have shown that the precursor May 

unfold on liposomes containinq acidic phospholipids (Endo 
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and Schatz 1988; Endo ~t al. 1989) and that adriamycin, a 

drug which binds acidic phospholipids, can inhibit import 

(Eilers et al. 1989). Taken together, these resul ts 

suggest that pCoxIV-DHFR binds to the lipids of the outer 

membrane and unfolds in an ATP- independent manner on the 

amphiphilic surface: A'I'P hydrolysis is required at a 

subsequent step in the import process. 

In contrast to results summarized above for pCoxIV­

DHFR, several natural mitochondrial precursors have been 

found not to exhibi t conformational changes upon binding 

to liposomes (Endo et al. 1989). Consequently, they have 

suggested that pCoxIV-DHFR requires unfolding on lipid 

prior to import because it exists in a more tightly folded 

conformation than the natural precursors. Recently, using 

methods similar to those described above, the artificial 

precursors pOCAT and pODHFR were found not to unfold on 

mitochondrial membranes or on artificial liposomes 

(Skerjanc et al., manuscript in preparation; Chapter 4 of 

this thesis). This suggests that unfolding on membranes 

is not an obligate step in the import process, neither for 

natural nor for artificial precursors. 

1.1.6 Import Requirements for Purified Precursors 

The import competence of several purified 

mi tochondrial prote in precursors, which have been over-

expressed in E. 

results. The 

col i, has been examined wi th varying 

precursor to rat liver aspartate 
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aminotransferase was purifiad in native fOnD and f . .,und not 

to raquire ad~itiona1 cytosa1ic campanants for efficient 

import (Altieri et al. 1989). It wou1d be interestinq to 

determine whether this precursor bypasses the requirement 

for cytosolic unfoldinq !actors by untoldinq on membranes, 

as pCoxIV-CHFR seems to do. In contrast to the above 

result, pOCT, after purification from E. coli in 8 M urea, 

was found to require reticulocyte lysats components for 

import (Murakami ~t al. 1988b) . A hybrid protein 

containing the paCT siqnal sequence tusad to DHFR, pODHFR, 

has been purified in the presence of 7 M urea and has been 

found to exhibit a conformation-dependent requirement for 

reticulocyte lysate components for import (Sheffield, 

W.P., Shore, G.C., and Randall, S.K. manuscript in 

preparation). For example, immediately after purified 

pODHFR is diluted out of 7M urea, import is efficient and 

did not require the presence of reticulocyte lysate, 

suqgesting it is already in an impo-t competent 

conformation. However, if the precursor is 4iluted out of 

urea and preincubated at 300 C for several hours prior to 

addi tion of mi tochondria, the presence of lysate in the 

preincubation is required for efficient import. These 

findinqs suqqest that a cytosolic component is involved in 

maintaining the precursor in an import competent 

conformation, which may not necessarily be unfolded. The 

differential requirement of "arious precursors for 
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cytosolic factors may simply retlect their ditferent 

intrinsic three-dimensional structures, some of which 

require factors in order to be import competen~, and some 

of which do not. 

1 • l • 7 Summary 

Amino terminal extensions of precursors, termed 

signal peptides, have been shown to contain the necessary 

information required to correctly target· mi tochondrial 

proteins. Although no consensus sequence has been 

determined for signal peptides, aIl peptides examined to 

date have been shown to be amphiphilic in nature and thus 

to have membrane surtace-seeking properties. The evidence 

so far is consistent wi th a model in which the precursor 

initially associates with the lipids of the outer membrane 

and uses this surface to enhance subsequent diffusion to 

the import apparatus, thus modulating the overall rate of 
\ 
\ 

importe Whether or not these signaIs interact with the 

hydrophobie core of the lipid bilayer during subsequent 

translocation is still an open question, although an 

interaction with proteins is well established. 

It seems that precursors must at some stage adopt an 

unfolded conformation in order to be imported. The 

mechanism and extent of unfolding remain to be further 

characterized. Evidence for several precursors is 

consistent with the requirement for an ATP-dependent 

"unfoldase" in reticulocyte lysate. Another type of 
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unfolding has been shown tor one artificial precursor, 

which can untold on the lipid surface of the outer 

membrane. Cytosolic factors May be involved in 

maintaining the precursor in an import-competent form, 

which, however, may not be unfolded. Finally, it is 

possible that the precursor May spontaneously unfold when 

the signal sequence engages the import apparatus and 

begins translocation. Further studies will be greatly 

aided by the purification ot more components of the 

translocation apparatus in order to elucidate the exact 

mechanism of protein translocation into mitochondria. 

1.2 Secretion of Prot9ins trom Prokaryotes and Eukaryotes 

• protein translocation across any membrane requires 

the correct targeting ot a precursor, penetration of the 

membrane by both the hydrophobie and hydrophilic groups of 

the protein, translocation, and cleavage of the signal 

sequence on the other side of the membrane. One might 

expect that the basic concepts obtained by studyinq one 

system, 

use fuI 

such as prote in secretion trom cells, would be 

for understandinq mechanisms in another system, 

such as protein import into mitochondria, and vice-versa. 

For this reason, l have included a discussion on secretion 

of proteins from prokaryotes and eukaryotes (for reviews 

see Briggs and Gierasch 1986; Walter and Lingappa 1986; 

Robinson and Austen 1987: Verner and Schatz 1988; Randall 

and Hardy 1989). Import of proteins into another 
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organelle, chloroplasts, has not been àiscusseà here but 

has recently been thoroughly reviewed. (Keegstra 1989; 

Keegstra et al. 1989). 

Proteins àestineà to be secreted. from both bacteria 

and eukaryotic cells ara synthesizeà as higher molecular 

weight pracursors with amino-terminal extensions. These 

signal sequences, which are marked.ly àifferent from those 

of mitochondrial precursors, show no recognizable primary 

sequence homoloqy (Watson 1984), but their structures 

typically exhibi t three structurally similar regions: a 

positivaly chargeà amino-terminal region, a central 

hyd.rophobic core, and. a polar carboxyl-terminal region 

ending with the cleavage site (von Heijne 1985; von Heijne 

1988). 

The finding that signal sequences are almost entirely 

interchangeable between prokaryotes and eukaryotes (Fraser 

and. Bruce 1978; Talmad.ge et al. 1980; Watanabe et al. 

1986) indicates that certain aspects of the secretory 

pathway must be hiqhly conserved during evolution. For 

example, Talmadge et al. (1980) founà that the eukaryotic 

signal sequence for insulin was just as effective as the 

bacterial signal sequence for penici1linase in targeting 

the secretion of rat insulin in E. coli. Even the 

internal signal sequence of chicken ova1bumin can be 

recoqnized by E. coli, resulting in secretion (Fraser and 

Bruce 1978). Further, the bacterial integral membrane 
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protein, LamB, can be translocated across canine 

microsomal membranes (Watanabe et al. 1986), although the 

stop transfer sequence is no longer recognized. The 

interchangeable nature of signal sequences from different 

organisms, and the lack ot signal sequence homoloqy at the 

primary sequence level, suqqests that some very qeneral 

aspect of their structure is recoqnized by the 

translocation apparatus. 

1.2.1 Properties of Svnthetic Signal Sequences 

As with mitochondrial import , synthetic secretory 

signal peptides have been used to qain insiqht into the 

mechanism of prote in translocation in the endoplasmic 

reticulum. Austen et al. (1984) have created a synthetic 

signal peptide representinq a consensus of known signal 

sequences and have found it to inhibit the in vitro 

translocation of nascent preproteins into dog pancreatic 

microsomes. Similar inhibition of translocation was found 

usinq a synthetic siqnal peptide ot parathyroid hormone 

(Majzoub et al. 1980). 

Siqnal peptides correspondinq to the wild type E.coli 

LamB precursor protein were found to inhibit the in vitro 

translocation of precursors of both alkaline phosphatase 

and outer membrane prote in A, OmpA, into E. coli membrane 

vesiclss (Chen et al. 1987). Further, usinq signal 

peptides derived from mutant and pseudorevertant strains, 

these workers demonstrated that the inhibition of in vitro 
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translocation correlated with the in vivo capacity to 

facilitate export. Similarly, the signal peptide of an ~ 

QQli outer membrane pore protein, PhoEi inhibited in vitro 

translocation of PhoE across inverted E. coli inner 

membrane vesicles (de Vrije et al. 1989). Whether the 

observed inhibitions are due to a specifie interaction of 

the signal peptides with a proteinaceous component of the 

translocation apparatus or wi th lipid components of the 

membrane is still unclear. However, i t has been found, 

recently, that an all-D-amino-acyl LamB wild-type signal 

peptide is less effective than the all-L-amino-acyl 

peptide 

1989). 

in inhibiting pro-OmpA translocation (Gierasch 

This suggests that a protein, which can 

distinquish the opposite handedness of the all-O-amino­

acyl peptide, would be required. 

Circular dichroism studies of the signal peptide of 

parathyroid hormone demonstrated an increase in -helical 

conformation in nonpolar solvents (Rosenblatt et al. 

1980), suggesting that the signal peptide undergoes a 

conformational change in passing from the cytoplasm to the 

membrane. Further, short fragments of the chicken 

lysozyme signal peptide were found to bind to small 

uni1amellar lipid vesicles. The analysis of the binding 

of longer fragments was complicated by extensive 

aggregation of the sample (Nagaraj 1984). 

Bacterial signal peptides appear by circular 
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dichroism to adopt more Ci -helical conformation in a 

hydrophobie environment. This has been demonstrated for 

the signal peptides of PhoE, LamB, M13 coat protein, OmpA, 

and glucitol and mannitol permeases (Batenburg et al. 

1ge8a; Brigqs and Gierasch 1984; Shinnar and Kaiser 1984; 

Gierasch 1989; Tamm et al. 1989; respectively). Further, 

spontaneous insertion into lipid monolayers has been shown 

for the siqnals of LamB (Briqqs et Al. 1985), PhoE 

(Batenburq et al. 1988b), and qlucitol and mannitol 

permeases (Tamm et al. 1989). Examination of the 

orientatic~ of PhoE and LamB siqnal peptides by 

biophysical methods suqqests that the peptide inserts into 

the monolayer in an a-helix perpendicu1ar to the monolayer 

plane (Batenburq et al. 1988a,bi Cornel et al. 1989). 

1.2.2 The Involvement of Lipids in Translocation 

The ability tn interact with 1ipids has been 

correlated with in vivo function for E. coli LamB siqnal 

peptides (Briqqs 'et al. 1985). They found that, while 

wild-type and pseudorevertant LamB signal peptides 

inserted into monolayers and adopted an Ci -helical 

conformation, a peptide correspondinq to the siqnal 

sequence of a nonfunctional mutant displayed no change in 

CD spectra in the presence and absence of PE-PG vesicles 

and did not significantly insert into monolayers. These 

findinqs suqqest that siqnal sequences may have some 

contact with membrane lipids durinq secretion. 
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Dierstein and Wickner (1985) have examined the 

ability of the precursor to maltose binding protein, pre­

MBP, and various mutants to bind amphiphiles (Dierstein 

and Wickner 1985). They found that only functional 

precursors and mutants could bind to Triton X-ICO micelles 

while the mature protein and non-functional mutants could 

note 

An involvement of negatively charged phospholipids 

for bacterial secretion was shown by de Vrij e et al. 

(1988). Usinq mutants of E.coli defective in the synthesis 

of phosphatidylqlycerol, they found that the rate ot in 

vivo and in vitro translocation of pre-PhoE was decreased 

by reduced levels of anionic phospholipids. These results 

are consistent with a role for signal peptidejlipid 

interactions in prote in translocation across the E. coli 

inner mellÙ)rane. 

coat prote in of 

inteqrated into 

Procoat, the precursor of the major 

coliphaqe M13' has been found to be 

liposomes reconstituted with bacterial 

leader peptidase and properly cleaved (Ohno-Iwashita and 

Wickner 1983). Further, procoat was shown to be degraded 

by chymotrypsin encapsulated in pure lipid vesicles 

(Geller and Wickner 1985). These results demonstrate that 

procoat can cross a mellÙ)rane without the aid of any other 

membrane proteins. However, this seems to be restricted 

to a very few prote in precursors, notab1y procoat protein 

and apocytochrome c (see section 1. 1. 3) • Further, Ml3 
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procoat is ditterant trom most bactarial pracursors in 

that it does not require aither ~ or ~ for efficient 

export (Wolte et al. 1985: see section 1.2.3c). 

Thus, al thouqh there is a qreat deal ot intriquinq 

evidence for the interaction ot signal sequences with the 

lipids of the membrane durinq translocation, the question 

is still open whether or not this is actually a critical 

element in prote in translocation in vivo. 

1.2.3 Membrane components Involved in Translocation 

a) Various Mechanisms ot Translocation have been Proposed 

The process of protain translocation across membranes 

has been hypothesized by several groups to occur via a 

lipid-mediated pathway. Enqelman and Steitz (1981) have 

suqqested that the primary translocation event involved 

the hydrophobical1y driven partitioninq ot the siqnal 

sequence in a helieal hairpin configuration into the 

membrane bilayer. Similar theoretical calculations by von 

Heijne and Blomberq (1979) suqqested that the enerqy 

gained trom the binding of an a-helical signal sequence to 

the core of Any membrane, as well as the enerqy gained 

from the bindinq of a ribosome to a bindinq site on the 

membrane, will force even stronqly hydrophilic residues 

into the lipophilic phase. Further, Wickner (1979) 

formulated the membrane trigger hypothesis, in which the 

interaction of the completed polypeptide chain wi th the 

lipid bilayer led to spontaneous membrane insertion of the 
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precursor, and racantly published an updated version of 

the hypothesis to incorporate cytosolic factors and 

receptors (Wicknar 1989). 

Alternatively, the signal hypothesis predicted that 

translocation occurred in an aqueous environment throuqh a 

proteinaceous pore (Blobe1 and DObberstein 1975; Gilmore 

and Blobel 1985). Subsequently, Rapoport (1985) proposed 

the amphiphilic tunnel hypothesis, in which the 

translocation apparatus consists ot an amphipathic tunnel 

that can bind both hydrophobie and hydrophilic parts of 

the nascent proteine The tunnel might be formed of a 

protein(s) with several types of bindinq sites, or 0f 

lipids arranqed to provide both polar and apolar regions, 

or both. 

b) Membrane Proteins Involved in Eukaryotic Secretion 

Evidence has accumulated consistent with a 

requirement for membrane proteins durinq precursor 

secretion across the endoplasmic reticulum and the 

existence of an aqueous pore. For example, as precursors 

are translocated throuqh the ER membrane they remain 

accessible to hydrophilic prote in denaturants such as urea 

(Gi1more and Blobel 1985). In addition, a ,synthetic 

siqnal peptide has been shown ta cross-link to a 45 kDa 

prote in from doq pancreas microsomes (Robinson et al. 

1987) • Further, an inteqral, qlycosylated protein from 

doq pancreas microsomes (-35 kOa) has been found to cross-
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link to nascent preprolactin (Wiedmann et al. 1987). 

Recently, this protein has been purified and ~ntibodies 

aqainst it were found to inhibit translocation across the 

ER (Hartmann et al. 1989). This inteqral membrane prote in 

could be invol ved in forminq a protein pore across the 

bilayer. However, the exact role of these proteins in 

translocation remains to be elucidated. 

Recently, it has been found that chemical alkylation 

of canine pancreas microsomes had no effect on naseent 

preprolactin tarqetinq and siqnal sequence insertion, 

althouqh translocation of the nascent chain into the lumen 

of the ER was inhibited (Nicchitta and Blobel 1989). 

These resul ts suqqest that the requirements for protein 

translocation are distinct fro!ll those for siqnal sequence 

insertion, and they imply that the activity of a 
• 

proteinaceous componant in the ER membrane is required for 

the process of protein translocation. Similar results 

have been :;,btained usinq proOmp A and yeast microsomes 

(Sanz and Meyer 1989) • 

c) Membrane Proteins Required for Prokaryotic Secretion 

Genetic approaches have been used to identify sets of 

genes whose products are required to promote protein 

secretion in E. coli, and which probably encode components 

of the export machinery ( for review see Benson e'\: al. 

1985). In E. coli at least four different qenes have been 

identified that are essential for precursor proteins to be 
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t.ranslocated across the inner membrane. These include 

~ (Oliver and Beckwith 1981), ~ (Kumamoto and 

Beckwith 1983), ~ (Gardel et al. 1987), and~, also 

known as EnA (Emr and Hanley-Way 1981; Shiba et al. 

~984). 

The .HQà gene encodes a 102 kOa peripheral membrane 

prote in and has been shown to be essential for 

translocation ot in vitro translated alkaline phosphatase 

and proOmpA, as well as purified proOmpA, into E. coli 

membrane vesicles (Cabelli et al. 1988; Cunningham et al. 

~989). Recently, it has been demonstrated that ~ is an 

ATPase, dependent on SecY/~, E. coli inner membrane 

vesieles, and proOmpA for ATPase activity (Lill et al. 

~989). Both the hydrolysis of ATP and an electrochemical 

potential are essential for prokaryotic translocation, as 

has been found for import into mitoehondria (Geller et al. 

1986; Chen and Tai 1985). Thus, secA has a central role 

in eouplinq the hydrolysis of ATP to the transfer of 

preeursor aeross the membrane. Exactly how this eouplinq 

occurs is still unelear. 

SecY/PrlA is a 49 kOa inteqral membrane protein 

(Cerretti et al. 1983; Akiyama and Ito 1985). It is 

believed to interact with signal sequences, since prlA 

mutations suppress mutations in the signal sequence of an 

envelope prote in (Emr and Hanley-Way 1981) and since 

antibodies aqainst PrlA/SecY inhibi t the bindinq of LamB 
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and MalE to E. coli inverted vesicles (Watanabe and Blobel 

1989) . SecY/~ is a good candidate for providinq a 

central translocation channel across the membrane, either 

by itself, or in combination with other, still 

unidentified proteins. 

1.2.4 Proteins Involved in Precursor Taraetinq 

a) The Signal Recognition Particle 

Targeting of most mammalian ER proteins is mediated 

by the signal recognition particle (SRP) and the SRP 

receptor. SRP has been purified from canine pancreatic 

microsomes (Walter and Blobel 1980) and found to be an 11S 

small cytoplasmic ribonucleoprotein consistinq of a 300 

nucleetide 7SL RNA and six nenidentica! polypeptide chains 

o~. ]anized into four SRP proteins (Walter and Blohel 1982). 

SRP has been found to bind to the signal sequence region 

of the nascent polypeptide as it emerqes from the ribosome 

durinq translation (Walter et al. 1981). Cross-linkinq 

studies have shown that i:he interaction is via the 54 kDa 

polypeptide component of SRP (Kurzchalia et al. 1986; 

Krieq et al. 1986). Recently, this polypeptide has been 

cloned and found to have a putative GTP-binding demain and 

an unusually methionine-rich domain (Romisch et al. 1989; 

Bernstein et al. 1989). 

