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GeneralGeneral introduction 

Outlin e e 

Eachh eukaryotic cell contains several membrane-bound organelles in which distinct metabolic 

processess take place. Most of the proteins that perform these processes are encoded by the 

nuclearr genome, synthesized in the cytosol and translocated co- or post-translationally to the 

organellee in which they function. Translocation of proteins into and across organelle membranes 

iss an essential step in the biogenesis of a number of cell organelles, such as the endoplasmic 

reticulum,, mitochondria, chloroplasts and peroxisomes. Since the majority of these proteins is 

synthesizedd in the cytosol, a well organized intracellular protein trafficking system is required. 

Ass a model system to study the process of protein translocation across membranes we have 

chosenn the import of proteins into mitochondria of the bakers' yeast Saccharomyces cerevisiae. 

Yeastt is an ideal model organism to study mitochondrial biosynthesis since it can be easily 

grownn in large quantities, which is favourable for the isolation of mitochondria. Mitochondria 

cann be easily isolated from yeast and used in an in vitro system to study mitochondrial protein 

import.. In addition, a wide variety of both classical and modern genetic techniques can be 

appliedd to yeast, which include gene deletion, mutant generation and introduction of foreign 

DNA.. Recently, the sequence information of the entire genome of S. cerevisiae has become 

available.. This has facilitated the identification of genes encoding proteins involved in 

mitochondriall  protein import. 

Figuree 1. Schematic representation of a 
cross-sectionn of a mitochondrion. Four 
compartmentss can be distinguished: the 
matrixx space is surrounded by the inner 
membrane,, which is folded into numerous 
cristae.. The intermembrane space is 
enclosedd by the outer membrane. 

Mitochondriaa are important organelles that contain hundreds of proteins that function in a 

varietyy of metabolic routes, the Krebs cycle and the respiratory chain. Electron transport through 

thee respiratory chain is a source of the energy production of the cell. Mitochondria consist of 

fourr compartments formed by the outer and inner membranes, the intermembrane space and the 

matrixx space (Figure 1). The inner membrane contains the protein complexes of the respiratory 

chainn and the matrix space harbours many water-soluble enzymes including those of the Krebs 

cycle. . 
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ChapterChapter 1 

Inn fungal and animal cells, mitochondria are the only cytoplasmic organelles with their own 

genome.. In yeast, only eight polypeptides are encoded by mitochondrial DNA and synthesized 

withinn the mitochondrion. All other mitochondrial proteins are encoded by chromosomes in the 

nucleuss and synthesized on cytosolic ribosomes. These mitochondrial preproteins are 

synthesizedd with a mitochondrial targeting sequence or signal sequence, which is recognized by 

cytosolicc chaperones that keep the preproteins in an import-competent conformation. The 

targetingg sequence is then recognized by receptors on the mitochondrial surface which enables 

thee mitochondria to selectively import the proper preproteins into the organelle. The subsequent 

translocationn of the preproteins across both mitochondrial membranes to the matrix space is 

assistedd by two distinct multisubunit protein complexes located in the mitochondrial outer and 

innerr membrane. Finally, upon arrival of the preproteins in the mitochondrial matrix space, the 

targetingg sequence is cleaved off by specific processing peptidases and mature proteins are 

foldedd into their functional conformation. A simplified overview of mitochondrial protein 

importt is schematically depicted in Figure 2. 

Itt is only a few years ago that initial progress was made in unraveling the mitochondrial protein 

importt system with the identification of the first components of a multisubunit protein complex 

locatedd in the mitochondrial outer membrane, now known as the Tom complex (translocase of 

thee outer mitochondrial membrane). More recently, three subunits of a protein translocation 

systemm in the inner membrane were discovered, which was named Tim for translocase of the 

innerr mitochondrial membrane. Even more recently, seven new Tim components were identified 

andd all appeared to be subunits of another distinct Tim complex which is involved in the 

translocationn of a specific subset of inner membrane proteins. 

Inn this chapter an overview will be presented of our current knowledge of the system for protein 

translocationn into mitochondria. 

Figuree 2. Simplified overview of the basic steps of protein import into mitochondria. Nuclear encoded 
mitochondriall  proteins are synthesized with a mitochondrial targeting signal on ribosomes in the cytosol. 
Preproteinss are recognized by cytosolic chaperones which prevent them from aggregation and keep them 
inn a loosely folded import-competent conformation. Preproteins are then targeted to receptors (R) on the 
mitochondriall  surface, followed by translocation through the general insertion pore (GIP) in the outer 
membrane.. Preproteins destined for the mitochondrial matrix are subsequently translocated through the 
innerr membrane translocation channel (Tim); this step requires a membrane potential (A\|/) across the 
innerr membrane. Upon arrival of preproteins in the matrix space, N-terminal targeting sequences are 
cleavedd off by specific processing peptidases. Matrix heat shock proteins (Hsp) assist in the complete 
translocationn of the proteins into the matrix space and in folding of the processed proteins into their 
functionall  conformation. 

12 2 
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ChapterChapter 1 

Preprotein ss synthesize d in the cytoso t 

Mitochondriall  targeting signals 

Too allow the selective uptake of only mitochondrial preproteins into mitochondria, preproteins 

containn a mitochondrial targeting signal. This signal is usually present as an N-terminal 

extensionn of the mature protein and is cleaved off upon import of the preprotein into the 

mitochondriall  matrix space, or is part of the mature protein. Although the location of the latter 

signall  is in general assumed to be at the N-terminus, several examples are now known of 

mitochondriall  proteins containing a targeting signal in the middle part or even at the C-terminus 

off  the protein [33, 58, 97,119]. The mitochondrial inner membrane carrier family is an example 

off  a group of at least 34 proteins that is synthesized without cleavable targeting signal. 

Althoughh no consensus sequence has been established, N-terminal mitochondrial targeting 

signalss have some specific structural properties. The length of the signal sequence can vary from 

100 to 80 amino acids and is characterized by the presence of predominantly hydrophobic amino 

acids,, a net positive charge and a lack of acidic residues. The sequence has the ability to form an 

amphipathicc a-helix with the hydrophobic residues all clustered at one face and the positively 

chargedd residues all grouped at the opposite face of the helix. 

Completionn of the yeast genome sequencing project has potentially revealed the sequence of all 

geness of S. cerevisiae [51]. Newly identified genes often encode proteins with unknown 

functionss and unknown cellular localization, amongst them in principle also new mitochondrial 

proteins.. To predict the cellular localization of a protein, programs such as PSORT have been 

designedd [141]. The algorithm of PSORT is based on the analysis of various sequence features 

off  protein sorting signals. However, the results presented in Chapter 6 indicate that this and 

otherr currently available computational programs are not satisfactory for predicting the presence 

andd location of a mitochondrial targeting signal in a protein sequence and illustrate the 

complexityy of these targeting sequences. Definition of a consensus sequence or better definition 

off  the features of a mitochondrial targeting signal can be helpful in the improvement of 

predictivee programs that localize such a signal in a protein sequence, which wil l benefit the 

specificityy of programs as PSORT that predict the cellular localization of proteins. 

Recently,, a new type of mitochondrial targeting signal was identified in the precursor protein of 

DNAA helicase Hmil of S. cerevisiae [119]. This helicase is involved in mitochondrial DNA 

inheritancee and is synthesized with a C-tenninal mitochondrial targeting signal which is cleaved 

offf  after import. This targeting signal is very similar to the known N-terminally located targeting 

signalss with respect to the presence of a stretch of positively charged amino acids and the ability 

too form an amphipathic a-helix. As expected, this C-terminal targeting signal directs import of 

helicasee in a C- to N-terminal direction rather than in the N-to C-terminal direction as is the case 

forr preproteins with the targeting signal at the N-terminus. This helicase may thus be a 

14 4 



GeneralGeneral introduction 

representativee of a new class of mitochondrial proteins using a novel targeting signal and 

possiblyy an exceptional import pathway. Cellular protein localization prediction programs such 

ass PSORT only search for N-terminal mitochondrial targeting signals to predict a mitochondrial 

localizationn for a protein and mitochondrial proteins bearing a C-terminal targeting signal have 

thereforee been overlooked so far. 

Intramitochondria ll  sorting signals 

Mitochondriall  targeting signals at the extreme N-terminus of preproteins are generally used to 

directt precursor proteins to the matrix space, whereas internal mitochondrial signal sequences 

aree often found in inner membrane proteins such as the carrier family proteins and most Tim 

proteins.. More complex signal sequences are required for intramitochondrial protein sorting of 

preproteinss such as cytochrome bi and cytochrome c\ to the intermembrane space. These 

proteinss contain a bipartite targeting sequence that consists of two targeting signals juxtaposed at 

thee N-terminus and which direct the preproteins into the intermembrane space in two discrete 

steps.. The signal at the very N-terminus directs the precursor to the matrix, where it is cleaved 

offf  by the mitochondrial processing peptidase. A second signal sequence which consists of basic 

residuess and a stretch of hydrophobic amino acids is then exposed and acts as a sorting signal for 

targetingg to the intermembrane space. This sorting signal is then finally cleaved off by one of 

twoo processing peptidases that are located at the intermembrane space side of the inner 

membranee (see section 'Proteolytic processing of mitochondrial targeting signals'). 

Cytosolicc chaperones involved in mitochondrial protein import 

Forr translocation into mitochondria, newly synthesized precursor proteins must maintain a 

looselyy folded conformational state to allow their translocation across the mitochondrial 

membranes.. Aggregation and misfolding is prevented by binding of cytosolic chaperones. The 

firstt cytosolic chaperone that was shown to function in mitochondrial protein import was Hsp70, 

aa 70 kDa heat shock protein [49]. Hsp70 does not only function in mitochondrial protein import, 

butt also in protein translocation across the membrane of the endoplasmic reticulum. Another 

cytosolicc protein with a chaperone function, but specific for mitochondrial preproteins, is the 

mitochondriall  import stimulation factor (MSF) from rat (the yeast homologue of MSF has not 

yett been identified). MSF is a heterodimer of 30 and 32 kDa subunits and specifically binds to 

N-terminall  mitochondrial targeting sequences [135]. The recently discovered cytosolic 

chaperonee Mft52 is also required for import of preproteins with N-terminal targeting sequences 

[34].. Mft52 contains a C-terminal located domain with a net negative charge, which shares 

sequencee homology with a domain in the outer membrane translocase proteins Tom20 and 

Tom22.. This domain is proposed to specifically bind to basic amphipathic N-terminal targeting 

sequencess of mitochondrial preproteins. 

15 5 
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MSFF and Hsp70 are very similar with respect to their chaperone functions. Both recognize 

aggregatedd proteins, unfold them in an ATP-dependent manner and associate with unfolded 

proteinss to stabilize their unfolded conformation. After binding to a mitochondrial preprotein, 

bothh Hsp70 and MSF deliver the bound preprotein to receptor complexes on the surface of die 

mitochondriall  outer membrane. 

Translocatio nn of preprotein s acros s the oute r membran e 

Impor tt  receptors on the mitochondrial outer  membrane 

Afterr binding to cytosolic chaperones, preproteins are directed to receptor complexes on the 

mitochondriall  surface. These receptor complexes are components of a dynamic multisubunit 

proteinn complex that is involved in the translocation of preproteins across the outer membrane, 

thee Tom complex. This complex consists of at least nine proteins, that can roughly be divided 

intoo two classes: i) receptors on the cytosolic face of the outer membrane mat are involved in the 

recognitionn of preproteins and ii) membrane embedded components that constitute and regulate 

thee translocation channel or the general insertion pore (GIP) of the outer membrane (Table 1). 

Tom20,, Tom22, Tom37, and Tom70 were defined as receptor proteins on the mitochondrial 

surfacee and form the heterodimeric complexes Tom22-Tom20 and Tom70-Tom37 (numbers 

indicatee the apparent molecular mass in kDa; new nomenclature according to Pfanner et al. 

[150]).. Each protein contains a domain that protrudes into the cytosol and which functions as a 

dockingg site for incoming preproteins. 

Tom200 is an integral membrane protein with its carboxy-terminus protruding into the cytosol 

andd binds preproteins with N-terminal presequences and preproteins with internal targeting 

signalss [30]. Tom20 binds to preproteins probably via hydrophobic interactions with the 

hydrophobicc face of the amphipathic presequence [30]. 

Tom222 is one of two Tom proteins regarded to be essential for the viability of yeast [83, 122, 

142].. It is attached to the outer membrane as an integral membrane protein, containing a 

cytosolicallyy exposed amino-terminus and a small carboxy-terminal domain protruding into die 

intermembranee space. Both the N- and C-terminus of Tom22 contain several negatively charged 

aminoo acids, which are proposed to interact with the positively charged presequence of 

translocatingg preproteins via electrostatic interactions (see also section 'Acid chain hypothesis'). 

Itt is speculated that preproteins move from the cis binding site at the cytosolic N-terminus of 

Tom222 to the trans binding site at its IMS located C-terminus during translocation of a 

preproteinn across the outer membrane. Tom 22 and Tom20 together form the most important 

receptorr complex of the mitochondrial outer membrane. The purified cytosolic domains of 

Tom200 and Tom22 bind presequences without a requirement for other Tom proteins and display 

16 6 



GeneralGeneral introduction 

ann opposite binding affinity to presequences in the presence of salt, suggesting that they 

recognizee different surfaces of a presequence [30]. 

Tom700 is the largest receptor unit and is also integrally attached to the outer membrane with its 

N-terminuss and exposes a large C-terminal domain into the cytosol [72, 81, 188]. Tom70 

preferentiallyy binds mitochondrial preproteins bearing internal targeting signals such as the 

memberss of the family of carrier proteins [30,174]. 

Tom72,, which is highly homologous to Tom70, is loosely associated with the Tom complex and 

justt like Tom70 it contains a large domain protruding into the cytosol. However, the protein is 

expressedd at a very low level and deletion of the gene encoding Tom72 has no effect on the 

growthh of S. cerevisiae on either fermentable or non-fermentable carbon sources [19]. Therefore, 

thee protein does not seem to play an important role in mitochondrial protein import. The fourth 

receptorr protein is Tom37. Although the exact function of Tom37 is not clear, it is thought to 

formm a heterodimer with Tom70 to cooperate in the binding of preproteins with internal 

targetingg information [67]. 

Preproteinn targeting to receptor  complexes by cytosolic chaperones 

Newlyy synthesized preproteins containing an N-terminal mitochondrial targeting signal are 

boundd by the cytosolic chaperone Hsp70. This complex of Hsp70 and preprotein is targeted to 

thee surface of the outer membrane, where the precursor is handed over from Hsp70 to the 

Tom22-Tom200 receptor complex. Transfer of the preprotein does not require binding of Hsp70 

too the receptor [135, 136]. At this stage of import extramitochondrial ATP is not consumed, 

eitherr because the preprotein no longer requires Hsp70 to maintain a loosely folded state, or 

becausee Hsp70 can dissociate spontaneously from the precursor upon interaction of the Hsp70-

precursorr complex with the Tom22-Tom20 receptor complex. 

Precursorr proteins carrying an internal mitochondrial targeting signal are bound by the cytosolic 

chaperonee MSF. The MSF-preprotein complex is then targeted to the surface of the outer 

membrane,, followed by the docking of the MSF-preprotein complex onto the Tom70-Tom37 

receptorr complex, forming an MSF-preprotein-receptor complex. MSF is released from this 

transientt complex in an ATP-dependent manner [135, 136]. The precursor is then transferred 

fromfrom the Tom70-Tom37 receptor to the Tom22-Tom20 complex before it is handed over to the 

translocationn channel for further passage across the outer membrane. Therefore, independent of 

thee presence or absence of an amino-terminal targeting signal, all preproteins enter the general 

insertionn pore via the Tom22-Tom20 complex. Both the Hsp70- and the MSF-dependent 

pathwayss function in parallel and their relative importance may be determined by the affinity of 

thee precursor protein for Hsp70 or MSF. 
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Thee translocation channel of the outer  membrane: the general insertion 

pore e 

Afterr the recognition and binding of preproteins by the Tom70-Tom37 or the Tom22-Tom20 

receptorr complexes, all translocating preproteins enter the outer membrane translocation channel 

viaa the Tom22-Tom20 receptor complex. The translocation channel or general insertion pore is 

composedd of Tom40 and the three small proteins Tom7, Tom6 and Tom5. Tom40 was the first 

componentt of the outer membrane translocation channel and was identified by photo-

crosslinkingg to a precursor protein that was arrested during import into isolated yeast 

mitochondria.. Tom40 appeared to be essential for the viability of yeast [5, 103, 196]. Although 

thee protein lacks an obvious transmembrane sequence, it behaves as a typical integral membrane 

proteinn and is resistant to digestion by protease added to mitochondria [5]. As Tom40 is in close 

contactt to preproteins in transit and several regions of its protein sequence are amphipathic, it 

wass proposed that Tom40 contributes to the formation of a protein translocation channel with a 

hydrophilicc interior. Later experimental evidence has confirmed that Tom40 forms the 

hydrophilicc pore for transport of preproteins across the outer membrane [80]. 

Preprotein s s 

^ ^ W A LL / 

Cytosoli c c 
chaperone s s 

Receptor s s 

Generall  Impor t 
Poree (GIP) 

Figuree 3. Schematic representation of the initial steps of protein import into mitochondria: recognition 
andd binding of mitochondrial preproteins by cytosolic chaperones MSF and Hsp70 followed by docking 
off  the preprotein-chaperone complexes to the receptors Tom22-Tom20 and Tom70-Tom377 at the surface 
off  the mitochondrial outer membrane. MSF, mitochondrial import stimulation factor; Hsp70, heat shock 
proteinn of 70 kDa; Tom, translocase of the outer mitochondrial membrane (numbers indicate the apparent 
molecularr mass in kDa); GIP, general insertion pore, translocation channel of the outer membrane; OM, 
outerr membrane. 
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Thee primary sequence of the integral membrane protein Tom7 does not show significant 

homologyy to any known protein. Loss of Tom7 produces yeast cells that are viable on both 

fermentablee and non-fermentable carbon sources [82]. Co-immunoprecipitation experiments 

demonstratee that in mitochondria lacking Tom7, the interactions between Tom20, Tom22 and 

Tom400 are stabilized and that the import of matrix and inner membrane proteins is not affected. 

Absencee of Tom7 appears to have an opposite effect on the interactions between Tom proteins 

comparedd to the effect caused by loss of Tom6, which results in a destabilization of the 

interactionss between Tom22/Tom20, Tom40 and Tom70. 

Component t 

Tom72 2 

Tom70 0 

Tom40 0 

Tom37 7 

Tom22 2 

Tom20 0 

Tom7 7 

Tom6 6 

Tom5 5 

Former/other r 

names s 

Tom71 1 

Mas70, , 

Mom72 2 

Isp42,, Mom38 

Mas37 7 

Masl7,, Mas22, 

Mom22 2 

Mas20, , 

Moml9 9 

Mom7 7 

Isp6,, Mom8b 

Mom8,, Mom8a 

Essentiall  for 

celll  viability 

No o 

No o 

Yes s 

No o 

Yes s 

No o 

No o 

No o 

No o 

Membrane e 

association n 

Integral l 

Integral l 

Integral l 

Integral l 

Integral l 

Integral l 

Integral l 

Integral l 

Integral l 

Proposedd function 

Unknownn (homologue of 

Tom70) ) 

Receptor r 

Mainn component of GIP 

Receptor r 

Receptorr and part of GIP 

Receptor r 

Dissociationn of Tom complex 

Assemblyy of Tom complex 

Transferr from receptors to GIP 

References s 

[19,, 175] 

[81,, 188] 

[5,, 103, 

196] ] 

[67] ] 

[17,, 83, 

102] ] 

[138,153, , 

179,, 187] 

[82] ] 

[3,, 100] 

[50] ] 

Tablee 1. Components of the transport machinery of the mitochondrial outer membrane. Tom, translocase 
off  the outer mitochondrial membrane; essential for cell viability, requirement for growth on both 
fermentablee and non-fermentable carbon sources. 

Thee gene encoding Tom6 was isolated as a high copy suppressor of a tom40 mutant (isp42-3; 

[100]).. Tom6 is a membrane spanning protein, not essential for cell viability and lacking 

significantt homology with other proteins [100]. Tom6 contains its targeting signal at the C-

terminuss and is imported via an exceptional import route, since import takes place even in the 

absencee of the known protein receptors on the mitochondrial surface [32]. Tom6 promotes 

cooperationn between receptors and components of the GIP and thereby supports the efficient 
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transferr of preproteins [3]. Since Tom6 and Tom7 perform complementary functions it is 

proposedd that they modulate the dynamics of the outer membrane translocase. 

Tom55 was identified by co-immunoprecipitation with antibodies directed against Tom40 and is 

ann integral membrane protein with a cytosolic N-terminal domain which has a net negative 

chargee [50]. Preproteins interacting with the Tom22-Tom20 receptor complex are transferred to 

Tom55 and this is probably facilitated by the negative patches in the amino-terminal domain of 

Tom5.. The close association of Tom5 and Tom40 may represent the functional link between the 

receptorr complex and the GIP. Tom5 might thereby function as part of an 'acid chain' of 

increasingg negative charges that drives translocation of the positively charged presequences of 

importedd preproteins (see section 'Acid chain hypothesis') [50]. 

Figuree 4. Schematic representation of the protein translocation complexes in the mitochondrial outer and 
innerr membrane. OM, outer membrane; IMS, intermembrane space; IM, inner membrane; Tom, 
translocasee of the outer mitochondrial membrane; Tim, translocase of the inner mitochondrial membrane; 
mtHsp70,, mitochondrial heat shock protein of 70 kDa; Mgel, mitochondrial GrpE (nucleotide exchange 
factor). . 
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Translocatio nn of preprotein s acros s the inne r membran e 

Afterr translocation of the precursor proteins across the outer membrane with the help of the Tom 

complex,, preproteins are handed over to Tim proteins that are involved in the translocation of 

thee preproteins into and across the inner membrane. Two types of Tim complexes have now 

beenn discovered: the first one is the Tim23-Timl7 complex, the other one the recently identified 

Tim54-Tim222 complex. The Tim23-Timl7 complex is involved in translocation of precursor 

proteinss with matrix space targeting presequences, whereas Tim54 and Tim22 are specifically 

involvedd in the translocation and membrane insertion of multipass inner membrane proteins 

suchh as the members of the carrier family proteins. Properties of the components of both 

complexess will be discussed in more detail in the next sections. 

Thee Tim23-Timl 7 complex: translocase for  preproteins with a matri x 

targetingg signal 

Timm 17 and Tim23 were identified with a genetic screen which was based on the mislocalization 

off  a chimeric protein consisting of the presequence of the mitochondrial matrix protein SOD 

(manganesee superoxide dismutase) and the URA3 gene product (a cytosolic enzyme with OMP 

decarboxylasee activity). In a wild type strain carrying a deletion of the chromosomal URA3 

locus,, the chimeric protein is efficiently imported into mitochondria. Transformant cells can 

thereforee not grow in the absence of added uracil. After mutagenesis of the strain harbouring this 

testt plasmid, cells with mutations in proteins involved in the translocation of the chimeric 

proteinn into the mitochondria were selected by means of their ura+ phenotype [45, 127, 128]. 

TIMTIM 17 and TIM23 were then isolated by complementation-transformation of these mutants with 

aa yeast genomic DNA library. The TIM23 gene was simultaneously identified using a different 

geneticc screen [54]. TIM 17 was also isolated as a multicopy suppressor of a tim23 mutation 

[161]. . 

Bothh Tim 17 and Tim23 are encoded by essential genes (initially termed MPI2 and MPI3, 

respectivelyy [150]) and synthesized without cleavable presequences. The proteins have 

significantt homology with regard to their protein sequence and structural features. The 

hydrophilicc N-terminal domain of Tim23 of about 100 amino acids is however lacking in 

Timll  7. The hydrophilicity plots of the entire Tim 17 sequence and the corresponding C-terminal 

domainn of Tim23 predict the presence of four membrane spanning domains [45]. Localization 

studiess and sodium carbonate extraction experiments have shown that Tim 17 and Tim23 are 

associatedd with the mitochondrial inner membrane and that they behave as integral membrane 

proteins.. Chemical crosslinking indicated that Tim23 and Tim 17 are in close proximity to 

preproteinss in transit across the mitochondrial membranes, suggesting their involvement in 

21 1 



ChapterChapter 1 

proteinn import, probably by constituting the protein translocation channel of the inner membrane 

[45,, 128]. 

Thee region encomprising amino acids 50 to 100 of the intermembrane space localized N-

terminuss of Tim23 contains a leucine-zipper motif which may be involved in Tim23 

dimerizationn [7]. After dimerization in an anti-parallel fashion in response to the membrane 

potentiall  A\|/, a cluster of negatively charged amino acid residues will become exposed at the 

surfacee of the associated N-termini, and this may provide a binding site for positively charged 

N-terminall  targeting sequences of translocating preproteins. Dimerization of Tim23 is a 

reversiblee process, since the dimer dissociates again upon interaction with an incoming 

preprotein,, which probably triggers opening of the translocation channel and allows further 

translocationn of the preprotein [7]. 

Component t 

Tim44 4 

Tim23 3 

Timl7 7 

mtHsp70 0 

Mgel l 

Former/other r 

names s 

Isp45,, Mim44, 

Mpil l 

Mas6,, Mim23, 

Mpi3 3 

Miml7,, Mpi2, 

Smsl l 

Sscl l 

Essentiall  for 

celll  viability 

Yes s 

Yes s 

Yes s 

Yes s 

Yes s 

Membrane e 

association n 

Peripheral l 

Integral l 

Integral l 

Transient t 

Transient t 

Proposedd function 

Membranee anchor for 

mtHsp70 0 

Importt channel 

Importt channel 

ATP-dependentt chaperone 

involvedd in protein import 

andd folding 

Nucleotidee exchange factor, 

co-chaperonee of mtHsp70 

References s 

[111,127, , 

155,171, , 

180] ] 

[45,, 54] 

[112,128, , 

161] ] 

[40,, 98, 

199] ] 

[16,115, , 

181] ] 

Tablee 2. Components of the mitochondrial inner membrane protein import machinery for matrix 
proteins.. Tim, translocase of the inner mitochondrial membrane (numbers indicate the apparent 
molecularr mass in kDa); essential for cell viability, requirement for growth on both fermentable and non-
fermentablee carbon sources; mtHsp70 and Mgel are soluble matrix proteins that transiently associate 
withh the Tim complex during protein import. 

Thee Tim44-mtHsp70 protein translocation motor 

Thee first protein that appeared to be involved in translocation of preproteins across the inner 

membranee was Tim44, initially termed Mpil [127]. This protein was identified using the same 

geneticc screen as used for the isolation of TIM23 and TIM17 [45, 128]. Tim44 was also 

identifiedd with a biochemical approach (thereby named Isp45) [171]. Antibodies raised against 
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Isp455 inhibited protein import into inner membrane vesicles and cross-linking and 

immunoprecipitationn experiments indicated that Isp45 directly interacted with a precursor 

proteinn in transit across the inner membrane [171]. 

Tim444 is encoded by an essential gene and is synthesized as a precursor protein of 48.8 kDa. 

Uponn import into mitochondria the presequence is cleaved off, resulting in a mature protein of 

444 kDa. The hydrophilicity plot of Tim44 indicates that it is a hydrophilic protein and that the 

sequencee lacks a significant hydrophobic region. Localization studies showed that Thn44 is a 

peripherall  membrane protein that is localized at the matrix side of the inner membrane [ 13]. A c-

mycmyc epitope tag at the C-terminus of the protein is exposed to the intermembrane space, while 

antibodiess directed against Tim44 inhibited protein import into inner membrane vesicles. Both 

observationss suggest that Tim44 spans the inner membrane at least once [127, 171]. 

Nevertheless,, the membrane topology of Tim44 is still the subject of debate. In contrast to our 

data,, it was recently reported that a c-myc epitope tag at the C-terminus of Tim44 may not be 

exposedd to the IMS [139]. 

Tim444 is associated with a small fraction of mitochondrial Hsp70 (mtHsp70) and this complex 

formss a matrix localized ATP-dependent motor for translocation of preproteins across the inner 

membrane.. The SSC1 gene, which encodes mtHsp70, is essential for the viability of yeast [98, 

170].. The co-chaperone Mgel cooperates with mtHsp70 in the translocation of preproteins into 

mitochondria.. Mgel is also encoded by an essential gene and is a homologue of the prokaryotic 

nucleotidee exchange factor GrpE. Mgel promotes the release of nucleotides from mtHsp70 in 

thee ATP-dependent reaction cycle of this chaperone system [16,93]. 

Thee mechanism of the Tim44-mtHsp70 protein translocation motor 

Twoo different mechanisms have been postulated for the role of the Tim44-mtHsp70 complex in 

thee translocation of preproteins. They are referred to as the 'Brownian ratchet' model and the 

'pullingg motor' model [152]. In the first model, the Tom and Tim translocases form passive 

diffusionn channels through which the preprotein can slide back and forth by Brownian motion. 

Ass soon as the preprotein emerges in the matrix space, it is caught by mtHsp70 which traps the 

preproteinn and prevents it from sliding back into the cytosol. By Brownian motion, the 

preproteinn will move a littl e further into the matrix space and will be bound by another mtHsp70 

molecule.. By the consecutive action of several bound mtHsp70 molecules, the preprotein will be 

completelyy translocated across the inner membrane. According to the 'pulling motor' model, a 

preproteinn emerging in the matrix space will be bound by mtHsp70, which itself is attached to 

thee inner membrane via Tim44. Binding of ATP to this mtHsp70 molecule wil l then induce a 

conformationall  change of the membrane-bound mtHsp70 and this generates a mechanical force 

whichh actively pulls the preprotein towards the matrix space [64, 85, 197]. Several cycles of 

ATPP binding, ATPase activity and release of ADP enables mtHsp70 to translocate the complete 
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preproteinn across the inner membrane. The 'pulling motor' model can also explain the unfolding 

off  folded domains of translocating preproteins that are still located in the cytosol, the so-called 

unfoldasee activity of mtHsp70. Recent evidence indicates that the 'pulling and trapping' 

mechanismss cooperate in the translocation of preproteins across the mitochondrial inner 

membranee [199]. 

Figuree 5. Schematic representation of the molecular organization of the Tim complex in the 
mitochondriall  inner membrane. A leucine zipper motif in the N-terminus of Tim23 is involved in 
dimerizationn of Tim23 molecules at the intermembrane space side of the inner membrane. Putative 
coiled-coill  structures in the N-terminus of Tim44 may contribute to the dimerization of Tim44 at the 
matrixx side of the inner membrane. Tim complex, translocase of the inner mitochondrial membrane; 
IMS,, intermembrane space; IM, inner membrane; matrix, matrix space; 17, Timl7; 23, Tim23; 44, 
Tim44;; mtHsp70, mitochondrial Hsp70. 

Thee N-terminal domain of Tim44 contains a region predicted to form coiled-coils, which is 

conservedd in Tim44 of different species. Coiled-coil structures are involved in protein-protein 

interactionss and may mediate dimerization of Tim44 molecules. In crosslinking experiments it 

wass shown that Tim44 can indeed form dimers that can recruit two mtHsp70 molecules to the 

sitee of protein import [139]. The cooperation of two Tim44-bound mtHsp70 molecules which 

sequentiallyy bind incoming segments of a precursor protein in transit in a hand-over-hand 

mechanismm may increase the efficiency of protein import in comparison with the presence of 

onlyy a single mtHsp70 molecule at the protein import site [139] (Figure 5). 
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Thee Tim54-Tim22 complex: translocase for  polytopic inner  membrane 
proteins s 

Thee recent identification of additional Tim proteins indicated the existence of a distinct Tim 

complex,, with a function different from the Tim23-Timl7 complex. This novel Tim complex is 

specificallyy involved in the translocation and membrane insertion of members of the 

mitochondriall  carrier family proteins and other polytopic membrane proteins into the inner 

membrane.. Members of the carrier family, for example AAC and the phosphate carrier PiC, 

havee six membrane spanning domains, are very hydrophobic and are synthesized without a 

cleavablee N-terminal targeting sequence. They are not imported via the Tim23-Timl7 

machinery. . 