The interaction of SRP with the signal sequence in in 

vitro translation systems causes an arrest of polypeptide 

chain elongation (Walter et al. 1981; Meyer et al. 1982a). 
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A defective SRP, missing the two smallest polypeptides, 

was found to be unable to arrest elongation but was still 

active in signal recognition and targeting. Thus, 

elonqation arrest is not a prerequisite for protein 

translocation across membranes (Siegel and Walter 1985). 

Meyer (1985) has found that SRP causes elongation arrest 

of IgG 1ight chain translated in wheat germ lysate but not 

in reticulocyte or HeLa cell lysates. If elonqation 

arrest occurs in vivo at all, it may serve to maintain the 

precursor in a translocation-competent state by preventinq 

synthesis of the entire polypeptide chain of a 

translocated precursor in the cytoplasm. 

b} The SRP Receptor 

In vitro, elonqation arrest is released when SRP 

binds to its receptor (dockinq protein) on the ER 

membrane, thus targetinq the nascent chain to the ER and 

displacing SRP from the ribosome (Meyer et al. 1982a; 

Gilmore and Blchel 1983). The SRP receptor consists of 

two polypeptides, one of 6~ kDa (a-subunit) and one of 30 

kDa (B-subunit). The a-subunit was the first to he 

purified using two independent methods (Gilmore et al. 

1982a, b; Meyer et al. 1982b) and was subsequently cloned 

(Lauffer et al. 1985). The B-subunit was identified and 

purified due to its tight association with the a-subunit 

(Tajima et al. 1986). The SRP receptor is unlikely to he 

part of the translocation apparatus itself, as the 
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receptor ia present in the ER membranes in 

substoichiometric amounts with re.pect to membrana-bound 

ribosomas, and it has been shown not to bind to either 

ribosomes or polysomes synthesizinq preprolactin (Gilmore 

and Blobel 1983). It probably functions "catalytically" 

and is recycled once correct tarqetinq has he en achieved • 

Yeast components analoqous to SRP or the 5RP-receptor have 

not yat been identifie~, althouqh 5chizosaccharomyces 

pOmbe contains an essential 7S RNA that is homoloqous to 

the 75 RNA in mammalian SRP (Brennwa.Ld !ft al. 1988). 

n) Bacterial Compon.nts I~~olved in Pracursor Targeting 

Triqqer factor has be.n isolated by exploitinq its 

ability to form a 1:1 stoichiometric complax with proOmpA 

(Crooke et al. 1988b) and found to he a solubla 63 kDa 

protein. The findinq that triqqer factor is a dissociabla 

component of the bacterial ribosome and that it may bind 
\ 

ta a specifie bactarial membrane recaptor (Lill et al. 

1988), suqqests that triqqer factor plays a role in 

tarqetinq proOmpA to the membrane for secretion. GroEL, a 

bacterial heat-shock protein, is a1so a dissociable 

component of ribosomes and thus may have a similar role 

(Neidhardt et al. 1981). Both of these proteins are 

involved in conformational stabilization of precursors, as 

discussed ln section 1.2.7b. 

1 
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1.2.5 Post- ys Co-Translational Translocation 

protein translation and translocation across the ER 

was first thouqht to be obliqately linked (Blobel and 

Dobberstein 1975). This idea was supported by the 

observed absence ot detectable precursors in -cissues, in 

vivo and by the tindinq that cleavaqe of the siqnal 

sequence occurred prior to completion ot translation. It 

was also believed that the enerqy required for prote in 

translocation was derived trom extrusion of the 

polypeptide chain 

Blomberq 1979). 

durinq translation (von Heijne and 

Finally 1 the mechanism discussed above 

for tarqetinq precursors to ER membranes, involvinq SRP 

and SRP recepto~, also supports the idea of co­

translational translocation. Nonetheless, it now appears 

that translocation and processinq of .precursor proteins 

are not necessarily coupled to translation ~n vitro 

(reviewed in Zimmerman and Meyer 1986). Usinq a hybrid 

maNA which joined the siqnal sequence of a-lactamase to a 

portion of the a-qlobin messaqe lackinq a termination 

codon, completion of translation was not followed by 

release from the ribosome. This precursor was found to be 

efficiently translocated across canine pancreatic 

microsomes (Perara et al. 1986). Translocation could be 

abolished by releasing the nascent chain from the ribosome 

by artificial termination with puromycin. Similar results 

were found for a c-terminally truncated form of the human 
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glucose transporter (Huacklar and Lodish 1986a) and tor a 

hybrid protein ot the bovine rhodopsin signal sequence 

fused to a-qlobin (perara et al. 1986). When translation 

of preplacental lactoqen in rabbit reticulocyte lysata was 

terminated by cycloheximide, the precursor remaininq 

attached to the ribosome could still be post­

translationally processad by doq pancreas microsomes 

(Caulfield et al. 1986). Taken toqethar, it is clear that 

the enerqy of translation is not obliqately couplad to 

prote in translocation. 

In contrast to most precursors tasted which, as a 

minimum, requira attachmant to the ribosome tor 

translocation, small precursors such as honeybee 

prepromelittin, troq prepropeptide GLa, and bacteriophaqe 

M13 procoat, can post-translationally translocate across 

dog pancreatic microsomes in a ribosome- and SRP­

independent fashion (Watts et al. 1983 i Zimmerman and 

Mollay 1986; Schl.nstedt and Zimmerman 1987). Similarly, 

yeast prepro- a -factor may be translocated across yeast 

microsomes in a post-translational, ribosome-independent 

fashion (Hansen et al. 1986; Waters and Blobel 1986; 

Rothblatt and Meyer 1986). Recently, prepro­

carboxypeptidase '{ and a truncated form of pre-invertase 

were also shown to exhibit post-translational 

translocation (Hansen and Walter 1988). 

Although in vivo secretion seems to be co-



-

40 

translational, it can be conc1uded that translation of at 

least some precursors across eUkaryotic membranes is not 

necessarily co-translational in vitro. It is possible 

that the ribosome is required to maintain translocation 

competence of the precursor as it is translated (discussed 

in section 1.2. 7a) . All cases of ribosome-independent 

translocation have been found to involve small precursors 

which are almost completely synthesized before their 

signal sequence has fu11y emerged from the ribosome. 

In genera1, prokaryotic secretion ditfers from 

eukaryotic secretion in that it is not obliqately coupled 

to translation in vivo (Josefsson and Randa11 1981; 

Randall 1983) and no analogue of SRP has been found that 

arrests translation (reviewed in Lee and Beckwith 1986). 

Secretion of proteins from bact.~ia requires a 

characteristic set of proteins that help maintain the 

import-competence of the precursor, as discussed in 

section 1.2.7b. 

1.2.6 Enerqy Reguirements 

The in vitro uncoupling of translation trom 

translowation allowed the nucleotide requirement of 

translocation to be examined. By depleting yeast 

translation systems of nueleotides after translation, it 

was shown that post-translati'::mal proeessing of prepro-a­

factor i5 dependent upon nnr..:leotide hydrolysis (Hansen et 

li. 1986; Waters and Blobel 1986). A ribonucleotide 
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requirement was a1so shown for post-translational 

translocation across mammalian microsomes (perara et al. 

1986; Mueck1er and L~dish 1986b; Schlenstedt and Zimmerman 

1987; wiech et al. 1987) Membrane inteqration of the 

naseent polypeptides ot opsin, the G protein of vesicu1ar 

stomatitis virus, and the hemaqqlutinin-neuraminidase 

qlyeoprotein of Newcastle diseasa virus, were found to 

require GTP or a non-hydrolyzable GTP analoque (Hoftmand 

and Gilmore 1988; Wilson et al. 1988). The latter result 

implies that a GTP-bindinq protein pertorms an essential 

role durinq insertion ot proteins into the endoplasmic 

retieulum. Racently, the GTP requirement was found to be 

involved in the SRP raceptor-catalyzed displacement of SRP 

from ribosomes. GTP specifie bindinq was localized to the 

a-subunit of the receptor (Connolly and Gilmore 1989). 

As ls the case tor mitochondria, both ATP hydrolysis 

and an electrochemical potential are required for protein 

secretion in bacteria (Geller et al. 1986; Chen and Tai 

1985). However, the polarity of the potential alonq the 

direction of translocation is opposite in the two cases­

mitoehonàrial preeursors are transloeated from the 

positive to the negative side across the membrane, whi1e 

bacterial precursors are exported from the neqative to the 

positive side of the bacterial inner membrane. It is thus 

diffieult to formulate a simple common model for the role 

of the potential in prote in translocation in the two 
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systems. 

1.2.7 Conformation of Precursors 

a) Eukaryotic Precursors 

Why can some eukaryotic precursors be translocated in 

a ribosome-independant manner whereas others cannot? The 

answer probably lies in the conformational properties of 

an individual precursor prot.in (reviewed by Meyer 1988). 

Loss of translocation competance may be due to foldinq or 

o1iqomerization of the protein such that interactions with 

eith.r the translocation or tarq.tinq machinery can not 

occur. A few prot.ins (such as y.ast prepro-a-factor and 

honeybee mellitin) retain translocation competence aven as 

free, completed polypeptides. For most proteins, however, 

translocation competence requires bindinq of the siqnal 

sequence to SRP while the carboxyl terminus is attached to 

the ribosome. In this way, foldinq is prevented and 

translocation can ba initiated. 

In yeast, where a SRP equivalent has not been 

identitied, two independent approaches have led to the 

findinq that the 70 kOa heat shock proteins can stimulate 

the translocation of prepro- a-factor. Deshaies et al. 

(1988) mutated the hsp70 qenes in yeast and found a 

cytoplasmic accumulation of secreted proteins lika prepro­

a-factor (as well as accumulation of a mitochondrial 

precursor) . Chirico et al. (1988) purified hsp70 from 

yeast post-ribosomal supernatants by monitorinq a 
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stimulatory activity for translocation of prepro-a-factor 

that was synthesized in wheat qerm extracts. It is 

possible that these heat shock proteins could Act as ATP­

dependent "unfoldases" , as discussed in section 1.1. 5d 

(Rothman and Kornberq 1986; Pelham 1986) • 

For mammalian systems, purifiad mammalian hsp70 was 

found to stimulat. the post-translational translocation of 

M13 phaqe procoat prote in across pencreatic microsomes 

(Zimmerman et al. 1988). It remains to be seen if hsp70 

is needed for co-translational translocation and how this 

relates to the role of SRP. 

Recently, SRP was founà to stabilize proOmpA for 

post-translational translocation across bacterial inner 

membrane vesicles, yea.t microsome., and pancreatic 

microsomes (Sanz and Meyer 1988; Crooke et al. 1988b). It 

was also found to stabilize prepro- ex -factor for 

translocation across yeast ~icrosomes. How these 

observations relate to the ;'n vivo function of SRP in 

eukaryotes remains to be elucidated. 

b) Prokaryotic Precursors 

since prokaryotic prote in secretion ia not obliqately 

linked to translation in vivo, one would expect that the 

orqanism would àevelop mechanisms for maintaininq the 

precursor in a translocation competent form (see section 

1.1.5). Ranàall and Harày (1986) established a 

correlation between export competence and a lack of stable 

• 
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tertiary structure for preMBP. Further, i t has been shown 

that the leader peptides of pre-8-lactamase and pre-MBP 

slow the rate of foldlng of these precursors, presumably 

allowing time for correct interaction with the export 

apparatus (Park et al. 1988; Laminat and Pluckthun 1989). 

Subsaquently, it was shown that ~ functions as an 

antifolding factor by interacting with the mature ragion 

of pre-MBP to pravent i ts premature foldinq into a 

translocation-incompetent form (Collier et al. 1988). 

PUrification of ~ identified it as a 90 kOa multimeric 

protain composed of identical 17 kOa subuni ts (Weiss et 

Al. ~988: Kumamoto et al. ~989) and confirmed its ro1e in 

stimulatinq the export of preMBP and proOmpA, via its 

antifoldinq activity. 

Trigqer factor has been found to stabilize proOmpA in 

a form correctly folded for membrane assemb1y (Crooke and 

Wickner 1987: CrooKe et al. 1988a). Since trigqer factor 

is a150 a component of ribosomes, the correct folding of 

proOmpA is be1ieved to occur co-translationally and is 

quided by the formation of a complex wi th trigger factor 

(Lill et al. 1988). In addition, the heat-shock groEL 

protein, which a1so binds ribosomes, was shown to interact 

with unfolded, newly synthesized pre-8-lactamase 

(Bochkareva et al. ~988). 

Recently, Lecker et al. (1989) have shown that eecB, 

triqqer factor, and GroEL can each bind proOmpA, forminq 
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an isolatable complex and stabilizinq an 'open' 

conformation for tran.location. 

1 • 2 • 8 SUmmory 

The processes of secretion of proteins in prokaryotes 

and eukaryotes are similar to each other and to 

mi tochondrial protein import in some respects, while in 

others, each is unique. All three systems have signal 

sequences capable ot interactinq with lipid bilayers, 

require ATP hydrolysis, and require a translocation­

competent conformation ot precursors, with the involvement 

of heat shock proteins. Althouqh bacterial siqnal 

sequences are very similar in character to eukaryotic 

secretory sequences, in vivo translocation of proteins in 

prokaryotes seems to be post-translational, as it is for 

orqanellar translocation, while ER translocation is co-
• 

translational. An electrochemical potential is required 

for translocation across the mitochondrial and bacterial 

membranes. with the exception of heat shock proteins, the 

proteins involved in translocation seem to be different 

for all three systems. with the current major emphasis on 

purification and reconstitution of translocation 

components, detailed mechanisms of translocation should 

soon be available. 

Footnote: The literature cited in the Introduction is 

included in the references for the General Discussion 

followinq Chapter 5. 
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CRAPTEll 2 • 

TRI INTERACTION OP A 5YRTHETIC MITOCBOHDIlIAL SIGNAL PEPTIDE WITR 

LIP1D MEDIANES 15 IRDEPENDEHT 01' nANSB1UYEI. POTENTIAL 
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SUMMAB.Y 

We have used fluorescence measurements and assays of vesicle 

disruption (contents leakage) to monitor the interaction between lipid 

vesicles and a synthe tic peptide corresponding to the ~-terminal 27 

amine acids of rat mitoehondrial pre-ornithine carbamyltransferase 

(pOCT). This peptide and two fluorescent derivatives bind reversibily 

to vesicles composed of neutral and anionic phospholipids with 

increasing affinity as the proportion of anionic lipids in the vesicles 

increases. The affinity of the peptide for lipid vesicles is unaffeeted 

by the presence of a transbilayer potential (inside negative) of at 

least -80 mV aeross the vesicle membranes. Our results support the 

proposaI that the signal sequence of pOCT May promote an initial 

association of the precursor protein with mitochondrial membranes prior 
• 

to binding to a specifie receptor. However, we find no evidence that 

the pOCT signal sequence can subsequently undergo transfer into or 

across the lipid bilayer, even in the presence of a transmembrane 

potential of the magnitude found previously to support the import of 

precursor proteins into mitochondria. 

( 
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INTllODUCTION 

Gene fusion studies have established that signal sequence 

information located at the N-terminus of mitochondrial precursor 

proteins is responsible both for targeting proteins to the surfaces of 

mitochondria and for triggering cheir subsequent translocation across 

mitochondrial membranes (Hurt ~~ •• 1984; Horwich ~!l., 1985; Hurt 

~!l., 1985; Nguyen ll.!l., 1986; Emr ~.!l., 1986; Keng ~.!!.., 1986; 

van Loon ~!l., 1986). Although the available evidence suggests that 

targeting is a receptor-mediated process involving a signal sequence 

recognition component (Hennig ~~., 1983; Riezman ~~., 1983; 

Zwizinski ~!l., 1983; Gillespie ~.!l., 1985), it ls not yet knowl\ 

whether subsequent internalization le facilitated by a proteinaceous 

translocation system (e.g., a pore) or involves a lipid-mediated 

pathway. In spite of the fact that mitochondrial signal sequences carry 

a high net positive charge and are characterized by overall polar 

properties, they a1so have the patential to farm amphiphilic helices 

with the ability to perturb lipid bilayers (Roise et al., 1986; Epand et -- -
~., 1986). Roise et al. (1986) have recently concluded Chat a 

synthetic signal peptide of this type senses and responds ta a 

transbilayer potential (inside negative) in artificial liposomes, a 

situation which May mimic that normally encountered during protein 

translocation across the mitochondrial lnner membrane. These obser-

vations have led to the suggestion (Roise et al., 1986; von Heijne et -- -
~., 1986) that mitochondrial signal sequences function as 

bilayer-perturbing, potential-sensing entities that mediate protein 

translocation lnto the organelle via a lipid pachway, presumably by a 

process loosely analogous co transmembrane electrophoresls. 
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In the present study, we have considered this problem by employing a 

synthe tic pel>tide (Gillespie et al., 1'385; Epand et al., 1986) -- -----
corresponding to amino acids 1-27 of pre-ornithine carbamyltransferase 

(pOCT), a precursor targeted to the matrix compartment of mitochondria 

in liver and intestinal mueosa. This peptide, designated pO-(1-27)-

peptide amide, ls potentially amphiphilic and has been shown previously 

to bind to and to disrupt vesicles composed of anionie lipids at high 

peptide/lipid ratios (Epand ~~., 1986). We show here that this 

• peptide ean bind even to lipid surfaces containing physiologieal mole 

fractions of anionic lipids, but that neither the lipid-binding uor the 

bilayer-disrupting properties of the peptide are affeeted by the 

presence of a transbilayer potential. Taken together with earlier 

findings (Gillespie et al., 1985) that pO-(1-27)-peptide amide inhibits 

import of heterologous precursor proteins under conditions where 

mitochondria remain fully energized, we propose that amphiphilie signal 

sequences provide membrane surface-seeking properties which function at 

the ~ face of the membrane and which promote subsequent diffusion of 

mitochondrial precursor pro teins to the import receptor and prctein 

translocation machinery, employing principles previously d~scribed for 

other surface-seeking entities (Sargent and Schwyzer, 1986). 

Resulta 

Binding Measurements 

In order to maximize the sensitivity of measuring peptide-vesicle 

interactions, and to eliminate the need to separa te physically free from 

vesicle- associated peptide Molecules, we have employeù fluorescent 

probes. A. synthetie pepti.de designated pO- (1-27)-CysNH 2 was 
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construct~d, with a cysteine residue added ta the C·terminal end of 

pO-(1-27) (in place of the glycine-28 residue in naturai pOCT [Mclntyre 

~!l., 1984], a residue that can be deleted [rom the precursor without 

impairing Hs import into mitochond ria [Nguyen ~~., 1987]). This 

cysteine was selectively labeled with .aither a bimane or an (N·methy1-N­

(nitrobenzoxadiazolyl)aminoethoxycarbonyl)-methyl (NBDA) fluorescent 

group (Figure 1). The binding of the:se labeled peptides ta lipid 

vesicles could then be detected when we included in the vesicles small 

proportions of a fluorescent lipid 

[N-(nitrobenzoxadiazolyl)-phosphatidylethanolamine (NBD-PE) for bimane­

labeled peptide, N-(Iissamine rhodamine B 

suifonyl)-phosphatidylethanolamine (Rho-PE) for NBDA·labeled peptide] 

that can serve as an energy-transfer acceptor for peptide molecules 

associated with the vesicle surface. This point i5 illu5trated by the 

fluorescence trace shown in Figure 2A. When 4:1 phosphatidylcholine 

(PC) / cardiolipin vesicles 020 \ll1) containing 2.5 mole % Rho· PE are 

added ta NBDA-labeled pO-(1-27)-CysNH 2 (0.3 ~), a rapid quenching of 

fluorescence is observed. When an excess of unlabeled cardiolipin 

vesicles, which have a st:.bstantially higher affinity for the peptide 

(see below), is added subsequently, a rapid reversaI of the fluorescence 

quenching is s~en. It is apparent that binding of the labeled peptide 

ta the PC/cardiolipin vesicles is both rapid and readlly re~ersible. 

Similar results were obtained using bimane-labeled peptide and lipid 

vesicles containing 5 mole % NBD-PE as an energy-transfer acceptor (not 

shown) • 

When bimane- and NBDA-labeled pO-(1-27)-CysNH 2 are mixed in aqueous 

solution at sub-micromolar concentrations, the fluorescence of the 

bimane-Iabeled species rapidly becomes partly quenchea by resunance 
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Figure 1.Bimane- and ~DIA-labeled pO( 1-27) CysNH 2 0 Details 

concerning the fluorescence properties of these peptides are provided 

in ~1et hods ° 
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'tlure 2. (A) Time course of fluorescence when NBDA-labeled 

pO-(l-27)-CysNH 2 (0.3 ~) was mixed success1.vely with 120 ~ 4: 1 

PC/cardiolipin vesicles containing 2.5 mole% Rho-PE (first arrow) and 

with l20 Ii'f. unlabeled cardiolipin vesicles (second arrow). (R) Ti me 

course of fluorescence when bimane-labeled pO-( 1-27)-CysNH 2 (0.3 lM) 

was mixed with 0.3 uM NBDA-labeled pO-( 1-27 )-CysNH 2 (first arrow), then 

with 120 uM unlabeled cardiolipin vesicles (second arrow). Details of 

fluorescence measurements are given in Mater1als and Methods. 
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energy transfer to the NBDA-labeled peptide (Figure 2B). This result 

suggests that at least a portion of the labeled peptides exist in 

solution 3S oligomers in the uM concentration range. However, when an 

excess of cardiollpin vesicles (120 uM) is added ta a mixture of the 

bimane- and NBDA-labeled peptides, the bimane fluorescence rapidly 

increases to the level observed in a parallel experiment in which no 

NBDA-labeled peptide is present. Further, we found that addition of 

NBDA-labeled peptide (0.3 uM) produced no detectable quenching of the 

fluorescence of bimane-labeled peptide already associated with 

cardiolipin vesicles (result not shawn). These findings suggest that 

while the labeled peptide May have some tendency to oligomerize in 

solution, it exists as monomers when associated with phospholipid 

vesicles at least at high lipid-to-peptide ratios. Similar results were 

obtained using 4:1 PC/cardiolipin vesicles at high concentrations (~OO 

~) . 
When bimane- or NBDA-labeled pO-(1-27)-CysNH 2 was exposed to 

increasing concentrations of NBD- or Rho-PE-labeled lipid vesicles, 

quenching of the peptide fluorescence varied in a hyperbolic manner with 

increasing lipid concentration, as the data shawn in Figure 3 

illustrate. Since the extent of quenching of peptide fluorescence by 

thE' l~pid vesicles provides a measure of the fraction of peptide that ls 

bound ta the vesicles, we can use data like those shawn in Figure 2 ta 

eff calculate an effective dissociation constant Kd for the equilibrium 

Peptide (bound) >. Peptide (free) < 
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P11ure 3.Quenching of fluorescence of bimane- or NBDA-labeled 

po-(1-27)-CysNH 2 by interaction with lipid vesicles containing 

membrane-bound energy-transfer acceptors. In each experiment, the 

labeled peptide (0.3 WM) was mixed with increasing amounts of 

acceptor-labeled lipid vesicles. The fluorescence reading~ obtained 

after successive additions of vesicles, corrected for smal1 

fluorescence contributions from the vesicles themselves, are presented 

as a percentage of the fluorescpnce initially measured for the peptide 

sample in the absence of lipide The dashed curves in each panel 

represent the best fits to the data points obtained using equation [2]. 

(A) NBDA-labeled peptide was mixed with cardiolipin vesicles 

containing 2.5 mole? Rho-PE. (B) Simane-labeled peptide was mixed 

with cardiolipin vesicles containing 5 mole% NBD-PE. (C) NBDA-labeled 

peptide was mixed with 4:1 PC/cardiolipin vesicles containing 2.5 mole% 

Rho-PE. (0) Bimane-labeled peptide was mixed with 4:L PC/cardiolipin 

vesicles containing 5 mole? NBO-PE. Open circles - vesicles without a 

transbilayer potential were added; clo~ed circles - vesicles with a 

transbilayer potential were added. 

Control experiments using TPHP+ accumulation to moni tor the 

membrane potential demonstrated that 4:1 PC/cardioli?in vesicles 

exhibited a transmembrane potential of -130±20 mV (~ean of three 

experiments) after 1 hr incubation with pO-(1~27)-peptide amide at 

peptide and lipid concentrations of 10 Ilf and 1.5 mM, respectively. 

The concentrations of lipid and peptide used in the TPMP+ experiments 

were chosen to give molar ratios of bound peptide to lipid of 1:200 to 

1:150, values comparable to those in the fluorescence binding assays. 

Parallel experiments using di-S-C l5) likewise showed that a membrane 

potential in excess of -80 mV, the limit of linearity of the assay. was 

maintained in 4:1 PC/cardiolipin vesicles (30 uM) over the time scale 

of our experiments even at the highest peptide concentrations examined 

here (4 1l1). Similar results were obtained using the di-S-C 3(5) assay 

with cardiolipin vesicles. using a vesicle concentration of 30 lM and 

pept ide concentrations of 0.4 WM and 1 \,lM. 

--------

) 
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lohere 

( [peptide lf )( (Lipid ]) ree [1 ] 
( [Peptide ]bound) 

This analysis is valid only in cases where, as in the present 

experiments, the ratio of bound peptide to lipid is low and where the 

ratio of bound to free peptide 1s independent of the peptide 

concentration. As discussed below, these conditions were fulfilled in 

our experiments. eff We can then interpret Kd operationally as the 

concentration of l1pid vesicles of a particular composition at which 

one-half of the total peptide in the system is vesicle-bound. In other 

treatments, it is c~stomary to express the affinity of the peptide for 

the vesicle surface in terms of a partition coefficient K or an 
p 

affinity constant K for binding to well-defined 'sites' on the vesicle 
a 

surface. Using either of these treatments, we can readily calcula te 

values for the appropriate affinity constants using the relationships K 

• «surface activity of peptide)/(activity of' peptide ln solution» ~ 

( ef f)_ l vLKd ' where vL is the partial molar volume of the lipid, or Ka 

eff (N/K
d 

), where N is the number of phospholipid Molecules that 

constitutes a single 'binding site'. 

p 

The dashed curves plotted through the different sets of data points 

in Figure 3 represent the best fits to the data using the equation 

K
eff 

(Fluorescence) 2 Fb + (Fo• Fb) (-----f~f~d---------) 
K~ + [Lipid 1 

[2 ] 

where F is the fluorescence of a sample of peptide in the absence of 
o 

any vesicles, and Fb is the residual fluorescence of the peptide when it 

is entirely bound to the vesicles. For simplicity, the binding 

measurements were normally carried out at low peptide concentrations 

(0.3 ~M) to ensure that the ratio of bound peptide to lipid was very 
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low. In some experiments, a peptide concentratlon of 1.0 lM was a1so 

used, giv!ng estlmates of blnding that were indlst~ngulshable from thos~ 

obtalneJ uslng 0.3 J1'f peptlde. 
eH 

Valucs of Rd calculated for b':'nd:ng 

NBDA- or blmane-labelcd pO-(1-27)-CysWt 2 to dlfferent types of ]ip~d 

vcslcles, evaluated from data 11ke those shown ln Figure 2, are given :0 

the flrst two colurons of Table 1. lt can be seen that the strength of 

b!~j:ng of the peptide to PC/cardiolip~n vesicles varies substantlally 

w:th the cardiollp!.n ( (Jntent of the veslc1es. The peptides generally 

agrec t"cason.lbly well, although ln Sorne cases the NBDA-Iabeled p(!pt':'de 

appears to blnd with sligh~ly greater afflnlty. 

~Iso shown ln T2bl~ 1 Jre the r~sults of exper:ments ln wh':'ch we 

examlned the importance of veslcle lipid composItion, rather than 

;,ur face charge ~~, fOl the bj nding of fluorescent derlvat':'ves of 

plj-(1-27)-CysNH 2• Replacement of one-half of the PC component ~ll 9: l 

PC/cardiollpln veslclcs by phosphatiaylethanolamine had llttle effect on 

the b ... :1dl 'l'( of cithet t lüotescent peptide. Vpslcles prepared from 2: 1 

PC/phosphatldylserlne (PS) bound the labeled peptides wlth d roul:,hly 

t\Ooiold l wcc Af f lnity th:m dld v'?'31c1es l'repa:-e" fro:f1 4: l 

PC/cardIoLpln, wh~ch 1.1ve a comp~~at,le sur:ace cir~:-g! denslcy. It thus 

aroe ~r~ th1t -:~1f; neutral phOSp11Olip':'J l'0r1P03~t.!.û;"} of the veslcles hae 

little cffect on thelr blndlng of the labeled peptIdes, while the nature 

c-f the anlûnlc l1.pId component can have a rnodest hut s':'gniflcant effect 

on tht b':'nd:n~ afflnity. 

To eX3m':'ne the cffect of a transmcmbrane potential (inslde 

negatlvc) 0'1 the associatIon of fluorescent pO-(l-27)-CysNH 2 derlvat':'vcG 

wlth Ilpid vcslcles, PC/cardIolipln veslcles loaded wlth K+-contalning 
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TABLE 1 

Effective Dissociation Constants Estimated for Binding of pO-(1-27)-Peptide 

Amide and ies Fluorescent Analogues to Lipid Vesicles. 

K~ff (uM) Estimated for: 

Lipid Composition NBDA-labeled Bimane-labeled pO-(1-27)-Peptide amide t 

( HM) ( \.M) ( lM) 

Cardiolipin 1.5 ± 0.5 1.8 ± 0.6 3. l ± 0.5 

4: 1 PC/cardiol1pin 44 ± 13 82 ± 20 73 ± 5 
• 

2:1 PC/PS 120 ± 14 NDc 108 ± 28 

9: 1 PC/cardiolipin 75 ± 15 67 ± 18 ND 

4.5: 4. 5: 1 77 ± 19 68 ± 17 ND 

PC/phosphatidylethanolamine 

/ cardiolipin 

TABLE FOOTNOTES: 
a Dissociation constants determined by fluorescence 

energy-transfer measurements, using lipid vesicles labeled with either 2.5 

moler. Rho-PE (for NBDA-labeled peptide) or 5 molei. ~BD-PE (for bimane-1abeled 

peptide) as the energy-transfer acceptor. Further details of the data 

analysis are given in the legend to -Figure 2. 

b Dissociation constants determined from calcein-leakage measurements as 

described in the text, and as shown in Figure 4. 

c ND, Not determined. 
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l11ffer (128 mM KC1, 5 mM histidine, 5 mM Tes, 0.1 mM EDTA, pH 7.4) were 

suspended ln Na+-containing buffer, and the bindlng of labeled peptides 

to the vesicles was assayed in the presence or absence of valinomycin or 

valinomycin plus gramicidin. In a series of experiments using vesicles 

containing 10 mole 1., 20 mole % or 100 mole % cardiolipin (see Figure 

3), we were unable to detect any significant enhancement of peptide 

binding ta the vesicles in the presence of a potential gradient 

(valinomycin only). Control experiments using radiolabeled 

triphenylmethylphosphonium iodide (TPMP+) or the fluorescent dye 

di-S-C 3(5) (5ims .!.t.!l" 1974) demonstrated chat the vesicles maintained 

a transmembrane potential in excess of -80 mV even in the presence of 

peptide, as outlined in the legend to Figure 3. 

Release of Vesicle Contents by pO- (1-27)-peptide Amide. 

Ta gain further information about the nature and consequences of 

binding of pO-( 1-27)-peptide amide ta lipid vesicles, we examined the 

effects of this peptide on the release of trapped calcein from vesicles 

of various 1ipid compositions. The results of a representative 

experiment, using 100% cardiolipin vesicles, are summarized in Figure 4. 

As the concentration of the peptide is increased at a fixed 

concentration of vesicles, the rate of calcein leakage increases in an 

apparently linear fashion (Figure 4A). By contrast, as the 

concentration of calcein-loaded vesicles increases at a fixed peptide 

concentration, the initial rate of calcein release increases in a 

hyperbolic manner (Figure 4B). These results suggest that the rate of 

calcein leakage is directly proportional to the amount of peptide bound 

ta the vesic1es. Using the data shown in Figure 4, we can then estimate 

very crudely that binding of p('-(l-27)-peptide amide ta cardiolipin 

vesicles i8 half-maximal at a cardiolipin concentration of ...; Jl1. 



54a) 

P1sure 4. Leakage of trapped calce in from 100% cardiol!pin vesicles 

in the presence of pO-(1-21)-peptide amide. The peptide was added to 

suspensions of calceln-loaded vesicles, and the initial release of 

calcein was quantitated as the enhancement of éalcein fluorescence 30 

sec after the addition of peptide. The fluorescence enhancement 

corresponding to complete release of calcein was determined by lysing 

the vesicles with 0.1% Triton X-100. In (A), the concentration of 

peptide was varied while holding the lipid concentration fixed at 5 lM, 

and in (B), the concentration of calcein-Ioaded vesicles was varied at 

a fixed peptide concentration of l uMe ":n (B), the ordinate axis 18 

calibrated in (arbitrary) fluorescence units, rather than as a 

percentage of vesicle contents released, because the total amount of 
\, 

releasable calceln is different for each lipid concentration. 

) 
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A more precise estimate of the affinity of binding OL 

pO-(1-27)-peptide amide to lipid vesicies can be obtained from 

experiments in which the ieakage of caicein from a fixed (and low) 

concentration of calcein-loaded vesicles is assayed in the presence of a 

fixed level of peptide and varying concentrations of 'empty' 

(buffer-containing) vesicles of the same lipid composition (Figure SA). 

Sinee the 'empty' liposomes eompete with the calcein-loaded ones for 

peptide binding, the rate of leakage from the calcein-load~d vesieles 

decreases as the concentration of 'empty' vtsicles i8 increased. In 

eff 
practice, an estimate of Kd ean be obtained from such experiments, as 

follows: The rate of leakage of contents froc a low concentration of 

caleein-ioaded vesicles is determined at sorne convenlent peptide 

concentration and at one-half this concentration of peptide. The rate 

of leakage from the calcein-loaded vesicles is then measured, at the 

higher peptide concentration, in the presence of increRsing amounts of 

'empty' vesicles of the same lipid composition. At sorne concentration 

of 'empty' vesicles, the leakage rate will be decreased to the levcl 

measured when the calcein-loaded liposomes alone were treated with the 

twofold lower concentration of peptide. This concentration of 'empty' 

eff vesicles can be shown to be equal to Kd • Apparent dissociatjon 

constants, estimated from this type of experiment for 4:1 

PC/cardiolipin, 2:1 PC/PS and 100% cardiolipin vesicles, are given in 

Table land agree weil with those obtained from the other expe~imental 

approaches discussed above. It thus appears that these vesicles bind 

pO-(1-27)-peptide amide with affinities very similar to those measured 

above for the binding of fluorescent derivatives of pO-( 1-27)-CysNH 2. 
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W1(Ure 5. Effects of excess 'empty' (KCl-buffer-containing) lipid 

vesicles on the leakage of contents induced by pO-(1-27)-peptide amide 

from a low concentration (0.5 uM) of calcein-loaded vesicles of the 

same li~id com~osition. In CA), vesicles ~f pure cardialipin were used 

(peptide concentration: 1 uM), with no transbilayer potentiai. In (B), 

4:1 PC/cardiclip1n vesicles were used (peptide concentration : 3~), in 

the presence of valinomycin (1:10,000 lipids, .) or gramicidin (1:1000 

lipids, 0). The rates of petide - !nduced leakage from vesicles in the 

absence of any ionophores were essentially identical to those shawn for 

vesicles treated with gramicidin. ~easurements of the transmembrane 

potential in these vesicles, using the TPMP+ assay with 1 mM lipid and 

10 ~1 peptide (incubation time 30 min.), estimated the potentials in 

L,e valinomycin-treated vesicles as -105 mV and -95 mV in the absence 

and presence of peptide, respectively, while the potent!als in 

~ram1cidin-treated vesicIes, or in vesicles in the absence of 

ionophore, were essentially zero (smailer than - 15 mV). Comparable 

resules were obeained with the di-S-C
3

(S) assay, using the same lipid 

and peptide concentrations that were used in the leakage assays. 
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To examine the effects of a transmembrane potential on the leakage 

of calcein induced from PC/cardiolipin vesicles by pO-(1-27)-peptide 

amide, vesicles were loaded with calcein solutions containing K+ as the 

onlJ alkali cation, and the peptide-induced efflux of calcein into 

Na+-containing medium was measured in the presence or absence of 

valinomycin or valinomycin plus gramicidin. As shown in Figure SB, 4:1 

PC/cardiolipin vesicles with an inside negative potential (valinomycin 

on1y present) showed an enhancement of the initial rate of peptide 

induced calcein release by roughly 40% in comparisan with vesicles that 

were not treated with ionophores or that were treated with gramicidin to 

dissipate the potential gradient. Conversely, vesicles that were 

treated with monensin, which conf ers a modest but significant sodium -

selective conductance to the bilayers (Sandeaux ~., 1978), showed a 

35% decrease in the rate of peptide - induced calcein leakage, and a 

significantly more positive internal potential by the di-S-C
3

(S) assay, 

when compared to gramicidin - treated vesicles under the same conditions 

(not shown), However, when the affinity of the vesicles for the peptide 

was determined from the data shown in Figure SB by the analysis 

described above, we did not find that the presence of an inside negative 

potential enhanced the affinity of the vesicles for pO-(1-27)-peptide 

amide. 