Thee first member of this alternative inner membrane translocation complex is Tim22, which was 

identifiedd during the yeast genome sequencing project due to its significant homology to Tim 17 

andd Tim23 (>50% similarity) [185]. The TIM22 gene encodes a protein of 21.8 kDa that is 

essentiall  for the viability of yeast and whose C-terminal region is very similar to the 

hydrophobicc domains of Tim23 and Tim 17. Tim22 is an integral inner membrane protein and is 

presentt in a 300 kDa complex [185]. 

Anotherr protein required for the import and membrane insertion of polytopic carrier proteins 

intoo the inner membrane is Tim54. It was identified in a two-hybrid screen as a partner protein 

off  Mmml, a protein involved in the maintenance of mitochondrial morphology [101]. The 

essentiall  TIM54 gene encodes a 54.2 kDa integral membrane protein with one or two membrane 

spanningg domains and a C-terminus which faces the intermembrane space. It was shown that 

Tim544 both genetically and physically interacts with Tim22 but not with Tim23 and Tim 17, 

providingg additional evidence for the existence of two distinct Tim complexes [101]. 

Thee recently discovered Tim complex consists of the two membrane proteins Tim22 and Tim54 

andd in addition the smaller subunits Tim8, Tim9, Tim 10, Tim 12 and Timl3. The intermembrane 

spacee localized peripheral inner membrane protein Tim 12 and the soluble intermembrane space 

proteinn Tim 10 were identified as multicopy suppressors of the respiratory-deficient mrs2~l 

mutationn and were previously termed Mrs5 and Mrsl 1, respectively [95, 96]. The MRS5 and 

MRSMRS 11 genes encode proteins of 13 and 12 kDa, respectively, and are the first known 

intermembranee space proteins that are essential for the viability of yeast. Depletion of either 

proteinn results in the accumulation of Hsp60 in the cytosol and other severe defects in 

mitochondriall  function, implying a role for them in mitochondrial protein import. Mrs5 and 

Mrsll  1 finally appeared to specifically mediate import of carrier proteins into mitochondria as 

componentss of the Tim54-Tim22 system and were therefore from then on called Tim 12 and 

Timl0[186]. . 
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Tim99 was identified in a search for extragenic suppressors of the temperature-sensitive timlO-1 

mutationn [108] and also by immunoprecipitation with anti-Tim 10 antibodies [1]. The TIM9 gene 

iss essential and encodes for a protein that is 25% identical to TimlO and Timl2. 

Component t 

Tim54 4 

Tim22 2 

Timl3 3 

Timl2 2 

Timl l l 

TimlO O 

Tim9 9 

Tim8 8 

Essential l 

for r 

cell l 

viability y 

Yes s 

Yes s 

No o 

Yes s 

No o 

Yes s 

Yes s 

No o 

Membrane e 

association n 

Integral l 

Integral l 

Soluble e 

Peripheral l 

Integral l 

Transient t 

Soluble,, fraction 

membrane--

associated d 

Soluble e 

Proposedd function 

Insertionn of carrier proteins into inner 

membrane e 

Insertionn of carrier proteins into inner 

membrane e 

Unknown n 

Insertionn of carrier proteins into inner 

membrane e 

Sortingg of intermembrane space proteins 

att the inner membrane 

Deliveryy of carrier proteins from Tom to 

Timm complex 

Deliveryy of carrier proteins fromTom to Tim 

complex x 

Unknown,, DDP1 homologue 

References s 

[101] ] 

[185] ] 

[107] ] 

[96,, 186] 

[4,192] ] 

[95,, 186] 

[1,, 108] 

[107] ] 

Tablee 3. Components of the mitochondrial inner membrane protein import machinery for carrier 
proteins.. Tim, translocase of the inner mitochondrial membrane; essential for cell viability, requirement 
forr growth on both fermentable and non-fermentable carbon sources. 

Al ll  three small Tim proteins contain the four conserved cysteine residues of a so-called 'twin 

CX3C'' motif, which could function as a zinc-finger in protein-protein interactions. The majority 

off  Tim9 is associated with TimlO as a soluble intermembrane space localized 70 kDa complex; 

aa small fraction of Tim9 is part of a 300 kDa membrane-bound complex which also contains 

TimlO,, Tim 12, Tim22 and Tim54 [1, 108]. Tim9 is probably also present in another, less 

abundantt 70 kDa complex consisting of Tim9/Timl0/Timl2, which is tightly associated with 

thee inner membrane [1]. 
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Preprotein ss wit h 
ammo-termina l l 
targetin gg signa l 

Preprotein ss wit h 
interna ll  targetin g signa l 

Cytosol l 

Matri x x 

V A A / / 
Figuree 6. Schematic representation of the protein translocases of the mitochondrial inner membrane. 
Mitochondriall  preproteins destined for the matrix- and intermembrane space are translocated by the 
Tim23-Timl7/Tim44-mtHsp700 complex, while mitochondrial inner membrane proteins carrying internal 
targetingg sequences are directed to the inner membrane by the Tim54-Tim22 system. The latter system 
alsoo consists of soluble components in the intermembrane space, which probably function as chaperones 
forr transport of hydrophobic polypeptides through the aqueous phase of the intermembrane space to bring 
preproteinss emerging at the trans site of the outer membrane to the Tim54-Tim22 complex. OM, outer 
membrane;; IMS intermembrane space, IM, inner membrane; matrix, matrix space; 9, Tim9, 10, TimlO; 
12,, Timl2. 

Thee most recently identified translocase components are Tim8 and Timl3. Both were identified 

byy screening the yeast genome database for additional homologues of Tim9, TimlO and Tim 12 

[107].. The genes encoding Tim8 and Tim 13 are not essential and deletion of their chromosomal 

locii  has no significant effect on the growth of yeast cells. Tim8 and Timl3 both display the 'twin 

CX3C'' motif of Tim9, TimlO and Timl2. Both proteins are localized in the intermembrane 

spacee and associated with a 70 kDa complex which also contains a small fraction of Tim9. They 

aree not present in the 300 kDa membrane bound complex. Tim8 is the yeast homologue of the 

humann DDP1 protein, a protein of the intermembrane space with an unknown function. 

Mutationss in DDP1 result in human deafness dystonia, a mitochondrial disease. The homology 
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betweenn Tim8 and DDP1 suggests that the deafness dystonia syndrome is a disease that is 

probablyy caused by a defective mitochondrial protein import machinery. 

Intramitochondria ll  protei n sortin g of intermembran e space protein s 

Almostt all preproteins destined for the mitochondrial matrix space are synthesized with a 

cleavablee N-terminal targeting sequence. These preproteins are imported into mitochondria via 

thee general import pathway, which is specifically mediated by the Tim23-Timl7 complex. The 

identificationn and characterization of several components of another Tim complex in the inner 

membranee led to the understanding that a specialized complex is involved in import and 

assemblyy of a number of polytopic inner membrane proteins with internal targeting sequences. 

Proteinss that are destined for the intermembrane space, such as cytochrome bi and cytochrome 

c\,c\, carry a bipartite targeting sequence which directs these proteins to their proper location via a 

complexx intramitochondrial sorting route. The first part of this presequence is located at the 

extremee N-terminus and resembles a typical matrix targeting signal, which is proteolytically 

removedd by mitochondrial processing peptidase (MPP) in the matrix space to generate an 

intermediate-sizedd protein. The second part of the bipartite sequence consists of a stretch of 

hydrophobicc residues which directs the protein to the IMS. This sorting signal is then cleaved 

offf  by the IMS localized catalytic site of inner membrane protease 1 (IMP1). 

TwoTwo conflicting models have been proposed to explain the mechanism of intramitochondrial 

proteinn sorting. The first one suggests that the entire precursor polypeptide is translocated into 

thee matrix space, where the N-terminal matrix targeting signal is cleaved off by MPP. Reexport 

acrosss the inner membrane delivers the intermediate-sized protein into the IMS [70, 71]. Since 

mitochondriall  sorting signals are similar to targeting sequences of secretory bacterial proteins, 

andd the reexport of proteins with bipartite presequences resembles the mechanism of protein 

exportt in bacteria, this model is called the 'conservative sorting' model [68, 70, 109], 

Accordingg to the 'stop-transfer' model, the sorting signal causes an arrest of preprotein 

translocationn in the inner membrane, followed by lateral movement of the precursor into the 

innerr membrane without further translocation into the matrix space [11, 87, 99]. The 'stop-

transfer'' model suggests that sorting of IMS proteins can be performed by components of the 

innerr membrane translocase, whereas the 'conservative sorting' model may require the presence 

off  a separate reexport system for sorting of these proteins. 

Thee first indication for the existence of proteins specifically involved in the sorting of IMS 

proteinss came with the identification of Timll . This 11 kDa inner membrane protein was 

identifiedd by chemical cross-linking to the sorting sequence of cytochrome 62  Timl 1 is not 

essentiall  for the viability of yeast but required for optimal mitochondrial function [192]. 

However,, it was then found that Timl 1 is not associated with Tim complexes but that it is 
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identicall  to subunit e of the yeast FiF0-ATPase, a subunit so far only known in mammalian 

ATPasess [4]. Whether Tim 11 has a dual function, both as a subunit of the ATPase and in 

mitochondriall  protein translocation, remains to be elucidated. 

Molecula rr  chaperone s and isomerase s of the matri x spac e 

Mitochondria ll  Hsp70, Hsp60, HsplO and PPIases 
Ass discussed in previous sections, the chaperone mtHsp70 plays a crucial role in the import of 

preproteinss into mitochondria. In addition, mtHsp70 is required for the folding of many 

completelyy imported proteins in the matrix space [98]. The activity of the bacterial homologue 

off  Hsp70, DnaK, is regulated by the co-chaperones GrpE and DnaJ [62, 183]. GrpE functions as 

aa nucleotide exchange factor for Hsp70 by enabling the chaperone to shift from an ADP-bound 

statee to an ATP-bound state [148]. Mdjl , the mitochondrial DnaJ homologue, is a membrane 

proteinn that can function as a chaperone independently of mtHsp70 [203] and only functions in 

proteinn folding steps after completion of preprotein translocation [86, 158]. The presence of a 

smalll  domain in Tim44 with limited sequence similarity to DnaJ suggested that the interaction 

off  Tim44 and mtHsp70 may resemble that of DnaK and DnaJ. This DnaJ resembling fragment is 

neededd for efficient interaction of Tim44 and mtHsp70 and deletion of this domain is lethal in 

yeastt [134]. Mgel, the mitochondrial GrpE homologue of S. cerevisiae, is an essential protein 

andd required for mitochondrial protein import. Mgel functions as a nucleotide exchange factor 

too promote the release of ADP from mtHsp70 during the reaction cycle of this chaperone [16, 

89,117]. . 

Followingg the interaction with mtHsp70, imported proteins can be transferred to the heat shock 

proteinn Hsp60 which further mediates folding of the polypeptide. Hsp60, the functional 

homologuee of bacterial GroEL, is constituted of 14 identical subunits of approximately 60 kDa 

thatt form two donut-like shaped heptameric rings stacked on top of each other, forming a cavity 

inn which protein folding presumably takes place [36, 157]. Matrix ATP and the bacterial GroES 

homologuee HsplO (CpnlO) are required for activity of Hps60. HsplO consists of a single 

heptamericc ring structure of 10 kDa subunits, which can bind onto the Hsp60 structure and 

functionss as a lid to cover the Hsp60-cavity [118]. 

Anotherr class of proteins that constitute the mitochondrial protein folding apparatus are the 

cyclophilins.. Cyclophilins were first identified by their ability to bind the immunosuppressive 

agentt cyclosporin A, but were later found to have peptidyl-prolyl cisltrans isomerase (PPIase) 

activity.. PPIases catalyze the cisltrans isomerization of peptide bonds preceding a prolyl residue 

andd thereby accelerate the slow refolding processes of proteins that require peptidyl-prolyl 

isomerization.. In mitochondria, a 20 kDa PPIase called cyclophilin 20 was identified which was 

shownn to be a component of the mitochondrial protein folding machinery and to cooperate with 
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Hsp700 and Hsp60 [132,156]. In the absence of cyclophilin 20, preproteins are still imported into 

mitochondriaa and folded into their active conformation, although the folding process is very 

sloww [132, 156]. 

Proteolyti cc  processin g of mitochondria l targetin g signal s 

Mitochondria ll  processing peptidase and mitochondrial intermediate 

peptidase e 

Translocationn of proteins across membranes is often accompanied by proteolytic removal of 

targetingg signals from the transported precursor proteins. This process is catalyzed by a group of 

proteasess that includes soluble as well as membrane-bound enzymes. Most mitochondrial 

preproteinss destined for the matrix space contain a cleavable N-terminal mitochondrial targeting 

signall  which is proteolytically removed upon import of the preprotein into the matrix. Most of 

thesee proteins are processed by a single proteolytic cut of the targeting sequence by the 

mitochondriall  processing peptidase (MPP). In fungi and mammals MPP is a soluble enzyme of 

thee mitochondrial matrix space, whereas in plants it is localized in the inner membrane as part of 

thee cytochrome bc\ complex of the respiratory chain [29]. The processing activity of yeast MPP 

requiress the presence of divalent metal ions [15]. In yeast, MPP is a soluble heterodimer 

composedd of the two structurally related subunits a-MPP and P-MPP. oc-MPP is thought to be 

involvedd in the recognition and binding of substrates, while P-MPP functions as the catalytic 

subunit.. Both MPP subunits are required for processing activity [15, 126]. MPP recognizes a 

largee number of N-terminal presequences. These vary in length from 8 to 69 amino acids and 

lackk notable primary sequence similarity, although conserved arginine residues are located at 

positionss -2 and -3 with respect to the MPP cleavage site. 

Mostt preproteins with N-terminal targeting sequences are processed in one step by MPP, but 

others,, such as the precursors of cytochrome oxidase subunit IV and the Rieske Fe/S protein of 

thee cytochrome bc\ complex bear bipartite targeting sequences, which are cleaved off in two 

steps.. The first maturation step of these preproteins is performed by MPP, while further 

processingg of an N-terminal octapeptide results in the mature protein. This second cleavage step 

iss accomplished by another matrix peptidase, the mitochondrial intermediate peptidase (MIP) 

[90,, 91 ]. Why maturation of these precursor proteins occurs in two steps is not known. 

Innerr  membrane protease 

Importt of precursor proteins of a number of intermembrane space proteins such as cytochrome 

b2b2 involves another bipartite targeting sequence which is also removed in two proteolytic steps. 

InIn the first step the matrix targeting signal is cleaved off by MPP, generating an intermediate-

sizedd form of cytochrome 2>2- In the second step, a sequence for sorting cytochrome bi to the 
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intermembranee space is proteolytically removed in the intermembrane space by the inner 

membranee protease (IMP), thereby releasing the mature enzyme. IMP is a complex of two 

structurallyy similar subunits, Impl and Imp2, which have different substrate specificities. Impl 

mediatess the processing of cytochrome 02, the mitochondrially encoded cytochrome oxidase 

subunitt 2 (Cox2) and NADH-cytochrome b$ reductase. It is a 21.4 kDa integral inner membrane 

proteinn with a C-terminal part exposed on the outer face of the membrane [176, 177]. Impl 

requiress divalent cations and acidic phospholipids for activity and is expressed at a low level 

[178].. Imp2 shares 25% sequence identity with Impl and is also an inner membrane protein with 

aa large domain protruding into the intermembrane space. Imp2 catalyzes the second processing 

stepp of the cytochrome c\ precursor and is required for the stability of Impl [147]. 

AA third protein involved in the maturation of preproteins in the intermembrane space was named 

Somll  [55]. It was identified as a high copy suppressor of an impl mutant. Soml is a small, 

weaklyy expressed protein of 8.4 kDa and localization studies suggest that it is membrane 

associated,, although a membrane spanning domain cannot be predicted from its amino acid 

sequence.. Soml is essential for the proteolytic maturation of Cox2 and for the stability of 

cytochromee bi. Soml represents a novel factor that is essential for the correct function of IMP 

and/orr the protein sorting machinery [55]. 

Mechanisti cc  principle s of protei n translocatio n 

Energyy requirements for  mitochondrial protein import 

Ann early step in mitochondrial protein import is the binding of the cytosolic chaperones MSF 

andd Hsp70 to preproteins and the subsequent targeting of bound preproteins to the mitochondrial 

surface.. Both MSF and Hsp70 are ATPases and MSF hydrolyses ATP upon release of the bound 

preproteinn to the Tom70-Tom37 receptor complex at the outer membrane surface. The presence 

off  ATP in the cytosol is therefore necessary for the function of MSF and Hsp70 and is the first 

energyy requirement for mitochondrial protein import. 

Anotherr energy requirement for the import of preproteins is a membrane potential Ay across the 

innerr membrane, which generates a negative charge on the matrix space side and positive charge 

onn the intermembrane space side. Transport of preproteins into or across the inner membrane is 

absolutelyy dependent on the presence of Ay [59, 173]. Ay is only essential during the initial 

stepss of preprotein translocation across the Tim channel, when the positively charged 

presequencee traverses the inner membrane, and not during translocation of the mature part of a 

preproteinn [131, 193]. It has been suggested that Ay exerts an electrophoretic effect on the 

targetingg sequences of precursor proteins. The negative charge of Ay at the matrix space side of 

thee inner membrane may exert an electrophoretic force on the positively charged amino-terminal 

targetingg signal to drive its translocation across the inner membrane. 
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AA further energy requirement for import of preproteins is the presence of ATP in the matrix 

space.. Translocation of the targeting signal is dependent on a membrane potential Ay, but 

translocationn of the complete protein requires ATP in the matrix space. After translocation of the 

targetingg signal across the inner membrane, the preprotein emerges in the matrix space where it 

iss bound by mtHsp70. Tim44-bound mtHsp70 mediates translocation of the entire preprotein 

acrosss the inner membrane. Since the function of mtHsp70 is driven by several consecutive 

roundss of binding and hydrolysis of ATP, this final stage of protein import explains at least part 

off  the importance of matrix ATP. 

'Acidd chain1 hypothesis 

Proteinn translocation across the outer membrane is driven in the absence of a membrane 

potentiall  or an ATP-dependent system which may provide the energy for protein transport. It is 

thuss not clear which force drives unidirectional protein transport across the outer membrane. 

Mostt of the Tom proteins contain clusters of negatively charged amino acids in their protein 

sequence,, which may interact with the positively charged targeting signals of preproteins. In 

fact,, not only Tom proteins contain patches with a net negative charge, but several other proteins 

mediatingg mitochondrial protein import harbour clusters with negatively charged amino acids, 

suchh as the cytosolic chaperone Mft52 and the inner membrane protein Tim23. The presence of 

thesee negatively charged clusters in these proteins along the import pathway led to the 'acid 

chain'' hypothesis, which proposes that a preprotein is translocated across the mitochondrial 

membraness via the interaction of its positively charged presequence with the net negative 

clusterss of the import components [17, 83, 167]. This suggests that each successive import 

componentcomponent must harbour a patch with an increasing net negative charge to allow the effective 

transferr of preproteins from one patch to the next patch. The hypothesis is based on an analogy 

withh the 'methionine bristles' that are present on the 54 kDa subunit of the signal recognition 

particlee (SRP), which were suggested to bind the hydrophobic targeting sequences of proteins 

destinedd for the endoplasmic reticulum [9], 

Inn the cytosol, the chaperone protein Mft52 contains two negatively charged domains which are 

homologouss to those domains of Tom20 and Tom22. These domains in Mft52 specifically 

interactt with preproteins bearing a basic, amphipathic N-terminal targeting sequence, allowing 

Mft522 to enhance preprotein delivery to the mitochondrial surface [34]. At the cis site of the 

mitochondriall  outer membrane, the cytosolic domains of the receptors Tom20 and Tom22 

displayy patches of negatively charged amino acids that are thought to interact with the positively 

chargedcharged presequences of preproteins. Tom5 may be the functional link between the surface 

receptorss and Tom40 and contains an N-terminal cytosolic domain with a net negative charge. 

Thee pore-forming protein Tom40 also contains clusters of negatively charged amino acids. After 

translocationn through the GIP, preproteins are thought to interact with the trans site of the outer 
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membrane,, probably via the negatively charged amino acids of the intermembrane space domain 

off  Tom22. Finally, preproteins containing an N-terminal targeting signal are probably 

transferredd to the intermembrane space localized N-terminus of Tim23, which harbours another 

clusterr of negatively charged amino acid residues and which may thus provide a cis binding site 

forr preproteins on the inner membrane. It is not clear whether the predicted increase in negative 

chargee is actually present in successive patches of the acid chain. 

Molecularr  organization and dynamics of the Tim and Tom translocases 

Tomm and Tim complexes cooperate transiently during translocation of precursor proteins, but 

cann also function independently from each other in the import process [6, 88, 120]. Preproteins 

crosss the mitochondrial membranes at so-called translocation contact sites, where the two 

membraness are closely juxtaposed. The Tom and the Tim complexes are physically connected 

byy a translocating preprotein [84]. In the absence of a translocating precursor protein, a salt-

resistantt complex was detected between the C-terminal domain of Tom22 which protrudes into 

thee IMS and the N-terminus of Tim23, which also faces the IMS [110]. This suggests that the 

intermembranee space domains of Tom22 and Tim23 mediate a transient association of the outer 

andd inner membrane protein transport channels. 

Tom400 and Tom22 are stably associated in a 400 kDa complex together with the small Tom 

proteinss Tom7, Tom6 and Tom5 [46-48]. The majorityy of Tom20 and Tom70 is not part of this 

4000 kDa complex. In mutant mitochondria lacking Tom6, the interaction between Tom40 and 

Tom222 is destabilized, leading to a dissociation of Tom22 from the 400 kDa GIP complex to a 

1000 kDa complex containing Tom40, Tom7 and Tom5. A lack of Tom6 thus causes a 

destabilizationn of the 400 kDa complex. The interaction between Tom40 and Tom22 could be 

restoredd by the import of Tom6 into isolated tom6A mutant mitochondria, indicating that Tom6 

iss required to promote the association between Tom40 and Tom22 [48]. 

Timm 17 and Tim23 are present in a 90 kDa complex, which is required for the import of 

preproteinss carrying N-terminal targeting signals. Preproteins in transit spanning both 

mitochondriall  membranes connect most of the 90 kDa Tim complexes with  25% of the 400 

kDaa Tom complexes, forming a 600 kDa supercomplex [46]. This indicates that about 1 in 4 

Tomm complexes is connected to a Tim complex in translocation contact sites and suggests that 

thee other Tom complexes may have different functions, such as preprotein sorting to the outer 

membranee and the intermembrane space and preprotein transfer to the Tim54-Tim22 complex. 

Bomerr et al. showed that Tim23 is present at the mitochondrial inner membrane in two pools, a 

Tim44-Tim23-containingg subcomplex and a Tim23-Timl7-containing subcomplex [18]. On the 

otherr hand, recent results suggest that Timl7, Tim23, Tim44 and mtHsp70 are all present in a 

uniquee complex, with a ratio of Timl7:Tim23:Tim44:mtHsp70 being approximately 1:1:1:30 

[139].. These authors were unable to detect two different subcomplexes both containing Tim23. 
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Itt could be shown that Tim44 is associated with the Tim23-Timl7 complex by ionic interactions 

andd that Tim44 is in close contact to a membrane protein of 14 kDa. This protein might be 

similarr to a previously identified 14 kDa protein, which was proposed to be a subunit of the 

Tim23-Timl77 complex and which was named Tim 14 [10]. Previous immunoprecipitation 

experimentss have suggested the existence of several new putative components of the Tim 

complex,, which were proteins with molecular masses of 14, 20, 33 and 44 kDa [10, 12]. 

However,, none of these proteins has been identified yet. 
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Abstrac t t 

AA genetic screen previously resulted in the identification of a number of mutants disturbed in the 

importt of cytosolically synthesized mitochondrial proteins of the yeast Saccharomyces 

cerevisiae.cerevisiae. Complementation of these mutants by transformation with yeast genomic DNA 

librariess led to the identification of three genes encoding proteins that are involved in 

mitochondriall  import of proteins of the matrix space. These proteins, Timl 7, Tim23 and Tim44, 

constitutee the protein translocase of the mitochondrial inner membrane (Tim). A rescreen with 

thee same approach yielded many more timl7 and tim44 mutants and a few tim23 mutants, but no 

otherr genes encoding translocator proteins were isolated. Thirteen timl 7 and nine tim44 mutants 

weree subjected to DNA sequence analysis to determine the nucleotide mutations and the 

resultingg amino acid substitutions. Eleven out of thirteen timl 7 mutants contained an arginine to 

lysinee substitution at position 105 (R105K), indicating an extreme bias towards this mutation. In 

aa first attempt to characterize these newly isolated timl 7 mutants, we studied the effect of the 

mutationss on the import efficiency or stability of Timl 7 itself and its ability to assemble into the 

Timm complex, by measuring the steady-state level of mutant Tim 17 protein in mitochondria by 

Westernn analysis and the stability of the Tim complex in blue-native gel electrophoresis. The 

steady-statee level of the timl 7 R105K mutant protein was reduced to about 50% of the wild type 

level,, which may be directly due to reduced import efficiency of this mutant protein into 

mitochondria.. The amount of Tim complex in mitochondria of nine timl 7 R105K mutants 

variedd from 0 to 100% of the wild type amount and correlated well with the variations in import 

efficiencyy of these mutant mitochondria. Variations may not be primarily caused by mutations in 

Timm 17, which will be discussed. 

Introductio n n 

Thee first components of the translocase of the mitochondrial inner membrane (Tim) were 

identifiedd several years ago with a biochemical approach [171] and a genetic screen f 127]. The 

geneticc selection procedure was based upon the mislocalization of a chimeric protein consisting 

off  the presequence of the mitochondrial matrix protein SOD (manganese superoxide dismutase) 

andd the coding sequence of URA3, a cytosolic enzyme with OMP decarboxylase activity. The 

chimericc protein is efficiently imported into the mitochondria of a wild type strain (carrying a 

deletionn for URA3), resulting in a ura" phenotype. After mutagenesis of the wild type strain 

carryingg this construct, cells with mutations in proteins of the import pathway of the chimeric 

proteinn into the mitochondria were selected by means of their ura+ phenotype [127]. Further 

geneticc analysis of these mutants led to the identification of three genes encoding proteins which 

appearedd to have a role in mitochondrial protein import. These three proteins, Tim 17, Tim23 and 
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Tim44,, are components of the translocase which directs imported proteins of the matrix space 

acrosss the inner membrane [45, 127, 128]. Timl7 and Tim23 are integral membrane proteins 

containingg four predicted membrane spanning domains [45] and they are proposed to form the 

coree of a protein translocation channel in the inner membrane. The interaction between Tim 17 

andd Tim23 may be established by their hydrophobic domains. It is unknown if the translocation 

channell  consists of additional components, what the structure of the channel is and by which 

mechanismm the pore can open and close to allow the passage of preproteins. The hydrophilic N-

terminuss of Tim23 can form dimers that dissociate again upon the interaction with incoming 

preproteinss [7]. This process is suggested to trigger opening of the translocation channel, thereby 

allowingg further translocation of preproteins. Dimerization of Tim23 may therefore play a role 

inn gating of the inner membrane translocation channel. 

Tim444 is peripherally attached to the inner membrane and the bulk of the protein is localized in 

thee matrix space [127]. Tim44 is transiently associated with a fraction of mtHsp70 and both 

proteinss form a matrix localized translocation motor with the ability to pull proteins across the 

innerr membrane towards the matrix space. 

Ass mentioned, the N-terminus of Tim23 is involved in dimerization and its hydrophobic C-

terminall  domain is suggested to interact with Tim 17 to form the translocation pore. Tim 17 

displayss significant sequence similarity with the hydrophobic C-terminal domain of Tim23, but 

itt lacks the hydrophilic N-terminal domain of this protein. The study of mutant Tim 17 proteins 

andd their effect on the assembly and activity of the Tim complex may provide useful clues to the 

rolee played by Tim 17 in protein import. 

Too isolate other genes encoding proteins involved in mitochondrial protein import, we 

performedd a second screen using the same approach that yielded the first three Tim proteins. 

Thiss second screen did not result in the identification of new proteins, but provided us with a 

numberr of additional Tim 17, Tim23 and Tim44 mutants. Here we describe the determination of 

thee mutations in thirteen tint 17 and nine tim44 mutants by DNA sequence analysis. The 

mutationss in the timl 7 mutants show an extreme bias, since eleven out of thirteen mutants have 

ann arginine to lysine (R105K) substitution at position 105. By Western analysis we determined 

thee steady-state level of the mutant Tim 17 proteins in mitochondria. This indicated that the 

amountt of the tint J 7 R105K mutant is about 50% of the amount of wild type Timl 7. The 

reducedd steady-state level of this mutant protein may be directly caused by its inefficient import 

intoo mitochondria, since import studies indicated that import of this mutant Tim 17 protein is 

aboutt 30% of the import of wild type Timl 7. We studied the effect of mutant Timl 7 proteins on 

thee stability of the Tim complex by blue-native gel electrophoresis. Mitochondria isolated from 

ninee timl7 R105K mutants contained the Tim complex in amounts that varied from 0 to 100% 

andd these variations correlated with the import efficiency of these mutant mitochondria. 

Mitochondriaa harbouring Tim 17 with the R105K substitution can have wild type amounts of the 
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Timm complex, suggesting that variations in the amounts of Tim complex and import efficiency 

mayy rather be the results of secondary effects than directly caused by the Tim 17 mutation. 

Material ss  and Method s 

Strainss and media 
EscherichiaEscherichia coli strain TGI (traD36lacIaA(lacZ)HISproA+B+/supEA(hsdM-mcrB)5(r/rmjrMcrB-) 
thiAflacproAB))thiAflacproAB)) was used for DNA manipulations. E. coli transformants were grown in YT medium (1% 
(w/v)) yeast extract, 1% (w/v) bactotryptone and 0.5% (w/v) NaCl) containing 150 |Xg/ml ampicillin. 
SaccharomycesSaccharomyces cerevisiae strain MB3 (MATa ade2-101 his3-A200 Ieu2-Al lys2-801 ura3::LYS2) 
(derivativee of YP102 (MATa ade2-101 his3-A200 Ieu2-Al fys2-801 ura3-52); [127]) containing a test 
plasmidd encoding a fusion protein consisting of the presequence of the mitochondrial matrix protein SOD 
andd the coding sequence of URA3 was mutagenized by treatment with ethyl methanesulfonate (EMS) and 
mutantss were selected by means of their ura+ phenotype [127]. Chromosomal DNA was isolated from 
yeastt cells grown in YPD medium (2% (w/v) glucose, 2% (w/v) bactopeptone, 1% (w/v) yeast extract) 
[163].. Transformation of yeast was performed according to Klebe et ah [104]. Transformants of MB26 
(MATa(MATa ade2-101 trpl-289 ura3-52 his3-A200 Ieu2-Al timl7::LYS2 + YCplac33::77Af/7) [128] were 
selectedd on minimal media supplemented with tryptophan, histidine and adenine (20 Jig/ml). Plasmid 
shufflingg was performed by growing transformants in YPD overnight at 28°C and plating a sample of the 
culturee on 5-fluoroorotic acid (5-FOA; [14]) containing minimal medium plates (1 g/l 5-FOA, 2% (w/v) 
glucose,, 0.67% (w/v) YNB) supplemented with tryptophan, histidine, adenine and uracil (50 ug/ml). 

Amplificationn of chromosomal DNA of timl 7 and tim44 mutant strains by PCR 
Chromosomall  DNA was isolated from thirteen timl 7 mutant strains and nine tim44 mutant strains 
accordingg to standard procedures [163]. Amplification of chromosomal DNA of the timl7 mutant strains 
byy PCR was performed with the primers 5'-attgaatacagaaatcttcggg-3' and 5'-tttatgtaacaaaaaacatgcct-3', 
whichh generated a 778 bp fragment harbouring the entire TIM 17 gene, the adjacent 223 bp upstream 
flankingg region and the adjacent 77 bp downstream flanking region. Amplification of the chromosomal 
DNAA of the tim44 mutant strains by PCR was accomplished with the primers 5'-
cagaaacgaaatatctgaacagacc-3'' and 5'-ggtcattgcgaacgagttg-3', yielding a 2078 bp fragment bearing the 
entiree TIM44 gene plus the adjacent 525 bp upstream flanking region and 257 bp downstream flanking 
region.. All DNA amplifications were performed with Pju DNA polymerase, with proofreading properties 
forr high fidelity amplification. 