Parallel experiments to those described above showed that 

pO-(16-27), a peptide representing amine acids 16 to 27 of the pOCT 

presequence, caused no significant release of calcein from 4:1 

PC/cardiolipin vesicles (30 uM) at peptide concentrations up to LOO ~ 

and incubation times up ta 30 min (not shown). While this peptide has a 

density and distribution of charged residues similac ta 

pO-(1-27)-peptide amide, it has been reported previously not ta inhibit 

1 
1 
~ 

4 , , 

1 
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fmport of pOCT into mitochondria (Gillespie et al., 1985), and 

deletion-mutagenesis studies have shown that residues 15-19 or 22-30 can 

be deleted from the pOCT sequence without 10ss of import function 

(Linge1bach et al., 1986; Nguyen et al., 1987). 

Amphiphilic peptides such as melittin have previously been 

demonstrated to promote coalescence as well as lY5is of lipid vesicle5, 

with concommitant intermixing of lipids between vesic1es (Eytan and 

Almary, 1983; Morgan ~~., 1983). Ta examine whether this process 

might play a role in the leakage of vesicle contents induced by 

pO-(1-27)-peptide amide, we assayed the mixing of lipids between 4:1 

PC/ cardiolipin vesicles in the presence of this peptide (0-10 lM), using 

the lipid-mixing assay described by Struck ~~. (1981). We were 

unable to detect any significant 1ipid mixing between these vesicles in 

the presence of pO- (l-27)-peptide amide. at ei ther 4 \M or 60 ~ lipid. 

on a time scale in which as much as 50% leakage of vesicle contents 

would be observed. Therefore, we conclude that the peptide-induced 

leakage of contents from these vesic1es is not accompanied by vesicle 

fusion or similar processes that lead to intermixing of vesicle 

components. 

Discussion 

The res\llts of this study extend the previou5 findings of Epand ~ 

al. (1986), who reported that pO-(1-27)-peptide a:nide can bind to and 

disrupt negatively charged lipid vesicles at high concentrations of 

peptide and lipide lt i5 apparent that this ~~;tide and lt5 fluorescent 

analogues can bind with moderately high affinity even ta 1ipid surfaces 

that contain anionic lipids as a minority species (-20 mole%), as i5 the 

case for the cytoplasmic surfaces of cellular membranes (Op den Kamp, 
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lq79j Daum, 19~5). 1t should be noteet that the veslcles used ':'n th:s 

study were of ail aVE:r-age d;'ameter large enough (~1200 Â) to m1.n':'mizc 

tl,e penurhlltlons of lip':'d p.::H:kln!!, that ar-e assoclated wlth hlghly 

curverl small un':'lamellar ves':'~lcs (dlameter ( 350~. The cytocl rome 

ox1.dnse sllhuna IV qlr,nal pept .. de has recently been reportec1 to blnd 

wlth somewh3t h~~her afflnlty to n~r,atlvely charged lipid monolayers 

than \i'e observe hf':-e for pO- (1-27)-pcptlde amIde (Tamm, 1986). 

One poss':'ble co~pl':'cation ln the analysls of our blnding data, 

wh ~ch bas uot been acidre~ .>eJ ~11 prey ':'ou~ analyses of signal peptIde 

o':'nJlng to llpla s,lt"faLes (Ro':'se~.:!l., 1986; Epand~!!l., 1986; VO~i 

lIe1iO('t 1986), i5 rhe pss:btllty chat the pept~de rorms an oligor.Ier tn 

~:;( lution, as has h~en dr-::nonst ratca for other amphtphilic peptides such 

dS l'lellttln (J)eGraù~ !:.!.!.L .. 19B~; lk'rnhelmer and Rudy, 1986; Hermetter 

and T.ackc..Jlcz, 198~; Vogc.l and Jiibn':'g, 1986). Alth,mgh we LLnd that 

labelpJ derlvath'es of pO-( 1~~7)-CysNH2 cao oligumerize ':'n solutIon, we 

also obs~r~e th~t thp HS3c~_atlon of the p~~t1de wlth Ilpld surfaces lS 

unaffected by the peptld r conr:entration. This latter resul t suggests 

(o'1.tl.er tl\.lt the stat!:' of ollr.omerlzn':lolt of th,~ nembrdnE..~associatcd 

;-tertine ~s the same :13 th~.lt ':'n solutIon, or that the oiigomerizetion of 

the pe~tjdc in solution 1~ relBtlvely weak. The fallure of the 

NBDA~labeled pep:lde ta quench the fluorescence of bimane-labeled 

peptide when assoclated wlth llpld vesicles, although lt can do so iu 

solut!on, suggests that the latter posslbllity 18 more 11kely. 

The most important result from both our veslcle-blndlng studlcs 3nd 
~ 

our le31wge studles is that we fl.ll.! no ev tdence that the presence of a 1 

transmembrnne potentinl (lns lde negati ve) can enhance blnding cf the 

( peptIdes to ves~cles or promote transbl1ayer movement of the peptides. 
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Our observation of variations in the rate of peptide - induced calcein 

leakage from vesicles with dlfferent internal potentlals (Figu~e SB) may 

appear to contradict this conclusion. However, these effects of the 

potential on peptide - induced calcein leakage, while they dre certainly 

real, are miniscule in comparison to those expected if even a few of the 

positively charged residues of po-(1-27)-peptlde amide could penetrate 

deeply into (o~ across) the veslcle membrane when a potential 15 

applied. Bilayer membranes containing melittin, fo~ example, show a 

conductance enhancement of roughly a thousandfold, concommitant with the 

adoption of a transmembrane arrangement of the m~littin molecules, when 

a membrane potential of ) 40 mV is applied (Kempf et al., 1982). 

Moreover, calcein is an anion at neutral pH, and it ls thus to be 

expected that lt will show a somewhat enhanced rate of efflux from 

vesicles when an internally negative potential i5 applied, even if the 

permeability o~ the membrane in the presence of p~ptide i5 potential -

independent. Our leakage results thus cannot by themselves be taken to 

indicate significant penetration of the peptide into the membranes of 

lipid vesicles carrying an internally negative potential. Experiments 

w.Lth 125r-labeled pO-(l-27)-peptide amide a1so provided no evidence fo~ 

sequestration of the peptide in the interior of vesicles possessing an 

inside negative potential (resul:s not sho~). Taken together, our 

results suggest that pO-(1-27)-peptide amide and its fluorescent 

analogues bind to lipid membranes in such a fashion that the positively 

charged amino acid side chains do not sense any significant portion of 

the transmembrane potential. 

Our results indicate that the disruption of lipid vesicles oy 

pO-(1-27)-peptide amide is a slower process than is peptide binding to 

vesicles, 1s not corre1ated with vesicle fusion and is a relatively 
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l.nefflcient process: llpid veslcles with a 1:100 molar ratio of bound 

peptIde to Ilp~d (whlch carry sorne 1000 peptide molecules per ves':'cle) 

lose thl"'lr contents at a rate of only '" 7% per minute. A numbcr of 

.:lmphlpath~c pc:pt :des have been shol.m to cause simllar d lsruptlon of 

llpid vesiclcs, or na! urai membranes, often w':' th considerably greater 

cfflclency than I.,)e obscr.ve for the pOCT s~gnal peptide (Kanellis ~ •• 

1980; C;Uespie et aL, 1985; Ito et aL, 1985; Roise ~ •• 1986). 

Unfortunately, the mechanlsm of thls effect ls not yet understood ln 

detd~l cvpn for wcII-btL,d~ed C"tJLytl(' pept:des such as mellitln 

(DeGraùo et aL, 1982; Yl.:JIlTl':' et al.. 198&; BernheÜler .lnd Rudy, 1986; 

Hermettcr ,lnd Lackùwlcz. 1986; Vogt:!l and Jahnlg, 1936). 

In conrlusion, ard 35 outl~ned ln Figure 6., we suggest that 2l ~ 

the signal sequence of pOCY C8~ rnediate an in~tlaL reverslble 

~ntcract10n of pOCT wlth the lipld compaRent of cellular membranes. As 

deml)nstra~cll for other llgands, such an intt:!ract':'on can enhance 

c0nslde!"ably ne rat~ .1': wn tch the ;?1 ('c lfsor :-,(oteln aQsoclate3 

subsequently Wl th an é1!Jprop::-late membran(' receptor (~:arger.t dnd 

S.:h- 1yz..!r. 1t"}~t-), _'1 tt'i':'q c~se a p'lIative import recefJtor located ln the 

mLtflchomlrlal nulE..!" membrane. Wc hS11P' obtal'C'ed no I?\fidenee, howev<\[, 

t~l,"t I"l"'c slg'ul S(!('111cnce could ser.re to 1'1~~ ~ate the Insertion of the 

precursor proteln directly into the lipld bilayer. even ln the presence 

of a lransm('mbrane potel't laI of the magnitude of that found in 

mltochondrla (pfanner and Neupert, 1985). 

Mater1als and Metbods 

Mat~rJals - pO-(1-2 7 )-peptjde amide wss synthesizcd as descrlbed 

prevlously (Gillespie!;!.~., l(85). pO-(l-27)-CysNH 2' syntheslzed by 

s1mtlar pro~~dure9. WJS obtalned from the Alberta PeptIde Instltute 
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rlaure 6. Schematic representation of a model in which the membrane 

surface-seeking properties of amphiphilic mitochondrial signal peptides 

mediate binding of precursor proteins to the surfaces of mitochondria 

and promote subsequent diffusion ta the !mport receptar and prote!n 

translocation apparatus of the organelle. 
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(Edmonton, Alberta, Canada). Egg phosphatidylcholine (PC) was obtained 

from Avanti Polar Lipids, and phosphatidylethanolamine was synthesized 

from PC by enzymic transphosphatidylation as described previously 

(Comfurius and Zwaal, 1977; Silvius and Gagnê, 1984). Dioleoyl 

phosphatidylserine (PS) was synthesized as described elsewhere (Sibius 

and Gagné, 1984). Cardiolipin (Sigma, from bovine heart) was routlnely 

Folch-washed as described by Papahadjopoulos and Miller (1967) to rem ove 

possible divalent cation contaminants. A minor contaminant ( 5%) 

present in this material was removed by column chromatography prior to 

use in some experiments, without any discernible effect on the results 

obtained. Lipids were stored in chloroform or hexane solutioml at -70 G C 

under nitrogen. Valinomycin and gramicidin were obtained from Sigma, as 

was calcein, which was purified by chromatography on Sephad\~x LH-20 by a 

procedure similar to that employed previously for purification of 

carboxyf1uorescein (Ralston !!..!l., 1981). Monobromobimane was obtained 

from Calbiochem, and di-S- C 3( 5) and NBDIA were products of Mol ecular 

Probes (Junction City, Ore.). AlI other common chemicals were of 

reagent grade or better; all organic solvents were redistilled before 

use. 

Methods 

Preparation of lipid vesicles - Lipids were dried down from sto(:k 

solutions, Brsc under N 2 and th~n under high vacuum for at least 2 hr. 

The dried lipid was normally dispersed under N 2 in either 128 mM: KCl, 5 

mM histidine, 5 mM Tes, 0.1 mM EDTA, pH 7.4 or 100 mM calceLn (potassium 

salt), 5 mM histidine, 5 mM Tes, 0.1 mM EDTA, pH 7.4 by brief vortexing, 

then bath-sonicated for 5 min and three tim~s freeze- thaw~d (Pick, 

1981). The resultant vesicles, which gave measured trapped volumes of , ... 

20 \.ù./ J..IIIlole lipid (corresponding to an average vesicle diameter of .... O. 6 
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~) were filtered through 0.2 ~ pore size Nucleopore membranes, then 

passed through a column of Sephadex G-75 that was equilibrated with 128 

mM NaCl, 5 mM histidine, 5 mM Tes, 0.1 mM EDTA, pH 7.4. The final 

vesic1e preparations gave measured trapped volumes of 4- 5. 5 1fJ./ ~ole 

lipid phosphorus. corresponding to average vesicle diameters of 

1200-1600 A. Lipid concentrations were determined as described 

previously (Silvius and Gagné, 1984). Peptide stocks of known 

concentration were prepared from accurately weighed peptide samples 

after desalting and lyophilization. Transmembrane potentials (inside 

negative), generated by adding valinomycin (1 per 100,000 lipids for 

cardiolipin vesicles, 1 per 10,000 or 1 per 1000 lipids for other 

vesicles) to vesic1es prepared as just described, were monitored by 

measuring the fluorescence of the potential-sensitive dye di-S-C~5) 

(Sima et a1., 1974) or the accumulation of [~]-triphenylmethyl­

phosphonium iodide (TPMP+). For calculations of membrane potential 

based on TPMP+ accumulation, vesicle trapped volumes were estimated 

using carboxyfluorescein or calcein as a marker of the internal aqueous 

space. 

Peptide labeling - pO-(1-27)-CysNH 2 was labeled with either monobromo­

bimane or 

4-(N-(iodoacetoxy)ethyl-N-methyl)amino-7-nitrobenz-2-oxa-l,3-diazole 

(1.2 eq/mole peptide) in 1: 2 acetonitrile/ 50 mM KR 2PO 4' 1 mM EDTA, pH 

7.4 for 2 hr. at 20°C or 6 hr. at 4°C, respectively before quenching the 

reactions with excess 2-mercaptoethanol. The labeled peptides were 

repeatedly dissolved in minimum quantities of phosphate buffer, then 

precipitated by mixing with 20 volumes of acetone and gradually cooling 

to -15°C. This procedure was shown in control experiments to remove 

quantitatively low- molecular-weight adducts of the fluorescent labels 

\ 
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from the peptides after two cycles of precipitation; in practice, 3-4 

such precipitations were carried out. 

Assays of vesicle leakage and peptide binding - Leakage of vesicle 

contents was assayed using the calcein-release asssy described by Allen 

and Cleland (1980). To assay binding of bimane- or NBDA-labeled 

pO-(1-27)-CysNH 2 to lipid vesicles, vesicles were prepared as above with 

either 5 mole% NBD-PE or 2.5 mole% Rho-PE, respectively, incorporated 

into the lipid bilayer. In a typical experiment. the fluorescence of 

the labeled peptide was measured before and after the addition of 

varying amounts of vesicles containing the appropria te "quencher" 

phospholipide The degree of quenching of the peptide fluorescence in 

the presence of the vesicles was calculated after correcting for small 

contributions of the quencher-labeled vesicles themselves to the 
• 

measured fluorescence. All assays of vesicle leakage and peptide 

binding were carried out in 128 mM KCl or NaCl, 5 mM histidine, 5 mM 

Tes, 0.1 mM EDTA, pH 7.4 a~d at 37°C. 

Fluorescence measurements were carried out using a Perkin-Elmer 

LS-5 spectrofluorimeter, with the following excitation and emission 

wavelength settings: for calcein, À ::1 495 nm, À -525 nm (slitwidths ex em 

3 nm/S nm); for NBDA.-labeled pO-(l-27)-CysNH 2 , "ex ~485 nm, "em "540 nm, 

(slitwidths 15 nm/20 nm); and for. bimane-labeled pO-( 1-27)-CysNH 2' 

À ::0395 nm, À .. 475 nm (slitwidths 15 nm/20 nm) i and for di-S-C 3(5), 
ex em 

À .. 622 nm, À = 670 nm (slitwidths 15 nm/20 nm). 
ex em 
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CHArTEI. 3 

IDENTIPICATION OF HYDROPHOBIe RESIJJUES IN THE SIGNAL SEQUENCI OF 

MITOCRONDRIAL PIE-OltNITRlNE CAUAMYL TRANSFEllASE l'RAT BNlWfCE THE RATE 

OF PltECUISOI. IMPORT 
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SUMMA1lY 

Previous studies employing circular dichroism and resonance energy 

transfer techniques have demonstrated that the signal peptide of 

mitochondrial pre-ornithine carbamyl transferase (pOCT) has the 

potential to interact with the surface of an anionic phospholipid 

membrane via a short amphiphilic helical domaine Here, we have used 

predictive secondary structure computations as a guide to localize the 

putative membrane binding region in the pOCT signal sequence, and 

demonstrate that replacement of leucine residues at positions 5,8, and 9 

with the less hydrophobie residue, alanine, significantly reduces the 

rate of precursor import (4- to 5-fold compared to wild-type); the amino 

acid substitutions had little effect, however, on the ability of a 

mitochondrial matrix extract to process the mutant precursor 

polypeptide. The mutant precursor bound to anionic liposomes with a 

lower affinity compared to wild-type pOCT, and was inhibited to a lesser 

extent than pOCT during import into mitochondria in the presence of 

varying concentrations of liposomes. Taken together, the results 

suggest that this small region of the pOCT signal sequence, containing a 

limited number of critical hydrophobie residues, contributes to the 

optimal rate of precursor import, perhaps by functioning as a membrane 

surface-seeking entity. 
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INTRODUCTION 

A number of studies, employing either synthetic peptides or intact 

precursor proteins, have shown that positively-charged mitochondrial 

signal sequences have the potential to form amphiphilic structures with 

the ability to bind to anionic phospholipid bilayers and, at high 

concentrations, perturb and lyse the bilayer structure (1-9). Although 

the exact mechanism of membran~ perturbation by the signal peptide is 

not weIl understood, it is unlikely to signify that mitochondrial signal 

sequences can Mediate transfer of precursor proteins into or across 

membranes by a lipid-mediated route, at least insofar as such a route 

involves a typical bilayer structure. We have recently shown, for 

example, that a signal peptide corresponding to amino acids 1-27 of rat 

liver pre-ornithine carbamyl transferase (pOCT) l, though potentially 

membrane-lytic at high concentrations, binds reversibly to the surface 

of lipid vesicles but is incapable of significant penetration into the 

membrane, even i~ the presence 0f a transbilayer electrochemical 

potential (inside negative) of at least 80 mV (7). Although these 

findings (7) do not rule out the idea that the pOCT signal ls capable of 

eleccrophoresis through a hydrophobie environment, they do exclude the 

possibility that this can occur in the absence of other membrane 

proteins. One possible consequence of the membrane surface-seeking 

properties of this and other mitochondrial signal sequences, however, 

May be to enhance the diffusion of precursor proteins to the import 

receptor and protein translocation machinery of the organelle (7). In 

the present study, we present evidence which is consistent with this 

interpretation, and identify a short amphiphilic domain within the pOCT 

signal sequence (residues 5-9) whose net hydrophobicity influences both 
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the rate of precursor import and, correspondingly, the ability of pOCT 

to bind to lipid membranes. 
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EXPE1IKE&~AL PROCEDURES 

General - Earlier publications giv€. details of the procedures for J..2. 

vitro transcription of pSP64 derivatives, translation in the rabbit 

reticulocyte lysate system, purification of r~t heart mitochondria, 

import and processing of precursor pro,eins by mitochondria in vitro, 

and preparation of mitochondrial matrix extracts (see refs 10 and 16). 