DNAA sequence analysis of timl 7 and tim44 mutant genes 
Mutationss in the timl 7 and tim44 mutant alleles were determined by DNA sequence analysis of PCR 
fragmentss harbouring the TIM17 or TIM44 mutant genes as templates. For timl 7 mutants, DNA sequence 
analysiss was performed with the same primers as those used for the amplification of the TIM17 
containingg fragments. For tim44 mutants, DNA sequence analysis was established with the same primers 
too amplify the fragments harbouring TIM44 and the primers 5'-agttgggataagagggcagg-3\ 5'-
atttgtcgcaaccactgc-3'' and 5'-tcttgtgctctacacccgac-3'. DNA sequence analysis was performed by 
Eurogentecc (Seraing/Belgium). 

DNAA manipulations 
CloningCloning of timl 7 mutant genes in YCplaclll: DNA fragments containing the timl7 mutant alleles timl7-
12-6612-66 (G to R at position 34; G34R) or timl 7-5-39 (G62D) were obtained by PCR and were digested 
withh Ncol, yielding 194 bp DNA fragments with Ncol cohesive ends. Single copy vector 
YCplacll  1 \::TIM17(BstEIL-HindW)ANcol contains the TIM 17 gene which lacks this internal 194 bp Ncol 
fragment.. The 194 bp Ncol fragment of each mutant was cloned into the unique Ncol site of TIM17 of 
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YCplacc 111::TIM17(BstEll-HindW)&Ncol to obtain YCplac 111 v.timl 7-12-66 and YCplacl 11::timl7-5-
39.39. Correct cloning and the presence of the mutations in these clones was verified by DNA sequence 
analysis.. A DNA fragment containing the TIM17 gene of timl7-5-24 (R105K) was obtained by PCR on 
mutantt chromosomal DNA as template with primers 5'-gcgaattcggtaacccggcattcttg-3' and 5'-
gggtcgacattggtgctatc-3',, yielding a 2401 bp fragment. This PCR product was cloned as an EcóM-Saü. 
fragmentt into YCplacl 11 digested with EcoVl and Sail to obtain YCplacl U:\timl 7-5-24. The sequence 
off  the cloned fragment and its correct cloning was checked by DNA sequence analysis. 

Isolationn of mitochondria and polyacrylamide gel electrophoresis of mitochondrial proteins 
Mitochondriaa were isolated as described by Glick et al [65]. Mitochondrial proteins (50 |xg per lane) 
weree separated by SDS-PAGE [116], transferred to a nitrocellulose membrane and immunodecorated 
withh polyclonal Tim 17 antibodies. 

Blue-nativee gel electrophoresis 
Mitochondriaa were lysed in 50 jil ice-cold digitonin buffer (1% (w/v) digitonin, 20 mM Tris-HCl, pH 
7.4,, 0.1 mM EDTA, 50 mM NaCl, 10% (v/v) glycerol, 1 mM PMSF) prior to the addition of sample 
bufferr (5% (w/v) Coomassie brilliant blue G-250, 100 mM Bis-Tris, pH 7.0, 500 mM 6-aminocaproic 
acid).. Mitochondrial protein complexes (100 îg of mitochondrial proteins per lane) were separated by 
blue-nativee electrophoresis on a 6-20% polyacrylamide gradient gel at 10°C [48]. Proteins were then 
transferredd to a nitrocellulose membrane and subjected to immunodecoration with polyclonal Tim23 
antiserum. . 

timltiml 7 

mutant t 

17-2-23 3 

17-3-53 3 

17-4-64 4 

17-4-82 2 

17-5-24 4 

17-5-39 9 

17-6-44 4 

17-10-84 4 

17-11-34 4 

17-11-44 4 

17-12-66 6 

17-13-62 2 

17-13-70 0 

mutation mutation 

G314A A 

G314A A 

G314A A 

G314A A 

G314A A 

G185A A 

G314A A 

G314A A 

G314A A 

G314A A 

G100A A 

G314A A 

G314A A 

substitution substitution 

R105K K 

R105K K 

R105K K 

R105K K 

R105K K 

G62D D 

R105K K 

R105K K 

R105K K 

R105K K 

G34R R 

R105K K 

R105K K 

tim44 tim44 

mutant t 

44-1-11 1 

44-2-9 9 

44-3-25 5 

44-4-15 5 

44-7-15 5 

44-8-11 1 

44-10-17 7 

44-11-25 5 

44-14-15 5 

mutation mutation 

G515A A 

G499A A 

C895A A 

G517A A 

G517A A 

A453T T 

G499A A 

G517A A 

G517A A 

substitution substitution 

G172D D 

E167K K 

P299R R 

G173R R 

G173R R 

R151S S 

E167K K 

G173R R 

G173R R 

Tablee 1. Nucleotide changes and amino acid substitutions in timl 7 and tim44 mutants. Table listing the 
isolationn numbers of the timl 7 and tim44 mutants, their nucleotide changes and amino acid substitutions. 
Mutantss are listed according to their isolation number. Numbers in the 'mutation' columns indicate the 
positionn of the nucleotide change (counting from A at the initiator ATG), numbers in the 'substitution' 
columnss indicate the position of the amino acid substitution (counting from the initiator methionine), 
respectively.. Amino acids are given in one-letter code. 

40 0 

file://U:/timl


AnalysisAnalysis of mutations affecting Tim J 7 and Tim44 junction 

Miscellaneous s 

Primerss were obtained from Pharmacia or Eurogentec. Pfu DNA polymerase was from Stratagene and 

restrictionn and other enzymes were purchased from Gibco. 

Result s s 

DNAA sequence analysis of the timl7 and Hm44 mutants 

AA new screen for mitochondrial import mutants using the SOD-URA fusion protein 

mislocalizationn approach [127] resulted in a number of timl 7, tim23 and tim44 mutants. For the 

analysiss of the DNA sequence of thirteen timl 7 and nine tim44 mutants, we generated DNA 

fragmentss harbouring the mutant genes by PCR. With chromosomal DNA isolated from the 

timltiml 7 mutants and the parent strain MB3 as a template and primers specific for the flanking 

regionss of TIM17, a 778 bp PCR fragment harbouring the entire TIM17 gene was obtained. This 

fragmentfragment contains a region of 223 bp which includes the sequence of the minimal promoter 

regionn of 146 bp upstream of the initiator ATG of the TIM 17 open reading frame, which is 

sufficientt for expression of the TIM17 gene [128]. PCR on chromosomal DNA isolated from 

ninee tim44 mutants with primers specific for the flanking regions of TIM44 generated a 2078 bp 

fragmentfragment harbouring the entire TIM44 gene and its upstream and downstream flanks (see 

Materialss and Methods). DNA sequence analysis of the timl 7 and tim44 mutants revealed that 

thee mutants harboured only one mutation in each gene (Table 1). Of the thirteen timl 7 mutants 

whosee DNA sequence was analyzed, eleven had the same G to A change at position 314, 

resultingg in the amino acid substitution R to K. Two other timl 7 mutants carried a mutation at 

eitherr position 100 or position 185, which resulted in the amino acid substitutions G to R and G 

too D, respectively. The mutations are indicated in the nucleotide sequence of T1M17 and its 

deducedd protein sequence shown in Figure 1. 

Thee model of the topology of Tim 17 in the inner membrane proposes that both termini of Tim 17 

aree exposed to the intermembrane space and that the protein traverses the inner membrane four 

times.. This would imply that the R105K mutation, in which the positively charged amino acid 

argininee at position 105 is substituted for another positively charged amino acid (lysine), is 

localizedd at the end of the predicted third hydrophobic domain. The G34R substitution is then 

locatedd at the end of the predicted first hydrophobic domain and results in the substitution of the 

smalll  uncharged amino acid glycine into the positively charged amino acid arginine. Finally, the 

G62DD substitution results in the replacement of the neutral small amino acid glycine into the 

negativelyy charged glutamic acid, which is located at the beginning of the predicted second 

hydrophobicc domain. All three mutations are thus localized in one of the transmembrane 

domainss of Tim 17, at positions which are close to the border of the matrix side of the inner 

membranee (Figure 2). Of particular surprise is the extreme bias towards the R105K class of 
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mutations,, which is in agreement with our observation that four initially isolated timl 7 mutants 

alll  carried this R to K substitution. 

ATGTCAGCCGATCATTCGAGAGATCCATGTCCTATAGTCATACTAAAT T 
M S A D H S R D P C PP I V I L N 

499 GATTTCGGTGGTGCTITKKCATGGGTGCCATTGGTGGTGTTGTTTGG 
177 D F G G A F A M G A I G G V V W 

97 7 

33 3 

CATGGGATTAAAGGTITTAGAAATTCGCCATTAGGTGAGCGTGGTTCA A 

HH G I K G F R N S P L G E R G S 

1455 GGAGCTATGAGCGCCATTAAAGCGCGTGCTCCCGTACTGGGTGGTAAT 

499 G A M S A I K A R A P V L G G N 

93 3 
65 5 

TTKKTGTGTGGGGTGGTTTATTTTCGACTTTTGATTGCGCTGTGAAG G 
F G V W G G L F S T F D C A V K K 

2 411 GCCGTTAGAAAGAGAGAGGACCCATGGAATGCTATCATTGCAGGGTTT 
811 A V. R K R E D P W N A I I A G F 

2 899 CTTCACTGGTGGGCTTTAGCTGTAAGAGGTGGTTGGAGGCATACAAGG 
977 F T G G A L A V R G G W R H T R 

3377 AACAGTTCGATCACGTGTGCTTGTTTCTTGGGTGTGATTGAAGGTGTG 
1133 N S S I T C A C L L G V I E Q V 

3855 GGACTAATGTTTCAAAGATATGCTGCTTGGCAAGCCAAACCTATCGCT 
1299 G L M F O R Y A A W Q A K P M A 

4 333 CCTCCTTTGCCCGAAGCACCTTCCTCTCAACCTCTGCAAGCTTAG 
1455 P P L P E A P S S Q P L Q A * 

48 8 

16 6 

96 6 

32 2 

144 4 

48 8 

192 2 

64 4 

240 0 

80 0 

288 8 

96 6 

336 6 

112 2 

384 4 

128 8 

432 2 

144 4 

480 0 

159 9 

G100A G100A 
G34R R 

G185A G185A 
G62D D 

G314A G314A 
R105K K 

Figuree 1. Nucleotide sequence of the wild type TIM 17 gene and deduced amino acid sequence of the 
Timm 17 protein. DNA sequence analysis of timl7 mutant alleles revealed nucleotide changes (italic font) 
resultingg in single amino acid substitutions (bold font) indicated at the right of the sequence. Numbers 
indicatee positions of nucleotides and amino acids relative to the A of the initiator ATG and the initiator 
methionine,, respectively. Amino acids are depicted in the one-letter code. The predicted four 
hydrophobicc domains in the amino acid sequence are underlined. 

IMS S 

IM M 

MAT T 

Figuree 2. Schematic representation 
off  the topology model of Tim 17 in 
thee mitochondrial inner membrane. 
Thee black circles indicate the 
positionss of the G34R, G62D and 
R105KK substitutions relative to the 
innerr m e m b r a n e. IMS, 
intermembranee space; IM, inner 
membrane;; MAT, matrix space. 

G34R R G62D D R105K K 
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Inn contrast to Timl7, we found a broader scala of mutations in the tim44 mutants analyzed. Four 

off  the mutations, present in eight of the nine mutants, are localized close to each other in the 

regionn comprising residues 151 to 173. The fifth mutation is located more to the C-terminal end 

off  the protein, at the position of amino acid 299 (Figure 3). 

Severall  domains have been distinguished in the Tim44 protein sequence and which may play a 

rolee in to the function of Tim44. These include domains with a putative ATP binding site, a 

highlyy charged region, a region with limited homology to DnaJ, a hydrophobic domain, an 

acidicc region and a potential membrane anchor region (Figure 3). However, none of the amino 

acidd changes found in these tim44 mutants are within one of these domains. 

R151SS E167K G172D G173R P299R 

11 „ ^ \ 41 ! 431 

ii l *  * l 
/ \\ //W /I /A I 
106-1088 177-187 185-202 351-369 405-415 416-431 

putativee highly DnaJ hydrophobic acidic membrane 
ATP-bindingg charged similarity domain region anchor 

sitee region 

Figuree 3. Schematic representation of the protein sequence of Tim44. Domains with proposed specific 
propertiess are represented by grey boxes and the numbers indicate positions relative to the initiator 
methionine.. The black circles indicate the R151S, E167K, G172D, G173R and P299R substitutions in 
thee mutants. N, N-terminus; C, C-terminus 

Plasmidd shuffling to select cells with a mutant timl7 gene in a timl 7A 

background d 

Thee timl 7 mutants that were identified with the genetic screen based on the mislocalization of 

thee chimeric SOD-URA protein, were scored as mutants with a ura+ phenotype. To investigate 

whetherr the ura+ phenotype was indeed caused by the mutation in the TIM 17 gene, strain MB26 

(whichh carries a chromosomal deletion of TIM17, but remains viable by the presence of the 

singlee copy plasmid YCplac33 (URA3 marker) harbouring the wild type TIM17 gene) was 

transformedd with YCplaclll harbouring one of the three timl7 mutant genes. As controls, 

MB266 was also transformed with YCplaclll or YCplaclll containing the wild type TIM 17 

gene.. Double transformants were selected on minimal media, transferred to YPD, grown 

overnightt and samples of the culture were finally plated on minimal medium containing 5-

fluorooroticc acid (5-FOA). Cells that harbour YCplac33 (URA3 marker) will synthesize the 

URA3URA3 gene product (orotidine-5'-phosphate decarboxylase) which converts 5-FOA into the toxic 

compoundd 5-fluoro-uracil [14]. However, for cells which contain a plasmid with a functional 
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mutantt Tim 17 protein, the YCplac33:: TIM17 plasmid is no longer essential and cells which have 

lostt the plasmid are in that case still viable and able to grow on minimal medium plates 

containingg 5-FOA. Transformants containing YCplacl 11 with either of the three rim 7 7 mutants 

didd grow on 5-FOA containing plates as well as cells harbouring wild type TIM 17. Thus they 

cann functionally replace the wild type Tim 17 protein. Control MB26 cells containing only the 

YCplacll  11 vector were not able to grow on 5-FOA containing plates (data not shown). With 

thiss plasmid shuffling approach we had thus selected cells that only harbour one of the timl 7 

mutantt genes. 

Quantitationn of steady-state level of mutant Timl 7 in mitochondria 

Mitochondriaa from cells harbouring a mutant Tim 17 protein were examined for their ability to 

importt proteins. Because the mutation may have direct or indirect effects on the import or 

stabilityy of Timl 7, or its ability to assemble into the Tim complex, we determined the steady-

statee level of Tim 17 in mitochondria isolated from cells expressing the mutant proteins. 

Mitochondriaa were isolated from MB3 expressing tint J 7-5-39, timl 7-12-66, timl 7-5-24 or the 

wildd type TIM17. 

Figuree 4. Western blot analysis to 
determinee the steady-state level of 
Timm 17 in mitochondria isolated 
fromm strain MB3 expressing wild 
typee or mutant Tim 17 proteins. 
Mitochondriall  proteins (50 \ig per 
lane)) were separated on a 15% 
SDS-PAGEE and then blotted to 
nitrocellulose.. Immunodecoration 
wass performed with polyclonal 
Timm 17 antibodies. 

Mitochondriall  proteins were separated by SDS-PAGE and subsequently blotted to 

nitrocellulose.. Immunodecoration with a polyclonal Tim 17 antiserum showed that the amount of 

Timm 17 in timl 7-5-39 and timl 7-12-66 mitochondria is not significantly reduced in comparison 

too wild type mitochondria (Figure 4, lanes 2-3 vs lane 1), whereas the level of Tim 17 in timl 7-5-

2424 mitochondria is reduced to  50% of the wild type level (Figure 4, lane 4 vs lane 1). We thus 

concludee that the mutations in timl 7-5-39 and timl 7-12-66 do not affect the import or stability 

off  Tim 17 in mitochondria, whereas the mutation in timl 7-5-24 does. 

Tim17 7 
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Figuree 5. Assembly of the Tim complex in the presence of mutant Tim 17. Mitochondria were isolated 
fromm strain MB3 expressing either a wild type (lanes 1, 6 and 10) or a mutant Tim 17 (lanes 2-5, 7-9 and 
11-13)) protein. Mitochondrial protein complexes (100 u.g per lane) were separated by blue-native gel 
electrophoresiss with a 6-20% gradient gel. After electrophoresis, proteins were blotted to a nitrocellulose 
membranee and subjected to immunodecoration with polyclonal anti-Tim23 serum, 'import efficiency', 
efficiencyy of protein import into mitochondria with a mutant Timl7 protein; '+', efficient import; , 
lesss efficient import; '-', inefficient import. The quantitation of the amount of 90 kDa complex is 
indicatedd in '%' (relative to wild type, which was set at 100%). 

Assemblyy of the Tim  complex in the presence of mutant Timl 7 

Inn wild type mitochondria, Timl7 and Tim23 are assembled into a complex of about 90 kDa 

whichh is stable during blue-native gel electrophoresis [46]. To investigate whether the mutant 

Timm 17 proteins can assemble correctly and are still able to form a stable 90 kDa complex, 

mitochondriaa were isolated from strain MB3 expressing the mutant Timl7 proteins. Protein 

complexess were separated by blue-native gel electrophoresis [165], blotted to a nitrocellulose 

membranee which was immunodecorated with polyclonal anti-Tim23 antibodies. Mitochondria 

off  strains expressing a mutant Tim 17 protein were prepared in three consecutive isolations 

(Figuree 5, lanes 2-5, 7-9 and 11-13), each time simultaneously with the isolation of mitochondria 

fromm the corresponding wild type strain (Figure 5, lanes 1, 6 and 10). The amount of the 90 kDa 

complexx in mitochondria harbouring the timl 7-5-39 mutant protein is about 30% of the amount 

foundd in wild type mitochondria (Figure 5, lane 8 vs lane 6). Mitochondria of nine different 

strains,, expressing the Tim 17 protein with the R105K mutation, contained the 90 kDa complex 

inn amounts that varied from 0 to 100% (Figure 5, lanes 2-5, 7, 9 and 11-13). We noticed that the 

amountt of 90 kDa complex correlated with the efficiency of protein import into these mutant 
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mitochondriaa (experimental data not shown). Variations in the amount of 90 kDa protein 

complexx and in the efficiency of protein import of mitochondria harbouring the same mutant 

Timm 17 protein, may be explained by the presence of mutations in other proteins as a result of the 

EMSS mutagenesis. Varying levels of the 90 kDa complex may therefore rather be a secondary 

effectt of these additional mutations than primarily caused by the mutations in Tim 17. This is 

supportedd by the observation that the amount of 90 kDa complex in mitochondria harbouring 

Timm 17 with the R105K mutation can be equivalent to that in wild type mitochondria (Figure 5, 

lanee 7). 

Discussion n 

Inn this chapter we report the analysis of thirteen timl7 and nine tim44 newly obtained mutants 

whichh were isolated according to a previously described genetic screen [127]. This screen did 

nott lead to the isolation of new Tim genes, suggesting that it is either saturated or that the use of 

thee SOD-URA chimeric protein imposes restrictions to the type of mutant that can be detected. 

DNAA sequence analysis of PCR fragments derived from these mutants revealed the presence of 

threee different mutations in the timl 7 mutants and five different mutations in the tim44 mutants. 

Thee amino acid substitutions in Tim 17 are located in three of the four proposed hydrophobic 

domainss and are all spatially localized at the border with the matrix side of the inner membrane. 

Elevenn out of thirteen timl 7 mutants expressed Tim 17 with an R to K substitution at position 

105,, a mutation which had previously also been found in the initially isolated four timl 7 mutants 

(M.. Meijer and A.C. Maarse, unpublished results). The extreme bias towards the occurrence of 

thiss arginine to lysine substitution in Tim 17 suggests that either the type of fusion protein used 

inn the genetic screen preferentially selects for this mutation, or that the arginine residue at 

positionn 105 is of great importance for the function of Timl 7. Multiple sequence alignment of 

thee protein sequences of the Tim 17 orthologues of nine different species indicates that this 

argininee residue is conserved in all examined species and further underscores the importance for 

itss role in protein import (Chapter 3, Figure 2). The amount of Tim 17 in mitochondria with the 

timltiml 7-5-24 (R105K) mutant protein is reduced to about 50% of the wild type level. Since the 

Westernn blot was not immunodecorated with antibodies against other mitochondrial proteins, it 

iss possible that variations in Tim 17 protein are the result of differences in the amounts of 

mitochondriall  protein loaded on gel. DNA sequence analysis of the minimal promoter region of 

thee TIM 17 gene excluded the presence of mutations in this region, indicating that this reduction 

iss not caused by a low level of expression of Tim 17. The reduced mitochondrial amount of 

Timm 17 may be caused by inefficient import of the mutant protein into mitochondria or by 

increasedd proteolytic breakdown of the mutant Tim 17 protein. Tim 17 has no cleavable 

mitochondriall  targeting signal [128] and the region of amino acid 103 to 112 was proposed to 
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functionn as a targeting sequence (IS 17, import signal 17) [97]. Since the R105K mutation is 

localizedd in this sequence, we tested the possibility whether the import of the mutant Tim 17 into 

mitochondriaa was reduced. Import studies with isolated wild type mitochondria showed that the 

tinttint J 7-5-24 (R105K) mutant protein is imported with an efficiency of only about 30% compared 

too the wild type protein (data not shown). The defective import of mitochondria with the tint 17 

R105KK mutation is therefore possibly a direct consequence of the inefficient import of this 

proteinn into mitochondria. 

Thee glycine residue at position 62 is also conserved in all known Timl7 orthologues, whereas 

thee glycine residue at position 34 is not always present in other organisms. Neither of the 

mutations,, G34R and G62D, is localized in IS 17 and the amount of mutated timl7ia timl7-12-

6666 and tint 17-5-39 in mitochondria was comparable to that of wild type mitochondria. The 

effectt of both mutations on protein import is thus not clear. 

Onee possibility is that mutations in Tim 17 may cause a reduced association with Tim23 to form 

thee 90 kDa complex. The amount of the 90 kDa complex in mitochondria isolated from cells 

expressingg Tim 17 with the G62D mutation is about 30% compared to the amount found in wild 

typee mitochondria. The region of Tim 17 where this glycine residue is located may therefore be 

involvedd in forming the interaction with Tim23. The amount of 90 kDa complex in mitochondria 

containingg Tim 17 with the R105K mutation, varied from 0 to 100% of the wild type level. The 

abilityy of mitochondria isolated from these mutants to import proteins indicated that their import 

efficiencyy correlated well with the amount of 90 kDa complex that was present. The ability of 

thesee mitochondria to import proteins, indicates that a membrane potential Ay across the inner 

membranee must be present, since import of most mitochondrial proteins is dependent on it. 

However,, a residual membrane potential was below the detection level of the assay used to 

detectt Ay (data not shown). This suggests that, in addition to the R105K mutation in Tim 17, 

thesee strains may also harbour mutations in proteins that directly or indirectly have a function in 

maintainingg the membrane potential across the inner membrane. Thus, it is more likely that the 

varyingg amounts of 90 kDa complex in these mutants is primarily caused by these additional 

mutations. . 

Inn contrast to the timl 7 mutants, up to five different amino acid substitutions occur in the Hm44 

mutants,mutants, four of which are clustered at a location encomprising amino acid 151 to 173. None of 

thesee substitutions is localized in one of the regions of Tim44 that were proposed to have 

specificc properties, such as those depicted in Figure 3. DNA sequence analysis of the initially 

isolatedd tim44 mutants has revealed the presence of two other amino acid substitutions, affecting 

thee function of Tim44 (M. Meijer and A.C. Maarse, unpublished results). Amino acid mutations 

inn Tim44 may for instance have an effect on the interaction of Tim44 with proteins such as 

Timm 17, Tim23 or a recently identified protein of 14 kDa which was shown to be in close contact 
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too Tim44 [139]. Future experiments are necessary to establish the role in protein import of the 

aminoo acids that were found to be mutated in the timl 7 and tim44 mutants. 
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Abstrac t t 

Wee have cloned the gene of Kluyveromyces lactis and the cDNA of Schizosaccharomyces 

pombepombe encoding the mitochondrial inner membrane protein translocase Tim 17 by means of 

colonyy hybridization using the TIM17 gene of Saccharomyces cerevisiae as a hybridization 

probe.. DNA sequence analysis revealed the open reading frames coding for the protein 

sequencess of K. lactis and S. pombe Tim 17 indicating 90% and 66% identity to Tim 17 of S. 

cerevisiae,cerevisiae, respectively. These are the first identified Tim 17 orthologues able to functionally 

complementt an S. cerevisiae timl 7 null mutant. 

Introductio n n 

Mostt mitochondrial proteins are encoded by the nucleus and synthesized with an N-terminal 

targetingg signal that directs them to the mitochondria. Import of these preproteins into the 

mitochondriaa is mediated by two multisubunit translocases, the Tom complex in the outer 

membranee and the Tim complex in the inner membrane. The Tom complex consists of at least 

ninee subunits that mediate the recognition of precursor proteins followed by translocation 

throughh the import channel of the outer membrane [19, 50, 67, 72, 83, 103, 175, 196]. 

Subsequentt translocation of precursors across or into the inner membrane is mediated by two 

distinctt systems of Tim proteins. One Tim system consists of the transmembrane proteins Tim 17 

andd Tim23, the matrix localized peripheral membrane protein Tim44 and the matrix chaperone 

Hsp700 (mtHsp70). Tim23 and Tim 17 are proposed to constitute the translocation channel and to 

cooperatee with the ATP-dependent Tim44-mtHsp70 translocation motor to translocate 

preproteinss across the inner membrane [45, 54, 127, 128]. While the Timl7-Tim23 complex 

probablyy mediates import of all matrix proteins and a few intermembrane space proteins, 

anotherr recently discovered system is responsible for directing a number of polytopic membrane 

proteinss such as members of the mitochondrial carrier family to the inner membrane. Seven 

componentss of this second Tim translocator complex have now been identified [101, 106-108, 

186].. The exact molecular mechanism of protein translocation is for both systems still unknown. 

Inn the case of the Timl7-Tim23 complex we do not know which protein domains or specific 

aminoo acids are important for the formation of the aqueous channel and the selective passage of 

preproteinss while preventing leakage of protons that would otherwise disturb mitochondrial 

function. . 

Heree we describe the identification of the TIM 17 orthologues from two other yeast species, 

KluyveromycesKluyveromyces lactis and Schizosaccharomyces pombe. The K. lactis TIM17 gene and the S. 

pombepombe TIM 17 cDNA were identified by colony hybridization with a probe consisting of the 

completee open reading frame of the S. cerevisiae TIM17 gene. The TIM17 orthologues were 
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subjectedd to DNA sequence analysis and their deduced amino acid sequences were compared in 

aa multiple sequence alignment with five other Tim 17 orthologues, to analyze the evolutionary 

conservationn of amino acid residues important for the function of Tim 17. Functional 

complementationn analysis showed that the Tim 17 orthologues of K. lactis and S. pombe are the 

firstt orthologues that can functionally replace Tim 17 of 5. cerevisiae. 

Material ss  and Method s 

Strainss and media 
EscherichiaEscherichia coli strain JF 1754 (lac gal metB leuB hisB hsdR) was used for DNA manipulations. E. coli 
transformantss were grown in YT medium (1.6% (w/v) bactotryptone, 1% (w/v) yeast extract and 0.5% 
(w/v)) NaCl) containing 200 (ig/ml ampicillin. S. cerevisiae strain MB26 (ade2-101 trpl-289 ura3-52 
his3-A200his3-A200 timl7::LYS2 Ieu2-Al + YCplac33::77M/7) [128] was used for performing the 
complementationn analysis. Transformation of yeast was performed according to Klebe et al [104]. 
Doublee transformants were selected on minimal media containing 0.67% (w/v) yeast nitrogen base 
(Difco),, 2% (w/v) glucose, 2% (w/v) agar supplemented with adenine, tryptophan and histidine (20 
ug/ml).. Double transformants were grown overnight in YPD medium (2% (w/v) glucose, 1% (w/v) yeast 
extract,, 2% (w/v) bactopeptone) and plated on minimal media containing 1 g/1 5-fluoroorotic acid (5-
FOA)) [14], 0.67% (w/v) yeast nitrogen base (Difco), 2% (w/v) glucose, 2% (w/v) agar supplemented 
withh adenine, tryptophan, histidine and uracil (20 jj.g/ml). 

DNAA manipulations 
Thee genomic DNA library of AT. lactis (gift of Joris Heus) contained fragments ranging from 0-10 kb 
ligatedd into the vector YRpl4/KARS2 [79]. Transformation of E. coli with the library yielded about 
70000 transformants. After transfer to nitrocellulose filters, one positive colony was identified by colony 
hybridizationn with an S. cerevisiae TIM17 probe. A 7 kb Sphl insert containing the K. lactis TIM17 gene 
wass subcloned into the Sphl site of YCplaclll [63]. Further subcloning and Southern blot analysis 
revealedd that a 1.6 kb EcoRl and a 2.7 kbflwdll l fragment contained the K. lactis TIM 17 gene. The 1.6 
kbb EcoBl fragment was cloned into the EcoKL site of YCplacl 11 and the 2.7 kb HindJR fragment was 
clonedd into the Hindlll site of YCplacll l. Both constructs were used for genetic complementation 
analysiss of the S. cerevisiae timl7 null strain MB26 and only the first construct was used for 
determinationn of the DNA sequence. 
Inn the cDNA library from S. pombe (gift of John Fikes) cDNA fragments were cloned behind the 
constitutivee ADH1 promoter of the vector pDB20 [57]. The library was transformed into E. coli, yielding 
aboutt 8000 transformants which were then transferred to nitrocellulose filters. One positive colony was 
identifiedd by colony hybridization with an S. cerevisiae TIM17 probe. A blunted 950 bp HindUl fragment 
containingg the complete S. pombe cDNA insert was subcloned into the Smal site of YCplacl 1 XwADHlp 
[128].. Expression of the S. pombe TIM 17 gene is thereby under control of the ADH1 promoter. This 
constructt was used for DNA sequence analysis and complementation analysis of the S. cerevisiae timl7 
deletionn mutant MB26. 

Colonyy hybridization 
E.E. coli transformants were transferred to Hybond nitrocellulose filters which were then incubated in 
prehybridizationn buffer (6x SSC, 5x Denhardt's, 100 ug/ml salmon sperm DNA, 0.5% SDS) for 3 h. at 
655 °C. Blots were hybridized overnight at 65 °C with an S. cerevisiae TIM 17 probe and then washed with 
3xx SSC/0.1% SDS, 2x SSC/0.1% SDS and lx SSC/0.1% SDS at 65°C for 30 min. each, followed by 
autoradiographyy on Hyperfilm (Amersham). The TIM17 probe consisted of a DNA fragment liberated 
fromfrom YCplacl 1 Xv.timl7-2. This vector, which contains a mutant TIM17 gene with an EcoRI restriction 
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sitee introduced 3 bp downstream of the initiator ATG, was digested with EcoRl and HindJH (HindBI 
restrictionn site is located 5 bp upstream of the stopcodon). This yielded a 473 bp £coRI-//i/idIII fragment 
whichh lacked the first 2 bp and the last 3 bp of the TIMI 7 open reading frame. This fragment was 
radiolabeledd by nick-translation in the presence of oc-32p-dATP according to standard procedures [163]. 

DNAA sequence analysis 
YCplacll  11 containing the K. lactis TIM17 gene was subjected to DNA sequence analysis according to 
Sangerr et a!. [164] using M13 primers and K. lactis TIMI7 specific primers. YCplaclW:\ADHlp 
containingg the S. pombe TIM 17 cDNA was sequenced using M13 primers, anADHJ promoter specific 
primerr and S. pombe TIM17 specific primers. The K. lactis TIM17 gene and S. pombe TIMI7 cDNA were 
sequencedd on both strands. 

Miscellaneous s 
Restrictionn enzymes were purchased from Biolabs, Gibco or Boehringer. Radiolabeled a-32P-dATP, 
Hybondd nitrocellulose filters and Hyperfilms were obtained from Amersham. A GCG sequence analysis 
packagee was made available by the CAOS/CAMM centre, Nijmegen. 

Result s s 

Cloningg of the TIM 17 gene of Kluyveromyces lactis and the TIMI 7 cDNA of 

SchizosaccharomycesSchizosaccharomyces pombe 

E.E. colt was transformed with the K. lactis DNA library [79] and the S. pombe cDNA library 

[57],, yielding about 7000 and 8000 transformants, respectively. These transformants were 

transferredd to Hybond nitrocellulose filters and subjected to colony hybridization with a probe 

consistingg of the entire S. cerevisiae TIM 17 gene (see Materials and Methods). Autoradiography 

revealedd one positive colony amongst the transformants with K. lactis DNA and one positive 

colonyy amongst the colonies transformed with DNA of the S. pombe library. 

Restrictionn analysis of the plasmid DNA isolated from the positive colony harbouring K. lactis 

DNAA revealed that the clone contained an insert of approximately 8.5 kb. Southern blot analysis 

withh the S. cerevisiae TIMI 7 probe indicated that at least part of the K. lactis TIMI 7 gene was 

locatedd on a 1.6 kb EcoRl and a 2.7 kb Hindlll fragment. Both fragments were cloned into the 

singlee copy shuttle vector YCplacl 11 [63] and then used for functional analysis in S. cerevisiae 

andd the vector with the 1.6 kb Ecoill fragment was used for DNA sequence analysis. S. pombe 

TIMTIM 17 could be isolated as a 950 bp //ï/idll l insert from the positive E. coli transformant. This 

i/i/idll ll  fragment was cloned in both orientations in YCplacl 11 v.ADHlp [128] behind the ADH1 

promoterr and this vector was used for functional analysis in S. cerevisiae and determination of 

thee DNA sequence. 
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a a 
- 500 GGCCAGTGAATTCra^TCAAGGCAAATATAATCT^ ^ - 1 

11 ATC TCT GCT GAT CAT TCG AGG GAT CCT TGT CCT ATT GTG ATT CTT AAC GAT TTC GGT GOT 60 
1 M S A D H S R D P C PP I V I L N D F G G 20 

611 GCC TTT GCT ATG GGT GTC ATT GGT GGT TGT GTT TOG CAT GGT ATC AAG GGT TTC CGT AAC 120 
211 A. E &  11 £ X I  S &  £ X 5S H S I K G F R N 40 

1 211 TCT CCA CTA GGT GAA AGA AGA GCT GGT GCT GTC AGT GCA ATT AAG GCC AGA OCA CCA GTT 180 
411 S P L G E R R A G A V S A I K A R A £ X 60 

1811 GTC GGT GGT AAC TTC GGT GTA TGG GGT GGT TTG TTT TCT ACT TTT GAC TGT GGT GTT AAG 240 
611 X 2 G N E 2 X H £ £ L E & j  E Q C £ X K 80 

2 411 GCC GTG AGG AAA AGA GAA GAT CCA TGG AAT GCT ATT ATT GCC GGT TTC TTC ACC GGT GGT 300 
8 1 A V R K R E DD P W N A I I A G F F T G G 100 

3 011 GCT TTG GCT ATC AGA QGA GGT TGG AAG CAT ACC AGA AAC TCA GCT ATC ACT TGT GCA TGT 360 
1011 A L A I R G G W K H T R H S h I I £ A £ 120 

3 611 TTA CTT OCT GTC ATT GAA GGT GTT GGT TTG ATG TTC CAA AGA TAG GCT GCT TGG CAA GCA 420 
1211 L L G V I E G V G L M F Q R Y A A W Q A 140 

4 211 AAG CCA ATG GCC CCA CCT TTG CCA GAT CAA CCA ATG CAA GCT TGA AGATCGGAAGAATAATCAG A 485 

1411 K P M A P P L P D Q P M Q A * 155 

4866 CTTra^TTTTCTAAACCTTGTTTaSTGCGG ^ 565 

5666 GCATCAGAGTAACTT A 592 

b b 
- 1 966 AAGGAATTCGAGCTCX»XAGCTTCGAGaXXX3CC A - 1 61 

- 1 600 GTGTGCTCTAAAGGCGAAATTTGAOGTGCAG ^ - 81 

- 800 GAAAQGTTATTTQCTTTITGATTAAATACGGAG ^ - 1 

11 ATG GCT AGC GCG GAT CAT ACC AGG GAT CCT TGT CCT TAT GTG ATT TTG AAT GAT TTC GGT 60 
1 M A S A D H T R D P C PP Y V I L N D F G 20 

611 GCT GCT TTT TCC ATG GGT ACT ATA GGT GGT GCC ATT TGG CAT TCC ATC AAA GGA TGG AGG 120 
211 A A F S M G T I G G A I tf H g I K G W R 40 

1 211 AAC AGT CCA CCG GGA GAA AAA CGA ATT TCT GCT ATT GCA GCT GCT AAA ACT AGA GCT CCC 180 
4 1 N S P P G E K R I S A I A A A K T R A PP 60 

1 811 GTT TTG QGA GGT AAC TTT GGT GTT TOG GGT GGT TTG TTT AGT ACA TTT GAT TGT GCC GTC 240 
611 v L G £ H E £ X II I  &  £ L E S I E C C A X 80 

2 411 AAA GGT GTT CGT CGC AAA GAA GAC CCA TGG AAC GCT ATT ATT GCA GGC TTT TTT ACC GGT 300 
8 1 K G V R R K E DD P W M A I I A G F F T G 100 

3011 GGT GCT TTA GCA GTT CGT GGC GGT TGG AGG GCT ACT CGT AAC GGT GCA ATT QGA TCC GCT 360 
1 011 G A L A ï E £ 2 HI  R A T R H fi fi, I  £ S &  120 

3611 TGT ATT CTG GCT GTT TTT GAG GGT TTG GGT ATT GCT TTG GGC CGT ATG AAT GCG GAA TAT 420 
1 211 C I L A X E E S Id £ I &  h fi R M N A E Y 140 

4 211 AAT CGT CCT GTC GCT CCA GTT ATA CCT GAT GCC CCG GCT TCC GGT TCC ACT TCT CGA GCT 480 
1411 N R P V A P V I P D A P A S G S T S R A 160 

4 811 CCT GCT GCA GTT TAA AAATGATTGGTA C 508 
1611 P A A V * 

Figur ee 1. DNA and cDNA sequence and deduced amino acid sequences of TIM17 ofK. lactis (Figure 
la)) and S. pombe (Figure lb), respectively. The stop codon is indicated (*). The amino acid sequence is 
givenn in the one-letter code. The four predicted transmembrane domains are underlined. 
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-- - . 154 

gn... .. 158 
5 G S T S | A || AAV 164 
L . I S T Q L II  S S P | G D| " ;  171 
L . H S S Q L HH S S P | G D | B 171 
L T B K | | G S BB A P G | P N | M | H 172 
G Y G D F N SSS G F G | ? G AOl A T A T S - 176 
SS L G Q K -S Q A E P G L DQ T B f p l i G I P T G 176 
H | G H | G H || G M P G M Q G M PG MQGMQ 178 

k . 11 154 
S . CC 1 5g 
s .pp 164 
h .ss 171 
r . nn 171 
m.mm 172 
d.mm 176 
c .ee L P N L S 181 
a .tt M G Q M Q S Q A QI R S E S Q N Q N TA S S S S S S S W FG G L F D K K K E E V Q P G SE 223 

fc.Xfc.X 154 
s .cc 158 
s .pp 164 
h .ss 171 
r . nn 171 
m.mm 172 
d.mm 176 
c . ee 181 
a .tt S K T E V L E S FD A P P V P S F E FK 243 

Figuree 2. Multiple sequence alignment of the protein sequences of known Timl7 orthologues. Sequences 
weree aligned using the GCG PileUp program (gap weight 8.00; gap length weight 3) [56]. Conserved 
aminoo acids are indicated by a black box, similar amino acids by a grey box. Gaps are indicated (.). k.1. = 
K.K. lactis Timl7 [this study]; s.c. = S. cerevisiae Timl7 [128] (ace. nr. X77796); s.p. = S. pombe Timl7 
[thiss study]; h.s. = Homo sapiens Tim 17 [20] (ace. nr. Z46191); r.n. = rat Tim 17 [92] (ace. nr. 035092); 
m.m.. = Mus musculus Timl7 (ace. nr. AAD19595 ); d.m. = Drosophila melanogaster Timl7 [20] (ace. 
nr.. L35645); c.e. = Caenorhabditis elegans Timl7 [20] (ace. nrs. D74639, D75891, D74501); a.t. = 
ArabidopsisArabidopsis thaliana Timl7 [20] (ace. nr. T45278). 
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DNAA sequence analysis of the TIM17 orthologues of K. lactis and S. pombe 

DNAA sequence analysis revealed that the K. lactis and S. pombe DNA fragments both contained 

thee sequence of a gene that could be translated into a protein with high homology to Timl 7 of 5". 

cerevisiae,cerevisiae, strongly suggesting that we had cloned the TIM17 gene of both K. lactis and S. 

pombepombe (Figure 1). 

Thee K. lactis TIM 17 gone encompasses an open reading frame of 465 bp encoding a protein of 

1555 amino acids with a predicted molecular weight of 16.3 kDa. The S. pombe cDNA comprises 

ann open reading frame of 495 bp encoding a protein of 165 amino acids with a calculated 

molecularr weight of 16.9 kDa. The cDNA sequence analysis also revealed a G to C change at 

positionn 356, resulting in an amino acid substitution at position 119 (cysteine to serine) in 

comparisonn to the DNA sequence deposited in the GenBank Database (accession numbers 

Z953955 and P87130). Since in S. pombe the TIM 17 gene is encoded by two exons, splicing will 

occur.. The predicted splice donor and acceptor sequences deposited in the GenBank Database 

wass confirmed by our DNA sequence analysis. Multiple sequence alignment of the amino acid 

sequencess of the Tim 17 proteins of 5. cerevisiaey K, lactis and S. pombe using the GCG PileUp 

Programm (Figure 2) revealed an identity of 90% between S. cerevisiae and K. lactis, and of 66% 

betweenn S. cerevisiae and S. pombe. Hydrophilicity plots of the K. lactis and S. pombe proteins 

predictt the presence of the same four hydrophobic domains such as postulated for S. cerevisiae 

Timm 17 (data not shown) [45, 114]. These features all together suggest that we have cloned the 

genee and cDNA encoding Tim 17 of K. lactis and S. pombe, respectively. 

Functionall  complementation analysis 

Alignmentt of all currently known Tim 17 orthologues shows that the protein is highly conserved 

inn evolution (Figure 2 and [20]). Despite this, however, Tim 17 orthologues of Drosophila 

melanogastermelanogaster and Homo sapiens are unable to substitute Tim 17 of S. cerevisiae (M. Meijer and 

A.C.. Maarse, unpublished results). 

Too determine whether the Tim 17 orthologues of K. lactis and S. pombe are functional in an S. 

cerevisiaecerevisiae genetic background, a complementation analysis was performed in a yeast strain 

lackingg the endogenous TIM17 gene, MB26. This strain is not able to grow on media with any 

carbonn source, but remains viable due to the presence of the single copy shuttle vector YCplac33 

(URA3(URA3 marker) containing the wild type TIM 17 gene of S. cerevisiae [128]. The single copy 

shuttlee vector YCplacl 11 or YCplacl W:\ADH'lp containing either the K. lactis TIM 17 gene or 

S.S. pombe TIM17 cDNA respectively, were then transformed to MB26 and double transformants 

weree selected on minimal media, subsequently grown overnight in YPD and finally, samples 

weree plated on minimal medium containing 5-fluoroorotic acid (5-FOA). Cells that synthesize 

thee URA3 gene product orotidine-S'-phosphate decarboxylase [14] convert the 5-FOA into the 

toxicc 5-fluoro-uracil and will die. In the case that K. lactis and S. pombe TIM17 are functional in 
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S.S. cerevisiae, the double transformants can lose the plasmid harbouring the S. cerevisiae TIM 17 

genee and the URA3 marker under non-selective growth conditions, allowing subsequent growth 

off  the cured strain MB26 on 5-FOA plates. As controls for this plasmid shuffling assay, MB26 

wass also transformed with the vector YCplacl 11 and the plasmid YCplacl 1 \::ScTIMl7. MB26 

transformedd with the plasmid containing the 1.6 kb EcoRl or the 2.7 kb Hindlll fragment 

coveringg the K. lactis TIM17 gene were able to grow on 5-FOA plates and growth was 

comparablee to cells harbouring S. cerevisiae TIM17 (Figure 3, complementation of 2.7 kb 

HindlllHindlll  fragment is not shown). This indicates that a functional K. lactis T iml7 was expressed 

fromm both plasmids. Only transformants containing the plasmid with the S. pombe TIM17 cDNA 

fragmentt in the correct orientation were able to grow on 5-FOA plates, whereas cells containing 

thiss cDNA fragment in the opposite orientation did not grow (Figure 3, complementation of 

cDNAA fragment in opposite orientation not shown). This indicates that the S. pombe Tim 17 

proteinn was only expressed when the cDNA was cloned in the correct orientation behind the 

ADH1ADH1 promoter. Cells transformed with YCplacl 11 plasmid DNA did not show any detectable 

growthh as expected. These results indicate that the Tim 17 orthologues of K. lactis and S. pombe 

cann complement an S. cerevisiae timl7 null mutant. The Timl7 orthologues of K. lactis and S. 

pombepombe are the first Tim 17 orthologues identified that are able to functionally substitute for 

Timl 77 of S. cerevisiae. 

Figuree 3. Functional complementation analysis of the Tim 17 orthologues of K, lactis and S. pombe in an 
S.S. cerevisiae timl7 deletion strain. Complementation analysis of tim.17 null strain MB26 transformed 
withh either YCplac 111, YCplac 111::ScTIMl 7, YCplac 111::KITIM17 or YCplac 111::SpTIMl 7. Double 
transformantss were selected on minimal media, then grown overnight in rich medium (YPD) and 
subsequentlyy plated on 5-FOA containing minimal medium. Growth at 23°C was monitored for several 
dayss and compared with growth of MB26 transformed with YCplac 111: .ScTIMl 7 (normal growth) or the 
vectorr YCplacl 11 (no growth). 
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Discussio n n 

Wee have cloned the nuclear gene and a cDNA encoding the Tim 17 orthologues of K. lactis and 

S.S. pombe, respectively. DNA sequence analysis revealed that the TIM 17 gene of K. lactis 

encodess a protein with 90% identity to Tim 17 of S. cerevisiae. The TIM 17 cDNA of S. pombe 

encodess a protein that is 66% identical to the S. cerevisiae orthologue. Alignment of the Tim 17 

proteinn sequences of these three yeast species indicates that they are very similar (Figure 2). The 

homologyy of the proteins is also apparent from the presence of four hydrophobic domains that 

mayy function as inner membrane anchors, and from the absence of a cieavable N-terminal 

presequencee [45, 128]. Their homology is also indicated by a complementation analysis, which 

showss that Tim 17 orthologues of K. lactis and S. pombe can complement an S. cerevisiae timl7 

nulll  mutant. The Tim 17 proteins of K. lactis and S. pombe are the first Tim 17 orthologues 

identifiedd that can function in S. cerevisiae. 

Previously,, Tim 17 encoding sequences of six other organisms have been identified and 

alignmentt revealed a similarity ranging from 70 to 82% [20, 92]. The orthologues of Drosophila 

melanogastermelanogaster and Homo sapiens were cloned, expressed in vitro and successfully imported into 

mitochondriaa isolated from S. cerevisiae. Even though these species are at a large evolutionary 

distancee from each other, the imported proteins appeared to assemble in their correct topology in 

thee inner membrane. However, they were not able to complement the S. cerevisiae strain MB26 

(M.. Meijer and A.C. Maarse, unpublished results). These results imply that the mitochondrial 

targetingg signal of Tim 17 is conserved in evolution and that it can be recognized by the protein 

importt system of S. cerevisiae. Lack of functional complementation is obviously not due to 

inefficientt import or incorrect assembly of Timl7 into the inner membrane translocase complex, 

butt may possibly be attributed to an evolutionary divergence of amino acids that are important 

forr function of Tim 17 in the Tim complex. The multiple sequence alignment in Figure 2 shows 

thatt the conservation of a number of amino acid residues is restricted to the Tim 17 orthologues 

off  the three yeast species. These amino acids may be important for the function of Tim 17 and 

absencee of these residues may result in lack of functionality of Tim 17 in S. cerevisiae. 

Thee information for the import of Tim 17 into mitochondria is present within the mature part of 

thee protein sequence [128]. Recently, it was proposed by Kaldi et aL [97] that this targeting 

signall  (IS 17, internal signal 17) is located in the hydrophobic C-terminal region of the protein 

(betweenn the third and fourth predicted transmembrane segments, encompassing amino acids 

1033 to 112). A fusion of IS 17 and a passenger protein sequence results in a chimeric protein that 

cann be imported into mitochondria [97]. Alignment of the Tim 17 orthologues (Figure 2) shows a 

similarityy of this region for the three yeast species, which does not extend to Tim 17 of other 

organisms.. Since the human and D. melanogaster orthologues can be imported into 

mitochondria,, this may imply that either for these orthologues evolutionary divergence of IS 17 
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hass no effect on the import efficiency, or that IS 17 may function in cooperation with other, yet 

unidentified,, species-specific elements involved in import. It may also indicate that the primary 

sequencee is not the only determinant of a mitochondrial targeting signal and that other factors, 

suchh as the ability to form an amphipathic a-helix, are involved. Another possibility may be that 

nott IS 17, but another domain in Tim 17 is necessary for import into mitochondria [195], 

Controversiall  results have been obtained for the location of the mitochondrial targeting sequence 

inn Tim23, a protein with high homology to Timl 7 in protein sequence and structural features. 

Daviss et al. [41] showed that the Tim23 targeting signal resides in the first and fourth 

hydrophobicc transmembrane segment of the protein, whereas Kaldi et al. [97] showed that the 

internall  targeting signal of Tim23 (IS23, internal signal 23) was located in a region 

encompassingg amino acids 186 to 197. In view of this controversy and considering the high 

proteinn sequence and structural similarity of Tim 17 and Tim23, it may be speculated that 

additionall  sequences of Tim 17 may function as a targeting signal. Mutagenesis studies in S. 

cerevisiaecerevisiae showed that an insertion of just two amino acids in the region encomprising the 

proposedd targeting signal IS 17 (at position 111) gives rise to a mutant Tim 17 protein that is no 

longerr functional (J. Blom, unpublished results). Whether this dysfunctionality is due to a 

mutationn in the targeting signal resulting in inefficient import, or caused by a mutation in a 

domainn important for the function of Tim 17, remains to be investigated. Although the region 

nearr amino acid 111 is not conserved in the human and D. melanogaster Tim 17 orthologues, 

theyy are imported into mitochondria. It is therefore tempting to speculate that lack of 

complementationn of the S. cerevisiae Tim 17 position 111 mutant is the result of a mutation in a 

functionall  domain of the protein and not due to inefficient import. 

Alignmentt shows that sequence conservation is less pronounced in the C-terminal region of all 

Timm 17 orthologues, suggesting that this region may be less important for the function of the 

protein.. The finding that regions within a protein display a pronounced sequence conservation 

suggestss that these regions have a functional significance and are interesting for further analysis 

byy mutagenesis. Since the multiple sequence alignment of the Tim 17 orthologues of various 

speciess (Figure 2) reveals a high degree of homology that is extended throughout the whole 

protein,, it wil l be difficult to select amino acids that can be subjected to mutagenesis. 

Nevertheless,, site-directed mutagenesis can offer a good opportunity to further analyze the 

functionn of Tim 17. 
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Abstrac t t 

Wee have investigated the membrane topology of Tim 17 and Tim23, two subunits of a complex 

forr import of preproteins, which is located in the mitochondrial inner membrane from 

SaccharomycesSaccharomyces cerevisiae. The amino acid sequences of Tim 17 and Tim23 are similar, with 

exceptionn of the N-terminal extension of Tim23 that is absent from in Tim 17. In previous 

studiess it was shown that the amino-terminus and the carboxy-terminus of Tim23, and the 

carboxy-terminuss of Tim 17 protrude into the interrnembrane space (IMS), while hydrophilicity 

plotss indicated that both proteins contain four membrane spanning domains. These data 

suggestedd a topology model where Tim 17 and Tim23 contain two matrix exposed loops and one 

IMSS exposed loop. 

Wee have tested this model by determining the sensitivity to proteinase K of c-myc or HA epitope 

taggedd proteins after their import and assembly into the mitochondrial inner membrane. Our 

resultss confirm that Tim23 spans the mitochondrial inner membrane four times and that the 

previouslyy proposed topology model is correct [45]. 

Introductio n n 

Mostt mitochondrial proteins are encoded by the nuclear genome and synthesized in the cytosol. 

Theyy are often synthesized with an N-terminal targeting signal that directs these preproteins to 

thee mitochondria. Mitochondria contain several multisubunit protein complexes for import of 

preproteinss into the organelle. One of them is the franslocase of the mitochondrial outer 

membrane,, the Tom complex, which is involved in the recognition of preproteins in the cytosol 

andd their translocation across the outer membrane. The Tom complex consists of at least nine 

subunits,, whose functions can be divided into proteins that have a receptor function and proteins 

thatt constitute the translocation channel, the general insertion pore (GIP) (see e.g. review [162]). 

Anotherr complex is the Tim54-Tim22 complex (Tim, franslocase of the mitochondrial mner 

membrane)) that, together with a number of components of the interrnembrane space, constitutes 

aa system for import and membrane insertion of members of the carrier family and other 

multipasss inner membrane proteins into the inner membrane [101, 106-108, 186]. A third 

complexx is the Timl7-Tim23 complex, which consists of Tim 17, Tim23, Tim44 and mtHsp70 

(mitochondriall  Hsp70), and which is involved in the translocation across the inner membrane of 

importedd proteins of the matrix space [45, 54, 127, 128, 154]. Current views suggest that the 

translocationn channel of this import system is constituted of the integral membrane proteins 

Timl77 and Tim23, which cooperate with the ATP-dependent, matrix localized translocation 

motor,, consisting of peripheral inner membrane protein Tim44 and mtHsp70. 
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Hydrophilicityy plots predict four hydrophobic regions in Timl7 and Tim23, suggesting that both 

polypeptidess traverse the inner membrane four times [45]. Previous protease accessibility 

experimentss showed that the C-terminus of Tim 17 and both the N- and C-terminus of Tim23 are 

exposedd to the intermembrane space (IMS) side [7, 18, 41, 46, 75, 111, 160]. These results 

suggestedd a model for the topology of Tim 17 and Tim23 in which their N- and C-termini 

protrudee into the intermembrane space, while they span the inner membrane four times, resulting 

inn proteins with two matrix localized loops and one IMS localized loop (Figure 2). No direct 

evidencee has been obtained which provided further support for this topology model of Tim 17 

andd Tim23. In this study we present data which indicate that the proposed anchoring of Tim23 in 

thee inner membrane is correct. 

Material ss  and Method s 

Strainss and media 
EscherichiaEscherichia coli strain JF 1754 (lac, gal, metB, leuB, hisB, hsdR) was used for DNA manipulations. E. 
colicoli transformants were grown in YT medium (1.6% (w/v) bactotryptone, 1% (w/v) yeast extract and 
0.5%% (w/v) NaCl) containing 200 (Xg/ml ampicillin. Saccharomyces cerevisiae strain MB26 (MATa adel-
101101 trpl-289 ura3-52 his3-A200 tim!7::LYS2 Ieu2-Al + YCplac33::7W/7) [128] and S. cerevisiae 
strainn MB29 (MATa ade2-101 trpl-289 ura3-52 his3-A200 tim23::LYS2 Ieu2-Al + YCplac33::77M23) 
[45]]  were used for the transformation of plasmids harbouring tagged Tim genes. Transformation of yeast 
wass performed according to Klebe et al. [104]. Double transformants were selected on minimal media 
containingg 0.67% (w/v) yeast nitrogen base (Difco), 2% (w/v) glucose, 2% (w/v) agar supplemented with 
adenine,, tryptophan and histidine (20 |Xg/ml). Plasmid shuffling was performed by growing double 
transformantss overnight in YPD medium (2% (w/v) glucose, 1% (w/v) yeast extract, 2% (w/v) 
bactopeptone)) and plating cells on solid minimal medium containing 1 g/1 5-fluoroorotic acid (5-FOA 
[14]),, 0.67% (w/v) yeast nitrogen base (Difco) and 2% (w/v) glucose, supplemented with adenine, 
tryptophan,, histidine and uracil (50 Hg/ml). 

DNAA manipulations 
EcóRlEcóRl restriction sites were introduced into the open reading frames of TIM17 and TIM23 for subsequent 
introductionn of the sequence encoding a c-myc or HA epitope tag. The EcoKL restriction sites were 
generatedd in frame at positions of the coding sequences that were predicted to produce the IMS or matrix 
localizedd loops. A 1889 bp BamVU-Sall fragment carrying the TIM 17 gene, or a 1818 bp Sphl fragment 
carryingg the TIM23 gene were cloned into pSelect-1 (with a deleted EcoKL site) and site-directed 
mutagenesiss using the Altered Sites in vitro mutagenesis system (Promega) was performed to introduce 
EcoKLEcoKL restriction sites with the oligonucleotides listed in Table 1. Complementary c-myc or HA-
oligonucleotidess (Table 1) were annealed to form double stranded DNA encoding the c-myc epitope 
(EQKLISEEDLN)) or the HA epitope (YPYDVPDYAL) flanked by the cohesive ends of EcoRl 
restrictionn sites. The double stranded fragments were phosphorylated with T4 polynucleotide kinase and 
clonedd into the EcoM sites of the modified TIM17 and TIM23. Finally, the Timl7-cmyc and Timl7-HA 
mutantss were subcloned as a BamHl-Sall fragment, the Tim23-cmyc and Tim23-HA mutants as aSphl 
fragmentt into single copy vector YCplac 111 and multi-copy vector YEplac 181. 

Isolationn of mitochondria and gel electrophoresis 
Mitochondriaa were isolated according to Glick et al. [65] from MB29 cells grown in rich glycerol 
mediumm (3% (v/v) glycerol, 1% (w/v) yeast extract, 2% (w/v) bactopeptone) and harvested at an 
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OD595nmm of 3. Protein concentrations were determined according to Bradford et al. [24]. Mitochondrial 
proteinss were separated by SDS-PAGE [116], transferred to nitrocellulose membranes and subjected to 
immunodecorationn with monoclonal antibodies against the c-myc tag and HA tag, and with polyclonal 
antibodiess against AAC, F i B and Tim44. 

no no 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

11 1 

purpose purpose 

c-mycc-myc coding strand 

c-mycc-myc non-coding strand 

HAA coding strand 

HAA non-coding strand 

Eco'RlEco'Rl site, between aa 1 and 2 

£coRII  site, between aa 44 and 45 

Eco'RlEco'Rl site, between aa 83 and 84 

EcoRlEcoRl site, between aa 111 and 112 

EcoRlEcoRl site, between aa 130 and 131 

EcoRlEcoRl site, between aa 170 and 171 

Eco'RlEco'Rl site, between aa 192 and 193 

mutant mutant 

Timll-2 Timll-2 

Timl7-5 Timl7-5 

TimTim 17-6 

TimlJ-7^ TimlJ-7^ 

Tim23-4 Tim23-4 

Tim23-S Tim23-S 

Tim23-6 Tim23-6 

sequence sequence 

5'-aattcegaacaaaaacttatttctgaagaagatctgaatg-3' ' 

5'-aattcattcagatcttcttcagaaataagtttttgttccg-3' ' 

5'-aattcttacccatacgacgtcccagactacgctttg-3' ' 

5'-aaü£aaagcgtagtctgggacgtcgtatgggtaa£.-3\ \ 

5'-gtacacgggagcgttatgaattcgtcagccgatcattcg-3' ' 

5'-gaaattcgccattagggaattctgagcgtggttcaggagc-3' ' 

5'-gcgctgtgaaggccgttaggaattcaaagagagaggaccc-3' ' 

5'-ggtegttggaggcatacgaattcaaggaacagttcgatcacc-3' ' 

5'-gcccaatagtcccgggaartcaaaattgcaattgaac-3' ' 

5'-caatagatgcactaaggaattcaggcaaacatgacac-3' ' 

5'-cmgttcaagtcttc£aatt£aaaaggtttgaaacc-3' ' 

Tablee 1. Sequence of oligonucleotides used in this study Oligonucleotides no. 1-4 were used to introduce 
thee sequence of a c-myc or HA epitope tag into the coding sequences of TIM17 and TIM23. 
Oligonucleotidess no. 5-8 were used to introduce EcoRl restriction sites in the coding sequence of TIM 17. 
Oligonucleotidess no. 9-11 were used to introduce EcoKL restriction sites in the coding sequence of 
TIM23.TIM23. Introduction of EcoKI restriction sites in the coding sequence of 77M17 and TIM23 results in the 
insertionn of two amino acids (N and S) at the amino acid (aa) position indicated by the numbers in the 
'purpose'' column (startcodon is numbered' 1'). 

Proteasee accessibility experiments 
Isolatedd mitochondria were resuspended in SEM buffer (250 mM saccharose, 1 mM EDTA, 10 mM 
MOPSS pH 7.4) and converted to mitoplasts (mitochondria with a ruptured outer membrane) by hypotonic 
swellingg after addition of 9 volumes EM buffer (1 mM EDTA, 10 mM MOPS pH 7.4) for 10 min. at 0°C. 
Mitochondriaa and mitoplasts were reisolated by centrifugation and resuspended in SEM buffer in the 
absencee or presence of 100 Jig/ml proteinase K and 1% (w/v) Triton X-100 for 30 min. at 0°C. The 
proteinasee K reaction was stopped by adding PMSF to a final concentration of 5 mM and mitochondria 
andd mitoplasts were again reisolated by centrifugation. Proteins from samples treated with Triton X-100 
weree collected by TCA-precipitation (final concentration 10% (w/v) TCA). 

DNAA sequence analysis 
Properr insertion of the£coRI restriction site, the c-myc and HA epitope tags into the open reading frames 
ofof TIM 17 and TIM23 was verified by DNA sequence analysis according to Sanger et al. [164] to 
determinee the orientation, in frame cloning and insertion of just one single restriction site/epitope tag. 

Miscellaneous s 
Monoclonall  anti-c-myc antibodies were purchased from Cambridge Research Biochemicals. Anti-HA 
monoclonall  antibodies (12CA5) were obtained from Boehringer. Restriction and other enzymes were 
fromfrom Biolabs, Gibco or Boehringer and oligonucleotides were from Pharmacia. The HRP color 
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developmentt and the ECL detection kits were purchased from Bio-Rad and Amersham Pharmacia 
Biotech,, respectively. 

Result s s 

Topologyy model for T i m l 7 and Tim23 

Multipl ee sequence alignment of the protein sequences of Tim 17 and Tim23 shows that the 

proteinss share similarity over their entire sequence, with the exception of the N-terminal region 

off  Tim23 which is not present in Tim 17 (Figure la). 

a a 
t iml 77 0 
tim233 M S W L F G D K T P T D D A N A A V G G Q D T T K P K E L S L K Q S L G F E PN I N N I I 45 

t iml 77 M B A D H | K D P C B I 12 
tim233 S G P G G M H V D T A R L H P L A G L D K G V E Y L D L E E E Q L S | L E G | Q GLl| s 9 0 

timl 77 V I L r.' B F B G A  F  A  M B A I  G B V V  W H  G  I  K B F  R | S | L G  E  R B .  . .  .  s  4 8 
tim233 R  G  w  T| D L  C  Y  G  T|AVYLL|L G I |GFSGBMQ |  LQ|I|PNSP| K L Q L M 135 

timl 77 G A M S A B K A BA B V B B G B F B VW G G L F S T F D CA V K B V B K R E BP W N A BI  93 
tim233 T V L M H | T K | G | F | N | A | I L A L . S Y N I I N S T I D H L H G K H H T A G S |G 18S 

timl77 I B J F F B B G A L A V R G B W R H T RN I B J I T C B C L L G B I E G B G L . M F Q R Y A A 137 
tim233 | | A L B J A L F K S S R | L X P B G Ï | | A H V | A A C A | H C S | K K R L L E K * . . 222 

t iml 77 W Q A K P M A P P L P E A P S S Q P LQ A *  158 
tim233 222 

Tim17 7 Tim23 3 

33 -
22 -
11 -

11 -

22 -

100 0 
11 1 1 1 | 1 1 1 1 1 1 1 1 

ii  A AA \\ ƒ V\M./ \ I \ J ww *™ V u VV SJ 
11 1 1 1 1 1 1 1 1 1 1 1 1 

100 0 

-- 3 
-- 2 
-- 1 

- - 1 1 

- - 2 2 

100 0 200 200 

Figuree 1. Multiple sequence alignment and hydrophilicity plots of the protein sequences of Tim 17 and 
Tim23.. a, Alignment of the amino acid sequences of Tim 17 and Tim23 using the GCG PileUp program 
(gapp weight 3.00; gap length weight 0.10) [56]. Conserved amino acids are indicated by a black box, 
similarr amino acids are indicated by a grey box. Gaps are indicated (.). b, Hydrophilicity plots of Tim 17 
andd Tim23 were created using the algorithm of Kyte and Doolittle [114] with a window size of 12. 
Negativee values predict hydrophobic domains. Numbers correspond to the amino acid positions in the 
proteinn sequences. 
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Theirr hydrophilicity plots are also similar and display the presence of four potential hydrophobic 

domainss that could function as transmembrane segments (Figure lb), implying that both proteins 

mayy span the mitochondrial inner membrane four times. 