Additional details, as well as the proce,lures employed for the 

construction of recombinant plasmids, are given in tho figure legends. 

Preparation of Liposomes - Lipids (obta~~tted as described in ref. 7) 

were dried down from stock solutions under ri 2 and dispersed in 80 mM 

KC1, 20 mM Hepes, and 2 mM Mg acetate, at pF.' 7.4, by brief vortexing 

followed by bath sonication for 5 ~inutes. iipid concentrations were 

determined as described previously (11). Biot :!..nated-PE was prepared by 

incubating NHS-LC-biotin (Pierce Chemical Co.) 'Jith egg PE (3.7 

equivalents/mole egg PE) in 2:4:1 CHC! iCH30H/H20, overnight at 20°C. 

lt was purified by preparative silica gel thin layer chromatograpqy in 

80: 25:2 CRCI/CR 30H/H20. 

RESULTS AND DISCUSSION 

The pOCT signal sequence is comprised of a positively-charged, 32 

amine acid segment located at the amine terminus of the precursor 

polypeptide (12,13) whose function and domain structure have been 

intensively investigated by both genetic and biophysical procedures 

(2,4,7,10,14-17). As is the case for other mitochondrial signal 

sequences (reviewed in ref. 18), the two structural features of the pO CT 

signal Most likely to be important for efficient import of the precursor 

are charge and amphiphilicity. Mutagenesis of the rat and human pOCT 

signal sequence (14-17) has revealed that import (membrane 

translocation) is specified by the amino-terminal one-half to two-thirds 



of the signal, whereas residues 22-30 contribute to a critical 

processing-site recognition domain that specifies correct cleavage of 

pOCT between amino acids 32 and 33 (16). 
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With regard to the amphiphilic domain within the pOCT signal 

sequence, both circular dichroism analysis (4) and helical wheel 

projections (2) (Fig. 1) predict that the greatest probability for such 

a structure resides within the first 15 amino aci.ds of the signal 

peptide. In contrast to helical wheel projections which suggest that an 

amphiphilic helix can exist throughout this entire region (Fig. 1), 

however, actual quantitation of the induced helical content of a 

synthetic pOCT signal peptide bound to lipid membranes revealed a rather 

short: domain of ,.. 5 amino acids (4), or about one and a half turns of an 

a helixj pl'esumably, stable formation of such a short hp.lix is dependent 

upon i ts interaction with lipide Thus, by re-analyzing the helical 

wheel projection of pOCT residues 1-15 employing a 5 amino acid 'window' 

to predict the most likely helical structure capable of stable 

interaction with an anionic lipid surface, residues 5-9 appeared to 

represent a likely çandidate (Fig. 1). Thi$ short region satisfies the 

criteria both for a core a-helical domain (19) and for a strong 

hydrophobie moment (20, 2U j it contains 4 contiguous hydrophobie 

residues on the helical wheel to provide interaction with lipid and an 

arginine to provide a polar face and selectivity for anionie 

phospholipid headgroups (Fig. 1). This region, either autonomously or 

in conj unction with other areas of the pOCT signal, theref ore, might be 

expected to exhibit membrane surface seeking properties. 

To examine the functional significance of this putative 

lipid-binding domain, the leucine residues in pOCT at positions 5,8, and 

9 were converted to alanine; the latter is equal to leucine in its 
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Pige 1. Relieal wheel proj eetions of the potential amphiphilic region 

in the .tmino-term:.nal half of the signal sequence of pOCT. The 

one-letter amino ae!.d code has been usedi hydrophobie res!.dues are 

circ1ed. Asterisks denote leucine residues at posi tions 5,8, and 9 of 

pOCT which were replac:ed with alanine. 
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compatibility with an œ-helix (19) but reduces the hydropathic index of 

each of the three positions from 3.8 to 1.8 on the Kyte-Doolittle scale 

,~2). For comparison, ~e analyzed the situation where all of the 

hydrophobie amino acids contAined within pOCT residues 1-15 were also 

converted to alanine. 

Construction of the two mutant '-'!'ivatlves of pOCT, designated 

pO-A6 and pO-A5,8,9, is described in Fig. 2; cassette mutagenesis was 

used, employing synthetic double-stranded oligonucleotiJes in which 

codons for alanine (GCA and GCT) replaced those for leucine and 

isoleucine in a ~1-~1 fragment of paCT cDNA encoding amine acids 

1-21 (Fig. 1). Efficient transcription - translation of the mutant 

cDNAs was achieved, yielding polypeptide products whose mobilities 

following SDS-PAGE were indistinguishable from that of pOCT. 
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Import of pOCT, po-A6, and po-A5.8,9 - The effects of alanine 

substitutions on the ability of the mutant precursors to be imported by 

mitochondria in vitro were assessed by campa ring their initial rates of 

import ta that of paCT. The appearance or mature, processed product was 

used as a measure of translocation to the matrix compartment where the 

pOCT processing enzyme ls located (23). Following a five-minute 

incubation with mitochondria, import and processing of pO-A6 'was 

undetectable (not shawn), whereas the apparent import of pO-A5,8,9 was 

reduced by 4- to 5-fold compared to wild-type pOCT, based 0'1 equivalent 

inputs of precursor polypeptide (Fig. 3, lower right panel). 

Quantitation of processed products was performed by laser densitometry 

of fluorograms. Even after 30 minutes of import incubation, uptake and 

processing of pO-A6 did noc take place and, consequently, subseq~ent 

treatment with exogenous protease resulted in complete degradation of 

input precursor (Fig. 3, lower left panel, lanes 5 and 6). Presumably, 
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Fig. 2. Construction of po-A6 and po-A5,8,9. pSP019, a pSP64 plasmid 

carrying a full-length copy of paCT cDNA (10), was eut with XbaI and 

~, and the deleted fragment replaced with either of two 

double-stranded synthetic oligonucleotides whieh converted the 

w:11d-type paCT signal sequence to derivatives in which amine acid 

residues at positions 2,5,7,8,9, and 14 were replaced with alanine 

(pO-A6 mutant) or residues at positions 5,8, and 9 were replaeed with 

alanine (pO-AS,3,9 mutant). The codons used for alanine were GCA and 

GCT. The plasmids were linearized with EcoRI prior to 

transeriptior-translation, as previously deseribed (10). Oashed lines, 

wild-type and mutant signal sequences; arrow, signal peptide cleavage 

site; wide and narrow boxes, translated and untranslated cDNA 

sequences, respectively. 

) 
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Pig. 3. Comparison of pOCT, po-A6, and po-A5,8,9 import into 

mitochondria. [35S]Methionine-labeled reticulocyte lysate translation 

products (5 ul) were incubated with rat heart mitochondria (50 ~ of 

protein; fina~ volume"'100 !Ù) et 30°C for varying periods of time, at 

which time further import was inhibited with carbonyl cyanide 

m-chlorophenyl hydrazone as described previouslv (10,16). Following 

centrifugation at 12,000 xg for 5 minuces at 4', the mitochondrial 

pellets were visualized by 10% SOS-PAGE and fluorography. Top panel: 

Time course of pOCT import, in triplicate. Translation products were 

incubated without mitochondria (lane 1) or with mitochondria for l 

minute (lane 2), 2 ~in (lane 3), 3 min (lane 4), 4 min (lane 5), or 5 

min (lane 6). Bottom left panel: Comparison of pOCT (lanes 1,3, and 

5) and pO-A6 (Ianes 2,4, and 6) impart inta mitochondria after 30 

minutes. Translation products were incubated without mitochondria 

(lanes 1 and 2; 10% of input) or with mitochondria (lanes 3,4,5, and 

6). Lanes 5 and 6: after import, the samples were digested with 

150 ~g/ml proteinase K for 20 minutes at 4°C, followed by the addition 

of phenylmethylsulfonylfluoride (2 mM final concentration). Bottom 

right panel: Comparison of pOCT (lanes 1 and 3) and pO-AS,8,9 (1anes 2 

and 4) import after 5 minutes. Translation products were incubated 

without (lane 1 and 2; 10% of input) or with mitochondria (lane 1 and 

4). The positions of precursor (p) and mature C.~) ornithine carbamyl 

transferase are indicated. 
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the pO-A6 mutations interfered with the abiHty of the pOCT signal to 

interact with one or more components of the import apparatus. ln 

contrast, treatments with exogenous protease following import degraded 

r.ompletely the precursor forms of both pOCT and pO-AS,8,9 whereas mature 

products were resistant (not shown). The reduced rate of import of 

pO-A5,8,9, therefore, was likely due to a lower extent of transmembrane 

uptake rather than due to a reduced ability of pO-A5,8,9 to be processed 

within the matrix compartment. 

ln vitro proces.inl - Among a large number of matrix pro teins whose 

import and processing has been analyzed in vitro, rat liver pOCT is 

unuBual in that two products are observed (24-26, and see fig. 3): a 

36 kDa polypeptide representing the mature enzyme derived from correct 

processing of the precursor between amine acids 32 and 33 (t6), and an 

intermediate size 37 kDa product resulting from cleavage between amine 

acids 24 and 25 (27). lt was recently concluded that the 37 kDa 

polypeptide represents an intermediate product of 2-step processing 

(27). When pOCT, pO-A6, and pO-AS,8,9 were incubated with a 

mitochondrial matrix extract supplemented with Zn++, processing to the 

37 kDa and 36 kDa products was observed for pOCT and pO-A5,B,9 whereas 

pO-A6 was processed to the 37 kDa prr1uct, but not to bona fide mature 

enzyme (Fig. 4). The results with pO-A6 are difficult to reconcile with 

a 2-step processing mechanism; it assumes, for example, that the pO-A6 

mutations can impair the second processing step even though the mutated 

region of the signal has been removed upon generation of the 37 kDa 

"intermediate". Alternatively, the results could be reconciled with a 

two-step processing mechanism if both steps are catalyzed by a single 

processing complexe Whatever the case, however, the results of Fig. 4 

indicate that the overall conformation of the pO-A6 signal sequence 1s 
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Pig.4. Processing or pOCT (W), po-A6 (A6), and po-AS,8,9 (A5,8,9) br 

a mitochondrial matrix extract in vitro. Translation products (5 )Jl) 

weree incubated for 30 min at 30° wi thout (-) or wi th (+) a 

mitochondrial matrix extract supplemented with ZnC1 2 (0.1 mM final 

concentration) in a total volume of 30 ur, as described (23). 

Equivalent aliquots were resolved by 10% SOS-PAGE and radioactive 

products were visualized by fluorography. 1be positions of precursor 

(~) and mature (~) ornithine carbamyl transferase are indicated. The 

sig~ificance of the 1ntermediate-s~ze product 1s discussed in the 

texte 



W A6 A5,8,9 

~p 

~m 

- + - + - + 



( 

75 

sufficiently different from that of paCT to impair correct processing, 

whereas the pO-A5,8,9 mutations alter the paCT signal only to a degree 

that interferes with efficient importe In a number of separate 

experiments, no significant differences in the exten~ of in vitro 

processing of paCT and pO-AS,8,9 to mature product were observed. 

Lipid Affia1t1es of pOCT and po-A5.8.9 - Results shown in Fig. 5 (left 

panel) provide a direct demonstration that the predicted reduction in 

hydrophobtcity as a consequence of substituting alanine for leucine at 

position 5,8, and 9 of paCT lowers the affinity of the mutant precursor 

for anlonie lipid vesieles. The vesicles employed for this assay 

contained PC and CL(9:1), as weIl as 2 mol% biotinated PEe The latter 

was included ta facilitate rapid clustering of liposomes following the 

addition of avidin and, consequently, easy separation of the free and 

vesicle-bound populations of input precursor. Bath paCT and pO-AS,8,9 

were stable under the conditions of incubation with liposomes (not 

shawn), 50 that binding was conveniently assayed by the depletion by 

liposomes of the soluble pool of free precursor polypeptide (Fig. 5). 

Effective dissociation constants (K~FF), calculated as the concentration 

of liposomes required ta bind 50% of input precursor, were determined 

and gave average values of 3.2 uM for paCT and 15.4 uM for pO-AS,8,9 

(Fig. 5, left panel). Furthermore, as predicted from the dissociation 

constants, it was found that a lower conc~ltration of liposome was 

required ta inhibit import of pOCT compared ta pO-A5,8,9. Inhibition 

was presumably caused by the liposomes binding the precursor and 

sequestering it away from the import apparatus. While import of 

wild-type paCT was on average 50% inhibited by 1.6~ liposomes, a 

vesicle concentration of 30uM was required to inhibit the import of 
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Pig. 5. Comparison of liposome binding and liposome inhibition of 

1i!m~po~r~t~o[f~p~0~C~T~(::~o:::i)~a~n~d~p~o-~A~5~,~8~,29-t(::::.!:::=). Translation 

products were ~ncubated for 10 min at 30°C with varying concentrations 

of liposomes, prepared as described in Experimental Procedures 

(0-200 ~; 9:1-PC:CL, 2 mole% biotinated PE, in a total volume of 

100 ul), in a buffer containing 80 mM KCl, 2 mM Mg acetate, and 20 mM 

Hepes, pH 7.4. The mixtures were then divided in half ahd incubated a 

further 10 min with either mitochondria in mitochondrial resuspension 

medium (10) (0.5 mg protein/m1, 100 ~ final volume; standard import 

conditions), for ana1ysis of import, or with mitochondria1 resuspension 

medium alone, for the analysis of precursor binding to lipide For 

lipid binding (left panel), liposomes were aggregated by the addition 

of avidin (1.6 mg avidin/~ole lipid) and subsequent incubation for 20 

min at 4°C; liposomes and bound precursor were removed by 

centrifugation (12,000 g for 10 min), and the free precursor in the 

supernatant was recovered by precipitation in 12% trich1oroacetic acid. 

For inhibition of import (right panel), mitochondria were recovered by 

centrifugation. In both cases, products were resolved by 10% SOS-PAGE 

followed by fluorography, and the amount of mature ornithine carbamyl 

transferase in the import assays or of free precursor remaining in the 

supernatant in the liposome binding assays was quantitated by laser 

densitometry of the f1uorograms. Resu1ts were p10tted versus 1ipid 

concentration, with values obtained in the absence of lipid given a 

relative value of 100. Effective dissociation constants (~EFF) for 

liposome binding and inhibition constants (KrEFF) for import were 

calculated as the concentration of liposomes required to bind 50% of 

the precursor and inhibit import by 50%, respectively. Data points 

represent an average of 1 to 4 experiments. 
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pO-A5,8,9 to the same extent (Fig. S, right panel). The results for 

both liposome binding and liposome inhibition of import of pOCT and 

pO-AS,8,9 are consistent with the correlation between a reduced rate of 

import of pO-A5,8,9 (Fig. 3) and the decrease in the hydrophobie moment 

of its signal peptide in the region of amino acids 5-9 (Fig. 1) , 

suggesting chat the lipid affinity eonferred by this domain in pOCT 

enhances the import efficiency of the precursor polypeptide. 

CONCLUSIONS 

Taken together, the findings of this study suggest that a short 

lipid-binding domain located toward- the amino-terminus of rat liver pOCT 

serves to enhance the rate of precursor import into mitoehondria in 

vitro. The resul~s are consistent with our earlier suggestion (7) that 

such membrane surface-seeking domains within the signal sequence might 

eontribute to efficient import by enhaneing the diffusion of the 

precursor polypeptide to the import receptor and protein translocation 

apparatus of the organelle, as has been suggested for other 

surface-seeking entities (28). Additionally, of course, the amphiphilic 

domain might facilitate direct interactions between pOCT and one Ol more 

protein components of the import apparatus, or it might function to 

destabilize the tertiary structure of pOCT and consequently stimulate 

import as a consequence of aiding polypeptide unfolding (29). In view 

of the reeent findings (30,31) that hsp70, a cytosolic protein that 

binds to exposed hydroohobic surfaces of polypeptides, stimulates 

protein translocation across membranes, ineluding those of mitochondria, 

we are currently examining the possibility that the affinity of the pOCT 

signal sequence for lipid surfaces i5 modulated by cytosolic factors. 
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lABBREVIATIONS - pOCT, pre-ornithine carbamyl transferase; iDS-PAGE, 

sodium dodecylsulfate polyacrylamide gel electrophoresisj !f, 

phosphatidylcholinej ~, cardiolipinj !!' phosphatidylethanolamine. 
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CHA.PTER 4 

Import of Proteins into Mitocholldria: 

The Site of Polypeptide Unfolding 
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To examine the conformation of precursor proteins at 

various points on the mitochondrial import pathway, 

measurements were made of tha sensitivity to exogenous 

proteases of two hybri~ proteins, comprised of the signal 

sequence of preorni ' .... hille carbamyl transferase fused ei ther 

to rnouse dihydrofolate reductase (pODHFR) or to bacterial 

chloramphenicol acetyltransferase (pOCAT). As weIl, tl'.e 

intrinsic activity of pOCAT was easi1y measurable from 

amounts of the precu~ Jor obtai~ed by reticulucyte lysate 

translation. Usin~ theGe two independent assays for 

protein conformation, we r.ave found that pOCAT and pODHFR 

exhibit a near-n ti 8 structure after synthesis in 

reticulocyt"H !_ysate, 3.n l retai n t:his fol dl~d conformation 

upon binding to liposom~s containing negative1y charged 

phospholipids, and 'lOon b.lnding to the surface of 

mitcchondria 1acking an electrochemical rotential. A 

trans10cation intermed iat_c of pOCAT has been detected in 

association with a submitochondrial fraction exhibiting a 

density intel~ediate between the outer and the inner 

mi tochondr ia 1 membrane. Formation of this intermediate 

requires an intact signal sequence, a protease-sensi ti ve 

component of the outer mitochondrial membrane, and ATP. 