Thee N- and C-terminus of Tim23 and the C-terminus of Timl7 are oriented towards the 

intermembranee space (IMS) side of the inner membrane [7, 41, 111, 160]. The finding that 

antibodiess raised against the N-terminus of Tim23 can no longer detect Tim23 in mitoplasts 

treatedd with trypsin, also suggests that its N-terminal region protrudes into the intermembrane 

spacee [45]. The evidence for the localization of the N- and C-termini of Timl7 and Tim23, and 

thee prediction of four hydrophobic domains in both proteins, suggested a topology model where 

thee two proteins are embedded in the inner membrane as shown in Figure 2. 

IMS S 

Tim17 7 

Tim23 3 

IM M 

MAT T 

IMS S 

IM M 

MAT T 

Figuree 2. Model for the topology of Tim 17 and Tim23 in the mitochondrial inner membrane. The N- and 
C-terminii  of both proteins protrude into the intermembrane space and both proteins span the 
mitochondriall  inner membrane four times. The arrows indicate the positions were e-myc or HA epitope 
tagss were inserted and the numbers refer to the corresponding Tim J 7 and Tim23 mutants listed in Table 
1.. IMS, intermembrane space; IM, inner membrane; MAT, matrix space. 

Too confirm this model, c-myc and HA epitope tags were introduced in Tim 17 and Tim23 at 

positionss indicated by the arrows in Figure 2. When introduction of these epitope tags does not 

interferee with the function of the proteins, we may assume that the mutant proteins are correctly 
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insertedd into the inner membrane and that they have adopted their authentic topology. By 

determiningg the accessibility of the epitope tags of mutant proteins to externally added protease 

inn mitoplasts, we have made an attempt to establish the membrane topology of Tim 17 and 

Tim23. . 

Complementationn test for  functionalit y of epitope-tagged Timl 7 and Tim23 

proteins s 

Inn a first approach to determine the topology of Tim 17 and Tim23, a c-myc epitope tag was 

insertedd at the indicated positions in Figure 2. To test whether Tim 17 and Tim23 with this tag 

cann still function in mitochondria, a complementation assay was performed with a yeast strain 

whichh can be cured of either the wild type TIM17 or the TIM23 gene. The tester strains MB26 

andd MB29 contain respectively a disrupted TIM17 or TIM23 gene but are viable by virtue of the 

presencee of single copy vector YCplac33 (URA3 marker) containing the wild type TIM 17 

(MB26)orr TIM23 (MB29) gene [45, 128]. MB26 and MB29 were transformed with YCplacl 11 

harbouringg Tim 17 or Tim23 with a c-myc epitope insertion. As negative and positive controls, 

wee also transformed the tester strains with YCplacl 11 and YCplacl 11 containing the wild type 

TIMTIM 17 or TIM23 gene. Instead of using YCplacl 11 as the plasmid vector we performed a 

similarr set of transformations with the multi-copy vector YEplacl81 as the plasmid encoding the 

taggedd proteins. Double transformants were selected on minimal media, transferred to YPD, 

grownn overnight and samples were finally plated on media containing 5-fluoroorotic acid (5-

FOA).. Cells that harbour YCplac33 {URA3 marker) wil l synthesize the URA3 gene product 

(orotidine-5'-phosphatee decarboxylase [14]) and convert 5-FOA into 5-fluoro-uracil, which is 

toxicc and kill s the cells. However, for cells which contain the LEÏ/2-marked plasmids 

YCplacll  11 or YEplacl81 with a functional c-myc tagged protein, the YCplac33 plasmid is no 

longerr essential. Cells which have lost the YCplac33 plasmid are in that case viable and able to 

groww on minimal medium plates containing 5-FOA (plasmid shuffling). 

Tablee 2 shows that cells producing mutant proteins bearing a c-myc tag in a predicted IMS 

localizedd loop (Timl 7-6, Tim23-5) or with a c-myc tag at the N-terminus (also IMS localized; 

TimlTiml 7-2) can grow in the absence of a wild type gene, indicating that these mutant proteins were 

functional.. However, cells with mutant proteins with the c-myc tag in a predicted matrix 

localizedd loop (Timl'7-5, Timl 7-7, Tim23-4, Tim23-6) cannot grow on 5-FOA containing plates, 

indicatingg that these mutant proteins are not able to complement their corresponding deletion 

strains.. Cells transformed with the multi-copy plasmid YEplacl81 encoding these c-myc tagged 

proteinss did not show growth on 5-FOA containing plates, indicating that even elevated 

expressionn of these proteins does not lead to complementation of the deletions strains. Cells 

transformedd with YCplacl 11 or YEplacl81 did not show any growth, indicating that these 

vectorss cannot complement the deletion strains. 
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Inspectionn of the amino acid sequence of the c-myc epitope tag revealed four negatively charged 

aminoo acid residues, three glutamic acids and one aspartic acid. Mitochondrially and nuclearly 

encodedd inner membrane proteins are biased in the distribution of positively charged amino 

acidss within segments of the proteins facing both sides of the membrane. Positively charged 

residuess are more frequently found in segments oriented towards the matrix space side than in 

segmentss facing the intermembrane space side ('positive-inside rule') [61]. 

Tablee 2. Complementation analysis after 
plasmidd shuffling in strain MB26 or strain 
MB299 with plasmid encoded Tim 17-cmyc 
orr Tim23 -cmyc tagged proteins. Tim 17 or 
Tim233 plasmid shuffling strains MB26 and 
MB299 were transformed with single copy 
(YCplaclll)) or multi-copy (YEplacl81) 
plasmidss containing the genes encoding 
TimTim 17-cmyc or Tim23-cmyc tagged 
proteins.. Double transformants were 
selectedd on minimal media, then grown 
overnightt in YPD, and samples were 
subsequentlyy plated on 5-FOA containing 
minimall  media. Growth at 23 °C was 
monitoredd for several days and compared to 
growthh of cells transformed with control 
plasmidss harbouring wild type TIM 17 or 
wildd type TIM23 (normal growth), or 
YCplacllll  or YEplacl81 (no growth). 
Growthh and functional complementation are 
indicatedd by '+', no growth and lack of 
functionall  complementation are indicated 
by'-'. . 

mutant t 

Timl7-2-cmyc Timl7-2-cmyc 

Timl7-5-cmyc Timl7-5-cmyc 

TimlTiml 7-6-cmyc 

TimTim 17-7-cmyc 

Tim23-4-cmyc Tim23-4-cmyc 

Tim23-5-cmyc Tim23-5-cmyc 

Tim23-6-cmyc Tim23-6-cmyc 

TIMTIM 17 

TIM23 TIM23 

YCplaclll l 

YEplacl81 1 

YC^lacJlJJ YEplaclSL.,. 

complementation n 

++ + 

--
++ + 

~ ~ 
++  + 

.. »».. . . .» »  ».,.««...».— «». „„»„«*-. . 

H-- + 

++ + 

" " 

' ' 

Evenn though this bias is more pronounced for mitochondrially encoded proteins, it is also 

observedd for nuclearly encoded proteins. Probably even more important is the finding that the 

latterr protein group displays an extremely biased distribution of glutamic acid residues, which 

aree found ten times more at the intermembrane space side than at the matrix space side of the 

innerr membrane [61]. This suggests that introduction of the c-myc tag in the predicted matrix 

localizedd loops of both Tim proteins hampers the correct translocation of these loops across the 

innerr membrane, resulting in a non-functional protein. 

Too circumvent this problem we replaced all c-myc epitopes (except in mutant Timl 7-7) by an 

HAA epitope tag which lacks glutamic acid residues [146]. Table 3 shows that proteins with an 

HAA tag inserted in the predicted amino-terminal matrix localized loop of either Tim 17 or Tim23, 

andd in the carboxy-terminal matrix facing loop of Tim23, are all able to complement the 

correspondingg null mutants (Tim 17-5, Tim23-4, Tim23-6). Cells transformed with multi-copy 
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plasmidss encoding these mutant proteins could, as expected, also complement the deletion 

strains,, whereas cells transformed with YCplacl 11 or YEplacl81 could not. The results of the 

complementationn analysis of Tim23 proteins furnished with an HA tag in the tim23 null strain 

MB299 are illustrated in Figure 3. The c-myc tag in mutant Timll-7 was not replaced by an HA 

tag,, since we found that the insertion of two amino acids due to the introduction of the EcoRI 

restrictionn site at this position already yielded a non-functional protein (data not shown). 

Insertionn of amino acids in the carboxy-terminal matrix-localized loop of Tim 17 is apparently 

nott compatible with functionality of this protein. For the other Tim 17 and Tim23 tagged 

proteins,, we believe that these results are in agreement with the positive inside rule. 

mutant t YCplac c I l l l YEplacl81 1 

complementation n 

Timl7-2-HA Timl7-2-HA 

Timl7-5-HA Timl7-5-HA 

Timl7-6-HA Timl7-6-HA 

Timl7-7-HA Timl7-7-HA 

Tim23-4-HA Tim23-4-HA 

Tim23-5-HA Tim23-5-HA 

Tim23-6-HA Tim23-6-HA 

TIMTIM 17 

TIM23 TIM23 

YCplacll  11 

YEplacl81 1 

+ + 

+ + 

+ + 

nd d 

+ + 

+ + 

+ + 

+ + 

+ + 

--

+ + 

+ + 

+ + 

nd d 

+ + 

+ + 

+ + 

+ + 

+ + 

--

Tablee 3. Complementation analysis of 
plasmidd encoded Timl 7 or Tim23 HA tagged 
proteinss after plasmid shuffling in strain 
MB266 or strain MB29. Tim 17 or Tim23 
plasmidd shuffling strains MB26 and MB29 
weree transformed with single copy 
(YCplacll  11) and multi-copy (YEplacl81) 
plasmidss containing the genes encoding 
Timl7-HATiml7-HA or Tim23-HA tagged proteins. For 
furtherr experimental details of the shuffling 
assay,, see legend to Table 2. Growth and 
functionall  complementation are indicated by 
'+',, no growth and lack of functional 
complementationn are indicated by '-'; nd, not 
determined. . 
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Figuree 3. Complementation analysis of Tim23 proteins furnished with an HA tag in the tint23 null strain 
MB29.. The positions of the HA tags in Tim23 are as indicated in Figure 2. Growth analysis on S-FOA 
containingg plates of tim23 null strain MB29 transformed with either YCplacl 11, YCplacl 11 ::TIM2 3, 
YCplacc 111:: Tim23-4-HA, YCplac 111:: Tim23-5-HA or YCplac 111:: Tim23-6-HA. For further 
experimentall  details of the shuffling assay, see legend to Table 2. Right panel, growth on 5-FOA 
containingg minimal medium plate of MB29 cells producing the mutant proteins which are indicated in 
thee left panel. 

Analysiss of the membrane topology of epitope-tagged Tim 17 and Tim23 

Too investigate the membrane topology of Tim 17 and Tim23, mitochondria were isolated from 

thee timl7 or tim23 null strains harbouring a plasmid encoding a functional Timl7 or Tim23 

mutantt protein. Mitochondria were isolated from tint 17 null strain MB26 expressing either 

Timl7-2-cmycTiml7-2-cmyc or Timll-6-cmyc and from tim23 null strain MB29 producing either Tim23-5-

cmyc,cmyc, Tim23-4~HA or Tim23-5-HA and mitochondria were subjected to protease accessibility 

experiments.. Mitochondria were converted to mitoplasts by osmotic swelling and the 

accessibilityy of the tags to externally added proteinase K was determined (Figure 4, c-myc 

taggedd proteins; Figure 5, HA taggedd proteins). 

Figuree 4b shows that mitochondria were isolated with an intact outer membrane, since treatment 

withh proteinase K did not lead to degradation of the IMS exposed domains of the inner 

membranee protein ADP/ATP carrier (AAC, lane 2). When mitochondria were converted to 

mitoplastss and then subjected to proteinase K treatment, the c-myc signal of Timl7-2-cmyc, 

TimTim 17-6-cmyc and Tim23-5-cmyc was lost, indicating that all three c-myc epitopes were 

accessiblee to proteinase K and therefore exposed to the intermembrane space (Figure 4a, lanes 

4).. As a control for the integrity of the inner membrane of the mitoplasts, we monitored a 

decreasee of the amount of intact AAC during proteinase K treatment, while the matrix exposed 

proteinss Tim44 and ¥\Q were still protected against proteolysis (Figure 4b, lanes 4). As a control 

onn the intrinsic proteinase K sensitivity of these proteins, Triton X-100 was added to solubilize 

thee membranes, which made all proteins accessible to the protease (Figure 4b, lanes 5). 

Figuree 5 shows that incubating mitoplasts derived from cells expressing Tim23-4-HA with 

proteinasee K generated a proteolytic fragment of 8 kDa that can be detected with anti-HA 

antibodiess (Figure 5a, lane 4). The appearance of this proteolytic fragment is consistent with the 

sizee of a Tim23 fragment of 16 kDa which is generated after protease treatment of mitoplasts of 

yeastt cells expressing the wild type protein and represents a truncated Tim23 from which the 

IMS-localizedd N-terminal part is removed [18, 46, 75, 112, 160]. The size of (he 18 kDa 

proteolyticc fragment of Tim23-4-HA is in agreement with the addition of the 2 kDa HA tag to 

thiss 16 kDa Tim23 fragment and furthermore shows that the HA tag in Tim23-4-HA is resistant 

too degradation by proteinase K treatment of mitoplasts. This indicates that the tag is located at 

thee matrix space side of the inner membrane. The fragment of 8 kDa is also generated when 
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mitochondriaa are treated with proteinase K, indicating that the outer membrane of a minor part 

off  the mitochondria has already been ruptured during the isolation procedure (Figure 5a, lane 2). 

Evenn in the absence of added proteinase K, a fragment of similar size is generated in mitoplasts, 

butt which migrated at a higher position during gel electrophoresis (Figure 5a, lane 3). This 

suggestss that the N-terminal extension of Tim23 which protrudes into the IMS is very sensitive 

too either endogenous proteases of small contaminations of proteases in the mitochondria 

preparation. . 

1 1 

Tim17-2-cmyc Tim17-2-cmyc 

Tim17-6-cmyc Tim17-6-cmyc 

Tim23-5-cmyc Tim23-5-cmyc 

swelling g 

PK K 

Tritonn X-100 

+ + 

+ + 

+ + 

PIP P 

Tim44 4 

AAC C 

swelling g 

PK K 

Tritonn X-100 

Figuree 4. Accessibility to proteinase K of Tim 17 and Tim23 c-myc tagged proteins. Mitochondria (lanes 
11 and 2) or mitoplasts (lanes 3, 4 and 5) were incubated with proteinase K and Triton X-100 as indicated. 
Proteinn samples were run on a 15% SDS-PAGE and analyzed by Western blotting with antibodies 
directedd against: a, c-myc; b, Fjfi , fi-subunit of the Fi-ATPase (matrix side of the inner membrane); 
AAC,, ADP/ATP carrier (inner membrane); Tim44, subunit of the Tim complex (matrix side of the inner 
membrane). . 
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Whenn mitochondria harbouring Tim23-5-HA are converted to mitoplasts and treated with 

proteinasee K, proteolytic fragments of about 9 and 11 kDa are generated, which were both 

recognizedd by anti-HA antibodies (Figure 5a, lane 4). The absence of the 18 kDa proteolytic 

fragmentt suggests that in this case not only the N-terminal region of the mutant protein is 

degraded,, but that other, previously protease-insensitive domains of the protein have become 

accessiblee to proteinase K as well. This indicates that insertion of the HA tag in the predicted 

IMSS localized loop of Tim23 renders this loop susceptible to proteases, giving rise to the 

observedd smaller proteolytic fragments. 

-- Tim23-4-HA 

1 22 3 4 5 

Tim44 4 

-- 18 kDa fragment 

-- Tim23-5-HA 

-- 11 kDa fragment 

-- 9 kDa fragment 

++ + + swelling 

++ + PK 

++ Triton X-100 

++ + + 

++ + 

swelling g 

PK K 

Tritonn X-100 

Figuree 5. Proteinase K accessibility of HA tagged Tim23 proteins. Mitochondria (lanes 1 and 2) or 
mitoplastss (lanes 3, 4 and 5) were incubated with proteinase K and Triton X-100 as indicated. Protein 
sampless were run on a 15% SDS-PAGE and analyzed by Western blotting with antibodies directed 
against:: a, HA; b, Tim44, subunit of the Tim complex (matrix side of the inner membrane); F\R, 
P-subunitt of the Fi-ATPase (matrix side of the inner membrane). 
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Thesee results suggest that the HA tag in Tim23-5-HA is exposed to the IMS side of the inner 

membrane,, which is consistent with results presented here with the c-myc epitope tag and with 

previouss results ([41]; Heiko Martin, personal communication). The data are also in agreement 

withh results obtained with another Tim23 mutant (Tim23-5-Xa) which showed that introduction 

off  a cleavage site for factor Xa protease in the proposed IMS localized second loop of Tim23, 

renderss it susceptible to proteinase K degradation (SvW, unpublished results). Minor amounts of 

thee 9 kDa and 11 kDa proteolytic fragments also appear in mitochondria treated with proteinase 

K,, indicating that a small fraction of the mitochondria has already been converted to mitoplasts 

(Figuree 5b, lane 2). In the absence of proteinase K, a proteolytic fragment is visible in 

mitochondriaa and mitoplasts, which migrates at a higher position during gel electrophoresis 

comparedd to the 11 kDa proteolytic fragment, suggesting that these fragments are not identical. 

Ass a control for the integrity of the inner membrane of the mitoplasts, we monitored that the 

matrixx exposed proteins Tim44 and F\R were still protected against proteolysis (Figure 4b, lanes 

4). . 

Discussio n n 

Heree we report a study of the membrane topology of Tim 17 and Tim23 of the protein 

translocasee of the mitochondrial inner membrane from Saccharomyces cerevisiae. Computer 

analysiss of the protein sequences and experimental data have led to a model for the membrane 

topologyy of Tim 17 and Tim23 in which the N- and C-termini of both proteins are localized in 

thee IMS and the proteins span the inner membrane four times. This model has been generally 

assumedd for the past years, although no direct evidence has been provided so far showing that 

thee protein has four membrane spanning domains, one loop facing the IMS and two loops facing 

thee matrix space. 

Too investigate the membrane topology of Tim 17 and Tim23, a c-myc epitope tag was introduced 

att locations in both proteins that were predicted to form IMS and matrix space facing loops and 

aa c-myc tag was introduced at the N-terminus of Tim 17. Complementation analysis of the 

mutantt proteins in timl7 and tim23 null strains indicated that Tim 17 and Tim23 proteins with 

thee c-myc tag inserted into the proposed matrix localized loops were not functional. According 

too the 'positive-inside rule' [61], lack of functional complementation may be due to the presence 

off  the three negatively charged glutamic acid residues in the c-myc tag, since these residues may 

hamperr the correct translocation of the tagged protein sequences across the inner membrane. By 

replacingg the c-myc tag with an HA tag, which contains two negatively charged aspartic acids 

butt no glutamic acids, we showed that all proteins, even those with an HA tag inserted in a 

predictedd matrix localized loop, were functional in the corresponding null strains. 
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Mitochondriaa were isolated from the timl7 or tim23 deletion strains expressing functional c-

myc-myc- and HA-tagged proteins (Timl7-2-cmyc and Timl7-6-cmyc\ Tim23-5-cmyc,Tim23-4-HA 

andd Tim23-5-HA). Determination of the accessibility of the epitope tags of these proteins to 

proteinasee K in mitoplasts revealed that all three c-myc tags are exposed to the IMS. This 

illustratess that, in analogy to Tim23, the N-terminus of Tim 17 is exposed to the IMS (Tim 17-2-

cmyc)cmyc) and that the proposed IMS localized loop of both proteins is indeed facing the IMS 

(Timl7-6-cmyc(Timl7-6-cmyc and Tim23-5-cmyc). Proteinase K treatment of mitoplasts harbouring Tim23-4-

HAHA generated a Tim23 proteolytic fragment of about 18 kDa which can be detected with anti-

HAA antibodies. The appearance of this specific proteolytic fragment indicates that this tagged 

proteinn has adopted its proper topology in the inner membrane and that the HA tag is localized 

inn the matrix space. Proteinase K treatment did not convert all Tim23-4-HA to the 18 kDa 

proteolyticc fragment. This may indicate that the proteinase K treatment was insufficient to digest 

alll  Tim23-4-HA protein (Figure 5a, lane 4), although Tim44 and FiB were completely degraded 

att this protease concentration when Triton X-100 was added (Figure 5b, lanes 5). Increasing the 

amountt of proteinase K to a final concentration of 200 \ig/w\ did not degrade more Tim23-4~HA 

(dataa not shown). Inefficient proteolysis of Tim23-4-HA may perhaps be caused by aggregation 

off  Tim23 proteins that have been misincorporated into the inner membrane. The 

complementationn analysis illustrated that Tim23-4-HA is functional, suggesting that the protein 

iss therefore likely to have adopted its proper membrane topology. Functionality of the protein 

wass determined by the growth of cells expressing this protein on 5-FOA containing plates. 

However,, the growth monitored may reflect that of only a percentage of the cells harbouring 

Tim23-4-HATim23-4-HA in its functional, authentic membrane topology, whereas the remaining cells may 

containn a misincorporated tagged protein. 

Proteasee treatment of mitoplasts harbouring Tim23-5-cmyc or Tim23-5-HA indicates that both 

tagss in these mutant Tim23 proteins are accessible to proteinase K and that this loop is exposed 

too the IMS, which is in agreement with previous results ([41]; Heiko Martin, SvW, unpublished 

results).. Proteinase K treatment of mitoplasts containing the HA tagged Tim23-5 protein results 

inn the formation of two proteolytic fragments, which can both be detected with anti-HA 

antibodies.. These fragments are not detected with anti-c-myc antibodies when mitoplasts 

harbouringg Tim23-5-cmyc are treated with this protease. This difference cannot be explained by 

thee cleavage specificity of proteinase K, since both epitope tags contain several cleavage sites 

forr this protease. However, it may be explained by differences in the detection methods that 

weree used in both experiments. In the case of the protease accessibility experiments with Tim23-

5-cmyc,5-cmyc, immunodecorated bands were detected with the HRP color development reagent 

method.. However, for Tim23-5-HA, detection was performed with the ECL (Enhance 

ChemiLuminescencee System), which is claimed to be at least ten times more sensitive than other 

detectionn systems and therefore may explain why in this case proteolytic fragments could be 
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detected.. As for Tim23-4-HA, proteinase K treatment of mitoplasts did not convert all Tim23-5-

HAHA protein to the 9 kDa and 11 kDa proteolytic fragments. 

Thee results presented here suggest that Tim 17 and Tim23 are embedded in the mitochondrial 

innerr membrane according to the previously proposed topology model [45]. Both the amino- and 

carboxy-terminuss are exposed to the IMS and the protein spans the membrane four times, 

exposingg two loops to the matrix space and one to the IMS. The results presented in this study 

providee the first experimental evidence that one of the proposed matrix localized loops (at 

positionn 4, Figure 2) of Tim23 is indeed oriented toward the matrix space. Tim 17 also contains 

fourr potential membrane-spanning domains and it was previously shown that its C-terminus 

protrudess into the IMS. The results presented here indicate that both the N-terminus (Timl7-2-

cmyc)cmyc) and the proposed IMS localized loop (position 6, Figure 2) of Tim 17 are oriented towards 

thee IMS. Considering the high homology between Timl7 and Tim23, the previously obtained 

experimentall  data and the results presented in this study, we propose that Tim 17 has a 

membranee topology similar to that of Tim23. 
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Tom22Tom22 is a multifunctional organizer of the mitochondrial preprotein translocase 

Abstrac t t 

Mitochondriall  preproteins are imported by a multisubunit translocase of the outer membrane 

(Tom),, including receptor proteins and a general import pore (GIP) [145, 149, 159, 168, 169]. 

Thee central receptor Tom22 binds preproteins through both its cytosolic domain and its 

intermembranee space domain [17, 30, 83, 133, 137] and is stably associated with the channel 

proteinn Tom40 [48, 80, 196]. We report the unexpected observation that a yeast strain can 

survivee without Tom22 although it is strongly reduced in growth and mitochondrial protein 

import.. Tom22 is a multifunctional protein that is crucial for the higher level organization of the 

Tomm machinery. In the absence of Tom22, the translocase dissociates into core complexes, 

representingg the basic import units, but lacking a tight control of channel gating. The single 

membranee anchor of Tom22 is required for a stable interaction between the core complexes, 

whilee its cytosolic domain serves as docking point for the peripheral receptors Tom20 and 

Tom70.. Tom22 reveals a novel functional principle of a preprotein translocase, combining 

receptorr functions with distinct organizing roles in a multidomain protein. 

Introductio n n 

Nearlyy all mitochondrial proteins are synthesized in the cytosol and must be transported into the 

organelle.. The translocase of the outer mitochondrial membrane (Tom) contains receptors for 

thee specific recognition of preproteins and a general import pore (GIP) that mediates the transfer 

off  different classes of preproteins across the outer membrane [48, 113, 121]. Subsequently the 

importt pathways of preproteins diverge. Preproteins with amino-terminal signal sequences 

(presequences)) are directed to a translocase of the inner membrane (Tim) that drives the 

transportt across the inner membrane in cooperation with the heat shock protein 70 (mtHsp70) of 

thee matrix. Hydrophobic proteins of the inner membrane carrier family and other inner 

membranee proteins are directed to a special Tim machinery consisting of several small subunits 

inn the intermembrane space and a membrane integration complex (carrier translocase). 

Mitochondriall  protein import is essential for cell viability since numerous subunits of the inner 

membranee translocase are indispensable for viability of the yeast Saccharomyces cerevisiae on 

bothh fermentable and non-fermentable carbon sources. This includes three Tim proteins of the 

presequencee import pathway, plus mitochondrial Hsp70 whose translocase function is essential, 

andd five Tim proteins of the carrier import pathway. 

Surprisingly,, only two out of nine Tom proteins, Tom22 and Tom40, were found to be essential 

forr cell viability although the inner membrane pathways, which consist nearly exclusively of 

essentiall  components, receive all their preproteins via the Tom machinery. Removal of other 

Tomm proteins leads to phenotypes of different severity, including synthetic effects/lethality of 
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doublee deletions of several Tom protein encoding genes, indicating a complex network of 

functionall  cooperation of Tom proteins [50, 67, 74, 82, 138, 153]. The following functions have 

beenn assigned to yeast Tom proteins. At least three of them, Tom20, Tom22 and Tom70, 

functionn as receptors for preproteins. Presequence-containing preproteins are first recognized by 

Tom20,, whereas carrier preproteins are preferentially targeted via Tom70. In addition, Tom70 

cooperatess with Tom37 [67], whereas Tom72, a homologue of Tom70, plays only a minor role 

inn protein import. Both classes of preproteins are transferred to Tom22 as the second receptor 

level.. With the help of Tom5, the preproteins are then inserted into the import channel formed 

byy Tom40. The intermembrane space domain of Tom22 provides a trans binding site for 

preproteins.. A complex of 400K was identified in yeast mitochondria, containing stably 

associatedd Tom40, Tom22 and three small Tom proteins (Tom7, Tom6 and Tom5), whereas 

Tom20,, Tom70 and other Tom proteins are more loosely associated with this GIP complex [48]. 

Tom66 supports assembly of Tom22 with Tom40, while Tom7 favours a dissociation of the 

translocase. . 

Whilee Tom22 and Tom40 are thus recognized as the essential core of the outer membrane 

translocase,, littl e is known of how the multisubunit Tom machinery is coordinated, how the 

interactionn of Tom subcomplexes and transfer of preproteins can proceed in an organized 

mannerr [168]. Here we report the astonishing observation that a yeast strain can survive without 

Tom22,, providing the unique opportunity for defining the essential characteristics of the outer 

membranee translocase and identifying Tom22 as a multifunctional component in preprotein 

targetingg and organization of the Tom machinery. 

Material ss  and Method s 

Generationn and analysis of 7Y?M22-deficient yeast 
AA  BamHl/Sall fragment containing the TOM22 ORF was ligated into the high copy vector pFL44 with 
thee MET25-promoter and the CTC7-terminator, yielding the plasmid BG3036 (URA3, TOM22). This 
plasmidd was introduced into the diploid strain OL551 (his3-A200/his3-A200 Ieu2-Al/Ieu2-Al ura3-
52/ura3-5252/ura3-52 trpl-A63/trpl-A63 TOM22/tom22: :HIS3 rho+), which was subsequently sporalated and 
subjectedd to tetrad dissection. A haploid progeny (tom22::HIS3) containing BG3036 was then plated on 
mediumm with 5-fluoroorotic acid (5-FOA; [14]); colonies growing at 28°C were tested for the absence of 
thee TOM22 gene and one of them was designated OL201 (his3-A200 Ieu2-Al ura3-52 trpl-A63 
tom22::HIS3tom22::HIS3 rhcP). The lack of mitochondrial DNA in OL201 cells was demonstrated by crossing the 
strainn with a rho° tester strain and by performing DAPI and HOECHST staining [ 105,204]. The control 
haploidd strain OL223 (his3-A200 Ieu2-Al ura3-52 trpl-A63 rho°) was generated by ethidium bromide 
mutagenesiss of a TOM22 containing spore of an OL551 tetrad. 

Analyticall  PCR on permeabilized yeast ceils 
Thee presence of either a wild type TOM22 gene, a disrupted tom22 gene or both in the yeast strains 
OL551,, OL223 and OL201 was determined by performing a PCR reaction with the TOM22 specific 
oligonucleotidess S'-gtcgttcaattagacgaacc-S' and 5'-catctttttcaccttgggc-3'. These primers anneal in the 
extremee flanks of the coding region of the TOM22 gene, which remain present after disruption of the 
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TOM22TOM22 gene with the HIS3 coding region. PCR was performed on microwave permeabilized cells and 
PCRR products were analyzed on a 1.2% agarose gel. 

Northernn analysis 
Yeastt cultures in 25 ml YPD (2% (w/v) glucose, 2% (w/v) bactopeptone, 1% (w/v) yeast extract) were 
grownn at 28°C until an OD600 nm of about 2.5 was reached. Total RNA was isolated according to De 
Windee et al. [44]. 20 jig of each RNA sample was run on a 1.2% TBE agarose gel, transferred to a 
Hybond-N4""  filter (Amersham) which was then incubated in hybridization buffer (50% formamide, 5x 
SSC,, 5x Denhardt's, 50mM Na2HP04 (pH 6.5), 100 ug/ml salmon sperm DNA) containing a PDA1 
probe,, at 42*C overnight. The blot was washed with 3x SSC/0.1% SDS, 2x SSC/0.1% SDS and lx 
SSC/0.1%% SDS at 42°C for 30 min. each. Following autoradiography on Hyperfilm (Amersham), the 
PDAPDA J probe was removed from the blot by washing in 0.1% SDS at 95 °C for 1 hr. and the blot was 
subsequentlyy hybridized with a TOM22 probe. Probes were DNA fragments which were radiolabeled by 
nick-translationn in the presence of  32P-a-dATP (Amersham) and consisted of either a 1333 bp Ncol-
HindlüHindlü fragment of the PDA1 gene from the plasmid pAZ6 [202] or a 600 bp BamHi-Sali fragment of 
thee TOM22 gene from the plasmid BG3036. The PDA1 gene (encoding the E l a subunit of the pyruvate 
dehydrogenasee complex from S. cerevisiae) is constitutively transcribed and was used as an internal 
controll  [202]. 

Southernn analysis 
Yeastt cultures in 25 ml YPD were grown at 28°C until stationary phase was reached. Chromosomal DNA 
wass isolated according to Sambrook et ah [163]. 5 |Xg of DNA was digested with EcóRl, EcoRV, BgR or 
Pstl.Pstl. Fragments were separated on a 0.8% 1.0 agarose gel, transferred to a Hybond-N"1" filter (Amersham) 
whichh was then incubated in hybridization buffer (6x SSC, 5x Denhardt's, 100 Hg/ml salmon sperm 
DNA,, 0.5% SDS) containing the TOM22 probe, at 65 "C overnight. The filter was then washed with 3x 
SSC/0.1%% SDS, 2x SSC/0.1% SDS and lx SSC/0.1% SDS at 65°C for 30 min. each, followed by 
autoradiographyy on Hyperfilm (Amersham). 

Disruptionn of TOM22 in haploid strain OL223 
Too test whether a haploid yeast strain could survive a one-step gene disruption of the TOM22 gene, we 
triedd to disrupt the TOM22 open reading frame in the haploid strain OL223 (wild type, rho+). Using 
chromosomall  DNA of strain OL201 as a template, we performed a PCR with TOM22-$peci&c primers 5'-
ttcctttcaatcgtgtcgag-3'' and 5'-cgcatcggaagttcatagaagtc-3\ These primers anneal in the extreme flanks of 
thee coding region of the TOM22 gene, which remain present after disruption of the TOM22 gene with the 
HIS3HIS3 coding region. The PCR generated a 1533 bp fragment containing the HIS3 marker flanked by 
TOM22TOM22 specific regions. This fragment was transformed to strain OL223 and as a control to diploid 
strainn YPH501 (ade2-101/ade2-101 his3-A200/his3-A200 Ieu2-Al/Ieu2-Al ura3-52/ura3-52 trpl-
A63/trpl-A63A63/trpl-A63 Iys2-801/lys2-801). his+ transformants were selected on minimal medium plates containing 
2%% (w/v) glucose, 0.67% (w/v) YNB and 20 |ig/ml adenine, uracil, tryptophan, leucine and lysine. 

Disruptionn of TOM40 in diploid strain BMA1 
Onee of the chromosomal copies of TOM40 was disrupted in the diploid strain BMA1 (ura3-52/ura3-52 
his3-A200/his3-A200his3-A200/his3-A200 leu2-Al/leu2~Al trpl-A63/trpl-A63) by one-step gene disruption. A PCR with 
TOM40TOM40 specific primers 5'-aaaaacaatgattatttattcaaccataaaa-aagccaagggaagatttatcgatgaattcgagctcg-3' and 
5'-taaccatcgtgcaaaacaataaaagactaccaataac-cgacgtgaatccgtacgctgcaggtcgac-3'' generated a fragment 
containingg the open reading frame of the kanMX [200] gene flanked by 48bp TOM40 specific flanking 
regions.. This PCR fragment was introduced into strain BMA1 and geneticin-resistant cells were selected 
onn plates containing solid YPD (2% (w/v) glucose, 2% (w/v) bactopeptone, 1% (w/v) yeast extract, 1% 
(w/v)) agar) supplemented with 200^tg/ml geneticin G418. Disruption of one of both chromosomal copies 
off  TOM40 in geneticin-resistant cells was confirmed by PCR and Southern blot analysis (not shown). 
Plasmidd YEphc33:i4DHJp-TOM40 (TOM40, URA3) was introduced in a heterozygous TOM40/tom40A 
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diploidd strain and transfonnants were plated on selective minimal medium. One of the transformants was 
sponxlatedd and subjected to tetrad analysis. Spores with the tom40 deletion (geneticin-resistant) and the 
plasmidd YEp]ac33::ADHlp-TOM40 (ura+) were subjected to the same genetic screen as used to attempt 
too isolate the tom22A strain OL201 (Figure la), in an attempt to obtain a viable tom40A strain in a similar 
way. . 

Tetradd analysis 
Diploidd strains were sporulated at 28°C in liquid sporulation medium (1% (w/v) KAc, 0.1% (w/v) 
glucose,, 0.25% (w/v) yeast extract). Tetrads were dissected with a Singer semi-automatic microscope 
andd spores were germinated at 28°C on YPD plates. The distribution of auxotrophic markers of viable 
sporess was tested by replica plating to minimal growth media supplemented with the appropriate 
requirements. . 

InIn  vitro import of preproteins into mitochondria and cross-linking 
35S-labeledd precursor proteins were synthesized in rabbit reticulocyte lysate [189]. Preproteins were 
importedd into isolated yeast mitochondria in a BSA-containing buffer (3% (w/v) BSA, 250 mM sucrose, 
55 mM MgCl2, 80 mM KC1, 10 mM MOPS/KOH, pH 7.2), in the presence of 2-4 mM ATP, 2-4 mM 
NADHH at 25 °C. An energy-regenerating system (10-20 mM phosphocreatine, 100-200 (i.g/ml 
phosphocreatinee kinase) was added to allow efficient import into rho° mitochondria. After the import 
reaction,, mitochondria were treated with 50 p.g/ml proteinase K for 15 min. at 0°C [2, 82]. The 
mitochondriaa were reisolated, washed and proteins were separated by SDS-PAGE. In cases where the 
importt was studied in the absence of surface receptors, mitochondria were pretreated with 20 u,g/ml 
trypsinn for 20 min. at 0*C. Dissipation of the membrane potential was accomplished by the addition of 1 
uMM valinomycin, 20 |iM oligomycin and 8 uM antimycin A [2, 189]. For cross-linking, 35S-labeled 
AAC-DHFRR was accumulated at the outer mitochondrial membranes by the addition of 20 \JM 
methotrexatee to the import reaction. Mitochondria were reisolated and subjected to cross-linking with 0.4 
mMM EGS prior to immunoprecipitation under stringent conditions [2]. 

Blue-nativee gel electrophoresis and co-precipitation of Tom proteins 
Mitochondriaa were lysed in 50 ji l ice-cold digitonin buffer (1% (w/v) digitonin, 20 mM Tris-HCl, pH 
7.4,, 0.1 mM EDTA, 50 mM NaCl, 10% (v/v) glycerol, 1 mM PMSF) prior to the addition of sample 
bufferr (5% (w/v) Coomassie brilliant blue G-250, 100 mM Bis-Tris, pH 7.0, 500 mM 6-aminocaproic 
acid).. Blue native PAGE was performed using a 6-16.5% polyacrylamide gradient gel at 10°C [48]. 
Followingg electrophoresis, the gel was blotted onto PVDF membranes, or gel-strips were subjected to a 
second-dimensionall  SDS-PAGE. 
Forr co-precipitation of Tom proteins from mitochondria, isolated mitochondria (250 u,g of protein) were 
lysedd in 0.5% digitonin-containing buffer and incubated with protein A-Sepharose to which antibodies 
weree covalently coupled [2, 3, 82]. After washing in digitonin-containing buffer, the bound material was 
elutedd by the addition of electrophoresis sample buffer and proteins were separated by SDS-PAGE. The 
proteinss were transferred onto nitrocellulose and immunodecorated with various antisera. 
Forr co-precipitation of purified Tom proteins, the expressed and purified cytosolic domains of Tom20, 
Tom222 or Tom70 (100 pmol, each) [30] were pairwise incubated in 50 mM KC1, 10 mM MOPS-KOH, 
pHH 7.2, 0.5% BSA for 15 min. at 25°C (200 pJ final volume). Aggregated material was removed by 
centrifugationn for 20 min. at 106,000 x g. The supernatant was incubated for 1 h. at 4*C with anti-Tom 
antibodiess coupled to protein A-Sepharose. After two washes with 50 mM KC1, 10 mM MOPS-KOH, pH 
7.2,, the precipitate was analyzed by SDS-PAGE, immunodecoration and Fluoro-imaging (Fuji). 

Electrophysiologicall  measurements 
Planarr lipid bilayers were made by using the painting technique [80, 81]. After formation of a stable 
bilayerr (cis chamber: 250 mM KC1, 10 mM CaCl2, 10 mM MOPS/Tris, pH 7.0; trans chamber 20 mM 
KC1,, 10 mM MOPS/Tris, pH 7.0), outer membrane vesicles were added to the cis chamber directly 
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beloww the bilayer. Al l membrane potentials are referred to the trans compartment. Under the conditions 
appliedd here, the outer membrane porin channel (voltage-dependent anion channel, VDAC) was closed. 

Result s s 

Viabilit yy of yeast in the absence of Tom22 

Onlyy two Tom proteins, Tom22 and Tom40, were reported to be essential for cell viability [5, 

83,, 122]. This was determined by a standard assay, i.e. disruption of one chromosomal copy of a 

genee in a diploid strain of the yeast Saccharomyces cerevisiae, followed by sporulation, 

dissectionn of tetrads and analyzing if the resulting haploid cells lacking the gene can grow [69]. 

Similarly,, a sheltered disruption of Tom22 inNeurospora crassa led to the conclusion that 

Tom222 is essential for viability [144]. In a second approach for S. cerevisiae, we asked if 

TOM22TOM22 could be deleted directly from haploid cells (strain OL223) by a one step gene 

disruption.. We therefore tried to disrupt the TOM22 gene in the haploid strain OL223 (wild 

type,, rho+). For this purpose, a DNA fragment harbouring the HIS3 coding region flanked by 

TOM22TOM22 specific regions was introduced into strain OL223 and his+ transformants were selected 

onn minimal medium plates. As a control, we also disrupted one of bom TOM22 chromosomal 

copiess in the diploid strain YPH501 using the same method. his+ transformants were subjected 

too PCR analysis to verify the presence of a disrupted TOM22 gene. However, no viable cells 

lackingg the TOM22 gene could be detected in strain OL223, whereas one of both TOM22 genes 

couldd be disrupted in the diploid strain. In a third approach, a diploid yeast strain (OL551) 

lackingg the TOM22 coding region in one of its chromosomal copies received a plasmid 

containingg the wild type TOM22 gene and the URA3 marker. After sporulation and tetrad 

dissection,, haploid cells containing the chromosomal disruption of TOM22 were selected, all of 

whichh carried the TOM22-URA3 plasmid. By addition of 5-fluoroorotic acid (5-FOA; [14]) to 

thee selective plates, we found cells (OL201) that had lost the URA3-TOM22 plasmid and 

apparentlyy lacked TOM22 (Figure la). To exclude that only the URA3 marker of BG3036 was 

inactivatedd while the TOM22 gene was still intact in OL201, we performed analytical PCR with 

primerss flanking the TOM22 gene, generating a 409 bp fragment for the wild type TOM22 gene 

andd a 1101 bp fragment for the disrupted gene (TOM22 flanking regions are still present in 

tom22A).tom22A). OL201 contained only the disrupted gene (Figure lb, lane 3), control haploid strain 

OL2233 contained the wild type TOM22 gene (Figure lb, lane 2), and diploid strain OL551 

containedd both the wild type and the disrupted gene (Figure lb, lane 1). The absence of the 

TOM22TOM22 coding region in OL201 was also confirmed by Southern analysis. Total chromosomal 

DNAA isolated from strain OL201, control haploid strain OL223 and diploid strain OL551 was 

subjectedd to single enzyme digestions using four different restriction enzymes. 
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diploidd OL551 (tom22A/TOM22) + 
plasmidd BG3036 {URAS, TOM22) 

sporulation n 

haploidd (fom22A) + 
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haploidd (fom22A) ura a 

5-FOA A N N BG3036 6 
(URA3-JOM22) (URA3-JOM22) 

EtBr r 

haploidd OL201 
{tom22A,{tom22A, rhcP) 

haploidd OL'223 
(TOM22,(TOM22,

tom22A tom22A 

TOM22 TOM22 

bp p 

5504-5504-
48811
3649-3649-
3026--

2167--
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Figuree 1. A yeast strain lacking TOM22. a, Schematic representation of the genetic screen used to select 
forr the tom22A strain OL201. b, Analytical PCR on chromosomal DNA of permeabilized cells of strains 
OL5511 (lane 1), OL223 (lane 2) and OL201 (lane 3) yielding fragments characteristic for the intact 
TOM22TOM22 gene (409 bp; WT, wild type) and the ///«-disrupted TOM22 gene (1101 bp; tom22A). c, 
Southernn analysis of chromosomal DNA of strains OL551 (lanes 1-4), OL223 (lanes 5-8) and OL201 
(laness 9-12) digested with the restriction enzymes EcoRI (RI), EcoRV (RV), Bgll (B) andPstl (P). 
Fragmentt sizes (bp) indicate the presence of wild type TOM22 (normal font) or disrupted tom22A (italic 
font),, d, Northern analysis of total RNA of strains OL223 (lane 1) and OL201 (lane 2) showing the RNA 
levelss for the constitutively expressed PDA gene (upper panel) and the TOM22 gene (lower panel). 
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Eachh digestion yielded the expected fragments specific for the wild type TOM22 gene in OL223 

(Figuree lc, lanes 5-8), for the deleted tom22 gene in OL201 (Figure lc, lanes 9-12), and for both 

inn diploid strain OL551 (Figure lc, lanes 1-4). Finally, the lack of the TOM22 gene was 

confirmedd by Northern analysis. Total RNA was isolated from strains OL201 and OL223. A 

bandd representing TOM22 RNA is present in control strain OL223, while this is lacking in strain 

OL2011 (Figure Id, lower panel). We conclude that OL201 lacks the TOM22 gene and 

henceforthh refer to it as 'tom22A'. 

Thee tom22A cells were unable to grow in medium with non-fermentable carbon sources. By 

crossingg strain OL201 with a rho tester strain, we demonstrated that the tom22A cells had 

defectss in mitochondrial DNA (not shown). By DAPI and HOECHST staining the tom22A cells 

weree found to be devoid of mitochondrial DNA (not shown) and are thus classified as rho . 

Thereforee the control haploid strain OL223 was derived from a TOM22 containing spore of 

sporulatedd OL551 and converted to a rho state by ethidium bromide mutagenesis (referred to as 

wildd type with regard to TOM22) (Figure la). On fermentable carbon sources growth of tom22A 

cellss was about four-fold slower than that of OL223 cells. 

Thee frequency of spontaneous loss of the URA3 plasmid BG3036 from a control strain was 

aboutt 1:10 while the frequency for obtaining OL201 was about 1:50. This indicates that about 

20%% of the cells could survive the loss of TOM22, which means that the frequency is too high 

forr a genetic explanation of the phenomenon. Moreover, a back-cross of OL201 with the wild 

typee haploid OL223 also did not provide evidence for a rapid generation of extragenic 

suppressorr mutations to explain the viability of tom22A cells; the analysis of more than 90 

tetradss revealed a 2:2 segregation of viability and all viable spores contained the wild type 

TOM22TOM22 gene (Figure 2). In case of the presence of an extragenic suppressor mutation we would 

expectt 4, 2 and 3 viable spores to occur in a ratio of 1:1:4, which was clearly not the case. 

11 2 3 4 5 6 Figure 2. Tetrad analysis of a back-
,,mm cross of strains OL201 and OL223. 

<f|| # W Strain OL201 {tom22A) was crossed 
withh wild type strain OL223 

f§§ # # (TOM22) and the resulting diploid 
strainn was sporulated. Tetrads were 

m,m, m »; ÜN: dissected and growth on YPD plates 
 W W at 28°C was monitored for several 

^^ days. Analysis of six tetrads is shown, 
WW 9 numbered 1 through 6. Spores in a 

verticall  line belong to one tetrad. 

Thiss suggests that tom22A spores cannot germinate productively. The strong growth defects of 

tom22Atom22A cells provide a likely explanation why the cells did not survive the stress generated by 

twoo standard procedures for gene deletion, leading to the previous assumption that Tom22 is 
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essentiall  for viability. Only the mild approach of spontaneous plasmid loss from growing cells 

allowedd the recovery of a viable tom22A strain. 

Mitochondriaa were isolated from tom22A cells and the corresponding wild type strain. Western 

analysiss with a polyclonal anti-Tom22 serum demonstrated that the tom22A mitochondria 

completelyy lacked Tom22 (Figure 3, lane 2). No smaller fragments reacting with the antiserum 

weree detected, even after extensive loading of the gel (Figure 3, lane 4). 

Thee content of Tom20 in tom22A mitochondria was reduced to -65% of the wild type level 

(Figuree 3, lane 6). All other proteins tested were found in similar amounts in wild type and 

mutantt mitochondria, including Tom70, Tom40 and Tom5 of the outer membrane (Figure 3, 

lanee 6); Tim23, Tim22 and the ADP/ATP carrier (AAC) of the inner membrane; the B subunit of 

thee Fi-ATPase (FiB); and the matrix chaperonin Hsp60 (Figure 3, lane 8). We conclude that 

tom22Atom22A cells are viable, although only on medium with a fermentable carbon source and with a 

strongg retardation of growth. The resulting mitochondria have a protein composition that is quite 

similarr to control rho mitochondria and thus offer the unique opportunity to analyze the 

dependencee of mitochondrial protein biogenesis on Tom22. 

Tom22 2 

Mr(K) ) 

- 4 5 5 

- 3 6 6 

- 2 9 9 
4 4 

0 0 

Tom70 0 

Tom40 0 

FiB B 

Hsp60 0 

AAC C 

14 4 Tom20 0 

33 4 

Tom5 5 Tim23 3 

! ! 

Figuree 3. Analysis of the protein composition of tom2'2 A mitochondria. Protein of isolated mitochondria 
(255 ug of protein) were separated by SDS-PAGE and analyzed by immunodecoration. Lanes 3 and 4 
receivedd 200 ug of mitochondrial protein. 

tom22Atom22A mitochondria are strongly impaired in protein impor t and 

interactionn of peripheral receptors with the import pore 

Too assay the protein import capacity of tom22'A mitochondria, in vitro synthesized 35S-labeled 

preproteinspreproteins were incubated with the isolated mitochondria (Figure 4a-c). Preproteins containing 

cleavablee presequences were employed that were destined for the intermembrane space 
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(cytochromee 62, not shown), the matrix side of the inner membrane (FiB) or the matrix (the cc-

subunitt of the matrix processing peptidase (a-MPP), and a fusion protein between the 

presequencee of F0-ATPase subunit 9 and dihydrofolate reductase (Su9-DHFR)). Non-cleavable 

precursorss of AAC and the outer membrane protein porin were also used. tom22A mitochondria 

weree able to import preproteins, but with a strongly reduced efficiency of about 5-15% 

comparedd to the wild type mitochondria (Figure 4a, b, compare lanes 5-7 to 1-3; Figure 4c, lanes 

7-111 vs. 1-5). The import into or across the inner membrane of tom22A mitochondria was 

blockedd by dissipation of the membrane potential (Figure 4a, b, lanes 8; Figure 4c, lane 12). By 

reexpressionn of Tom22 from a plasmid carrying the TOM22 gene, protein import was largely 

restoredd (Figure 4b, lanes 9-11), demonstrating that the strong effects on protein import were 

Tom22-specificc (the reduction of the Tom20 content would only slightly inhibit the import of 

cleavablee preproteins to about 80% of the wild type level [2]). 

Too monitor the association of preproteins with Tom proteins, we used an AAC-DHFR fusion 

protein.. By addition of methotrexate, the carboxy-terminal DHFR is stabilized and does not 

crosss the outer membrane [189] leading to the arrest of AAC-DHFR in the Tom machinery. 

Uponn addition of the cross-linking reagent ethylene glycol 6w-(succinimidylsuccinate) (EGS), 

Tomm proteins in vicinity of the preprotein were identified by immunoprecipitation under 

stringentt conditions. The efficiency of cross-linking of AAC-DHFR to the first receptor Tom70 

wass similar in wild type and tom22A mitochondria (Figure 4d, lanes 1 and 6), indicating that the 

lackk of Tom22 did not impair the initial binding of the preprotein to the mitochondrial surface. 

However,, crosslinking of AAC-DHFR to Tom40 was strongly reduced in tom22A mitochondria 

(Figuree 4d, lane 7), indicating that transfer of the preprotein into the import pore was inhibited. 

Cross-linkingg to the second receptor Tom20 was also reduced (Figure 4d, lane 8), suggesting 

thatt the lack of Tom22 impairs the transfer of preprotein from Tom70 towards Tom20. 

Antibodiess against the abundant porin did not precipitate cross-linking products of AAC-DHFR 

(Figuree 4d, lanes 5 and 10), confirming the specificity of the approach. 

Doo the peripheral receptors Tom70 and Tom20 partially substitute for the lacking receptor 

functionn of Tom22? A pretreatment of mitochondria with trypsin removes the cytosolic domains 

off  all receptors and protein import is reduced in wild type mitochondria to -30% (bypass 

import)) (Figure 4e) [2, 189]. With tom22A mitochondria, however, a trypsin pretreatment only 

slightlyy affected the residual import (Figure 4e). This result surprisingly suggests that without 

Tom222 preprotein import is largely independent of the typical receptor proteins, leaving the 

trypsin-resistantt Tom5 as the only binding site for preproteins before insertion into the GIP [50]. 

AA possible explanation would be that Tom22 is required for the docking of Tom20 and Tom70 

too the GIP complex. The peripheral association of Tom20 and Tom70 with the GIP complex 

(Tom40)) can be assayed by co-immunoprecipitation experiments under mild conditions [2, 3, 

82]. . 
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Figuree 4. Inhibition of protein import into tom22A mitochondria, a, Inhibition of preprotein import to 
differentt mitochondrial subcompartments. 35S-labeled preproteins were imported into isolated wild type 
orr tom22A mitochondria in the presence or absence of a membrane potential (Ay). After treatment with 
proteinasee K, the reisolated mitochondria were subjected to SDS-PAGE and storage phosphor imaging 
technology,, b, Restoration of protein import by reexpression of Tom22. Included are mitochondria 
isolatedd from a tom22A strain reexpressing Tom22 (samples 9-12). The restoration of protein import was 
comparablee if Tom22 was reexpressed from either a multi-copy vector (YEpl3) or a single copy-vector 
(pRS415).. p, i, m, precursor-, intermediate- and mature-sized forms of a protein, respectively, c, Import 
andd assembly of the AAC are inhibited. Assembly of AAC to the dimeric form was assessed by blue-
nativee PAGE, d, Cross-linking of AAC. AAC-DHFR was accumulated across the outer membrane in the 
presencee of methotrexate. The reisolated mitochondria were subjected to cross-linking with EGS and 
analyzedd by immunoprecipitation under stringent conditions, e, Bypass import into tom22A 
mitochondria.. Where indicated the mitochondria were pretreated with trypsin before the import of FiB. 
Proteinn import into non-trypsinized wild type mitochondria after 60 min. was set to 100% (control). 

Antibodiess against Tom40 co-precipitated Tom20 from wild type mitochondrial lysates, but not 

fromfrom tom22A mitochondria (Figure 5a, lanes 3 and 4, column 10). Similarly, anti-Tom20 did not 

precipitatee Tom40 from tom22A mitochondria (Figure 5a, lane 6, column 11). Moreover, the 

precipitationn of Tom40 with anti-Tom70 was blocked with tom22A mitochondria (Figure 5a, 

lanee 8, column 13). The specificity of the co-immunoprecipitation approach is underscored by 

thee lack of precipitation of Tom40 or Tom20 by anti-Tom22 from tom22A mitochondria (Figure 

5a,, lane 2). Upon reexpression of TOM22 in the tom22A strain, the association of Tom20 and 
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Tom700 with Tom40 was restored to wild type levels (not shown). Thus the lack of Tom22 

stronglyy reduces the interaction of the receptors Tom20 and Tom70 with the GIP. 
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Figuree 5. Tom22 as docking point for Tom20 and Tom70. 
a,, The lack of Tom22 inhibits the association of Tom20 and Tom70 with Tom40 (GIP). Digitonin-lysed 
wildd type and tom22A mitochondria were subjected to co-immunoprecipitation with antibodies directed 
againstt Tom22, Tom40, Tom20, or Tom70. The co-precipitated proteins were separated by SDS-PAGE 
andd immunodecorated with antibodies directed against Tom40, Tom22, and Tom20. The amounts of 
precipitatedd Tom20 and Tom40 were quantified and the ratio of tom22A versus wild type is shown, b, 
Interactionn of the cytosolic domain of Tom22 with the cytosolic domains of Tom20 and Tom70. The 
purifiedd domains were pairwise mixed as indicated, followed by co-precipitations with antibodies 
directedd against Tom20, Tom22, Tom70, orpreimmune antibodies. The amount of direct precipitation of 
eachh domain with its genuine antibody was set to 1 (norm, units). 

Too determine if Tom22 directly interacts with Tom20 or Tom70, we assayed the interaction 

betweenn the expressed and purified cytosolic domains of the receptors [30]. The cytosolic 

domainss of Tom20 and Tom22 were mixed and subjected to co-immunoprecipitation. Tom20 

wass co-precipitated with anti-Tom22 (Figure 5b, column 1), whereas no co-precipitation was 

observedd with preimmune serum (Figure 5b, column 2) or when Tom22 was omitted from the 
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incubationn (not shown). Moreover, Tom22 was co-precipitated with anti-Tom20 (Figure 5b, 

columnn 5). Similarly, Tom22 and Tom70 could be co-precipitated (Figure 5b, columns 7 and 

11).. However, when Tom20 and Tom70 were mixed, only weak co-precipitation was observed 

(Figuree 5b, columns 3 and 9), demonstrating the selectivity of association with Tom22. The 

previouslyy reported transient interactions between Tom20 and Tom70 are apparently less stable 

andd involve smaller fractions of the proteins [73], thereby escaping detection by our co-

precipitationn approach. We conclude that the purified cytosolic domain of Tom22 can associate 

withh the cytosolic domains of Tom20 and Tom70. 
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Figuree 6. The lack of Tom22 causes a dissociation of the 400K GIP complex. 
a,, Dissociation to a 100K complex and restoration of the 400K complex by reexpression of Tom22. 
Mitochondriaa were isolated from wild type yeast ( rho+), wild type ( rhcP\ tom22A and a tom22A strain 
reexpressingg Tom22. Samples were lysed in digitonin, subjected to blue-native PAGE and 
immunodecoratedd with anti-Tom40. b, Tom40, Tom7, Tom6 and Tom5 are present in the 100K complex. 
tom22Atom22A mitochondria were lysed in digitonin, separated by blue-native PAGE, followed by SDS-PAGE. 
Immunodecorationn was performed with anti-Tom40 and anti-Tom5. -^^S-labeled Tom7, Tom6 and Tom5 
weree imported into tom22A mitochondria and analyzed by 2D-PAGE and autoradiography, c, The 
membrane-spanningg segment of Tom22 is required for stabilization of the 400K GIP complex. 
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Mitochondriaa were isolated from wild type yeast, the tom.22-2 strain expressing Tom22 without its 
intermembranee space (IMS) domain, and the tom22A strain. Half of the samples were treated with 
proteinasee K. The mitochondria were lysed in digitonin and analyzed by blue-native PAGE. Cyt., 
cytosolicc side; OM, outer membrane, d, Accumulation of a preprotein in the 100K subcomplex of 
tom22Atom22A mitochondria. ^S-labeled AAC-DHFR was preincubated with methotrexate and imported into 
wildd type and tom22A mitochondria. The mitochondria were lysed in digitonin and analyzed by blue-
nativee PAGE and autoradiography (lanes 1-2). For lanes 3-4, digitonin-lysed mitochondria were analyzed 
byy blue-native PAGE and immunodecoration for Tom40. e, Tom40 is present as a dimer in the 100K 
complex.. 3^S-labeled Tom7, Tom6 and Tom5 were imported into tom22A mitochondria. The 
mitochondriaa were lysed with Triton X-100 (samples 2-5) or digitonin (sample 1) and separated by blue-
nativee PAGE. Analysis was by immunodecoration for Tom40 (samples 1 and 2) or autoradiography 
(sampless 3-5). The asterisk indicates the positions of the small Toms close to the front of the gel. 

Thee membrane anchor  of Tom22 scaffolds the assembly of Tom core 

complexess to the GIP complex 

InIn wild type mitochondria, Tom22, Tom40, and the three small proteins Tom5, Tom6 and Tom7 

formm the centre of the Tom machinery, the 400K GIP complex that remains stable on blue-native 

electrophoresiss while the peripheral subunits Tom20 and Tom70 are mainly released [48, 50]. 

Thiss complex was also observed in mitochondria from a rho strain (Figure 6a, lanes 1 and 2). 

Withh tom22A mitochondria, however, the 400K GIP complex, detected with anti-Tom40, 

completelyy dissociated to a complex of ~100K (Figure 6a, lane 3). Mitochondria isolated from 

thee tom22A strain reexpressing Tom22 from a plasmid contained a large GIP complex (Figure 

6a,, lane 4), demonstrating that the dissociation of the GIP complex was selectively caused by the 

lackk of Tom22. By two-dimensional electrophoresis of tom22A mitochondria and subsequent 

immunodecoration,, Tom40 and Tom5 were quantitatively found in the 100K complex (Figure 

6b,, upper panel). The preproteins of Tom7 and Tom6, for which specific antibodies are not 

available,, were synthesized and 35S-labeled in vitro and imported into the mitochondria. 

Thee bulk of Tom7 and Tom6 migrated at the 100K position (Figure 6b, lower panel) while a 

smalll  amount of Tom6 was not assembled, as similarly observed with in vitro imported Tom5 

(Figuree 5b, lower panel) [48]. We conclude that the lack of Tom22 causes a dissociation of the 

GIPP complex to a 100K complex that contains Tom40, Tom7, Tom6 and Tom5. 

Whichh part of Tom22 is required for the integrity of the 400K GIP complex? A treatment of 

wildd type mitochondria with protease removed the cytosolic domains of the Tom22 molecules in 

thee GIP complex, causing a shift of the GIP complex to ~350K, but not to 100K (Figure 6c, lane 

2)2) [48]. The GIP complex of tom22-2 mutant mitochondria, lacking the Tom22 intermembrane 

spacee domain [137], preferentially migrated as a large complex (Figure 6c, lane 3). When we 

removedd both domains by treating ton%22-2 mitochondria with protease, we still observed a large 

GIPP complex and very littl e 100K complex (Figure 6c, lane 4). We conclude that neither the 

cytosolicc domain nor the intermembrane space domain of Tom22 are required to maintain the 

stabilityy of the bulk of GIP complexes. Only when the membrane anchor of Tom22 was 
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removedd (tom22A mitochondria), the GIP complex quantitatively dissociated and the vast 

majorityy of Tom40 was found at the 100K position (Figure 6c, lane 5). 

Too determine if the 100K complex retained a functional protein import site, we arrested import 

off  35S-labeled AAC-DHFR across the outer membrane. The translocation intermediate 

accumulatedd at -450K in wild type mitochondria (Figure 6d, lane \) and at 150K in tom22A 

mitochondriaa (Figure 6d, lane 2). The size of the fusion protein is ~50K, indicating an 

accumulationn in the 400K and 100K complexes, respectively. Thus the 100K subcomplex forms 

aa functional import site. The wild type Tom complex contains about six molecules of Tom40 

[48]]  and, as suggested by electron micrographic analysis in Neurospora crassa, up to three 

importt channels [113], implying that a single import channel is formed by a dimer of Tom40. In 

orderr to test if the 100K subcomplex fulfilled this prediction, we used Triton X-100 to release 

thee small Tom proteins from Tom40 (Figure 6e, lanes 3-5).[48]. Tom40, now representing the 

onlyy component of the complex, migrated at 80K (Figure 6e, lane 2). Monomelic Tom40, 

obtainedd after lysis of mitochondria with SDS, migrates at 40-45K (not shown). We propose that 

aa dimer of Tom40 present in the 100K subcomplex forms the basic unit of one import channel. 