It was found to have a negligible intrinsic activity and 

an increased Busceptibility to trypsin compared to 
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cytosolic precursor, suggesting that it had at least 

partially unfolded. Taken together, the results are 

consistent with a model in which the precursor prote in 

unfolds as a consequence of engaging the mi tochondrial 

translocation apparatus. 
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INTRODUCTION 

The concept that precursor proteins must at least 

partially unfold in order to be imported into mitochondria 

has arisen mainly from the findings that precursors whose 

tertiary structure htd been stabilized either by the 

binding of high-affinlty ligands (Eilers and Schatz, 1986; 

Chen and Douglas, 1987a; Kaput et al. , 1989) or by 

intrapolypeptide disulfide bridges (Vestweber and Schatz, 

198Gb) were inefficiently translocated into the organelle 

and, conversely, fram t~le observation that destabilization 

of tertiùry structure, E.d ther by chemical denaturation 

(Eilers et al. 1988) or hy internaI mutations (Vestweber 

and Schatz, 19B8c), led to enhanced rates of importe Such 

conclusions a?:~ ('ons! '3 t:. ent with the detection of a 

preoursor polypeptide that was trapped as a mitochondrial 

translocation intermer'! ; 'lte spanning both the outer and 

inne!" meIr.branes simuJ t&.ll-9ously, orj ginally t3hown by 

Schleyer an~ ~eupert (1985). The mechanism and possIble 

locatj ons on the inlport pathway of polypeptide unfolding, 

however, rernain ~nclear. The dernonstration that ATP ls 

required for irnport (Chen and Douglas, 1987b: Eilers et 

~].. .• , 1987; Pfanner et al., 1987) and that heat-shock 

protpi:r.s stimulate the import of mitochondrial proteins 

(Murakarni et al., 1988; Deshaies et al., 1988; Randall and 

'1 
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Shore 1989), ls consistent with the existence of an ATP-

dependent 'unfoldase' in the cytosol, originally 

postulated bl' Rothman and Kornberg (1986). On the other 

hand, Endo et al. (1989) found that il hybrid protein of 

cytochrome oxidase subuni t IV si.gnal sequence fused to 

dihydrofolate reductùse (CoxIV-DHFR) dramatically 

increased its sensitivity to trypsin in an ATP-dependent 

Inanner upon b inding to liposomes or to the surface of 

intact mitochondria. 

In this study ~a have used two independent assays to 

examine the conform<ltion of hybrid precursors at variouB 

steps on the import ?atbway. One assay measures the 

intrinsic activity aOBociated with a precursor 

polypeptide, the other mC'asures the int:t-insic sensitivity 

of the precursor to excgenous protease. Unfolding of the 

precursor would be exp~cted ta be acco~panjed by enhanced 

protease-sensitivity (Randall and Hardy, 1986; Endo et ~l. 

1989) ë'''''d hy a 1055 in intrinsic acti vi ty. To this end, 

~e have emp10yed two ruark~r proteins~ ~ou~e dihydrofolate 

reductase (DHFR) and bacterial chlorarnphenicol acetyl 

transferase (CAT). Bot.h contain a core structure t.hat lB 

highly resistant to protease, unless the polypeptides are 

extensively denatured, and the intrinsic activity of CAT 

is easily detected employing even the exceedingly low 

levels of enzyme generated by in vitro translation. TheBe 

properties are retained when the proteine are fused to a 
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mitochondrial signal sequence, in this case the matrix-

targeting domain of pre-ornithine carbamyl transferase. 

DIiFR is monomeric in structure, whereas the type l CAT 

employed must he a trimer to exhibit enzyme activity 

(Leslie ct _al. 1988) i the trimer structure of CAT is very 

stable, to the extent that monomerization of the complex, 

by various methods, il always accompanied by unfolding of 

the constituent polypeptides (Shaw 1983). 
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Here, we present evidence tnat the bulk population of 

these hybrid precursors remains in an essentially native 

conformation prior to precursor engagement of the import 

apparatus. Unfolded polypeptide translocation 

intermediatez, the formation of which requires ATP, an 

intact signal sequence, and a protease-sensitive component 

of the outer mitoct~nd 'ial membrane, have been detecced in 

associatlon wi~h $ubmit~chondrial fractions containing 

putative contact sites. 

, 
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EXPERIMENTAL PROCEDURES 

Materials: 

Egg phosphatidylcholine and bovine heart cardiolipin 

were obtained from Avanti Polar Lipids. Cardiolipin was 

routinely Folch-washed, as described by Papahadjopoulos 

and Miller (1967), t) remove possible divalent cation 

contaminants. Lipids were stor~d in chloroform solutions 

ut -70oC under nitrogan. Ret heart and liver were 

obtained from male Sprc.tgue-nawley rats. Potato apyrase 

(Grade VIII) was obtained from Sigma Chemical Company (st. 

Louis, MO) . Chloramphenic:::ol acetyl transferase (E. coli) 

was obtained from Pharma:: ia LKB Biotechnology (Uppsala, 

Sweden) " 

General: 

Earlier publications describe the isolation of rat 

heart and liver mlto(~h.,nori"'l, ill_vitXQ transcription of 

pSP64 derivatives l trél.:1s1ôt.ion in rabbit. reticulocyte 

lysate, implirt: and procc.::s'::"r.g of precurscr proteins by 

mitochon~ria, SDS-PAGE, and î'luorography (Argan et al. 

1983; Shore et al. 1983; and Nguyen et al. 1986). 

Additional details are given in the figure legends. 
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Construction of plasmids: 

pSV2CAT (Gorman et al. 1982) was l inearized at its 

unique HindIII site, and restricted with BamHI to yield a 

1032 bp fragment that was inserted between these sites in 

pSP64 to create pSPCAT. This plasmid was linearized with 

HindIII, blunt.-ended by treatment with Klenow fragment, 

and restricted with SphI. A 548 bp SphI PvuII 

restriction fragment, provicting pOCT amine acids 1-36, was 

then ligated between the Sph! and blunted HindIII sites of 

pSPCAT to generate pSP(pOCAT). Prior to in vitro 

transcription, pSP (pOCAT) was linearized wi.th SstI. 

87 

A 650 bp TaqI - BglII partial restrictj on fragment 

from pSV2DHFR (Subramani !:-S'C al,. 1981) was inserted between 

the AccI and BamHI sites of pSP64. PstI linearization of 

this plasmid at a site just 5' to the AccI insertion site, 

followed by T4-polyme~dse-mediated hlunt-ending, and 

restriction at the unique SphI site yielded a major 

fragment, which, when l:...gated to the 548 op SphI - PvuII 

fragment ùescribed abcve, fOl~ed pSP(pODHFR). Prior to in 

yi tro transcription, psr- fpODHFR) was linearized wi th Eco 

RT. 

Preparation of Liposomes: 

Lipids were dried down from stock solutions ur.der 

nitrogen and disper~ed in 80 mM Kel, 20 mM Hepes, and 2 mM 

Mg acetate, at pU 7.4, by brief vortexing followed by bath 

" , 
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sonication for 5 min. Lipid concentrations were 

determined as described previously (Silvius and Gagné, 

1984) • 

Preparation of Submitochondrial Vesic1es: 

Submitochondrial vesicles were prepared according to 

Ohlendleck et _..!'ll. (1986). Translation products (300 u1) 

were incubated with mitochondria (1 mg mitochondrial 

protein; final volume 2 mIs) under various conditions for 

15 min (see Figure Legends). After centrifugation at 

12, 000 x 9 for 5 min, the ml tochondrial pellets were 

resuspended and, together with 9 mg excess mitochondria, 

were incubated in a final volume of 2 mIs swelling buffer 

(10 lnM phosphate, pH 7.4). After incubating for 20 min at 

.~OCt 6S~ U"!. ('lf 50 % wtjwt sucrose in 10 mM phosphate 

buffer 1 pH 7.4, v:t1re aaded followed by another 20 min 

incubation at 4oC. Th~ mitochondria were then sonicdted 

for 6 x IJ S w1~h ~ Sanie Dismerr~rator at power setting 60 

(Art(.~k systems corp:>"t'ation) and centrifuged at 9, 000 rpm 

for 15 rdn i.n êt f,orvall 35-34 rotor. The Eupernatant 'lias 

layered over a 34 ml linear sucrase density gradient (15-

50 % 'Vlt/wt sucrase in 10 mM phosphate, pH 7.4) and 

centrifaged for 17 11 at 27, 000 rplil in a SW-28 Beckman 

totor. Subsequently, the gradient was divided into about 

30 fractions of 1.2 mls. 
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RESULTS 

Fusion Proteins and Assays of Polypeptide Onfolding: 

Two fusion proteins, pOCAT a.lld pOOHFR, were 

constructed by fusing 'che amine terminus of pOCT (the 32-

amine acid signal sequence plus 4 amino acids of the 

mature protein) to either mouse DHFR or bacterial CAT 

(F ig . 1 and see Experimental procedures). The relevant 

cDNAs ~lere Inserted intI) the pS!-'f54 vector and expressed by 

in vitro transcription-translation. In both cases, a 

single translation product was produced which, upon 

incubation with purtfled ml.tochonèlria from rat heart, was 

imported and processed in a time- and ATP-dependent manner 

(Fig. 2 and data not shown). .3ubsequer. t:. treatment of 

import reaction l"üxtures with exogenous protease resulted 

in the corvel'Rion of ur,incorporated, full-length precursor 

to a protease-res istant core fragment; in the case of 

pOCA'I, a porti.on 0f t.h: s core pl cduct c:>-sefjin,ented with 

mitochondria upon recovery of the organelle by 

::.::entd.fu)at";'o'l1 (1:"'il). 2, Pane] B), while tor pODHFR the 

core remained soluble (not shown). 

The protease digestion of pODHFR and pOCAT to 

protease-resistant cores is the basis of an assay that 

measures the loosening of polypeptide tertiary struc":.ure 

(i.e., 'unfolding'), allowing the protease to gain access 

to otherwise buried sites in the prote in (Randall and 
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Fig. 1: Construction of pOCAT and pODHFR. pOCAT consists 

of pOCT amine acids 1-36 fusad to the entire 219 amino 

acid chloramphenicol acetyltransferase reading frame with 

an additional twelve codons upstream of the CAT initiator 

methionine, not norma1ly expressed, resul ting in a total 

of 267 amine acids. pODHFR consists of pOCT amine acids 

1-36 fused to amine acids 3-186 of mouse dihydrofolate 

reductase, with a sinqle glycine residue introduced 

between the two reqions in the manipulations. Details of 

the construction can be found in Materials and Methods. 

) 
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Fiq. 2: Import of pOCAT and pODHFR: time course and ATP 

requirement. r35S]Methionine-labaled reticulocyte lysate 

translation products (4 ul) were incubated with rat heart 

mitochondria (50 uq of protein1 final volume 100 ul) at 

30 0 C for varyinq periods of time, and import was 

terminated Dy the addition of carbonyl cyan ide m­

chlorophenylhydrazone, as described previously (Nquyen ~ 

al. 1986). FOllowinq centrifugation at 12,000 x q for 3 

min at 4°C, the mitochondrial pellets ware visualized by 

12% SOS-PAGE and fluorography. In Panels A CpODHFR) and B 

CpOCAT), precursors were incubated without mitochondria 

(lanes l, 10% input) or with mitochondria for l min (lanes 

2) 1 2 min (lanes 3), 4 min Clanes 4), 8 min (lanes 5), or 

16 min (lanes 6). After import, the samples were digested 

with 150 ug/ml proteinase K for 15 min at 4oC, followed by 

the addition of phenylmethylsulfonyl fluoride (2 mM final 

concentration). In Panel C, pOCAT was incubated without 

mitochondria (lane l, 10% input), with mitochondria (lane 

2), or with mitochondria depleted of ATP by preincubation 

with 4 U/ml apyrase for 10 min at 40 C (lane 3). The 

positions of precursor (p), mature (m), and core (c) 

proteins are indicated. 
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Hardy, 1986). In addition te the pretease-sensitivity as 

a probe for 'felded' states, an independent measure of 

polypeptide unfolding is afforded hy pOCAT due to the 

extremely high sensitivity of the CAT enzyme activity 

assay. As shown in Figs. 3 and 4, intrinsic activities 

assoclated with the jn vitro translation products of pOCAT 

and CAT were rea li.J..} detectable. Furthermore, both 

products exhibited Km val~es, with respect ta 

cflloramphEmlcol, that are similar te those reported for 

the native enzyme obtajned from bacteria (Shaw 1983), 

indicating that the pJ:'E::sence of a signal sequence has 

little effect on the ability of CAT te bind 

chloramphenicol. Alterations in the native structure 

(e.g. unfolding) of pO CA '1' during impert of the polypeptide 

int.o mi to.:hondria, t' ~re:')re, would be expected to be 

accompanied by 3 lo~,s of Lltrins1.c acti,rjty. 

Importantly, the concentration of substrates employed 

in the'3~ en:~y1ne aS&31' f:J (:'.2 m!wI aCi!tyj Co~ i: n':i up to 38 uM 

chlorarophenjco!) dia net inhi~~t i~port ot pOCAT into 

rnitochoni-c b. in.-Y.i.~1:"~ (net sh:')w::t). rhis i5 in contrast to 

the situation for pOOHFR (not shown) and pCoxIV-OHFR 

(Eilers and Schatz, 1986) in which the high affinity 

l~qand, methotrexate, is a potent inhibitor of precursor 

import as a consequence of its ability to stabilize the 

tertia.ry otructure of the OH FR rnoi·.~ty . The relatively 

weak affinity of pOCAT for its substrates, therefore, is 
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Fig. 3: Lineweaver-Burke plots for pOCAT and CAT 

intril:sic enzyme act-ivity. Reticulocyte lysate (1 ul), 

containing equivalent amounts of freshly synthesized pOCAT 

(.) and CAT (c) were incutated for 5 minutes at 37°C with 

1.2 mM acetyl CoA and 0-38 uM [14C] chloramphenicol in 

st.andard import buffer (::lnal ·"olurne .100 ul) (Argan and 

Shore, 1985). l'he reactic'n ~.Y<lS stCJpoed by ethyl acetate 

extraction and products were separated by thin layer 

chromatography in chloroform:methnnol (95:5). The amount 

of mono-acetylated [:4 c ]chloramphenicol formed was 

quanti -tated by 1 i'pj cl s: i.nt. ·:.llation counting and the 

velocity of ':mzl-'1li9 Hctiv ~ ty ,las calculatE:!d as pmoles 

ch) oramphenicol ~r.(!'.'ty1.atEd/nüL1. 'l'he data renresents a 

typic:ü exper.i ment. and ha::; been repl içated wi thin 5% 

error. 
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Fig. 4: Intrinsic activity and trypsin sensitivity of 

precursor proteins upon binding to liposomes. Translation 

products (1 ul) were incubated with or without liposomes, 

prepared as described in Materials and Methods (20 uMi 

9: l=phosphatidylcholine: cardiolipini final volume 100 ul), 

for 10 min at 30°C, unde.- sta·ldard impcrt conditions, and 

th en assayed for enzyme activity or for protease 

sensitivity. In Panel A, 4.6 uM [14CJ chloramphenicol and 

1 mM acetyl CoA were added to incubatiol"iS of CAT and pOCAT 

and the f?nzyme assay was céu'ried out as described in Fig. 

3. Ir~ panej.s-1L. and~, pOCAT and pODHFR, respectively, 

were assayed for protease sensitivity by incubating with 

varying concentra":iolls of tryps il, (O-,{: ugjml) fur 10 min 

at 4°C, fo 11 o\,]ed by t?1 e a à dit ion 0 f 2 mM 

phmnylmethy1sulfonylfluoride. The products were 

precipitated with 12% trichloroacetic Mad and vlouallzed 

by 12% SOS-PAGE and fluorography. The positions of 

prpcursor (p) and core (C) proteins are indi~ated. These 

results were replicated at least three times. 
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insufficient ta 'freeze' the protein into its native 

structure thereby preventing a potential unfolding 

machinery from effectively acting on the proteine 
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Conformation of Soluble pOCAT and pODHFR in Reticulocyte 

Lysate: 

In arder to probe the conformations of pOCAT and 

pODHF'R immediatel~' fol lov.1Î ng their release from the 

ribosome, the newly-synthesized precursors were obtained 

by translation in reticulocyto lysate and examined for 

protease-sensitivity (pCCAT and pODHFR) and enzyme 

activity (pOCAT). As illustrated in Fig. 2, bath 

precursors \llere competent for import, yet both also 

exhibited protease-resistant cores (Fig. 4) and pOCAT was 

enzymatically active (Figs. 3 and 4). In Fig. 4, the 

concentratic~s of ~xcgen~us protease that were employed to 

generate core products were from 0.3 to 4 ug trypsinj ml. 

The core gpnera ted for l'oth pOCAT and CAT was resistant up 

to at le3st 60 ug trypsin/ ml and 200 ug proteinase Kj ml 

(not !:.hown). These ccm,:ent-:-ati,:ms ware sufficient to 

degrade the pOCT signal sequence attached to either 

protein, but did not degrade the intrinsic protease-

resistant cores of the mature region. Furthennore , both 

pOCAT and CAT, which exhibited relatively similar 

intrinsic activities in reticulocyte lysate, exhibitod 

similar resistance to digestion by either trypsin or 
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proteinase K (not shown). We conclude, therefore, that 

the bulk population of pODHFR and pOCAT moleculets in 

reticulocyta lysate were retained in a tightly-folded 

state, with the mature portion of the molecule similar to 

the structure of the native protein while the f3ignal 

sequence remains at the surface of the molecule, readily 

accessible to low concentrations of trypsine 

Interestingly, depleting lysate of ATP (ta the extent that 

import was il1hibit\~d, Fig. 2, !;)anel c) 1 or increasing ATP 

concentrations up to 10 rrJ1, had no affect on the prt::>tease­

susceptibilities (not shcwn) or intrinsic activitles 

(Table 1) measured here. Similarly, no decrease in 

intrinsic activity of pOCA'I' was observed when the 

concentration of reticu10cyte lysate in these assays was 

increased lO-fold (not shOlm). Thus, while it cannet be 

ruled out that a p-=cpo~tion of thf> total prec::ursor 

population was unfolded, and was tao small to be detected 

by the present assa~sl the data suggest th3t the steady­

state condition ror ?OCAT and pODHFR in reticulocyte 

lysate favours a native cO!îformat::'on. 

Conformation of Mombrane-bound pOCAT and pODUFR in 

Reticulocyte Lysate: 

If the first interaction of the signal sequence with 

mitochondria i5 via the lipids of the outer membrane 

(Skerjanc et al. 1987; Skerjanc et al. 1988), it ia 
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Table l Effect of ATP on CAT and pOCAT Intrinsic CAT 

Activity 

Condition 

Control (+apyrase) 

5 mM ATP 

10 mM ATP 

Intrinsic Activity (% control) 

pOCAT CAT 

100 

82 

73 

100 

76 

65 

purified 

CAT 

100 

72 

The effect of ATP was examined by incubating 

t:ranslation products with either ATP or 3 Uiml apyrase, 

for the control, for 30 min at 30°C followed by addition 

of enzyme s'~bstrates and incubation for 10 min at 370C. 