Tom22-deficientt  import sites lose the tight control of channel gating 

Too determine the electrophysiological characteristics of the translocase channel in tom22A outer 

membranes,, we isolated outer membrane vesicles from wild type and tom22A mitochondria and 

analyzedd them using the planar lipid bilayer technique [80]. A single type of cation channel was 

observedd in both membranes (Figure 7a). We investigated the basic properties of the channel, 

i.e.. conductance, selectivity, and sensitivity to the synthetic mitochondrial presequence of 

cytochromee oxidase subunit IV (CoxIV). The wild type channel revealed a reversal potential of 
Erevv = +30 m V (PK*/PCr=  4.4:1), its slope conductance was A = 370  5 pS for the main 

conductancee and Ai = 180  6 pS for the most frequent subconductant level (Figure 7c, left 

panel).. The channel of tom22A outer membranes revealed similar values: a reversal potential 
Erevv = + 2 9 m V w i m a s l oPe conductance of A = 387  6 pS and Ai = 187  5 pS for the main 

conductancee and the most frequent subconductant level, respectively (Figure 7c, right panel). 

Ass observed with purified Tom40 [80], the direct transitions between the conductance levels and 

thee comparatively high frequency of the states suggest that they represent distinct conductance 

statess of a single channel and not the coupled opening of two or more individual channels. In 

supportt of this view, the ratio between the frequency of the main conductance state and that of 

thee subconductance state did not change significantly between wild type and tom22A outer 

membranes.. The channels from both sources were highly sensitive to the presence of the CoxIV 

presequencee peptide. The peptide induced a strong increase in the frequency of channel gating 

(flickering)) of both the wild type channel and the tom22A channel (Figure 7b). This effect was 

reversiblee after removal of the peptide. Thus the basic properties of the channel are identical for 
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wildd type outer membranes, tom22A outer membranes and purified Tom40 [80]. However, a 

differencee was observed for the open probability of the channel. While in wild type outer 

membraness the channel was mainly in the closed state (Figure 7a, left panel), the channel of 

tom22Atom22A outer membranes was mainly in the open state (Figure 7a, right panel), resembling the 

openn state observed with purified Tom40 [80]. We conclude that Tom22 is required to 

negativelyy regulate the open probability of the Tom40 channel. 

timee (s) time (s) 

bb WT +CoxlV tom22A +CoxlV 

timee (s) time (s) 

CC WT tom22A 

Figuree 7. Increased open probability of the import channel of tom22A mitochondria. 
a,, Current traces from a bilayer that was fused with wild type or tom22A outer membrane vesicles at a 
membranee potential of 0 mV. The traces below show time scale-expanded current recordings from the 
tracess above with high time resolution (10 kHz), b, Current traces as in (A) after addition of 10 uM 
CoxIV(l-23)) to the cis compartment, c, Current-voltage relationship (in the absence of presequence 
peptide)) of the fully open single channel (squares) and the most frequent subconductance level (circles). 

Discussio n n 

Wee report a new principle of organization of a multisubunit preprotein translocase. A 

multidomainn protein, Tom22, not only functions as receptor and trans binding site for 

preproteins,, but it also organizes the interaction between the channel and receptor subcomplexes 
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att two levels. The following functions can be assigned to the three domains of Tom22. (i) The 

cytosolicc domain plays a dual role, it specifically recognizes preproteins [30, 83, 133] and serves 

ass docking point for the peripheral receptors Tom20 and Tom70. (ii) The intermembrane space 

domainn provides a trans binding site for presequences [17, 137], (iii ) The single membrane 

anchorr of Tom22 is crucial for the integrity of the GIP complex. In the absence of this 

membranee anchor, the GIP complex dissociates into small core complexes containing a dimer of 

Tom400 and the three small Toms. Such a 100K core complex probably contains a single channel 

thatt retains the basic channel properties but is already open in the absence of preproteins. In 

contrast,, in the presence of Tom22, the wild type GIP complex contains tightly regulated 

channelss (probably three channels [113]) that open when preproteins are present. Tom22 

apparentlyy represents a component of the machinery that controls the gate. Whereas Tom40 is 

thee only strictly essential protein of the outer membrane translocase (cells lacking Tom40 were 

inviablee with all methods of gene deletion applied) [5, 100]) and forms the basic import core, 

Tom222 is crucial for the organization of the core complexes into the large GIP complex, the 

interactionn with the peripheral receptors and the efficient and coordinated transfer of preproteins. 

Thiss multifunctional protein is thus the central organizer that converts a simple channel into a 

complex,, dynamic and efficiently coordinated machinery for the recognition and translocation of 

preproteins. . 
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Abstrac t t 

Previouss complementation studies with yeast bc i mutants, defective in subunits VII or VIII , 

usingg heterologous and hybrid subunits, suggested that the requirement for import into 

mitochondriaa might significantly restrict the scope of this test for compatible proteins. Prediction 

algorithmss indicate that the N-terminal domain of subunit VII contains all (known) 

characteristicss of a mitochondrial targeting signal, whereas in subunit VII I such a signal is 

absentt from the N-terminal domain, but possibly present in an internal region of the protein. 

Despitee the fact that the characteristics of a mitochondrial import signal are found in the N-

terminuss of all known subunit VII orthologues, in vitro import experiments show that the protein 

fromm human origin is not imported into yeast mitochondria. In vitro import can be restored, 

however,, by replacement of the N-terminal part of the human protein by the N-terminus of the S. 

cerevisiaecerevisiae orfhologue, indicative of a requirement for species-specific elements. 

Similarr experiments were performed with subunit VII I and orthologues thereof, including a 

hybridd protein in which the N-terminus of the bovine heart orfhologue was replaced by that of S. 

cerevisiae.cerevisiae. The ability of yeast mitochondria to import this hybrid protein, in contrast to the 

bovinee subunit VII I orfhologue itself, indicates that also for subunit VII I the N-terminus, in 

contrastt to theoretical predictions, contributes to the targeting signal, most likely via species-

specificc elements. 

Ourr findings expose the limitations of the currently available criteria for prediction of the 

presencee and location of a mitochondrial targeting sequence and bring out the necessity of 

performingg separate import studies for the interpretation of complementation studies as long as 

thee species-specific characteristics of the import signals have not been identified. 

Introductio n n 

Forr the bc\ complex from Saccharomyces cerevisiae 10 subunits have been described until now 

[25,, 43]. Based on mutational studies and by analogy with the 3D-structure of the bovine 

complex,, subunits VII and VII I (14 kDa and 11 kDa, respectively) are likely to be closely 

associatedd with cytochrome b ([8], see also [205] and [206]) and a role in the binding of 

ubiquinol/ubiquinonee has been suggested [76, 94, 194]. Both subunits are essential for correct 

assemblyy of the complex [129, 182]. Complementation studies, designed to analyze the 

functionalityy in yeast of orthologous subunits from other organisms, suggested that at increasing 

evolutionaryy distance the import into S. cerevisiae mitochondria plays a crucial role and has to 

bee further analyzed [23, 123]. 

Mostt mitochondrial proteins are encoded in the nucleus and synthesized as larger precursors in 

thee cytoplasm. These precursor proteins contain a mitochondrial targeting signal that directs 
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importt to the mitochondria. This signal sequence is generally located at the N-terminus of the 

protein,, has a length of about 30 amino acids, is characterized by the presence of predominantly 

hydrophobicc amino acids in combination with one or more positive charges and has the ability to 

formm an amphipathic alpha-helical structure. The sequence is either present as an N-terminal 

extensionn of the mature protein, which is cleaved off upon import into the mitochondrial matrix 

space,, or present within the mature protein. Although the location of the latter is generally 

assumedd to be N-terminal, some examples have recently been described of mitochondrial 

proteinss containing a targeting signal in the middle or even at the C-terminus [33, 58, 97]. In no 

casecase has a consensus been described, so that no single simple method exists for the recognition 

off  such a signal and the definition of a general method to locate its position. 

Too overcome this difficulty, several indirect approaches based on known features of 

mitochondriall  targeting signals have been applied to predict whether a targeting sequence is 

present,, and if so, where this signal is located [37, 38, 60,198]. We have applied several of these 

predictionn algorithms for subunit VII and VII I of the bc \ complex (complex III ) of the 

respiratoryy chain from Saccharomyces cerevisiae, as well as for several orthologues from other 

yeastss and higher eukaryotes. Subunit VII from S. cerevisiae is a typical example of a protein 

whichh contains all features of an N-terminal mitochondrial targeting sequence [198]. In contrast, 

thee N-terminus of 5. cerevisiae subunit VII I does not show these characteristics and it therefore 

mayy be speculated that it contains a mitochondrial targeting signal at another location, the region 

off  amino acid residues 34 to 51 being the preferred candidate. 

Inn order to be able to exclude import deficiency as the reason for lack of complementation, in 

vitrovitro import assays into S. cerevisiae mitochondria were performed with subunit VII and subunit 

VII II  orthologues from several species. In this way also the functionality of the targeting 

sequencess of these orthologues was determined, allowing us to speculate about the evolutionary 

conservationn of these mitochondrial targeting signals. In addition, hybrid proteins were 

constructedd in order to study the location of the targeting signal. 

Material ss  and Method s 

Strainss and media 
EscherichiaEscherichia coli strain JF 1754 {lac gal tnetB leuB hisB hsdS) was used for DNA manipulations, strain 
BMH71-188 was used for plasmid transformation after site-directed mutagenesis and strain JM109 was 
usedd for the generation of single-stranded DNA. E. coli transformants were grown in YT medium (1% 
(w/v)) yeast extract, 1% (w/v) bactotryptone and 0.5% (w/v) NaCl) containing 200 Ug/ml ampicillin. 
Thee Saccharomyces cerevisiae strain DALU273 was made as described in [23]. Disruption of the QCR8 
genee was performed as described before [129], giving DALU80 {MATa, ura3, lys2, qcr8::LEU2). S. 
cerevisiaecerevisiae strains DLL70 {MATahis3 ura3 qcr7::LEU2) [77], DLL80 {MATahis3 ura3 qcr8::LEU2) 
[129]]  and DALU80 [23] were used for the transformation of plasmids. Transformation of yeast was 
performedd according to Klebe et al. [104]. Transformants were selected on minimal media supplemented 
withh histidine or lysine (20 ug/ml). The respiratory capacity of the transformants was checked on solid 
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mediaa containing 1% (w/v) yeast extract, 1% (w/v) bactopeptone, 2% (w/v) glycerol and 2% (w/v) 
ethanoll  (EG medium). Mitochondria used for the in vitro import experiments were isolated from 
SaccharomycesSaccharomyces cerevisiae strain YPH501 (MATa/aade2-101/ade2-101 his3-A200/his3-A200 leu2-
AMeu2~AlAMeu2~Al ura3-52/ura3-52 trpl-A63/trpl-A63 Iys2-801/lys2-801) [184]. 

Constructionn of heterologous and hybrid proteins 
Ann 840 bp HindHl-Sall fragment carrying the QCR8 gene was cloned from plasmid pUC18-HUS [76] 
intoo the multiple cloning site of the centromeric E. colilS. cerevisiae shuttle vector pRS313 [184] to 
createe pRS/Sc8. Ncol restriction sites were created at the respective ATG start codons and Clal sites 
directlyy downstream of the S. cerevisiae QCR8 gene and its orthologue from bovine heart (if not already 
present).. By exchanging the Ncol-Clal fragment (the Clal site is located 27 bp after the stopcodon), a 
clonee was made in which the bovine heart gene is flanked by S. cerevisiae sequences (named pRS/bb.8). 
Thee S. cerevisiae-boviae heart hybrid gene was constructed using the Ndel site in 5. cerevisiae QCR8 at 
nucleotidee position 77 (with respect to the ATG) and by introducing an Ndel site in the bovine heart gene 
att position 47 (with respect to the ATG). The Ndel-Clal fragment from pRS/Sc8 was subsequently 
replacedd by the Ndel-Clal fragment from the bovine heart gene giving pRS/Sc-bh8 (residues 1-26 from 
5.. cerevisiae subunit VII I fused to residues 16-81 from bovine heart subunit VIII) . By exchanging the 
Ncol-ClalNcol-Clal fragment from S. cerevisiae with the orthologous Neurospora crassa genes encoding the 
precursorr and mature protein, clones were made in which the N. crassa genes are flanked by S. cerevisiae 
sequencess (named pRS/Nc8-l and pRS/Nc8-2, respectively). 
AA  Kpnl-Xbal fragment carrying the S. cerevisiae QCR7 gene was cloned into the multiple cloning site of 
pSelectt (Promega, Madison, USA). Site directed mutagenesis by pSelect Altered Sites (Promega) was 
performedd to create an Ncol site at the first codon and a BamW site 29 nucleotides downstream of the S. 
cerevisiaecerevisiae QCR7. A final construct was cloned into the centromeric E. coli/S. cerevisiae shuttle vector 
pRS3166 [ 184]. From this construct it was possible to substitute the Ncol-BamHl fragment carrying the S. 
cerevisiaecerevisiae QCR7 by its orthologous genes from potato and man, keeping the S. cerevisiae promoter and 
terminatorr sequences intact, resulting in the constructs named pRS/pot7 and pRS/hum7, respectively. 
Thee two hybrid genes were constructed by fusing 111 nucleotides (corresponding to the N-terminal 37 
aminoo acid residues) from the S. cerevisiae QCR7gene to the genes from man or potato from which the 
firstt 78 and 84 nucleotides (corresponding with the N-terminal 26 and 28 amino acid residues) had been 
removed,, which resulted in the constructs named pRS/Sc-hum7 and pRS/Sc-pot7, respectively. 

Isolationn of mitochondria and gel electrophoresis 
Mitochondriaa were isolated as described in Glick et al. [65]. Protein concentrations were determined 
accordingg to Bradford [24]. Mitochondrial proteins were separated on denaturing polyacrylamide gels 
[116]]  which were stained with Coomassie Brilliant Blue to visualize marker proteins. After staining the 
polyacrylamidee gels were dried and subjected to autoradiography. 

Impor tt  of proteins into isolated yeast mitochondria 
Afterr in vitro transcription with T7 or SP6 RNA polymerase, proteins were in vitro synthesized in rabbit 
reticulocytee lysates in the presence of  35S-methionine. In vitro import into isolated yeast mitochondria 
wass performed in the presence of 2 mM ATP, 2 mM NADH and bovine serum albumin containing buffer 
ass described by Söllner et al [189]. Where indicated, the mitochondria were incubated with 200 ^ig/ml 
proteinasee K for 30 min. at 30°C. The mitochondria were reisolated, washed, and the proteins were 
separatedd on denaturing polyacrylamide gels. For dissipation of the membrane potential A\|/, 0.5 \sM 
valinomycin,, 8 |iM antimycin A andd 20 |iM oligomycin were included during the import reaction [151]. 

Chemicals s 
Proteinasee K was purchased from Boehringer, Mannheim, Germany. Restriction and other enzymes were 
purchasedd from Biolabs or Gibco. 
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Result s s 

InIn  vitro import of heterologous and hybri d proteins 

Too establish whether the lack of functionality of some orthologues of subunits VII and VII I in 

yeastt [23, 123] was possibly due to a deficiency in the import of these orthologues into yeast 

mitochondria,, we investigated whether the import apparatus of Saccharomyces cerevisiae 

mitochondriaa is able to import subunit VII and subunit VII I orthologues from other organisms, 

usingg an in vitro import assay with isolated S. cerevisiae mitochondria. Control experiments 

confirmedd that the subunits VII and VII I of the bc\ complex from S. cerevisiae were imported 

onlyy in the presence of a membrane potential across the inner membrane ([59, 172, 173, 207], 

Figuree la and lb). Of the two orthologues that were not able to complement yeast strains 

deficientt in subunit VII of the bc\ complex (see Figure 2 for the sequences), the orthologue from 

potatoo could be imported into isolated yeast mitochondria, as indicated by the presence of this 

proteinn in a location where it is protected against externally added protease (Figure la, lane 2). 

Inn contrast, the human subunit VII orthologue could not be imported (Figure 1 a, lane 2). 

Inn order to determine which domain of subunit VII is essential for import, hybrid proteins were 

constructed.. Since the N-terminus of subunit VII from S. cerevisiae shows all features of a 

typicall  N-terminal mitochondrial targeting sequence (Table 1), the N-terminal 26 amino acid 

residuess of the human orthologue were replaced by the N-terminal domain (residues 1-37) of the 

S.S. cerevisiae orthologue. Figure la shows that mis hybrid protein could be imported into isolated 

yeastt mitochondria in a A\|/-dependent manner and was translocated to a location where it was 

protectedd against externally added protease. As a control, the N-terminus (residues 1-28) of the 

potatoo subunit VII orthologue was also substituted by the N-terminal domain (residues 1-37) of 

thee yeast orthologue and also this hybrid protein could be imported in an in vitro import system. 

Thee N-terminus of the human orthologue was not replaced with that of the potato subunit. 

Off  the orthologues of subunit VII I from S. cerevisiae, again the bovine orthologue was not 

importedd into isolated yeast mitochondria [23]. Substitution of the N-terminus (residues 1-16) of 

thee bovine orthologue with that from S. cerevisiae subunit VII I (residues 1-26) resulted also in 

thiss case in a hybrid protein which could be imported into mitochondria in vitro (Figure lb, lane 

2),, implying that the N-terminus of subunit VII I from S. cerevisiae contains at least part of the 

targetingg signal. The import of other heterologous proteins into yeast mitochondria was also 

monitored.. The subunit VII I orthologue from potato could not be imported into yeast 

mitochondriaa (Figure lb, lane 2). This orthologue was not used for further study and no hybrid 

proteinn was constructed. 
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protein n 
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Tablee 1. Relations between mitochondrial targeting sequence characteristics, functional 
complementationn analysis and in vitro import experiments with subunit VII and VII I proteins from 5. 
cerevisiaecerevisiae and orthologues. uH = hydrophobic moment for indicated segment; segment = segment of 18 
aminoo acid residues; Hmax = maximal hydrophobicity; surface = surface-seeking capacity; KR/DE = 
numberr of lysme+arginine versus number of asparagine+glutamic acid residues; functional - functional 
complementationn analysis of either qcr7 or qcr8 null mutants by subunit VII or subunit VIE heterologous 
andd hybrid proteins, respectively; import = in vitro import into isolated S. cerevisiae mitochondria. 
Valuess for uH, segment and Hmax w e re obtained according to prediction algorithms described by [37, 
38].. The calculated value for Hmax of S. cerevisiae subunit VII deviates from the value previously 
calculatedd by Eisenberg et al. [53], due to the fact that we have taken into account that the first 
methioninee of subunit VII is processed by a methionine aminopeptidase (MAP) present in the cytosol 
[28,, 35], before translocation of the protein into the mitochondria occurs. 

Recently,, the gene encoding the subunit VII I orthologue from Neurospora crassa was isolated 

[124].. Surprisingly, in vitro import assays showed that the N-terminal eight amino acid residues 

off  this 11.8 kDa protein are processed upon import into isolated N. crassa mitochondria, 

resultingg in a 10.8 kDa mature protein [124]. The N. crassa protein is the only subunit VII I 

orthologuee known to be synthesized as a larger preprotein and processed upon import into the 

mitochondria.. It was additionally shown that the 10.8 kDa mature protein lacking the N-terminal 

extensionn could also be imported into N. crassa mitochondria using an in vitro system, 

indicatingg that the extension is not essential for import [124]. 

InIn vitro import studies now showed that the 11.8 kDa preprotein from N. crassa could be 

importedd into isolated S. cerevisiae mitochondria as well. The in vitro import of this 

heterologouss protein into 5. cerevisiae mitochondria strongly suggests that mis protein is also 

processedd into the mature 10.8 kDa protein, even though the S. cerevisiae subunit VII I protein 
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itselff  is not processed. The 10.8 kDa N. crassa subunit VII I orthologue was also obtained by in 

vitrovitro synthesis and could also be imported into S. cerevisiae mitochondria, again confirming that 

thee extension is not essential for import. Due to cloning strategies both N. crassa proteins used 

forr import studies have an altered amino acid residue at the second position when compared with 

thee original N. crassa subunit VII I orthologue [124] (Figure 2), but this does not seem to have 

anyy effect on the import of these N. crassa proteins into either N. crassa or S. cerevisiae 

mitochondria.. The in vitro import experiments show that the import of these proteins into S. 

cerevisiaecerevisiae mitochondria is inefficient, but it must be noted that in vitro import experiments of 

thesee N. crassa subunit VII I proteins into N. crassa mitochondria are also highly inefficient 

[124]. . 

aa b 

Sc8 8 
S:-:;.:-:S::::;-::.-:.:-'-:o:-/\ \ 

#***** ***** Sc7 .. pot 8 

hum?? Voi^lzzm» «N» WC8-1 

pot77 10.8 kDa— 4NRp: ***«» wHKb  A/c8-2 

Sc-hum77 bh8 

Sopot77 «*"** *-"~* *—"* Sc-bh8 

++ - - Ay + + - - Ay 

++ - + PK + - + PK 

Figuree 1. In vitro import of heterologous and hybrid subunit VII (Figure 1A) and subunit VII I (Figure 
IB)) proteins into isolated yeast mitochondria. All proteins were in vitro synthesized in rabbit reticulocyte 
lysatee in the presence of  35S-methionine. Isolated yeast mitochondria were incubated with the different 
rabbitt reticulocyte lysates for 30 min. at 30°C, either in the presence (lanes 1 and 2) or absence (lanes 3 
andd 4) of a membrane potential Ay. Subsequently, the mitochondria of samples in lanes 2 and 4 were 
treatedd with 200 ug/ml proteinase K and reisolated by centrifugation. The imported proteins were 
analyzedd by denaturing polyacrylamide gel electrophoresis and autoradiography. Scl = S. cerevisiae 
subunitt VII , hum7 = human subunit VII , pot7 = potato subunit VII , 5c-hum7 = S. cerevisiae-human 
subunitt VII hybrid protein, Sc-potl = S. cerevisiae-potato subunit VII hybrid protein. ScS = S. cerevisiae 
subunitt VIII , pot8 = potato subunit VIII , A^- l = N. crassa subunit VIII , Nc%-2 = N. crassa subunit VII I 
withoutt N-terminal extension, bh8 = bovine heart subunit VIII , 5c-bh8 = S. cerevisiae-bovine heart 
subunitt VII I hybrid protein. 
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Computationall  prediction of mitochondrial targeting sequences 

Extensivee analysis of the sequences of mitochondrial proteins has shown that their targeting 

sequencess share several common features, including the presence of positively charged amino 

acidss and the tendency to form amphipathic alpha-helices. Several calculation methods and 

computationall  programs have been developed [37, 38, 60] which use these criteria to predict 

whetherr the protein will be imported into the mitochondria. 

Statisticall  studies [198] indicate that mitochondrial targeting sequences share a high 

amphiphilicity,, or asymmetry of hydrophobicity as quantified using Eisenberg's hydrophobic 

momentt \iH [52, 53]. However, the presence of a mitochondrial targeting sequence cannot be 

predictedd on the basis of a high uH value alone. In addition to a high uH value, the segment of 

maximall  hydrophobic moment must be free of acidic residues and contain at least two K or R 

residues;; putative mitochondrial targeting sequences should have a JJH> 7.3 (sometimes uH>5.0 

iss sufficient) [166, 198]. Hmax indicates the maximal hydrophobicity calculated over a defined 

segmentt of the protein sequence. In prediction programs, the scanning window which is used to 

definee this segment is generally 18 amino acid residues, corresponding to exactly 5 helical turns 

andd approaching the length of the shortest mitochondrial targeting signals identified [37]. Good 

mitochondriall  targeting sequences should have a Hmax>4.5 [37]. The surface-seeking capacity 

off  a protein is also used to determine the presence of a mitochondrial targeting sequence. A 

protein,, or a segment thereof, can have a surface-seeking capacity which is related to its high 

amphiphilicityy when the peptide is coiled as an a-helix. The presence of a large helical 

hydrophobicc moment results in a high surface-seeking capacity of a protein [52]. 

Wee have used the calculation methods of Eisenberg et al. [53], von Heijne [198] and Claros et 

al.al. [37, 38] to determine the presence and location of the mitochondrial targeting signal in the 

proteinn sequence of subunit VII and VII I from S. cerevisiae and of their orthologues from 

potato,, N.crassa, bovine heart and man. These results are compared with those of the in vitro 

importt assays with these proteins. 

Thee results of the calculations presented in Table 1 show high scores for jiH, Hm ax and the 

surface-seekingg capacity for the N-terminal domain of subunit VII from S. cerevisiae and 

conservedd orthologues, whereas these scores are significantly lower for almost all subunit VII I 

orthologues,, except for the potato and bovine subunit. Comparison of these results with those of 

thee in vitro import experiments shows that the predictions of the computational programs do not 

correspondd with the in vitro import assays in all cases. 

Accordingg to the prediction algorithms, subunit VII I from S. cerevisiae does not contain an N-

terminall  targeting signal, but instead the programs predict an internal targeting signal near the 

centerr of the protein sequence of subunit VII I (amino acid residues 34 to 51). The in vitro import 

studiess indicate that additional features are important for the import of proteins into 

mitochondria,, which are not taken into account by the prediction algorithms. 
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Figuree 2. Multiple sequence alignment of the subunit VII (Figure 2a) and subunit VII I (Figure 2b) 
orthologues.. sc7 = S. cerevisiae subunit VII [42]; hum7 = human subunit VII [ 190]; pot7 = potato 
subunitt VII (S. tuberosum) [26]; sc8 = S. cerevisiae subunit VII I [129]; pot8 = potato subunit VII I (S. 
tuberosum)tuberosum) [27]; bov8 = bovine heart subunit VII I (B. taurus) [21]; nc8-l = N. crassa subunit VII I 
[124];; nc8-2 = N. crassa subunit VII I without N-terminal extension [124]. 
Sequencess were aligned using the GCG PileUp program (gap weight 3.00; gap length weight 0.10) [56]. 
Conservedd amino acids are indicated by a black box, similar amino acids are indicated by a grey box. 
Gapss are indicated (.). 

Func t ionall  complementa t ion analysis 

Thee in vitro import experiments of the heterologous and hybrid subunit VI I and VII I proteins 

weree compared with the ability of these proteins to function in vivo, by analyzing the extent of 

functionall  complementation of the corresponding S. cerevisiae null mutants. Disruption of the 

QCR7QCR7 or QCR8 gene results in strains that lack a functional bc\ complex, thereby preventing 

growthh on non-fermentable carbon sources such as ethanol/glycerol (EG) [129, 182]. 
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Heterologouss and hybrid subunit VII and VII I genes were placed under the control of the S. 

cerevisiaecerevisiae QCR7 or QCR8 promoter respectively, and cloned in the centromeric shuttle vector 

pRS3166 [184] (see Materials and Methods). When a qcr7 null mutant is transformed with a 

singlee copy plasmid carrying the wild type QCR7 gene from S. cerevisiae, the growth deficiency 

onn EG medium is restored, whereas plasmids containing either the human, the potato or the 

hybridd genes do not restore this growth phenotype ([182]; see Table 1). Since the subunit VII 

orthologuee from potato and the S. cerevisiae-hamsn and the S. cerevisiae-potaio hybrid proteins 

cann be imported into yeast mitochondria in an in vitro system, lack of functional 

complementationn is probably due to incorrect assembly or functionality of the bc\ complex, 

ratherr than inefficient import of the heterologous or hybrid subunit VII proteins. 

Transformingg a qcr8 null mutant with a single copy plasmid carrying the wild type QCR8 gene 

fromfrom S. cerevisiae results in a restored growth phenotype on EG medium ([129]; see Table 1). 

Plasmidss containing either the bovine or the potato orthologue are unable to restore the growth 

deficiencyy and the plasmid containing the yeast-bovine hybrid orthologue only very slightly 

restoredd the growth deficiency, as has been shown previously [23]. Lack of functional 

complementationn by the orthologues from bovine heart and potato is most likely caused by a 

lackk of import into mitochondria, in agreement with the results of the in vitro import assays. The 

plasmidd encoding the mature N. crassa orthologue is not able to restore the growth deficiency of 

thee qcr8 null mutant, while partial complementation can be obtained by the plasmid encoding 

thee precursor form of this orthologue [124], Both the precursor protein and the mature protein 

lackingg the N-terminal eight amino acids can be imported in vitro, although with a very low 

efficiency. . 

Discussio n n 

Recently,, the complete genome of the yeast Saccharomyces cerevisiae has been sequenced [51] 

andd the information concerning the DNA and protein sequences of all genes is available in 

databases.. Of many proteins it is not known what their function is and which organelle they 

residee in. To determine the cellular localization of such proteins, programs as PSORT [141] 

havee been developed, which provides a prediction of probable localization sites based on an 

analysiss of various sequence features related to protein sorting signals. Better definition of the 

characteristicss of mitochondrial targeting signals or definition of a consensus sequence wil l help 

onn the formulation of predictive approaches to localize such a targeting signal in a protein 

sequencesequence and this wil l benefit the specificity of programs (e.g. PSORT) that predict cellular 

localizationn of proteins. 

Computationall  programs designed to localize a mitochondrial targeting signal in a protein 

sequencesequence are necessarily based on experimentally defined characteristics of such a signal and 
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ourr data show that more elements are involved in the definition of a targeting signal than those 

soo far known. Not only are additional species-specific elements important for import, as is also 

shownn by the studies of Tanudji et al. [191], but also fully unknown elements, as is illustrated by 

thee finding that replacement of the N-terminus of bovine subunit VII I with that of the yeast 

orthologuee results in a hybrid protein that can be imported into yeast mitochondria, although the 

N-terminuss does not contain any as yet identifiable targeting sequence. 

Thee computational programs predict that the N-terminus of subunit VII from S. cerevisiae as 

welll  as its orthologues from potato and man contains all (known) features of such a signal. In 

vitrovitro import assays show that the orthologue from potato can be imported into yeast 

mitochondria,, indicating that its mitochondrial targeting signal is functional in yeast, implying 

ann evolutionary conservation of the targeting signal of subunit VII between yeast and potato. 

However,, the human orthologue cannot be imported by the import apparatus from yeast, unless 

thee N-terminal 26 amino acid residues are replaced by the first 37 amino acid residues from the 

S.S. cerevisiae orthologue, thereby confirming that the N-terminus of this protein contains the 

mitochondriall  targeting signal but at the same time demonstrating species-specificity in one or 

moree steps of the import process. Alignment of the amino acid sequences of the N-terminal 

domainss shows a higher identity between S. cerevisiae and potato than between S. cerevisiae 

andd man. The differences found in the in vitro import experiments with the potato and human 

orthologuess imply a correlation between the evolutionary divergence of the import apparatus 

andd the ability of the yeast mitochondrial import machinery to recognize the targeting signals to 

importt orthologous proteins from other species. 

Recently,, Tanudji et al. [191] reported some species specificity of import, although less than that 

foundd for processing. These authors found that deletion of the N-terminal 17 amino acids from 

thee cleavable presequence of the soybean alternative oxidase resulted in almost full 

disappearancee of import into soybean mitochondria, whereas import into rat liver mitochondria 

wass inhibited by only 50%. The residual a-helical amphiphilic element is apparently sufficient 

forr import into rat liver mitochondria, but not for import into soybean mitochondria. Subunit VII 

off  the yeast bc i complex does not have a cleavable presequence, but also for this protein 

Malaneyy et al. [130] have reported that the N-terminal 20 amino acid residues are not essential 

forr import into the mitochondria in vivo. At first sight this result may appear to conflict with the 

dataa presented here, the N-terminal domain of S. cerevisiae subunit VII providing the 

mitochondriall  targeting signal to non-imported heterologous subunits. Assuming that the 

heterologouss or hybrid proteins that are not imported into mitochondria in an in vitro system 

(ourr studies), are also not imported in an in vivo system (Malaney et al), the most probable 

explanationn is that Malaney et al. deleted maximally 20 amino acids, while in our studies an N-

terminuss of 37 amino acids is used, the residual a-helical amphiphilic element after deletion of 

200 amino acids residues being enough to support import. Although according to prediction 
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algorithmss the mitochondrial targeting signal of subunit VII is located in the N-terminal segment 

comprisingg amino acid residues 1-18, increasing the scanning window from 18 to 40 amino acid 

residuess shows high Hmax and \iH scores for the whole segment from residues 1-40 (data not 

shown).. This implies that the complete domain consisting of residues 1-40 may contribute to a 

functionall  mitochondrial targeting signal and Malaney et al. indeed found that increasing 

deletionss resulted in decreased levels of the mutant protein in the mitochondria, but apparently 

moree than 20 amino acids have to be deleted for full inhibition of import, which is in agreement 

withh our observation that the N-terminal 37 amino acids of subunit VII contains a mitochondrial 

targetingg signal when studied in in vitro import experiments. 

Functionall  complementation analysis shows that the subunit VII orthologues from potato, man 

andd the corresponding hybrid proteins cannot restore the respiratory-deficient phenotype of an S. 

cerevisiaecerevisiae qcr7 null mutant in vivo, implying either that these proteins are not functional in 

yeast,, or that the bc \ complex is not assembled correctly. Since it has been shown that the 

orthologuee from potato is imported into yeast mitochondria in an in vitro system, this lack of 

complementationn is most likely due to instability or incorrect assembly or functionality of the 

hybridd bc \ complex and not a result of inefficient import. Lack of complementation of the potato 

subunitt VII is in agreement with the finding that several single point mutations in the QCR7 

genee from S. cerevisiae already lead to a mutant with a respiratory negative phenotype, 

indicatingg that only a minor change in the subunit VII protein already gives rise to a feci 

complexx that is no longer functional ([123] and H.B., unpublished results). In contrast, a large 

numberr of subunit VII I mutants is fully or partially respiratory active [31, 78, 125] and 

orthologuess of subunit VII I from various organisms show at least partial complementation of a 

qcr8qcr8 null mutant [23, 124]. 

Subunitt VII orthologues from organisms much closer related to S. cerevisiae, such as 

KluyeromycesKluyeromyces lactis [140] and Candida utilis [22], are able to complement a qcrl null mutant, 

indicatingg a correlation between evolutionary distance from S. cerevisiae and the ability of 

functionall  complementation. Since this distance is much larger between S. cerevisiae and man, 

thee evolutionary divergence of the import apparatus of these organisms may account for the lack 

off  complementation of the qcrl null mutant and for the lack of in vitro import into S. cerevisiae 

mitochondriaa of the human orthologue of subunit VII . 

Thee N-terminal domains of subunit VII I from S. cerevisiae and N. crassa are not predicted to 

containn an N-terminal mitochondrial targeting sequence, unlike those of the potato and bovine 

heartt orthologues. However, in vitro import experiments show that the K crassa orthologue can 

bee imported into yeast mitochondria, whereas the orthologues from potato and bovine cannot. 

Thee in vitro import experiments with the potato orthologues show a large difference between 

subunitt VII and subunit VIII . Furthermore, the N-terminal domains of both subunit VII and VII I 

orthologuess from potato contain a mitochondrial targeting signal, but only the subunit VII 

107 7 



ChapterChapter 6 

orthologuee can be imported into yeast mitochondria, implying either a difference in the 

stringencyy of recognition of the targeting signal by the yeast import apparatus, or an 

evolutionaryy divergence of the import apparatus in such a way that the targeting signal of 

subunitt VII can, but that of subunit VII I cannot be recognized by the yeast import apparatus. 

Thiss may be explained by the observation that the mitochondrial targeting signal of potato 

subunitt VII displays a higher amount of lysine and arginine residues (KR/DE=3/1) than that 

fromfrom S. cerevisiae (KR/DE=2/1), thereby compensating for a decreased import efficiency due to 

evolutionaryy divergence of the potato targeting signal. Potato subunit VIII , however, displays a 

lowerr amount of these positively charged residues (KR/DE=2/0) compared with S. cerevisiae 

(KR/DE=3/0)) and this may contribute to the lack of import into yeast mitochondria. 

Functionall  complementation analysis shows that the heterologous subunit VII I proteins from 

bovinee heart, potato and N. crassa are not able to complement [23, 123, 124] the respiratory-

deficientt phenotype of a qcr8 null mutant. For the bovine and potato orthologues this lack of 

complementationn can be directly linked to the inefficient import of these proteins in yeast. The 

findingg that the mature protein from N. crassa does not complement, while the preprotein does, 

indicatess that the presequence is indeed required for correct sorting, as is proposed previously 

[124].. The sorting signal, apparently, is specifically required for the N. crassa subunit, whether 

itt has to function in yeast or in N. crassa itself. An S. cerevisiae-bovine hybrid protein, in which 

thee N-terminus of the bovine heart subunit VII I orthologue is replaced by that of S. cerevisiae, 

cann be imported into isolated yeast mitochondria. The ability of this hybrid protein to partially 

complementt a qcr8 null strain indicates that it can also be imported into yeast mitochondria in 

vivo.vivo. This implies, although not identified by prediction theorems, that the N-terminus of subunit 

VII II  from S. cerevisiae cerevisiae contains at least part of a mitochondrial targeting signal, which enables 

thiss protein to be imported into the mitochondria. Although the computational programs predict 

aa targeting signal at the center of the protein sequence, the currently used parameters did not 

identifyy an N-terminal targeting signal. 

Ourr results expose the limitations of currently used criteria to predict the presence and location 

off  a mitochondrial targeting signal and that in some cases targeting signals are not recognized as 

suchh and in other cases additional species-specific features are involved in the import of proteins 

intoo mitochondria. 
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Thee first proteins with a function in mitochondrial protein import were discovered some ten 

yearss ago. All turned out to be components of a protein complex in the mitochondrial outer 

membrane,, a complex now designated as the translocase of the mitochondrial outer membrane 

(Tom).. The first members of a translocase of the mitochondrial inner membrane (Tim) were 

identifiedd in 1992. This complex mediates the translocation across the inner membrane of those 

mitochondriall  preproteins that are destined for the matrix- and the intermembrane spaces. A 

secondd Tim complex, which is specialized in the translocation and membrane insertion of 

polytopicc membrane proteins, was discovered only three years ago. 

Sincee their discovery, much effort has been put in the investigation of the Tom and Tim proteins 

too learn more about their exact function in protein translocation. Components of the Tom 

complexx have been extensively studied, which resulted in a more detailed knowledge about their 

function.. Tom20, Tom22, Tom37 and Tom70 function as receptor proteins on the mitochondrial 

surfacee and have different preferences for binding to preproteins with N-terminal or internal 

mitochondriall  targeting signals. Tom40 forms the translocation channel of the outer membrane 

(generall  insertion pore, GIP). Tom5 represents a link between the receptor proteins and the GIP, 

byy accepting preproteins from the receptors and mediating their insertion into the GIP. Tom6 

promotess the association of receptor proteins with the translocation channel, whereas Tom7 

promotess their dissociation. Together these two Tom proteins were proposed to modulate the 

dynamicss of the Tom complex. 

Tim444 and mtHsp70 are the most extensively studied components of the Tim complex. 

Together,, these two proteins function as an ATP-dependent translocation motor, pulling 

preproteinss into the mitochondrial matrix space. Tim 17 and Tim23 are proposed to form a pore 

thatt functions as a translocation channel for preproteins. The structure of this channel is still 

unknownn and it is unclear how it operates. The N-terminal domain of Tim23 was shown to be 

involvedd in Tim23 dimerization. Dimer formation is promoted by the presence of a membrane 

potentiall  Ay. Interaction with an incoming preprotein presumably causes the dimer to dissociate, 

therebyy triggering the opening of the Tim channel. These data provided the first information 

aboutt the operating mechanism of the inner membrane translocation pore. 

Workk described in this thesis has contributed to a better understanding of several aspects of 

proteinn import into yeast mitochondria. To obtain better knowledge about domains of Tim 17 and 

Tim444 that are important for their function, we analyzed how mutations in these proteins affect 

theirr role in mitochondrial protein import. The membrane topology of Tim 17 and Tim23 was 

determinedd to learn more about the structure of the inner membrane translocation pore. The 

outerr membrane receptor protein Tom22, which was hitherto assumed to be essential for cell 

viability,, was (via a mild genetic selection procedure) shown to be dispensable in yeast. 

Researchh described in this thesis indicates that Tom22 does not just function as a receptor and 

bindingg site for preproteins, but that it also regulates the interaction of the outer membrane 
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receptorr subcomplexes with the translocation channel. In addition, it was shown that Tom22 

controlss the opening of the outer membrane translocation channel to regulate the passage of 

preproteins.. Import of heterologous and hybrid subunit VII or subunit VII I proteins of the bc\ 

complexx into yeast mitochondria showed that the currently known characteristics of 

mitochondriall  targeting signals are not sufficient to correctly predict the presence and location of 

suchh a signal. Combining these results with those of a complementation analysis of subunit VII 

orr VII I deletion strains in yeast with the same heterologous and hybrid proteins indicated that 

complementationn analysis alone is not sufficient to determine the functionality of a 

mitochondriall  protein. 

InIn this chapter I wil l attempt to put results of the research described in this thesis into 

perspectivee in terms of the consequences for our knowledge (or lack of it) about protein 

translocationn across the mitochondrial inner and outer membrane. . 

Analysiss of mutations affecting Timl 7 and Tim44 function in mitochondrial 

proteinn import in Saccharomyces cerevisiae 

Tim233 dimer formation and dissociation is proposed to regulate the closing and opening of the 

Timm channel, thereby regulating the passage of preproteins across the inner membrane 

translocationn channel. Tim 17 displays significant sequence similarity with Tim23 and both 

proteinss are associated in the same inner membrane translocator complex. Tim 17 and Tim23 are 

essentiall  for the viability of yeast and Tim23 cannot compensate for the loss of Tim 17 and vice 

versa.. Tim 17 lacks the hydrophilic N-terminal domain that is involved in Tim23 dimerization. 

Untill  now, no additional function, apart from its function as a constituent of the translocation 

channel,, could be attributed to Tim 17. Determination of the nucleotide mutations in timl7 

mutantss and study of the effects of the resulting amino acid substitutions on protein import 

shouldd provide information about domains that are important for the function of Tim 17 in 

proteinn translocation. Chapter 2 describes the determination of mutations in thirteen timl 7 

mutantss and the effects of the amino acid mutations on the amount of Tim 17 in mitochondria 

andd on the integrity of the Tim23-Timl7 complex. Each mutant contained a single nucleotide 

mutationn and in total three different mutations were found, which are all located in 

transmembranee domains of Timl 7. One of the mutant Tim 17 proteins was present in reduced 

amountss in mitochondria compared to the wild type level. This may be due to a reduced import 

efficiency,, because the mutation localizes to a domain that is proposed to function as the Tim 17 

mitochondriall  targeting signal. Whether the mutant phenotype is due to a reduced amount of 

Timm 17 in mitochondria or directly caused by the mutation remains to be established. Tim 17 and 

Tim233 are proposed to form the translocation pore of the inner membrane. Mutations in Tim 17 

reducee the stability of this Tim23-Timl7 complex. This suggests that the mutations are localized 

inn those regions of Tim 17 that are involved in establishing or maintaining an interaction with 
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Tim23.. Mitochondria of nine mutants with the same Tim 17 mutation contained amounts of the 

Tim23-Timl77 complex varying from 0 to 100% compared to the wild type level. These mutant 

mitochondriaa were still able to import proteins, indicating that a membrane potential across the 

innerr membrane must be present, although it could not be detected with standard assays. This 

loww membrane potential suggests that the timl 7 mutants may harbour mutations in proteins that 

aree involved in maintaining a membrane potential across the inner membrane. The reduced 

amountss of the Tim23-Timl7 complex may therefore not be directly linked to the mutations in 

Timm 17, but may be due to the presence of additional mutations in other proteins. 

Evolutionaryy conservation of Tom and Tim proteins 

Thee protein import complexes of the mitochondrial outer and inner membrane are evolutionarily 

conserved.. Tom and Tim orthologues have now been identified in a wide range of organisms, 

includingg Arabidopsis thaliana, Caenorhabditis elegans, Drosophila melanogaster, Rattus 

norvegicus,norvegicus, Mus musculus, Kluyveromyces lactis, Schizosaccharomyces pombe, Saccharomyces 

cerevisiaecerevisiae and Homo sapiens [20, 66, 107, 201]. Of all orthologues of import components 

identifiedd so far, Tim 17 is the most highly conserved protein. Alignment of Tim 17 orthologues 

showss that sequence conservation extends throughout the entire protein sequence, implying that 

itit  performs an important function in protein import, as part of the protein translocation channel 

off  the inner membrane. This function remains to be established. Determination of the 

functionalityy of orthologous Tim 17 proteins in the corresponding S. cerevisiae deletion strain 

wil ll  provide more information about function and the nature of their interaction with other 

componentss of the import machinery. Tim 17 ofK. lactis and &  pombe are the first orthologues 

shownn to substitute Tim 17 of S. cerevisiae. Comparison of the protein sequences of these three 

yeastt species with those of other Tim 17 orthologues reveals that conservation of some amino 

acidss is restricted to the yeast orthologues. These amino acids may be important for the function 

off  Tim 17 and it would be interesting to determine whether mutagenesis of these amino acids 

resultss in loss of function of the protein in S. cerevisiae. 

Orthologuess of other Tim components have also been identified, albeit in smaller numbers than 

forr Timl7. Surprisingly, the mammalian orthologue of Tim44 is, in contrast to the peripherally 

membranee bound S. cerevisiae cerevisiae Tim44, partly soluble in the matrix space [201]. 

Recently,, Tim8 was identified as a component of the Tim complex which is involved in 

translocationn and membrane insertion of polytopic membrane proteins into the inner membrane. 

Tim88 is not essential for cell viability and is the yeast homologue of the human DDP1 protein 

(deafnesss dystonia peptide 1) and both proteins are localized in the intermembrane space of 

mitochondria.. Mutations in the DDP1 protein give rise to a mitochondrial disease, leading to 

humann deafness dystonia (Mohr-Tranebjaerg syndrome). It has been suggested that this 

syndromee is thus caused by defects in the mitochondrial protein import machinery. Better 
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knowledgee of the function of Tim8 in yeast may lead to better understanding of the functioning 

off  its counterpart in man. 

Topologyy and function of Tim 17 and Tim23 

Ass mentioned earlier, Tim 17 and Tim23 are, with the exception of the N-terminal domain in 

Tim23,, highly similar to each other. Hydrophilicity plots predict the presence of four potential 

membranee spanning domains in the protein sequences of Tim 17 and Tim23. In line with this, 

bothh proteins were shown to behave as integral membrane proteins. Protease accessibility 

studiess had already indicated that the N- and C-terminus of Tim23 and the C-terminus of Tim 17 

aree exposed to the intermembrane space (IMS). This has led to a topology model for Tim 17 and 

Tim233 in which both proteins span the inner membrane four times with their N- and C-termini 

protrudingg into the IMS. Protease accessibility experiments with epitope-tagged Tim 17 and 

Tim233 showed that the proteins are embedded in the inner membrane exactly as predicted. 

Timm 17 and Tim23 are proposed to form, perhaps in cooperation with yet unidentified Tim 

components,, the core of a protein translocation channel of the inner membrane. As mentioned 

earlier,, there are indications that Tim23 is not just a passive component of this translocation 

channel,, but that it is also involved in gating of the pore. For Timl7, however, no other role 

couldd yet be assigned to the protein than as a structural component of the translocation pore. 

Thee role of Tom22 in protein import and the 'acid chain' 

Preproteinss are imported into mitochondria by the consecutive action of chaperones in the 

cytosol,, receptors on the mitochondrial surface, the Tom complex and the Tim proteins. Many 

proteinss functioning in this mitochondrial preprotein import pathway contain clusters of 

negativelyy charged amino acid residues. The cytosolic chaperone Mft52, the import receptor 

proteinn Tom22, Tom20, Tom5 and Tom40 of the outer membrane translocation channel and the 

innerr membrane protein Tim23 all contain patches of negative charge in their protein sequences. 

Itt has been proposed that these proteins are components of an 'acid chain' mechanism, in which 

thee translocation of preproteins across the mitochondrial membranes is driven by the binding of 

thee positively charged mitochondrial presequence to a series of strategically positioned acidic 

bindingg sites of increasing acidity. During the import process, the presequence is proposed to 

interactt with a negatively charged region of one translocator protein and to be transferred to a 

domainn with a higher negative charge present on a translocator protein further downstream in 

thee import route. 

Thee import receptor protein Tom22 contains a cytosolically exposed N-terminal domain with a 

nett negative charge and is the only receptor protein with a negatively charged C-terminal 

domainn protruding into the IMS. Tom22 is therefore thought to play a central role in the 
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translocationn of preproteins and is proposed to be an important link of the 'acid chain'. Results 

eitherr supporting or opposing the function of the negatively charged IMS localized domain of 

Tom222 as a trans binding site for preproteins and its role in the 'acid chain*  were reported [17, 

39,, 110, 137, 143]. The proposed presequence binding domains of Tom22 on bodi sides of the 

outerr membrane may explain why Tom22 was thought to be the only import receptor essential 

forr the viability of yeast. 

Ass presented in Chapter 5, a tom22A mutant is still able to import proteins into its mitochondria, 

albeitt with a much lower efficiency compared to the corresponding wild type strain. This low 

levell  of import is sufficient to allow viability of mutant cells on fermentable carbon sources. 

Sincee earlier work showed that Tom22 was essential for cell viability [83, 122], the simplest 

explanationn of these observations is that the tom22A mutant contains an extragenic suppressor 

mutation.. Our results make this unlikely, since a back-cross of the mutant with the 

correspondingg wild type strain indicated that viability of the tom22A strain could not be 

explainedd by the generation of extragenic suppressor mutations. Another explanation is that the 

functionn of Tom22 is of such great importance that mitochondria contain other proteins 

performingg similar functions. However, no proteins with significant sequence similarity to 

Tom222 were found in Saccharomyces cerevisae. The protein composition of tom22A 

mitochondriaa was comparable to that of wild type mitochondria, indicating that viability of the 

tom22Atom22A strain was not due to a higher level expression of proteins known to function in protein 

import.. Whether a yet unidentified Tom component may perform a similar function as Tom22 

andd substitutes for this protein in tom22A mitochondria, remains to be investigated. 

Thee role of Tom22 in protein translocation is not restricted to that of preprotein receptor on the 

outerr membrane surface. Different roles are attributed to the three domains of Tom22. The 

cytosolicc domain specifically recognizes preproteins in the cytosol and functions as a docking 

pointt for the receptors Tom20 and Tom70. The IMS domain of Tom22 functions as a trans 

bindingg site for preproteins. The Tom22 membrane anchor coordinates the interaction of the 

receptorr complexes with the general insertion pore (GIP) consisting of Tom40, Tom5, Tom6 and 

Tom7.. Absence of this anchor (in tom22A cells) results in the dissociation of GIP complex into 

Tom400 dimers, which probably represent single translocation channels. Tom22 is proposed to 

tightlyy coordinate the opening of these channels. In wild type mitochondria, this channel is only 

openn in the presence of precursor proteins, whereas in tom22A mitochondria it is already open in 

thee absence of preproteins. Tom22 is therefore suggested to be a central organizer of the outer 

membranee translocase and it would be interesting to know how cells can survive in the absence 

off  Tom22. As mentioned earlier, tom22A mitochondria did not contain elevated levels of 

proteinss known to have a function in protein import. In addition, high copy expression of the 

knownn Tom proteins did not alleviate the mutant growth phenotype of the tom22A strain. Some 

off  the questions that remain to be answered are whether other (yet unidentified) proteins can 
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substitutee for the loss of Tom22 and which alternative mechanisms are applied by cells that lack 

Tom222 to still be able to import proteins into their mitochondria. 

Thee mitochondrial targeting signal 

Severall  computational programs have been designed to predict the presence and location of a 

mitochondriall  targeting signal within a protein sequence. These programs rely on common 

featuress of N-terminally located targeting signals, including amphiphilicity and the ability to 

formm an a-helix, the presence of predominantly positively charged amino acids and the absence 

off  acidic amino acids. However, due to the lack of a consensus sequence, these programs 

sometimess fail to notice the presence of a targeting signal, or they do not correctly predict the 

locationn of such a signal. This is illustrated in Chapter 6, where computational programs have 

beenn used to predict the presence and location of a mitochondrial targeting signal in subunit VII 

andd subunit VII I of the bc\ complex in S. cerevisiae. Subunit VII was predicted to contain an N-

terminall  targeting signal (amino acids 1-18), whereas subunit VII I was predicted to have an 

internall  targeting signal (amino acids 34-51). Replacing the N-terminus of the subunit VII I 

orthologuee from bovine heart, which was unable to direct the import of this orthologue into 

yeastt mitochondria, with the N-terminal domain (amino acids 1-26) of 5. cerevisiae subunit 

VIII ,, resulted in a hybrid protein that could be imported into yeast mitochondria in an in vitro 

system.. This indicates that subunit VII I contains an N-terminal mitochondrial targeting signal 

whichh is capable of directing proteins to mitochondria, but which was not identified by the 

predictionn programs. These results illustrate the complexity of mitochondrial targeting signals 

andd the limitations of the prediction programs, and show that better definition of the features of 

mitochondriall  targeting signals could improve the reliability of predictions made by these 

computationall  programs. 

Thee in vitro import experiments with hybrid and heterologous subunit VII and subunit VII I 

proteinss indicated that some orthologous proteins are not imported into yeast mitochondria, 

whichh may be due to lack of recognition of their targeting signal by the import apparatus of 

yeast.. Exchanging the N-terminus of the subunit VII I orthologue from bovine heart with that 

fromm yeast subunit VII I gave rise to a protein that was (partially) functional in S. cerevisiae. 

Functionalityy of such a protein is determined by complementation analysis, a test which is 

commonlyy used to determine the functionality of orthologues of S. cerevisiae proteins. However, 

thiss analysis does not account for the fact that lack of complementation may be caused by 

inefficientt import of the orthologous proteins into yeast mitochondria. Combining the results of 

thee complementation analysis and the in vitro import experiments indeed showed that lack of 

functionall  complementation of subunit VII I from bovine heart was due to lack of import into 

yeastt mitochondria. These results indicate that lack of functional complementation of a 

mitochondriall  protein does not provide conclusive evidence about the functionality of this 
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proteinn in yeast. Furthermore, analysis of the import of heterologous proteins into isolated yeast 

mitochondriaa can provide additional information about the functionality of these proteins. 
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Mitochondriaa are important cell organelles, in which several metabolic processes take place and 

whichh provide energy for the cell. To accomplish these processes, mitochondria must harbour 

manyy proteins. However, only about 1% of the mitochondrial proteins is encoded by the 

mitochondriall  genome itself and synthesized in the mitochondrion. All other mitochondrial 

proteinss are encoded by the nuclear genome and synthesized in the cytosol, and therefore have 

too be imported into one of the four mitochondrial compartments. The import of these 

cytosolicallyy synthesized proteins into the mitochondrion is performed by protein complexes 

whichh are embedded in the mitochondrial outer and inner membrane (Tom and Tim complex, 

translocasee of the outer and inner mitochondrial membrane, respectively). Research on these 

complexess in the yeast Saccharomyces cerevisiae has contributed tremendously to our 

knowledgee of protein import into mitochondria. 

Chapterr 1 gives an overview of our current knowledge on protein import into mitochondria. All 

components,, localized from the cytosol to the mitochondrial matrix space, that contribute to 

proteinn import into mitochondria are discussed. In addition, it is briefly explained why the 

bakers'' yeast Saccharomyces cerevisiae is suitable for the investigation of protein import into 

mitochondria. . 

Chapterr 2 discusses Tim 17 and Tim44, two components of the translocase of the inner 

mitochondriall  membrane (Tim). The DNA sequence analysis of several tint 17 and tim44 

mutantsmutants is described, as well as the effect of the amino acid substitutions on the assembly of the 

Timm complex and on the ability of isolated mutant mitochondria to import proteins. 

Forr several Tom and Tim proteins, orthologues from one or more species have been identified. 

Sequencee comparison of these orthologues will ultimately provide more information about the 

functionn of this protein. Chapter 3 describes the identification of the Timl7 orthologues of the 

yeastss Kluyveromyces lactis and Schizosaccharomyces pombe, both of which are very similar in 

theirr protein sequences with S. cerevisiae Timl7. Abilit y of these orthologues to restore viability 

too a tim 17 deletion strain shows that the similarity extends to functional equivalence. Although 

severall  Tim 17 orthologues have been identified, functional complementarity is so far limited to 
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thee K. lactis and S. pombe Tim 17 orthologues, indicating stringent constraints on the interaction 

off  this protein with other components of the translocase. 

Timm 17 and Tim23 are two integral membrane proteins and components of the Tim complex in 

thee mitochondrial inner membrane. Both proteins are predicted to contain four hydrophobic 

regionss that could function as transmembrane domains. The N- and C-terminus of Tim23 and 

thee C-terminus of Tim 17 are all exposed to the intermembrane space. These data resulted in a 

modell  for the topology of Tim 17 and Tim23, in which both proteins traverse the membrane four 

timess with their N- and C-termini protruding into the intermembrane space. Chapter 4 describes 

thee determination of the inner membrane topology of Tim 17 and Tim23 by means of epitope-

taggingg followed by protease accessibility experiments, which resulted in a confirmation of the 

topologyy model for both proteins. 

Chapterr 5 discusses Tom22, one of the components of the Tom complex in the mitochondrial 

outerr membrane. The receptor Tom22 is an integral membrane protein with domains protruding 

intoo the intermembrane space and the cytosol, and to which an important role in protein import 

iss attributed. Although with current standard techniques for gene deletion it was shown that 

Tom222 is essential for the viability of yeast, chapter 5 describes the identification and 

characterizationn of a viable yeast strain lacking Tom22. Viability is not due to the presence of an 

extragenicc suppressor mutation. The strain shows strongly inhibited mitochondrial protein 

importt and in the absence of Tom22, the Tom complex is dissociated into single translocation 

channelss that are continuously in an open conformation. Tom22 therefore regulates the opening 

andd closing of the translocation channel to coordinate the passage of proteins. 

Chapterr 6 discusses some of the pitfalls that may complicate interpretation of complementation 

analysiss as a test for the functionality of orthologues of cytosolically synthesized mitochondrial 

proteinss in yeast. Besides an inability to assemble or function at their proper location, lack of 

functionalityy may imply inefficient or lack of import of these orthologous proteins by yeast 

mitochondria.. This chapter also discussed the accuracy of current methods for prediction of 

mitochondriall  targeting signals. The presence and localization of these signals can be predicted 

byy signal sequence prediction programs. This chapter shows that the presence and localization of 

targetingg sequences iss not always predicted correctly by these programs. 
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Mitochondrionn zijn celorganellen waarin zich verschillende metabole processen afspelen en die 

dee energie voor de cel leveren. Het bewerkstelligen van deze processen vereist de aanwezigheid 

vann talloze eiwitten in de mitochondriën. Echter, slechts circa 1% van de mitochondriale 

eiwittenn wordt gecodeerd door het mitochondriale genoom zelf en in het mitochondrion 

gesynthetiseerd.. All e andere mitochondriale eiwitten worden gecodeerd door het nucleaire 

genoomm en in het cytosol gesynthetiseerd, en moeten vervolgens in een van de vier 

mitochondrialee compartimenten worden geïmporteerd. De import van deze cytosolisch 

gesynthetiseerdee eiwitten in mitochondriën wordt bewerkstelligd door eiwitcomplexen in de 

mitochondrialee buiten- en binnenmembraan (Tom en Tim complex, translocase of the outer and 

innerr mitochondrial membrane, respectievelijk). Onderzoek aan deze complexen in de gist 

SaccharomycesSaccharomyces cerevisiae heeft de laatste jaren veel bijgedragen aan onze kennis over eiwit 

importt in mitochondriën. 

Hoofdstukk 1 geeft een overzicht van de huidige kennis op het gebied van mitochondriale eiwit 

import.. All e componenten die een rol spelen bij de import van eiwitten in mitochondriën, 

gelokaliseerdd van het cytosol tot de mitochondriale matrix en die bijdragen aan eiwit import in 

mitochondriën,, worden kort besproken. Tevens wordt uitgelegd waarom de bakkersgist 

SaccharomycesSaccharomyces cerevisiae zo geschikt is voor het onderzoek naar eiwit import in mitochondriën. 

Inn hoofdstuk 2 komen Tim 17 en Tim44, twee componenten van het translocatie complex van de 

mitochondrialee binnenmembraan (Tim), aan de orde. De DNA sequentie analyse van diverse 

timï7timï7 en tim44 mutanten wordt beschreven, alsmede het effect van de aminozuur substituties in 

dezee mutanten op de assemblage van het Tim complex en op het vermogen van geïsoleerde 

mutantee mitochondriën om eiwitten te importeren. 

Vann diverse Tom en Tim eiwitten zijn orthologen van een of meerdere organismen 

geïdentificeerd.. Sequentie vergelijkingen van deze orthologen zal uiteindelijk meer informatie 

verschaffenn over de functie van het desbetreffende eiwit. Hoofdstuk 3 beschrijft de identificatie 

vann de Tim 17 orthologen van de gisten Kluyveromyces lactis en Schizosaccharomyces pombe, 

diee beiden overeenkomsten vertonen met S. cerevisiae Tim 17. Uit het vermogen van deze 

orthologenn om de levensvatbaarheid van een S. cerevisiae timl7 deletie stam te herstellen blijkt 

datdat de overeenkomsten zich uitstrekken tot functionele gelijkheid. Alhoewel meerdere Tim 17 

orthologenn zijn geïdentificeerd, is functionele equivalentie tot nog toe beperkt tot K. lactis en S. 

pombepombe Tim 17, waaruit blijkt dat er strenge eisen gelden voor een juiste interactie van dit eiwit 

mett de componenten van de eiwit import machinery. 

Timm 17 en Tim23 zijn twee integrale membraan eiwitten en maken deel uit van het Tim complex 

inn de mitochondriale binnenmembraan. Beide eiwitten bevatten vier mogelijke hydrofobe regio's 

diee zouden kunnen functioneren als transmembraan domeinen. De N- en C-terminus van Tim23 

enn de C-terminus van Tim 17 zijn gelocaliseerd in de intermembraan ruimte. Deze gegevens 

hebbenn geresulteerd in een model voor de topologie van Tim 17 en Tim23, waarin beide eiwitten 
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dee membraan vier keer doorkruisen en waarbij de N- en C-termini uitsteken in de 

intermembraann ruimte. Hoofdstuk 4 beschrijft hoe de topologie van Timl7 en Tim23 werd 

bepaaldd met behulp van de introductie van epitopen gevolgd door protease toegankelijkheids 

experimenten,, resulterend in een bevestiging van het topologie model voor deze eiwitten. 

Hoofdstukk 5 bespreekt Tom22, een van de componenten van het Tom complex in de 

mitochondrialee buitenmembraan. De receptor Tom22 is een integraal membraan eiwit met 

domeinenn die uitsteken in zowel de intermembaan ruimte als het cytosol, en waaraan een 

belangrijkee rol in eiwit import wordt toegeschreven. Alhoewel met de huidige standaard 

techniekenn voor gendeletie was aangetoond dat Tom22 essentieel is voor de levensvatbaarheid 

vann gist, beschrijft hoofdstuk 5 de identificatie en karakterisatie van een levensvatbare giststam 

waarinn Tom22 ontbreekt. De levensvatbaarheid wordt niet veroorzaakt door de aanwezigheid 

vann een extragene suppressor mutatie. De stam heeft een sterk verlaagde mitochondriale eiwit 

importt en in de afwezigheid van Tom22 blijkt het Tom complex te dissociëren in losse 

translocatiee kanalen die continu open staan. Derhalve reguleert Tom22 het openen en sluiten van 

hett translocatie kanaal om het transport van eiwitten te coördineren. 

Hoofdstukk 6 beschrijft de valkuilen van complementatie analyse als test voor de functionaliteit 

vann orthologen van cytosolisch gesynthetiseerde mitochondriale gist eiwitten. Voor deze 

eiwittenn kan het ontbreken van functionaliteit niet alleen worden veroorzaakt door afwezigheid 

vann assemblage of functie, maar ook door een verminderde import van deze orthologe eiwitten 

inn gist mitochondrion. Dit hoofdstuk bespreekt tevens de nauwkeurigheid van de huidige 

methodenn voor de voorspelling van mitochondriale signaal sequenties. De aanwezigheid en 

plaatss van deze sequenties kan worden voorspeld door signaal sequentie voorspellings-

programma's.. Tevens wordt besproken dat de aanwezigheid en locatie van mitochondriale 

signaall  sequenties niet altijd goed wordt voorspeld door deze programma's. 
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