The intrinsic activity of the ATP-depleted pOCAT and CAT 

controls were 49 and 108 pmoles chloramphenicol 

acety1atedl minI arbi trary densj tometry unit pOCAT and 

CAT, respecti vely • CAT from ~ col i, ''las treated 

similarly to the trans1ated enzyme and the control was 

found to have an activity of 83 pmoles chloramphenicol 

acetylatedl min 1 0.2 ul enzyme. Enzymatic activity was 

quantitated as described in Fig 3. Aliquots of each assay 

were subjected to SDS-PAGE and the amount of enzyme was 

quantitated by laser densitometry. 
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possible that such an amphiphilic surface might unfold the 

precursors, as has been demonstrated for pCOXIV-DHFR (Endo 

et_--Al. 1989). POCAT and pODHFR were found to bind 

liposomes (9 : 1 = phosphatidylcholine : cardiolipin) with 

an effective dissociation constant (Skerjanc ~t al. 1988) 

of about 4 ulof, while CAT exhibited negligible binding. 
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Under conditions where the precursors were effectively aIl 

bound te liposomes (20 uM lipid), no significant changes 

were observed in the intrinsic activity of pOCAT and CAT 

(Fig. 4A), in the trypsin sensltivity of pOCAT (Fig. 4B) 

and pODHFR (Fig. 4C), and in the sensitivity to proteinase 

K or pOCl'>.T and pODHFR (data not. shown). The trypsin 

concentrations used in Fig. 4 were up to 4 ugjml, but the 

resistance of core products in aIl cases extended at least 

up te 6P \~CJ/lnl (-+:hn highest concentration examined) (not 

aho'/m). 'l'h'Lf}, t.he lipid surface of veslcles alone was net 

sufficient to unfold pOCAT and pODHFR. 

The roslllt.s with artificial liposomes \olere extended 

as weIl to include the membrane surface of intact 

It may be, for example, that the 

composition of llpid employed for liposomes is deficient 

in an essential lipid component required for membrane-

dependent polypeptide unfolding. Precursors were 

incubated with rat heart mitochondria treated with 

carbonyl ~yanide m-chlorophenylhydrazone, to dissipate the 

potential across the inner membrane. Under these 
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conditions import does not occur, but the precursor still 

binds to the outer membrane. Under conditions where at 

least half of the precursor was bound to the mitochondrial 

surface in the presence of reticulocyte lysate, we again 

found no indication of unfolding, either by intrinsic 

activity measurements (Fig. SA) or by examination of 

protease sensitivity (Fig SB; pOCAT protease sensitivity 

not shown). FurtheY.', j r.cubating the precursor bound to 

mi tochondria in the prp.sence of high salt (1. 0 M KCI) and 

pelleting through a sucrose cushion did not release 

precursor (not sho·.4n), indicating that the precursor, even 

though it was foldH:', also exhibited relatively tight 

binding. In the caDe f)f pODHFR and pOCAT, therefore, such 

binding was presumably lTtediated by the signal sequence 

rather than by hydrophobie regions of the rest of the 

molecule that hac"\. h:en expo3ed as a consequence of 

polypeptide unfolding. 

While the majority of ~he pOCAT and pODHFR population 

bimh.i te the surface of mi tcchondria, in a potential-

independent rnanner, in Yi"':::,~ 1 only a ~::mall amount of the 

bound precursor ls actualJ.y imported. Thus , most of the 

bound precursor is probably interacting with non-specifie 

sites. If unfolding of only a small proportion of bound 

precursor was mediated via ies interaction with a specifie 

mitochondrial protein, therefore, such an unfolded 

intermediate would be detectable only following 
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Fig. 5: Trypsin sensitivity of pODHFR and intrinsic 

activity of pOCAT and CAT upon binding to the surface of 

rnitochondria. Translation products were incubated with 

0.5 mg/ml mitochondria pretreated with l uM carbonyl 

cyanide m-chlorophenyl hydrazone, for 10 min at 30°C, 

under standard import condit.ions. In J'anel A, the samples 

containing CAT and pOCAT were then assayed for enzyme 

activity as described in Fige. 3 and 4. In Panel B, 

samples containi~'J pOùHFR were assayed for protease 

sensitivity as descrlbed in Fig. 4. The p03itions of 

precursor (p) and core (c) proteins are indicated. 

• 

) 



A B 

pOCAT CAT pODHFR 

- + - + + MITOCHONDRIA 
+CCCP 

•••• 0 1 3 0 1 3 TRYPSIN 
~.Ji~. 

~g/ml 

1 
.~ ..~ ... p 

"I~' 
~~I ................ C l , 

( 



95 

subfractionation of the organelle. 

Identification of an Unfolded Translocation Intermediate: 

In view of the tact that the bulk population of pOCAT 

and pODHFR located ei ther in the cytosol (reticulocyte 

lysate) or bound to non-specifie sites on the surface of 

mitochondria was in a folded, near-native conformation, 

unfolding during import, if it occurs, is 1ike1y a 

consequence of the ?~ecursor engaging either the receptor 

or some subsequent ccmponent of the import apparatus. 

Such an unfolded internledülte would he expected to exhibit 

three characteristics: asnociation wi th contact points 

between the outer and inner mitochondrial membrane 

(Sehleyer and Neupert, 19~3), dependenee for its formation 

on a trypsin-sensitiva component (Le. 1 receptor) on the 

surface of the organf!1] c (Gé'lsser et~., 1982, Argan et 

al., 1~83; Zwizinski et al., 1984), and a requiremcnt for 

ATP (Chen and Douglas, 1~a7b~ Eilers ~~~l" 1987; pfanner 

et al., 1987). Submitochandrial vesicles ~ere prepared, 

followiTlg the method or Ohlendieck et_i!l. (1986) 1 and 

separated by sucrose velocity gradient centrifugation. 

Characterization of the prote in profile and marker enzymes 

in the sucrase gradient is shown in Fig. 6 . A major 

fraction of the total mitochondrial prote in was soluble, 

presumably deriving fram the matrix compartment, and was 

reeovered at the top of the gradient (Fig. 6A). The 
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Fig. 6: Sucrose gradient fractionation of 

submitochondrial vesicles. Submitochondrial vesicles were 

prepared as described in Materials and Methods and layered 

onto a 15-50 % wtjwt linear sucrose gradient in 10 mM 

phosphate buffer, pH 7.4. After ultra-centrifugation for 

17 h at 27,000 rpm in a SW-28 rotor at 4oC, fractions of 

1.2 ml were collected from top to bottom of the gradient. 

In Panel A, 50 ul of each fraction were analyzed for total 

prote in by the Bio-Rad prote in assay (Bio-Rad Chemical 

Division, Richmond, California). In Panel B, fractions of 

the sucrose gradient were assayed for azide-sensitive 

ATPase activity (x) by a pyruvate kinase/lactic 

dehydrogenase coupled assay (Josephson and Cantley, 1977), 

for cytochrome ç oxidase activity (0) following the method 

of Smi th and stotz (1949) and for monoamine oxidase 

activity (2;.) by the method of Weissbach et al. (1960). 

The fraction with the hiqhest activity for each enzyme was 

arbitrari1y given a value of 100. This corresponds to 520 

nmo1es cytochrome ,g oxidized/min/ml fraction, 80 nmoles 

kynuramine oxidized/min/ml fraction, and 200 nmoles NADH 

dehydrogenated/min/ml fraction for cytochrome Q oxidase, 

monoamine oxidase, and ATPase, respectively. The 

identified fractions are marked as solU}:)le prote in (M), 

outer membrane (OM), intermediate density (IF), and inner 

membrane (IM) fractions. 

.. 
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marker enzymes migrated as distinct peaks, with monoamine 

oxidase marking predominantly the outer membrane (OM), 

azide-sensitive ATPase marking the inner membrane (IM), 

and cytochrome Q oxidase migrating bath with the inner 

membrane and at an intermediate densj ty , designated the 

inte~media!e fraction (IF) (Fig. 68). The latter fraction 

also contained a small, but measurable amount of outer 

membrane (Fig. 6B). The formation of an intermediate 

densi ty fraction has been widely interpreted to cantain 

contact pOJ.nts (Schleyer and Neupert, 1985; Ohlendieck et 

fl.1. , 1986) and has been shawn to co-migrate with 

translocation intermediates under various conditions 

(Schleyer and Neupert, 1985). 

When pOCA'l' was imported for 15 min at 300 e priar ta 

the iGol~tion of mitochondria and subsequent formation oi 

Gur.:nito< '1C.lldrial vesi.-ü"s, it was fo'.md that mQst af the 

precursu1.· ~n:o·:a.:.n thaJ; had associaterj wjth the organelle 

remaiJ1ed at the top of the sucrose c,.;radient (Fig. 7A). 

T~i3 pr~cur30r fraction was dcgraded to a protease-

insensitive core but was presumably derived from precursor 

that had been impol: ted and processed in the llJatrix, as 

weIl as precursor that was dislodged from the surface of 

the organelle as a cor.sequenC"'e of sonicaticn (not shawn). 

However, a small percentage of precursor, that was full-

lcngth pOCA'l' (as judged by SDS-PAGE, not sho\<Tn), entered 

tll@ gradient and co-migrated mostly wit.h the intermediate 

,1 
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Fig. 7: Distribution and i.ntrjnsic activity of pOCAT. 

[35 s ]methionine-labeled pOCAT (150 ul translation 

products) W?S incubated iI'ith Ilver mitochondria (1 mg 

mitochondrial protein: final vO'lunle 2 ml) at 300 e for 15 

min, ünder standard import conditions. After 

centrifugation at 12,000 g for 3 min, the mitochondrié1.1 

pellets were resuspended with 9 mg of carrier mitochondrl~ 

and submitochondrial veslclas were prepared and 

fractionated on a linear sucrose gradient (see Materials 

and Methods). In Panel A, 100 ul of each fraction were 

precipitated with 12 % trichloroacetie acid and visualized 

by 12 % SOS-PAGE and fluorogr~phy. Full- length preeursor 

was found from fractions 13 ta 29 and no processed form 

\lIas ev ident in the gradic:1t.. POCl\T ',las found to be 

degraded to cere prote:-_', fJ:"cm i:.h~ top or t.he gradient to 

Fraction Il. The amount of translation product present 

was ql.l-El::'ltitatEKi by lase"::' densi~ cnletry. I:1 I~_n§'l B, 400 ul 

of each fractJ.on were aSi;aybcl for chloramphenicol acetyl 

trallsferase activity, da described in Fig. 3, but 

incubated at 10°C for 1. 5 h. The specifie activity was 

expressf?"1 as % monoacetylated chloramphenicolj 

[35s ]methionine-labeled pOCAT (from densitometry). Marker 

enzyme activities were performed as in Fig. 6 and the 

identified fractions are indi cated. These resul t.s were 

replicated at least three times. 
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density fraction (Fig. 7A). We did not detect any 

processed precursor associated with any of the 

mitochondrial membrane fractions! whether import occurred 

at 10°C or 30°C (data not shown). This suggests that once 

the signal is cleaved, the mature protein is immediately 

released from the translocation apparatus (at least it 

cannat survive sonication and sucrose gradient 

fractionatlon) . 

POCAT that was aS30ciated with the intermediate (Fig. 

7B, fractions 19-21) and inner membrane (Fig. 7B, 

fractions 2'3-26) 1'·ogions of the gradient was found to 

exhibit a dramatic 16-folci 105S of intrinsic activity when 

compared to full length pt'ecursor in the outer membrane 

fraction (Fig. 7B, g~adicnl fractions 12-16) or when 

comp::u-ed "to rreshly transla"ted precursor (data not shown). 

similar res~~.t~ ,;ere also found if the initial import had 

been performeo at 100e: (ctata not shown). This lOBS of 

intrinsic actlvity exhibited by precursor ~ssociated with 

the ln tennt.ljiate and innar mea.brane fract.ions suggests 

that the precursor is .in u partially denatured (i. e. , 

unfolded) conformation. 

As illustrated in Fig. SA, pretreatment of 

mitochondria with trypsin decreased the amount of pOCAT 

that subsequently associated with the intermediate 

fraction by greater than 75%, with a corresponding 

increase in the amount associated with the outer membrane 
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Fig. 8: The effect ot mitochondrial pretreatment with 

trypsin and ATP-depletion on the formation of precursor 

associated with submitochondrial vesicles. In Panel A, 

CAT (6) was incubatad with mitochondria as described in 

Fig. 7, and pOCAT was incubated under similar conditions 

with mitochondria which had (x) and had not (0) been 

pretreated with trypsin (5 mg/ml mitochondrial prote in 

incubated with 40 uq/ml trypain tor 30 min at 4oC). 

Submitochondrial vesicles ware prepared, the distribution 

of pOCAT was quantitated as described in Fig. 7, and the 

amount • of precursor associated wi th each fraction was 

normalized to the amount of input precursor. In Panel B, 

pOCAT was incubated with mitochondria for 15 min at 300 e 

with (~) and without (0) ATP depletion by apyrase (4U/ml) 

before preparation of submitochondrial vesicles. Marker 

enzymes desiqnated the positions of outer membrane (OM) 1 

intermediate density (IF) 1 and inner membrane (lM) 

fractions. 

-----------
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fraction. Association of precursor with the intermediate 

fraction also depended on the presence of a signal 

sequence in the precursor, since CAT alone did not show 

any binding to this, or other, submitochondrial fractions 

(Fig. SA). Finally, since ATP is required for import 

(Pfanner et al., 1.987; Eilers et al., 1987; Chen and 

Douglas, 1987b) and has been implicated in the unfolding 

step (Verner and Schatz, 1987; Pfanner et al., 1987 ; 

Pfanner ?t al., 1988), we depleted the import incubation 

of ATP uith apyras~, prepared submitochondrial vesicles, 

and found, again, a 75% loss of the precursor in the 

intermediate fraction (Fig. SB). Taken togethe.r, these 

resul ts suggest that the precursor unfolds only after 

interaction \vith the translocation apparatus in an ATP-

depend~nt nann('r, reqtliring a t.rypsin-sensitive component. 

pOCAT located in the outer membrane and in the 

intermedj?~e fractio~ were also examined for protease 

sen~ltivitY' (Fig. 9). The pre~ursor assoclated wi th the 

intermediate fraction was found to have at least one 

additional exposed tryptic site, resulting in conversion 

of the core prote in to a lower molecular weight product 

(Fig. 9B), compared to pOCAT associated with the outer 

membrane (Fig. 9A). This implies that pOCAT is partially, 

but not extensively, unfolded when located in the 

intermediate fraction. Protease-sensitivity of the 

precursor in this fraction May yield a minimal estimate of 
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• Fiq. 9: Protease sen.itivity ot pOCAT associated with 

outer membrane (Panel A) and intermediate (Panel B) 

fractions. Equivalent amounts of pOCAT trom outer 

membrane and intermediate fractions (correspondinq to 

fraction t 12 and 18, re.pectively, Fig. 6) were digested 

with 0 (lanes 1), 1 (lane. 2), 3 (lane. 3), 10 (lane. 4), 

30 (lanes 5), and 100 (lanss 6) uq/ml ot trypsin (final 

volume 100 ul) tor 15 min at 25°C. Products were 

v!sualized as described in Fiq. 4. 
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This study provides direct evidence for the existence 

of an unfolded translocation intermediate associated with 

a submitecllondrial fraction, the formation of which 

requires an int.act signal Dequence, ATP, and a protease-

sensitive componerl+: 0, the mitochondrial surf.ace. Our 

resul ts indicate that in the initial steps of in vitro 

import, which inc:i.ude ùiffusion of the soluble precursor 

protein in reticulocyte lysate and binding to the outer 

membrane, the bulk of the precursor population exists in a 

near-native confo:n.lat i;Jn. 

The fincting that f~eshly synthesized pOCA'r has a 

similar intrinsic activity and protease sensitivity to 

those of CAT (Fjg. 3 a~d data not shown) demonstrates that 

the addition of a signal sequence to the amino-terminus of 

a prote in does net label the bulk population of th<:.'.t 

protein fer unfolding in reticulocyte lysate, although it 

does target it for import into mitochondria (Fig. 2). 

These resul ts are in contra st to those obtained for 

bacterial secretory systems, where secB, trigger factor, 

and GroEL, have been shown to stabilize an 1 open 1 

conlormation for the precursor (Crooke and Wickner 1987; 
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Lecker et al. 1989; Randall and Hardy 1989; Wickner 1989). 

This finding may represent an intrinsic difference between 

the precursors in mitochondrial import and bacterial 

secretion. For example, many hybrid proteins containing 

bacterial signal sequences fused to nonseeretory proteins 

are inefficientlY exported from E. coli, if at aIl 

(Kadenaga et al., 1984: Tommassen et al., 1985; Freudl et 

al., 1988). Thus, while the precursors for bacterial 

secretion may depencl on the i.ntr~nsic information of their 

mature region, this appears to be far less important for 

mitochondrial import (Ve3tweber and Schatz 1988a; 

Vestweber and Schatz 1989). 

The demonstration that pOCAT and pOD .iFR do not change 

their conformation on membrane surfaces (Fig. 4 and Fig. 

5) is in contrast te t.he situat ':'01\ "Cor pCoxIV-DHFR (Endo 

fl~ al., 1989). T~is type of unfolding, therefore, appears 

not te be dn obligate step on the iIlf)Ort pê'.thway for all 

prectlrsors. Interectingly, however, targeting of the 

precurscr for this type of unfüldlnq appears te reside 

wi th the type of signal sequence that is present on the 

precursor sinee i t i9 only this region that ia different 

between pODHFR and pCoxIV-DHFR. The affinity of a 

synthetic CoxIV signal peptide for anionic lipid is 

significantly higher than that for the pOCT peptide {~amm 

1986; Skerjanc et al. 1987). It may be, therefore, that 

the pCoxIV signal brings the precurser in cl oser proximity 
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to the amphiphillc surface of the bi1ayer than docs the 

pOCT signal, resulting in more efficient mernbrane-

dependent unfolding. 

POCAT was found to have a more 'loose' conformation 

when associated with a submitochondrial fraction 

containing putative contact points (Fig. 7). Precursor 

associated with thia fraction is probably an import 

intermediate becausc its formation requires an intact 

signal sequence, ATP, and a proteinaceous component of the 

outer membrane (F i·.J. a). It cOl1stituted a reiatively 

small percentage of the total input precursor. The 

possibiU.ty exists, therefore, that this fraction was 

already unfolded at an earlier point on the import pathway 

and simply was masked by the bulk population of other 

folded precursors. \~e consider this unI ikely , however, 

sinee addition of excess reticulocyte lysate and ATP had 

no pffac~ on the confc~~ation of pOCAT and pODHFR 

transl3.1:ion prQducts ('rable land not shm ... n). Ft:rther, it 

has been shO\'1n that the amount of ret.iculocyte lysate 

components required for import is in vast excess under the 

standard import conditions empIoyed here (W.P. Sheffield 

et al., manuscript in preparation). However, the idea of 

a compone nt of retieulocyte lysate, e.g., hsp70, unfolding 

the precursor after it has engaged the import appardtus is 

completely consistent \.,i th the data described in this 

paper (Murakami et al., 1988; Deshales et al., 1988). 
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In conclusion, this work has examined the 

conformation of two hybrid precursors at various steps on 

the import pathway. We found no evidence for the bulk 

unfolding of the precursor population, either immediately 

following synthesis in reticulocyte lysate or when bound 

ta the surface of membranes. However, we detected an 

unfolded intermediate associated with a submitochondrial 

fraction; delivery of the precursor to this component of 

the putative. translocation site depended on the presence 

of a signal sequence on ~he precursor, a protein component 

of the outer membrane, and ATP. 
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The main toeus ot this thesis has been to investiqate 

the mechanism{s) of prote in translocation into the 

mitochondrial matrix by studyinq properties ot 

translocated precursor proteins. A model has been 

developed which is consistent with all the results 

observed to date. • In this model, the bulk of the 

precursor molecules in the cytoplasm remains in its 

native, tolded state. The tirst interaction of the 

precursor with the mitochondria occurs via the lipids ot 

the outer membrane and do.. not invol ve chanqes in the 

conformation ot the bulk ot the precursor population. The 

rate of subse~ent interaction ot the precursor with the 

import receptor, which is as yet unidentitied, is enhanced 

by the reversible bindinq ot the precursor to the lipids. 
\ 

After enqaqinq the translocation apparatus, but before 

beinq cleaved by th. siqnal peptidase in the matrix, the 

precursor underqoes a chanq. in conformation resultinq in 

at least partial unfoldinq. Finally, translocation across 

the inner membrane cannot ooeur throuqh a pure lipid 

phase, even utilisinq the enerqy of the transbilayer 

potential across the inner membrane, and thus must require 

the presence of membrane proteins, which remain to be 

identified. 
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5.1.1 Precursor Conformation in the Cytoplasm 

The most straiqhtforward method to look for a 1055 of 

native precursor conformation is by measurinq either 

chanqes in ppecific enzymatic activity or changes in 

sensitivity to proteases. Althouqh this does not give a 

detailed picture of how much or in what way the precursor 

has chanqed conformation, it is a simple diagnostic method 

for measurinq a loss of the native state of the precursor. 

Usinq this type of assay, we found no differences in 

conformation betwaen CAT and pOCAT in reticulocyte lysate 

at varyinq concentrations of ATP (Chapter 4). We thus 

find no evidence that an ATP-dependent "unfoldase" , 

capable of untoldinq Any protein with a siqnal sequence at 

its N-terminus, affects the conformation of a significant 

fraction of pOCAT translated in reticulocyte lysate. 

Other work in this laboratory (w. Sheffield, 

unpublished) has addressed the question of import 

competence (saa section 1.1.6) of mitochondrial 

precursors. It has been found that pODHFR, when purified 

from E. coli, shows no difference in protease sensitivity 

whether it i5 competent or incompetent for importe 

Therefore, we have found no evidence for unfolding of 

mitochondrial precursors in the cytoplasm, before 

interactinq with mitochondria. 

However, in bacterial secretion, several cytosolic 
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factors contribute to efficiant polyp~ptide secretion and 

are found to stabilize the unfolded state of precursors. 

Thus, an unfolded conformation correlates with an ability 

to be secratad (discus.ad in .ection 1.2. 7b) . One miqht 

expect cytosolic factors raquired for mitochondrial import 

to function in a similar manner, but, as discussed above, 

there seems to be no evidance for this. 

5.1.2 The Surface-Seeking Model 

The observation that .ynthetic siqnal peptides bind 

to liposomes containinq physioloqical concentrations of 

anionic phospholipids with a moderately hiqh aftinity and 

in a reversible manner (Skarjanc et al. 1987: Chapter 2), 

led us to propose a model in which the siqnal sequence 

initially binds to the lipid component of cellular 

membranes. In this model, this interaction with the lipid 

bilayer surface enhances the subsequent diffusion of the 

precursor to the import receptor and translocation 

machinery. In Chapter 3, we identified a short lipid­

bindihq domain (residues 5-9) capable of intluencinq both 

the rate of precursor import and, correspondinqly, the 

ability of pOCT to bind to lipid membranes (Skerjanc et 

al. 1988). Oecreasing the hydrophobicity of this region, 

by substitutit1g leucine residues with alanine, led to a 

decrease in the rate of in vitro import and a decrease in 

precursor affinity for liposomes. This findinq is 

consistent with the proposed surface-seeking model, in 
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which the precursor uses the two-dimansional lipid surface 

ot the outer membrane to enhance its rate ot diffusion to 

the import apparatua. 

This typa ot relationahip, betwean the affinity for 

lipid bilayera and thA atficiancy ot import, has also been 

shown by Roisa et al. (1988) who tound that the ability of 

artificial siqnal saquences to in.ert into monolayers is 

proportional to their ability to promote import of a 

cytosolic protein, OHFR, into mitochondria. A similar 

typa ot correlation has ba.n demonstrated by Briqqs et al. 

(1985) for wild-type, p •• udorevertant, and mutant signal 

sequences ot LamB in bacterial prote in secretion. 

Furthar, th. ability of preMBP to bind Triton X-lOO has 

been correlated to it. ability to be exported in E. coli 

(Oierstein and Wickner 1985). These tindings are aIl 

consistent with a model in which the ability of the 

pre sequence to bind lipids anhanees the rate of precursor 

diftusion to the translocation apparatus. However, they 

may also be eonsiste!~t with a requirement for an 

amphipathie interaction with the bilayer at a later step 

of import, or with proteins of the translocation 

apparatus. 

5.1.3 Precursor conformation upon Bindinq to Membranes 

Sinee preeursors ean bind to liposomes via their 

siqnal sequence, it is interestinq to eonsider whether or 

not the mature protein also interacts with the amphiphilic 
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surface, and in so doing changes conformation. We found 

no change in either specifie enzyme activity for pOCAT or 

in protease sensitivity for both pOCAT and pODHFR, upon 

binding to liposomes (Chapter 4). This suggests that the 

bulk of CAT and DHFR cannot change conformation by 

interacting with the surface of liposomes, even when 

targeted to the lipid surface by a signal sequence. Since 

the same result was also found upon binding to the surface 

of mitochondria, bulk unfolding of these precursors can 

not occur even on the natural lipids of the outer 

mitochondrial membrane. 

Necently, using similar protease sensitivity 

experiments, Endo et al. (1989) found that the artificial 

precursor pCoxIV-OHFR was capable of unfolding on 

liposomes containing negatively charged phospholipids, 

while other natural precursors were note Since a 

synthetic signal peptide corresponding to the signal 

sequence of pCoxIV (Tamm 1986) seems to have a higher 

affinity for lipids than a paCT synthetic signal peptide 

(Skerjanc et al. 1987; Chapter 2 of this thesis), it is 

possible that the pCoxIV signal brings the precursor in 

closer proximity to the amphiphilic surface of the bilayer 

than does the paCT signal. However, i t is clear that 

unfolding on the li "")id su:~face is not an obligate step on 

the import pathway, either for natural or artificial 

precursors. 
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5.1.4 Isolation of an Unfolded Translocation Interm.diat. 

Examination of th. interaction of pOCAT with 

mi tochondria, under import conditions, has l.d to the 

isolation of a full lenqth import intermediate whieh has 

lost its native conformation (Chapter 4). We found that a 

small percentage of the total pr.cursor in an import assay 

was associated on a sucrose v.locity gradient with a 

mitochondrial fraction of interm.diate d.nsity b.tween the 

inner and outer membron. ve.icl... The majority of the 

pr.cursor was degraded to a protease-insensitive core and 

locat.d at the top of th. gradient. Th. association of 

precursor with the intermediate dansity fraction required 

the presence of a signal .equence, ATP, and a protease­

sensitive componant on the surface of mitochondria, and 

thus i t is believed to be an intermediate on the import 

pathway. Since no mature CAT was found in the gradient it 

is likely that once the signal is cleaved by the 

processing peptidase, the preeursor is released from the 

translocation apparatus. 

Precursor associated with the intermediate density 

fraction had about a 16 fold lower specific enzyme 

activity and was more susceptible to trypsin than 

precursor associated with the outer membrane vesieles or 

freshly translated pOCAT (Chapter 4). This demonstrates 

that the precursor loses its native cc::-nformation during 

the import process and this finding is in agreement with 
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the more indirect observation. of others (Eilers and 

Schatz 1986: Chen and Douqlas 1987b: Schleyer and Neupert 

1985). 

since such a small amount of precursor was found to 

be untolded in the abov. exp.rimanta, it ia ditticult to 

state exactly at which point on the import pathway the 

untoldinq occurred. The requirement for ATP in forminq 

the intermediate auqqests that an ATP-dependent unfoldinq 

mechanism could exist for a small amount of the precursor, 

either in the cytoplaam or in the translocation apparatus. 

One would expect that an interaction ot the precursor with 

the translocation apparatus would be essential for 

requlation ot the untoldinq. Alternatively, the ATP could 

be required tor phosphorylation of a protein or tor 

couplinq the enerqy of hydrolysis to translocation, with 

the unfoldinq simply occurrinq spontaneously as the 

precursor is translocated. The idea that a small, 

undetectable amount ot precursor unfolds on the lipid 

surface cannot be ruled out entiraly. 

5.1.5 Membrane CQmponents Involved in Protein 

Translocation 

Given the atfinity of siqnal sequences for lipid 

bilayers, the question arose as to whether or not siqnal 

sequences translocate across the inner mitochondrial 

membrane in the absence of membrane proteins. To examine 

this possibility, we measured the bindinq to liposomes of 

• 

: , 
\ 

l 
1 
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a chemically synth.sized peptide, correapondinq to the 

first 27 amine acida of pOCT, in the presence and absence 

of an electrochemical potential • Al thouqh we found a 

moderately hiqh affinity of the peptide for lipid surfaces 

containinq anionic lipida (which led to the proposa1 ot 

the surfaca-.eakinq modal) we obtained no evidenc. that 

the presence of a transbilayer potential could enhance the 

bindinq of the peptides to vesicles or promote 

transbilayer movement of the peptides (Skerjanc et al. 

1987; Chaptar 2). From the •• reaults, it seems hiqhly 

likely that th. precursor requires an interaction wi th 

specific membrane proteins in order to translocate across 

the inner mitochondrial membrane. 

At least two precursors have the ability to cross a 

lipid bilayer without the aid of proteins: apocytochrome 

g, a mitochondrial intermembrane space prote in (Rietveld 

and de Kruijff 1984), and procoat, the coat prote in of 

bacteriophaqe M13 (Geller and Wickner 1985). However, 

these proteins seem to have very distinctive properties 

which are not representative of most precursors. 

Our findinq that siqnal sequences can not translocate 

across pure lipid bilayers does not rule out the 

possibility that the siqnal sequence may, at some point 

durinq import, come in direct contact with the hydrophobie 

core of the bilayer, as postulated by Wickner (1989) and 

Rapoport (1985; sea section 1.2. 3a) . However, they are 
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consistent with many obs.rvations that suqqest a 

requirement for mambrane prote in. in import (see section 

1.1.4) . These observations include the demonstration of 

specifie precursor bindinq to a limited number of sites on 

mi tochondrial mambranes, a. well a. inhibition of import 

by proteoly.is of mi tochondrial outer membranes and by 

antibodies raised aqainst the outer membrane proteins. 

Althouqh there is no analoqous evidence for the 

requirement of membrana proteins for prote in translocation 

across the inner membrane, the findinqs that translocation 

intarmediata. occur at ar.as of clos. contact between the 

outer and inner membrane. (Sehleyer and Neupert 1985), and 

that these intermediate. can ba removed from the membrane 

by treatment with ure a (Pfanner et al. 19871::1), suqqests 

the presence of a hydrophilic pore 1 presumably comprised 

of proteins. 

Althouqh there ia presently no purified candidate for 

a mitochondrial protein-translocatinq pore, in the ER a 

siqnal sequence receptor vas identified by cross-linkinq 

(Kurzchalia et al. 1986), is now purified (Hartmann et al. 

1989), and is a qood candidate for an inteqral membrane 

protein invol ved in formation of the translocation 

apparatus. ~ may be part of a similar pore forminq 

complex in bacterial membranes. 
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5.1.6 Future Work 

Examination of the properties of precursor proteins 

in this thesis has led to the development of a model for 

protein translocation into mitochondria. As with a1l 

mode1s, further studies will either agree or disagree with 

the presen'C model and will lead to modifications and 

adaptations in accordance with the new inforntation. 

Further examination of the surface-seeking mode1, in 

which the rate of precursor import is enhanced by the 

binding of the pre sequence to the 1ipids of the outer 

membrane, cou1d invo1ve solubi1ization and reconstitution 

of mitochondria1 binding sites into liposomes, as has heen 

demonstrated by several workers (Ono and Tuboi 1985; 

Pfa1ler and Neupert 1987). with large amounts of purified 

pODHFR, specifie binding sit.es cou1d be characterized. 

According to our model, one would expect to find a 

different rate of association of the precursor to the 

receptor by maintaininq the concentration of receptor 

constant and varying the 1ipid surface area. For examp1e, 

a faster rate of association wou1d be found under 

conditions of a high lipidjprotein ratio (for examp1e 100 

liposomes with one receptor each) versus a low 

1ipidjprotein ratio (for examp1e 1 liposome with 100 

receptors), assuming the liposomes in both cases are 

similar sizes. Also, the type of 1ipid used in the 

reconstitution could he tested for effects on the 
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subsequent rata ot association wi th the reeeptor. For 

exampla, reconstitutinq the raeeptor with a hiqher content 

of neqatively charqed phospholipids should increase the 

affinity of the presequenca for the liposomes and, 

correspondinqly, increase the precursor's rate of 

association wi th the import receptor, al thouqh an effect 

of the type of lipid directIy on receptor conformation 

could not be ruled out. • 

The identification of an unfolded intermediate for 

pOCAT eould be extendad to other praeursors. sinea most 

precursors do not hava a maasurable enzyme activity in 

reticulocyte lysate, protaase sensitivity could be 

examined. pOCAT assoeiated with the intermediate density 

fraction exhibited an increase in trypsin sensitivity 

compared to preeursor associated with the outer membrane. 

The increase in sensi ti vi ty was not dramatie which could 
\, 

be due to a protection of exposed trypsin sites by the 

import apparatus. However, since the effect is still 

evident, it would be possible to see if other precursors, 

both natural and artificial, also exist in an unfolded 

conformation at this step in the pathway. 

It would be interestinq to see what would release the 

precursor from its unfolded conformation in the 

intermediate-density membrane fraction. Treatment of 

samples with low levels of deterqent or even repeated 

freezejthawinq did not seem to allow the precursor to 



119 

release from the apparatus and refold (Chapter 4). 

Perhaps reconstitution of a purified p~eparation of signal 

peptidase would allow the signal to be cleaved and resu1t 

in a release from the apparatus. 

(1989) has shown that hsp60 

Recently, Cheng et al. 

is involved in the 

renaturation of proteins after import into mi tochondria. 

Possibly, hsp60 is a1so required for refo1ding of this 

intermediate, once the signal has been cleaved (Walter 

Neupert, unpublished results). 

The identification and isolation of membrane proteins 

involved in protein translocation is essential for 

understanding mechanisms of import in data il. For 

mitochondria, thè issue is complicated by the requirement 

to translocate across two membranes. Recently, Hwang et 

al. (1989) have shown that pCoxIV-OHFR can translocate 

across purified yeast 1~~ar mitochondrial membrane 

vesicles, in the absence ot the out,er membrane. Th is 

findinq demonstrates that the inner membrane contains an 

import apparatus which can act independently of the outer 

membrane, and thus reconstitution of protein import across 

at least one mitochondrial membrane is possible. A 

reconstituted import system, involving purified precursors 

and translocation components, would be ideal for detailed 

examination of translocation mechanisms. 

Cross-linkinq is a powerful technique for identifying 

interactions between proteins. Cross-linking 
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mi tochondrial pracursors to tha translocation apparatus 

has been ditficul t due to the prasenca of a vary high 

background caus ad by nonspacitic binding to various 

membrane proteins (I.S. Skerjanc and X. Liu, unpublished 

results) • This can now b. axplainad since only a small 

}ercentaqe of precursor is intaractinq with the 

translocation apparatus durinq import and the bulk of 

pr.cursor seems non-specifically associated with the outer 

membrane, in such a way that it can not easily be remov.d. 

However, the maj ori ty of pracursor associateà wi th the 

intermediate density traction, isolateà in Chapter 4, 

should be locatad in the translocation apparatus anà 

therefore this translocation intermeàiate provides an 

ideal prnba which may now be used in cross-linkinq 

analysis. 

5.1.7 Sugary 

This work has examineà the amphiphilic properties of 

the signal sequence, with the conclusion that thesa 

prop~rties may be required to enhance diffusion of 

precursors to receptors via binding to the lipids of the 

outer membrane. Studies of conformational changes in the 

mature portion of two artificial precursors have shown 

that translocation intermadiates exist in an unfolded 

conformaticn, and that this unfoldinq does not seem to 

occur with the bulk precursor in solution or bound to the 

outer membrane of mi tochondria. A model for protein 
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translocation into mitochondria has been proposed which is 

consistent with the observations described in this thesis, 

and which will serve as a guide in designing new 

experiments • 

• 
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QlUGINAL COJITRIBQTIOIIS TO 1QIOWLIDGE 

The fOllowing findings presented in this thesis 

represent original contributions to knowledqe: 

1. The characterization ot the binding of pO(1-27) to 

lipid vesicles as rapid, reversible, dependant on anionic 

phospholipids, and independent of a transbilayer 

potential. 

2. The conclusion that import of precursCJr proteins 

across the inner mitochondrial membrane via a lipid 

pathway is unlikely (i.e. membrane prot.ins are required). 

3. The establishment of a correlation between a reduced 

rate of import of pOCT and a decreased affinity of the 

polypeptide for liposome., using a mutant in which 

leucine~ at positions 5,8, and 9 were chanqed to alanine. 

We sugqested that this small ragion (amino acids 5-9) of 

pOCT normally contributes to the optimal rate of precursor 

import, perhaps by functioning as a surface-seekinq 

entity. 

4. The 

proteins, 

demonstration that at least two precursor 

pOCAT and pOOHFR, ramain in a tiqhtly-folded 
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conformation after synthe.is in reticulocyte lysate. 

Their conformation was unaffected followinq bin~ing to 

liposomes containinq neqatively charqed phospholipids or 

to the surface of mitochonària, in the absence of a 

membrane-potential. 

5. The àetection of an unfolàed polypeptide translocation 

intermediate for pOCAT, the formation of which requires an 

intact siqnal sequence, a protease-sensitive component of 

the outer mi tochondrial membrane, and ATP. From these 

findinqs, we suqqesteà that unfoldinq probably occurs only 

after the polypeptide ~as enqaqed the import apparatus . 
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